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Introduction and outline 

The aim of this thesis was to extend the knowledge of interactions that occur 

between athlete, pole, and ground in the pole vault and with this to gain practical 

relevant information for improving pole vault performance. Therefore four studies 

were carried out. In the first two studies methodological preconditions for the 

application of the concept of energy storage and return in the pole vault have been 

examined, whereas the other two studies applied the concept to the pole vault 

event. In the first study the influence of different methods to calculate the athlete’s 

mechanical energy on energy parameters in the pole vault have been investigated. 

In the second study the reproducibility of energy parameters that are related to the 

concept of energy storage and return were examined. The third study proved 

differences in mechanical energy parameters and angular momentum of elite male 

and female vaulters during the 2000 Sydney Olympic Games. The fourth study 

examined the influence of the moment in time of the pole plant during the jump 

on the performance of the take-off phase in the pole vault using mechanical 

energy considerations. 

 

The pole vault is an exciting track and field event where athletic abilities the same 

as acrobatic abilities are required. Its objective is to cross a bar of the highest 

possible height with the aid of a vaulting pole. During competition three attempts 

to clear the bar of a certain height are allowed. Bar height is usually raised in steps 

of 10 to 15 cm. Pole length, pole stiffness, and grip height are not specified, 

whereas it is not allowed to climb up on the pole to cross the bar. The position of 

the standards that hold the bar can be moved from the zero position, which is at 

the height of the back of the planting box perpendicular to the run way, up to 80 

cm in direction of the landing mattress. It can be changed from trial to trial 

individually, the same as the used vaulting pole and the grip height. Approach 

distances in competition vary from 12-20 steps and grip heights at the pole from 

4.20-4.60m for elite female vaulters and from 4.80-5.20 for elite male vaulters. 
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Figure 1. Pole vault movement (approach run (a): beginning of the run up until 
last touchdown of the take-off foot; jump and plant complex (b): phase between 
touchdown and take-off; free pole phase (c): phase between take-off and highest 
point position; first pole phase: take-off to maximum pole bend; second pole 
phase: maximum pole bend to highest point position). 
 

 

The motor task of the pole vault is to transform the velocity gained in the 

approach run into maximum centre-of-mass height of the vaulter by using an 

elastic pole, with sufficient horizontal centre-of-mass velocity left to clear the bar 

regularly (Fig. 1). The pole vault can be divided into three main phases: (a) the 

approach run with the aim to achieve the highest controllable approach velocity 

possible; it ends with the last touchdown of the take-off leg. (b) The transition 

phase between approach run and the following phase, which is called jump and 

plant complex, which contains the take-off movement, an upward running jump 

similar to that in the long jump, and the planting of the pole. In this phase the 

athlete starts to initially bend the pole, and (c) the free pole phase, where the pole 

is used to transform the velocity gathered in the approach run into jump height of 

the vaulter. During the pole phase the vaulter/pole system rotates about the lower 

end of the vaulting pole that is vertically and horizontally arrested by the planting 

TPole plant 
Touchdown 

Take-off 

Maximum pole bend 
position 

Highest point position  
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box. Further on, the pole phase can be divided into two additional phases with the 

delimiting border at the maximum pole bend. In the first pole phase energy is 

transferred into the pole and the pole achieves its maximum bending. In the 

second pole phase the pole recoils and delivers its energy back to the vaulter. 

During the entire pole phase, the vaulter may add additional energy to the 

vaulter/pole system by means of muscular work (Arampatzis et al., 2004) to gain 

additional jump height. 

 

With the introduction of the elastic pole in the 1960s energetic aspects of the pole 

vault have changed decisively. Using an elastic pole enables the vaulter to achieve 

a more effective transformation of kinetic energy to potential energy compared to 

the rigid pole (Dillmann and Nelson, 1968; Linthorne, 2000), which lead to a 

considerable increase in performance. Especially as an example of the interaction 

between a biological system and an elastic mechanical support the pole vault 

became a wide field of biomechanical interest (Hay, 1967; Hubbard, 1980; 

Ekevad and Lundberg, 1995, 1997; Arampatzis et al., 1997, 1999, 2004; 

Linthorne, 2000; Schade et al., 2000, 2004). 

The quality of the interaction between athlete and sports equipment plays an 

important role in many sport activities (Arampatzis and Brüggemann 1998, 1999). 

This is especially so in the pole vault, where the vaulting pole shows large 

deformations and a high potential to store and return energy throughout the vault 

and so the interaction between vaulter and vaulting pole strongly influences 

performance (Dillman and Nelson 1968, Ekevard and Lundberg 1995, 1997, 

Arampatzis et al. 2004, Schade et al 2006). Therefore the concept of energy 

storage and return is a promising approach to analyze the pole vault event. 

Arampatzis et al. (1997) found a high correlation between both, final energy and 

official jump height and final energy and maximum centre-of-mass height for elite 

pole vaulters, which generally serves as a precondition for the application of the 

concept of energy storage and return to the pole vault, because it proofs the strong 

relation of the pole vault performance and energy considerations. 

To study the energy transfer between athlete and elastic implement criteria have 

been developed for high bar movements in gymnastics (Arampatzis 1995; 

Arampatzis and Brüggemann 1998, 1999). These criteria were adopted by 
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Arampatzis et al. (1997, 2004) to analyse the energy exchange between vaulter 

and pole in the pole vault and to explain the maximum centre-of-mass height. 

They describe the initial conditions of the vault and the vaulter’s behaviour during 

the different stages of the vault. Arampatzis et al. (1997, 2004) defined the initial 

conditions of the vault as the vaulter’s total mechanical energy in the middle of 

the last flight phase prior to the touchdown of the take-off foot, whereas the 

vaulter’s behaviour during the vault was described using two criteria: Criterion 1 

was defined as the energy gain of the vaulter/pole system in the first pole phase 

from the middle of the last flight phase of the approach run to the maximum pole 

bend position; it increases, if the energy decrease of the total mechanical energy 

of the vaulter gets smaller in relation to the energy gain of the pole in this phase, 

the maximum pole energy respectively. Criterion 2 was defined as the energy gain 

of the vaulter/pole system in the second pole phase, between the maximum pole 

bend position and the position of the highest centre-of-mass; it increases, if the 

increase in total mechanical energy of the vaulter in this phase exceeds the energy 

return of the vaulting pole. The algebraic sum of both criteria is the net-criterion 

of the complete vault (Arampatzis et al., 1997, 2004). 

 

The criteria developed by Arampatzis et al. (1997, 2004) are constructed on the 

basis of a calculation of the total mechanical energy of the athlete and the pole. 

From a methodological point of view the calculation of the vaulter’s energy plays 

an important role in the application of these criteria. Various researchers have 

calculated the vaulter’s mechanical energy using either 2d or 3d kinematic data 

(Dillmann and Nelson, 1968; Hay, 1971; Gros and Kunkel, 1988, 1990; Woznik, 

1992). Nevertheless, the pole vault is a complex 3d movement consisting of 

rotatory parts in the three planes of motion (Woznik, 1992; Angulo-Kinzler et al., 

1994). To what extent movements out of the main plane of motion play a role in 

energetic analysis of the pole vault, the difference between the 3d and the 2d 

approach respectively, has not been proven yet. This is also of high interest for the 

economy of data acquisition. The difference between the vaulter’s total energy 

and centre-of-mass related energy and with this the role of relative segmental 

movements around the centre-of-mass have not been studied yet either. Therefore 

the aims of the first methodological study were: (a) To determine the differences 
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between two- and three- dimensionally calculated energy of the athlete in the pole 

vault. (b) To determine the differences between centre-of-mass energy and total 

body energy. (c) To examine the influence of these different approaches of 

calculating the athlete’s mechanical energy on energetic parameter values in the 

pole vault. 

Three-dimensional kinematic data (50 Hz) were gathered during the pole vault 

final of the track and field world championships in athletics in 1997. The two-

dimensional calculation was made on the basis of the same data with the z-co-

ordinate of the digitized points set as zero. The characteristics of the energy 

development were similar for the different calculation approaches, whereas 

significant differences (p<0.05) for single parameters were found. But energy 

parameters needed for the application of the concept of energy storage and return 

(Arampatzis et al., 1997, 2004), for the athlete this is the energy decrease in the 

first pole phase and the energy increase in the second pole phase, showed relative 

differences that ranged between 0.04 and 1.47%. This indicates that the influence 

of the approaches for calculating the athlete’s energy on the analysis of the energy 

exchange between athlete and pole is negligible. With this the most economic 

approach, two-dimensional centre-of-mass related energy calculation, can be used. 

 

To apply the criteria developed by Arampatzis et al. (1997, 2004) to practical 

situations, they should serve the individual improvement of pole vault 

performance. Theoretically the impact of the application of the criteria on the 

training process is the identification of individual solutions of interaction between 

vaulter and pole, and the analysis of effects of individual movement pattern and 

training interventions on the interaction between vaulter and pole in different 

phases of the vault with regard to pole vault performance. The variability of the 

criteria and related parameters, and with this in how far a measurement represents 

the actual stage of performance of a subject, has not been proven yet. The 

influence of changes in movement pattern on the individual energy exchange 

cannot be determined without knowing the reproducibility and the number of 

trials to be analyzed for getting valid information about the interaction between 

vaulter and pole.  
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For clinical research situations and different forms of locomotion several 

reliability and variability studies have been carried out (e.g. De Vita and Bates, 

1988; Bates et al, 1983; Hamill and McNiven, 1990; Heiderscheit et al. 1999, 

Diss, 2001, Rainoldi et al., 2001, Rodano and Squadrone, 2002, Karamanidis et 

al., 2003; 2004). In applied sport research reproducibility, reliability and 

variability studies respectively, are quite rare (e.g. Salo and Grimshaw, 1998; 

Sforza et al., 2000). In the pole vault no experimental studies that consider the 

reproducibility of parameters concerning the energy exchange have been carried 

out, as well as any studies could be found that proved the reproducibility of 

parameters of the concept of energy storage and return at any other application.  

Therefore the purpose of the second methodological study was to analyze the 

reproducibility of kinematic, dynamometric and derived mechanical energy 

parameters in the pole vault as a main precondition for the practical applicability 

of the concept of energy exchange in the pole vault.  

A total of 46 vaults of six experienced vaulters were analyzed using three-

dimensional kinematic data of the vaulter and the pole and ground reaction forces 

measured at the end of the pole under the planting box. Reproducibility was 

proven for the criteria developed by Arampatzis et al. (1999, 2004), energy 

parameters concerning the total mechanical energy of the vaulter at different 

stages of the vault and the strain energy of the pole. Additionally, different 

strategies to transfer energy into the pole, such as the distribution of the energy 

transferred into the pole due to compressive forces and due to a bending moment 

applied by the vaulter to the pole were also included in the analysis (Arampatzis et 

al. 2004). All of these parameters were tested reproducible. With this the analysis 

of one completed trial allows to identify individual deficits and advantages in 

movement behaviour and the impact of training interventions on the energy 

exchange between vaulter and pole in different phases of the vault. It seems to be 

possible to improve individual movement solutions in the pole vault using the 

concept of energy exchange for guiding training sessions. 

 

Based on the previous methodological studies and the concept of energy storage 

and return by Arampatzis et al. (1999, 2002) a competition analysis to compare 

elite female and male vaulters was carried out at the 2000 Olympic Games. At this 
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competition the women’s pole vault was an Olympic event for the first time. The 

women’s world record and the general level of performance have increased 

markedly over the past few years. Nevertheless, there was a lack in scientific 

study of the women’s pole vault. The pole vault in general has been in the focus 

of many studies of various aspects only looking at male subjects. The transfer of 

these studies to the women’s pole vault has to be shown because of 

anthropometric differences and differences in physical abilities between male and 

female athletes. Such differences, for example, result in a higher approach 

velocity of male vaulters and the use of softer poles in relation to body weight by 

female vaulters.  

A relevant feature of the biomechanical impact on understanding the interaction 

between athlete and pole is mechanical energy considerations as shown above 

(Arampatzis et al., 1999b, 2004; Schade et al, 2000). Additionally, Angulo-

Kinzler et al. (1994) used the vaulter’s angular momentum to explain technical 

advantages of the winning athlete at the Barcelona 1992 Olympic Games pole 

vault final. Morlier and Mariano (1996) outlined the relevance of the angular 

momentum for understanding the pole vault technique. Even though the relation 

between energy and angular momentum is not definite, the angular momentum 

could help to cross the bridge between abstract considerations concerning the 

energy exchange and the actual movement of the athlete. 

Therefore the aim of this study was to compare elite male and female vaulters in 

terms of (1) the athlete’s mechanical energy development and mechanical energy 

parameters during the vault, and (2) the development of angular momentum 

during the vault.  

The best vault of each of the first ten finishing male and female finalists was 

analyzed. The vaulter’s total mechanical energy and angular momentum was 

calculated from three-dimensional kinematic data (50Hz). A set up, similar to that 

in the first study, was used. The results reveal that the characteristics of the 

development of the vaulter’s energy parameters are similar for men and women. 

Initial energy, energy of the vaulter at maximum pole bend, and the final energy 

of the vaulter were significantly higher (p>0.05) for the male athletes. But the 

energy gain, produced during the vault, showed no significant differences. During 

initial pole bend and bar clearance the angular momentum was significantly 
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higher (p<0.05) for the female vaulters. Even though female vaulters show similar 

energy gain during the vault as the men, their behavior in the pole phase can be 

compared with a passive upward swing rather than with an active pole bending 

action. It can be concluded that the pole vaulting technique of elite female vaulters 

is not a projection of the technique of male vaulters at a lower jump height level, 

but rather a different way of vaulting and interacting with the elastic pole and 

leaves room for further improvement. 

 

Finally, a training experiment was carried out that focussed on the jump and 

planting of the pole, which is called jump and plant complex and is believed to be 

the most important phase in the pole vault in practice. 

During the pole support phase, in addition to the approach run, the vaulter can add 

energy to the vaulter/pole system by means of muscular work, but also a certain 

amount of mechanical energy is lost due to friction and deformation within the 

biological and mechanical system (Arampatzis et al. 2004; Schade et al. 2006). 

Especially the jump and the planting of the pole are believed to show considerable 

energy losses (Linthorne 1994, 2000; Ekevad and Lundberg 1997). 

A crucial point international level coaches argue about is the moment in time of 

the pole plant within the stance phase of the jump. It is generally believed that 

pole plant should take place at the end of the stance phase of the jump to reduce 

energy loss and to improve pole vault performance (Angulo-Kinzler et al. 1994; 

McGinnis 2000, Petrov 2004). However, even among highly successful pole 

vaulters a wide range in the timing of pole plant can be found; from planting the 

pole near to the instant of touch-down, through to planting the pole near to the 

instant of take-off. To the best of our knowledge there is no study which 

investigated the effect of the timing of the pole plant on the energy level of the 

vaulter/pole system during the jump and plant complex. To train this phase, a 

special jump and plant exercise (Jagodin) is used: approach run, jump and pole 

plant are performed like in original vaulting, but the vaulter “freezes” the body 

position in relation to the pole immediately after take-off until the maximum 

bending of the pole. Jagodins are chosen for improving jump and plant technique 

while avoiding irritations and an increase in variation of the movement behavior 

by anticipation of the following rock back and the need to cross the bar and 
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therefore allow for a variation in the moment in time of pole plant during the 

jump. Hence, Jagodins were chosen for analysis in the current study. 

The purpose of this study was to examine the effect of the point in time of the 

pole plant on the energy level of the vaulter/pole system during the jump and plant 

complex of a Jagodin. We hypothesize that an earlier pole plant during the stance 

phase of the jump will increase the pole energy at take-off compared to the energy 

decrease of the vaulter leading to a higher energy level of the vaulter/pole system 

at take-off.  

Six experienced vaulters performed 3 to 6 Jagodins using sub-maximal approach 

distance, whereas the vaulters tried to vary the timing of the pole plant. For 

analysis 3 trials of each subject were selected that showed the individually earliest 

and latest pole plant with respect to the touchdown of the take-off foot and the 

trial with the pole plant closest to the middle between these two. Two-dimensional 

kinematic data of the athlete (250 Hz) and three dimensional data of the pole (250 

Hz) were recorded, as were ground reaction forces measured at the end of the pole 

under the planting box and under the take-off foot (1000Hz). These measurements 

allowed the initial energy of the jump and plant complex and the interaction 

between vaulter and pole to be determined. Within the jump and plant complex 

the initial energy is partially converted: during the vaulter’s interactions with the 

ground and the pole the direction of the centre-of-mass movement changes from 

horizontal to a partially vertical component, the vaulter jumps up, and energy is 

transferred into the pole, it is initially bended. The vaulter can change the 

mechanical energy level of the vaulter/pole system during the jump and plant 

complex by means of muscular work that can be energy production and energy 

dissipation, which occur during the interaction with the ground as well as during 

the interaction with the pole. The results reveal that the point in time of the pole 

plant during the stance phase of the jump influences the interactions between 

vaulter, pole and ground in Jagodins. However it is not generally related to the 

performance of the jump and plant complex, because an earlier pole plant leads to 

higher pole energy at take-off but is counterbalanced by an energy decrease of the 

vaulter, and vice versa, which does not affect the change of the energy level of the 

total vaulter/pole system. 
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We can conclude that an earlier pole plant during the stance phase of the jump 

does not generally increase the fraction of the energy transfer to the pole 

compared to the amount of the vaulter’s energy decrease. Although a Jagodin 

differs slightly from a competition vault, most of the differences are a result of the 

Jagodin’s lower initial energy. The lower initial energy should not change the 

general effect of the timing of the pole plant on performance criteria, so similar 

interactions can be expected in complete vaulting, too. 
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1.1  Abstract 

The purposes of this study were as follows: (1) To determine the differences 

between two and three dimensionally calculated energy of the athlete in the pole 

vault. (2) To determine the differences between CM energy and total body energy. 

(3) To examine the influence of these different approaches of calculating the 

athlete’s energy on energetic parameter values during the pole vault. Kinematic 

data were gathered during the pole vault final of the track and field world 

championships in 1997. Two video cameras (50 Hz) covered the last step of the 

approach including the pole plant and 2 cameras covered the pole phase up to bar 

clearance, respectively. Twenty successful jumps were analysed. The 

characteristics of the energy development are similar for the different approaches. 

Initial energy, energy at maximum pole bend and energy at pole release (primary 

parameters) show significant differences (p<0.05). The findings indicate that 

rotatory movements and movements relative to the CM have a larger influence on 

the primary parameters than movements apart from the main plane of movement. 

For analysing the energy exchange between the athlete and the elastic implement 

pole only the differences among the secondary parameters (initial energy minus 

energy at maximum pole bend, final energy minus energy at maximum pole bend) 

are needed (Arampatzis et al., 1997 Biomechanical Research Project at the Vth 

World Championships in Athletics, Athens 1997: Preliminary Report. New 

Studies in Athletics 13, 66-69). For those parameters the relative differences 

between the calculation approaches range only between 1,47 and 0,04 %. This 

indicates that the influence of the different approaches for calculating the athlete’s 

energy on the analysis of energy exchange is negligible. 
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1.2 Introduction 

With the introduction of the elastic pole in the late 1960s energetic aspects of the 

pole vault have changed decisively. Compared to the stiff pole, the elastic pole 

enables the vaulter to achieve a more effective transformation of kinetic to 

potential energy during the vault and with this to increase jump height (Dillmann 

and Nelson, 1968). 

For elite pole vaulters Arampatzis et al. (1997) found a high correlation between 

both, final energy and official jump height and final energy and maximum centre-

of-mass height. The athlete’s energy during the pole vault has been studied by 

various researchers using either 2d or 3d kinematic data (Dillmann and Nelson, 

1968; Hay, 1971; Gros and Kunkel, 1988, 1990; Woznik, 1992). Hubbard (1980) 

and Ekevad and Lundberg (1995, 1997) reported that the energy exchange 

between the athlete and the elastic implement pole is important for the jump 

performance. Nevertheless, only few field studies have been made on this topic 

(Woznik, 1992; Arampatzis et al., 1997, 1999). They have been taking the 

athlete’s energy as well as the pole energy into account. To study the energy 

transfer between athlete and elastic implement criteria have been developed for 

high bar movements in gymnastics (Arampatzis 1995; Arampatzis and 

Brüggemann 1998, 1999). These criteria were adopted by Arampatzis et al. (1997) 

to analyse the energy exchange between vaulter and pole in the pole vault and to 

explain the maximum centre-of-mass height. They describe the initial conditions 

of the vault and the athlete’s behaviour during the different stages of the vault. 

These criteria are valid on the basis of a calculation of the total mechanical energy 

of the athlete and the pole, but the athlete’s energy has only been calculated on the 

basis of 2d centre of mass related data. The pole vault is a complex 3d movement 

consisting of distinct rotatory parts in the three planes of movement (Woznik, 

1992; Angulo-Kinzler et al., 1994). To what extent movements out of the main 

plane of motion play a role in energetic analysis of the pole vault or the difference 

between the 3d and the 2d approach respectively, has not been proven yet. 

Concerning the economy of data acquisition this is also of high interest. The 

relevance of the difference between the vaulter’s total energy and his CM related 

energy and with this the role of relative segmental movements around the CM 

have not been studied yet either. 
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The aims of this study were: 

1. To determine the differences between two- and three- dimensionally 

calculated energy of the athlete in the pole vault. 

2. To determine the differences between CM energy and total body energy. 

3. To examine the influence of these different approaches of calculating the 

athlete’s energy on energetic parameter values in the pole vault. 

 

1.3 Methods 

The data for this study were recorded at the pole vault final of the 1997 Track and 

Field World Championships in Athens, Greece. The jumps were recorded by four 

genlocked video cameras synchronised using LEDs (light emitting diodes). The 

Video cameras were operating at 50 fields per second. Two cameras recorded the 

movement from the penultimate stride to approximately the maximum pole bend 

position. The other two cameras recorded the following movement up to bar 

clearance (Fig.1). One camera of each pair was positioned under an angle of 

approximately 60° to the main plane of movement in direction of the movement. 

The second camera was positioned perpendicular to it on the same side of the run 

way. The following points were digitised: For both lower extremities the tip of the 

foot, heel, ankle joint and hip, for both upper extremities the wrist, elbow and 

shoulder joint and for the head C7 and the middle of the head. The three-

dimensional co-ordinates of the digitised points were calculated using the DLT 

method (direct linear transformation; Abdel-Aziz and Karara, 1971). The 

kinematic data was smoothed with a forth-order low-pass Butterworth filter with 

an optimised cut off frequency for each point of the model (“Peak Motus” Motion 

Analysis System). The calibration cube measured 5x1x5 m3. The origin of the 

initial co-ordinate system was located above the deepest point of the planting box 

at ground level in the middle of the run way. The x-axis was defined to be the 

horizontal axis in the main plane of movement, the y-axis was defined to be the 

vertical one and the z-axis was perpendicular to it. 
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Figure 1: Camera positions. 

 

The masses of the segments were taken from Clauser et al. (1969) and the inertial 

moments were calculated according to Hannavan (1964). Modifications of the 

Hannavan model were made concerning the upper extremities and the trunk. The 

lower arm and the hand were regarded as a single segment and the trunk was 

defined by the two shoulders and two hip joints.Twenty successful jumps were 

analysed. 

The athlete’s total body energy was calculated as follows: 
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where mi is the mass of the ith segment, g the acceleration of gravity, hi the height 

of the centre of mass of the ith segment, vi the velocity of the centre of mass of the 

ith segment, ωiTr the angular velocity of the longitudinal axis of the ith segment, ΘiTr 

the moment of inertia of the ith segment about its transversal axis, ωTLo the angular 

velocity of the trunk about its longitudinal axis and ΘTLo the moment of inertia of 

the trunk about its longitudinal axis. 

The formula takes the potential energy and the kinetic energy (translatory and 

rotatory) of the 12 segments into account. The rotatory energy about the 

longitudinal axis was only calculated for the trunk. Due to the construction of the 

model it could not be calculated for the other segments. The influence of the 

rotatory energy about the longitudinal axis of the extremities on the total energy 
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should be negligible, because of the characteristics of the pole vault movement 

and the small moment of inertia of the extremities about their longitudinal axes 

(Hannavan, 1964).  

The angular velocity of the longitudinal axis of the ith segment was calculated 

using the following formula: 
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where Ai is the distal endpoint of the ith segment, Bi the proximal endpoint of the 

ith segment, θi the angle between a1i and a2i and Δt the time interval between two 

successive frames. 

The angular velocity of the trunk about its longitudinal axis was calculated as 

follows: 
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where LH is the point of the left hip, RH the point of the right hip, LS the point of 

the left shoulder, RS the point of the right shoulder, θS the angle between b1S and 

b2S, θH the angle between b1H and b2H. 
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The athlete’s centre of mass energy was calculated as follows: 

 

2
²CM

CMCM
m

mgHE
v

+= ,              (8) 

where m is the mass of the athlete, HCM the height of the athlete’s centre of mass, 

vCM the velocity of the athlete’s centre of mass.  

The 2d calculation was made on the basis of the same data with the z-co-ordinate 

of the digitised points set as zero.  

The parameters for the statistical comparison of the different approaches were 

selected according to the energy criteria mentioned above. As far as the human 

part of the vaulter pole system is concerned, the initial energy (Einit: mean of the 

athlete’s energy at the instant of take off of the penultimate ground contact and the 

energy at the instant of touch down of the last ground contact), the energy at 

maximum pole bend (EMPB), the energy at pole release (Efinal) and the differences 

among them (Edecrease: E init - E MPB, Eincrease: E final - E MPB) have to be known to 

calculate the criteria. The total energy of the athlete has been compared with his 

centre-of-mass energy within the 3d and the 2d approach (3d-total/3d-centre of 

mass, 2d-total/2d-centre of mass). The 3d and the 2d approach have been 

compared with regard to the total energy and the centre-of-mass energy (3d-

total/2d-total, 3d-centre of mass/2d-centre of mass). Furthermore, the 3d 

calculated total energy, which is the most accurate approach, has been compared 

with the 2d centre-of-mass energy, which is the most economic approach 

concerning the data acquisition and the most simple calculation. 

The data are presented relatively to body weight, differences were tested using t-

test for paired samples and the level of significance was set at p<0.05. 

 

1.4 Results 

The development of the athlete’s total energy during the vaulting action shows 

three phases, a clear energy decrease, representing the movement from the 

planting action and touch down of the take of foot (TD) to approximately the 

maximum pole bend position (MPB) (Fig. 2). In this phase energy is transferred 

into the pole. While the total energy of the vaulter decreases his kinetic energy 



19 

also decreases to a similar extent. In the following phase, the athlete’s total energy 

shows a clear energy increase as a result of the energy return of the recoiling pole; 

it ends close to the pole straight position. The kinetic energy also increases. The 

third phase is characterised by a nearly constant level of total energy containing 

the pole release (PR) and the bar clearance. The third phase again shows a 

decrease of kinetic energy. 

Figure 3 shows the development of the athlete’s energy and the kinetic energy 

calculated on 3d and 2d database for the total body and for the CM. For the 

different approaches an equal development of the standard deviation can be seen. 

The different approaches for calculating the athlete’s energy lead to nearly the 

same structure of the energy development. Differences can only be seen in the 

absolute values, whereas E-total shows higher values than E-centre of mass and 

the 3d approach calculates higher values than the 2d approach during the whole 

jump (Fig. 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: 3d calculated total energy and total kinetic energy of an athlete during 
the pole vault. 
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Figure 3: Mean and standard deviation of total energy, total kinetic energy, CM 
related energy and CM related kinetic energy of the vaulter calculated on 3d and 
2d database (n=20). The x-axis is normalised as follows: -100% up to 0% 
represents the phase between the beginning of the vault and the MPB position; 0% 
up to 100% represents the phase between the MPB position and the instant of 
maximum CM height. For value normalisation the 3d calculated total energy 
value at the highest point of CM was set as 100%. 
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Figure 4: Comparison of different approaches for calculating the athlete’s energy 
(n=20). 
 

 

Looking at the statistical comparison of the 3d and the 2d approach, E-total shows 

significant differences (p<0.05) in the primary parameters Einit, EMPB and Efinal, the 

same as E-centre of mass (Tab. 1). The secondary parameters Edecrease und Eincrease, 

which represent the differences between the primary parameters within one 

approach, only show statistical significant differences (p<0.05) for E-total. 

Comparing the approaches E-total and E-centre of mass, E-total leads to 

significantly higher (p<0.05) primary parameters for the 3d calculation as well as 

the 2d calculation. Concerning the same comparison Eincrease is also significantly 

different (p<0.05) for a 3d and a 2d calculation of the athlete’s energy, while 

Edecrease does not show any significant (p<0.05) differences. 
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Table 1: Mean energy parameters of the pole vault calculated using different 
approaches (n=20) (J/kg). 

 3d-total 
(approach 1) 

3d-centre of mass 
(approach 2) 

2d-total     
(approach 3) 

2d-centre of mass 
(approach 4) 

Einit 56.80 (1.93) 55.44 (1.88) a 56.64 (1.90) a 55.41 (1.88) a,b,c 

EMPB 34.05 (2.02) 32.69 (1.93) a 33.96 (2.00) a 32.61 (1.94) a,b,c 

Efinal 60.23 (1.73) 59.13 (1.66) a 59.97 (1.70) a 59.01 (1.68) a,b,c 

Edecrease 22.75 (1.44) 22.76 (1.47) 0 22.68 (1.43) a 22.80 (1.46)0000 

Eincrease 26.17 (1.80) 26.45 (1.90) a 26.01 (1.73) a 26.40 (1.86)  a,c 
a statistical significant difference (p<0.05) between 3d-total and 3d-centre of mass, 3d-total and 
2d-total, 3d-total and 2d-centre of mass 
b statistical significant difference (p<0.05) between 3d-centre of mass and 2d-centre of mass 
c statistical significant difference (p<0.05) between 2d-total and 2d-centre of mass 
 

1.5 Discussion 

The vaulters’ energies presented in this study, when taking the different jump 

heights into consideration, are in the same range as those presented in the 

literature (Dillmann and Nelson, 1968; Hay, 1971; Gros and Kunkel, 1988, 1990; 

Woznik, 1992).  

E-total and E-centre of mass differ as expected concerning the primary parameters 

Einit, EMPB, and Efinal. E-total must be higher because the kinetic energy is higher 

when calculated for the total body. In contrast to the centre-of-mass related 

calculation the total energy takes rotatory movements and movements, which 

occur relative to the centre-of-mass, into account. For EMPB relative differences of 

4.02 % for the 3d approach and 3.98 % for the 2d approach have been found (Fig. 

5). They can be explained by the rock back action. Einit differs by 2.39 % (2.18 %) 

and Efinal by 1.82 % (1.61 %). In the case of Einit the differences could be 

explained by the planting action and for Efinal by movements supporting the bar 

clearance. The relatively high differences between the athlete’s total energy and 

his CM related energy during the vault suggest to calculate the total energy for 

mechanical energy considerations of the human part of the vaulter pole system. 

The differences vary throughout the whole jump (Fig. 4), but in the area of the 

primary parameters they show similar values. This explains the much smaller 

differences between E-total and E-centre of mass concerning the secondary 
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parameters. Within the 3d and the 2d approach the percentile differences of 

Edecrease are clearly smaller than 1 %. For Eincrease they are 1.05 % (1.47%). Those 

findings indicate that the influence of the segmental movements, which occur 

relatively to the CM, on the secondary parameters is very small even though 

statistical significant differences exist. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Differences in selected parameters between approaches for calculating the 
athlete’s mechanical energy in percent of the more complex approach (n=20). 
 

Differences between 3d and 2d total energy calculation are caused by movements 

apart from the main plane of movement in the direction of the z-axis. Looking at 

the primary parameters the largest differences can be seen for Efinal (Tab. 1). An 

explanation could be that only small deviations from the main plane of movement 

during early stages of the vault cause larger deviations in following stages 

(Angulo-Kinzler et al., 1994), which lead to a lower 2d calculated energy at the 

end of the jump. However, the percentile differences were clearly smaller than 1% 

for all selected parameters, which makes the findings of a statistical significant 

difference between the 3d and the 2d approach for the selected parameters 

negligible. 
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uses a more simple approach for calculating the mechanical energy, shows the 

largest percentile differences in the primary parameters among the shown 

comparisons ranging between 2 % and 4.2 %. Those reflect the differences 

between the 3d/2d comparison and the E-total/E-centre of mass comparison. But 

the 2d-centre of mass approach calculates Edecrease only by 0.22% smaller than 3d-

total, Eincrease shows only 0.86% smaller values. 

The comparison of E-total/E-centre of mass shows clearly larger differences in the 

selected parameters than the comparison of the 3d and the 2d calculation. This 

means that rotatory movements and movements relatively to the centre-of-mass 

have a larger influence on the calculation of the parameters than movements in z-

direction. The influence of these movements on the primary parameters reaches 

4.2 % at maximum, which is clearly higher than the influence on the secondary 

parameters (0.86 % at maximum). This becomes obvious, when comparing E-total 

3d with E-centre of mass 2d. 

For analysing the energy exchange between vaulter and elastic implement pole on 

the basis of the criteria which were developed by Arampatzis et al. (1997) the 

influence of segmental movements around the CM and movements in direction of 

the z-axis is negligible. Concerning the economy of data acquisition these findings 

indicate that for the application of the criteria a 2d database allows to calculate 

adequately accurate results. The more simple calculation of E-centre of mass also 

leads to adequately accurate results compared to the calculation of the total 

energy. 
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2.1 Abstract 

The purpose of this study was to analyze the reproducibility of kinematic, 

dynamometric and derived mechanical energy parameters in the pole vault as a 

main precondition for the practical applicability of the concept of energy 

exchange in the pole vault (Arampatzis et al., 2004, J. Biomech. 37, 1353-1360). 

A total of 46 vaults of 6 experienced vaulters were analyzed. On the basis of 3D 

kinematic data of the athlete and the pole and ground reaction forces measured at 

the end of the pole in the planting box the reproducibility of parameters that 

describe the energy transfer into the pole and the energy exchange between the 

athlete and the pole during the vault was proofed. Intraclass correlation, mean root 

mean square and the coefficient of variance were determined, additionally the 

Wilcoxon Test was applied. Parameters of the athlete’s 3D total mechanical 

energy, e.g. initial energy and final energy, and the pole energy (maximum pole 

energy, energy of the pole due to compressive force and bending moment) were 

highly reproducible. The distribution of the energy transferred into the pole due to 

compressive force and bending moment, the same as the energy gain of the 

vaulter-pole system during the vault, which indicates the strategy of interacting 

with the pole, were also reproducible. With this the concept of energy exchange in 

the pole vault can be used to analyze the impact of training interventions, changes 

in movement pattern respectively, on the vaulters performance during different 

phases of the vault. The analysis of one trial of an athlete should be sufficient to 

identify changes in the athlete’s interaction with the elastic pole. 
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2.2 Introduction 

With the introduction of the elastic pole in the early 1960s, effecting a change in 

energetic aspects (Dillmann and Nelson, 1968, Linthorne 2000), the pole vault 

became a wide field of biomechanical interest, especially as an example of the 

interaction between a biological system and an elastic mechanical implement 

(Hay, 1967; Hubbard, 1980; Ekevad and Lundberg, 1995, 1997; Arampatzis et al., 

1997, 1999, 2004; Linthorne, 2000; Schade et al., 2000, 2004). The importance of 

the energy exchange between athlete and pole to explain the maximum centre of 

mass height and for improving jump performance is generally accepted (e.g. 

Hubbard, 1980; Woznik, 1992; Ekevad and Lundberg, 1995, 1997; Arampatzis et 

al., 1997; Schade et al. 2000). Arampatzis et al. (1997, 2004) developed criteria to 

quantify the energy exchange. To apply these criteria to practical situations, they 

have to serve the individual improvement of pole vault performance. 

Theoretically the impact of the application of the criteria on the training process is 

(a) the identification of individual solutions of interaction between vaulter and 

pole, and (b) the analysis of the effect of individual movement pattern and training 

intervention on the interaction between vaulter and pole in different phases of the 

vault. 

The variability of the criteria and related parameters, and with this in how far a 

measurement represents the actual stage of performance of a subject, has not been 

proven yet. Without knowing the reproducibility and the number of trials to be 

analyzed for getting valid information about the interaction between vaulter and 

pole the influence of changes in movement pattern on the individual energy 

exchange cannot be determined. Due to the large amount of degrees of freedom, 

the pole vault offers a large variety of movement solutions to jump high. 

Observations of the training process and contests from national to international 

level have revealed, that the vaulters show wide intraindividuell variations in 

performance within one contest represented by a large number of interrupted and 

missed vaults and large variations of the take of distance (about 30-40 cm). The 

question is whether a vaulter chooses the same strategy of interacting with the 

elastic pole and the same strategy of transferring energy into the pole during 

several successful vaults or not. 
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For clinical research situations and different forms of locomotion several 

reliability and variability studies have been carried out (e.g. De Vita and Bates, 

1988; Bates et al, 1983; Hamill and McNiven, 1990; Heiderscheit et al. 1999, 

Diss, 2001, Rainoldi et al., 2001, Rodano and Squadrone, 2002, Karamanidis et 

al., 2003; 2004). In applied sport research reproducibility, reliability and 

variability studies respectively, are quite rare (e.g. Salo and Grimshaw, 1998; 

Sforza et al., 2000). In the pole vault no experimental studies considering the 

reproducibility of parameters concerning the energy exchange have been carried 

out, in fact no studies could be found that proved the reproducibility of parameters 

of the concept of energy storage and return at any application. The purpose of this 

study was to analyze the reproducibility of kinematic, dynamometric and derived 

mechanical energy parameters in the pole vault as a main precondition for the 

practical applicability of the concept of energy exchange in the pole vault. 

 

2.3 Methods 

2.3.1 Selection of parameters 

The examined parameters have been selected according to the energy storage and 

return concept for the pole vault by Arampatzis et al. (2004). The pole vault can 

be divided into two main phases: (1) the approach run with the aim to achieve a 

high initial energy and an adequate take off and pole planting position at the 

instant of the final touch down, and (2) the pole phase, where the initial kinetic 

energy is transformed into potential energy; the athlete may add additional energy 

to the system in this phase. The pole phase can be divided into two additional 

phases separated by the maximum pole bend position (MPB, Fig. 1). Up to this 

position energy is transferred into the pole and is stored as strain energy, from this 

position the pole returns energy. For the description of the parameters that 

quantify the energy exchange between vaulter and pole and the additional work 

the vaulter performs in the two pole phases see Figure 1 (see also Arampatzis et 

al., 2004). 

The following parameters have been selected: 

Energy parameters concerning the athlete: Eath-init, Eath-MPB, and Eath-HP 

(primary parameters); Eath-dec and Eath-inc (secondary parameters). 
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Energy parameters concerning the pole: Epole-CF (energy of the pole due to 

compressive force at the instant of MPB), Epole-BM (energy of the pole due to 

bending moment at the instant of MPB), Epole-tot (total strain energy of the pole 

at the instant of MPB; Epole-CF plus Epole-BM), Epole-loss (energy dissipation 

in the pole) Epole-out (returned energy from the pole; Epole-tot minus Epole-loss) 

Derived complex parameters of energy production: Crit1, Crit2, and Egain-net 

(Eath-HP minus Eath-init or Crit1 plus Crit2 minus Epole-loss) 

Measured parameters: CM-max, take off-dist, PC-MPB, T-MPB (time between 

the instant of Eath-init and MPB), and T-HP (time between Eath-init and HP) 
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Figure 1: The pole vault movement and selected parameters. TO2 = end of second 
last ground contact, TD = beginning of last ground contact, PP = pole plant (pole 
hits planting box), TO1 = end of last ground contact, MPB = maximum pole bend, 
HP = instant of maximum centre of mass height, Eath-init = total energy of the 
athlete in the middle of the last flight phase of the approach run, Eath-MPB = 
athlete’s total mechanical energy at MPB, Eath-HP = athlete’s total mechanical 
energy at the moment of the highest position of the CM, Eath-dec = decrease of 
athlete’s energy in the first pole phase (Eath-init minus Eath-MPB), Eath-inc = 
increase of athlete’s energy in the second pole phase (Eath-HP minus Eath-MPB), 
Epole-tot = total strain energy of the pole at the instant of MPB, Crit1 (criterion1) 
= energy production of the vaulter in the first pole phase, Crit2 (criterion2) = 
energy production of the vaulter in the second pole phase, Egain-net = net work 
performed by the vaulter during the whole pole phase, CM-max = maximum 
center of mass height, take off-dist (take off distance) = horizontal distance 
between the tip of the take off foot and the end of the planting box (zero line) at 
take off, PC-MPB: length of pole chord at MPB (distance between the middle of 
upper grip hand and deepest point in the planting box). 
  

TPP

Eath-HP 

HP 

Eath-MPB

TD 
TO1

TO2

take off-dist

PC-MPB

Eath-init  Eath-dec

Eath-inc Egain-net

Epole-tot

Crit1: Epole-tot minus Eath-dec 

Crit2: Eath-inc minus Epole-tot 



33 

2.3.2 Experimental set-up 

The vaults of six experienced pole vaulters were analyzed (5 male, height: 1.84 

±0.04 m, weight: 80.3 ±4.99 kg, 1 female, height: 1.69 m, weight: 62.5 kg). One 

of the male subjects was a decathlete. The best performance of the four pole 

vaulters ranged between 5.30 m and 5.60 m, while the best performance of the 

decathlete was 4.35 m and that from the female pole vaulter was 4.25 m. The 

athletes performed 8-15 vaults with a constant bar height at an indoor facility (no 

wind influence). The bar height was approximately 90 % of the vaulter’s personal 

best jump height, which is common for techniques-oriented training sessions and 

guarantees a sufficient number of completed jumps. Further external conditions, 

such as number of approach steps (2-4 steps less than the usual competition 

approach), position of the standards, used pole and grip height at the pole, were 

also constant. Only completed jumps, it does not necessarily mean fair jumps, 

were taken into consideration (4 to 11 vaults per athlete, total of 46 analyzed 

jumps). 

The trials were recorded by four genlocked video cameras operating at a sampling 

rate of 50 Hz. Two cameras recorded the movement from the second last stride to 

approximately the maximum pole bend position. The other two cameras recorded 

the following movement up to bar clearance (see Schade et al., 2000). Eighteen 

body marks were digitized. The three-dimensional co-ordinates were calculated 

using the direct linear transformation (DLT) method (Abdel-Aziz and Karara, 

1971). Kinematic data was smoothed using a forth-order low-pass Butterworth 

filter with an optimized cut-off frequency for each digitized point (“Peak Motus” 

Motion Analysis System). The calibration cube was 5x5x1 m3. The origin of the 

inertial co-ordinate system (ICS) was located above the deepest point of the 

planting box at ground level in the middle of the run up path. The x-axis was 

defined to be the horizontal axis in the main plane of movement. The y-axis was 

defined to be the vertical one. The z-axis results from the cross product between 

the x and y axes. The masses and moments of inertia of the various body segments 

were calculated using the data provided by Zatsiorsky and Seluyanov (1983). For 

this process only the height and body mass of the subjects are needed.  

The ground reaction forces exerted on the bottom of the pole were measured at 

1000 Hz by fixing the planting box on a Kistler force plate (type: 9881B21). The 
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force data were smoothed using a fourth-order low-pass Butterworth filter with a 

cut-off frequency of 40 Hz. Fig. 2 shows filtered ground reaction forces of five 

trials of the same athlete measured under the planting box. The synchronization of 

the kinematic and dynamic data was achieved by using light emitting diodes 

(LEDs) and a synchronous TTL signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Filtered ground reaction forces measured under the planting box during 
the pole vault of five trials of the same athlete (x is in direction of the approach 
run, y is in vertikal direction, z is perpendicular to them). 
 

 

3.3.3 Calculation of parameters 

The athlete’s total body energy was calculated as follows (see also Schade et al, 

2000; Arampatzis et al, 2004): 
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axis, ωTL the angular velocity of the trunk about its longitudinal axis, and ITL the 

moment of inertia of the trunk about its longitudinal axis. 

During the vault the athlete applies a compressive force and a bending moment to 

the upper end of the pole while the bottom end is free to pivot in the planting box 

(Hubbard, 1980; Griner, 1984). Therefore the energy conversion in the pole was 

calculated as follows (see also Arampatzis et al., 2004): 

 

∫ ∫ ⋅+⋅= βddE ppole MrF ,            (2) 

where Fp is the force in direction of pole deformation, r  the pole chord (r =OP1), 

M the bending moment to the upper end of the pole, β the angle between top pole 

tangent and pole chord (defined as the angle between lines OP1 and P1P2), O the 

deepest point of the planting box, P1 the point digitized at the hand of the upper 

arm and P2 the point digitized at the hand of the bottom arm. 

 

2.3.4 Statistics 

To prove the reproducibility of the selected parameters the intraclass correlation 

coefficients (ICC) were determined; an ICC of 0.7-0.8 was considered to be an 

acceptable correlation, 0.8-0.9 to be a good correlation and >0.9 to be a high 

correlation (Vincent, 1999). The Wilcoxon Test for non parametric samples was 

applied to find significant differences between the parameters of consecutive 

completed trials; the level of significance was set at p<0.05. Additionally the 

mean RMS (root mean square) was determined for each parameter on the basis of 

the RMSs for each of the ten pairs of values (built out of 5 trials for 5 subjects) to 

analyze the absolute differences (Tab. 1). To prove the intraindividuell variability 

the coefficient of variance was determined. 
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Table 1: Matrix of selected vaults for the application of the ICC, the Wilcoxon 
Test and the determination of the mean RMS (4-5 vaults per athlete), 
corresponding bar height and number of trial. Each of the athletes performed 8-15 
trials, only completed vaults have been analyzed. For the determination of the 
coefficient of variance the remaining completed vaults of each subject have 
additionally been used (CG n=7; CS n=5; HL n=10; MK n=4; RS n=11; SS n=9). 
 
Subject 1 (5,00 m) CG4 CG6 CG7 CG10 CG12

Subject 2 (5,00 m) CS3 CS4 CS7 CS9 CS10

Subject 3° (4,10m) HL1 HL3 HL4 HL5 HL6 

Subject 4 (5,00m) MK1 MK3 MK4 MK5  

Subject 5 (5,00m) RS4 RS5 RS7 RS8 RS9 

sSbject 6* (3,90m) SS2 SS3 SS5 SS6 SS7 

° = decathlete, * = female vaulter 

 

 

2.4 Results 

The reaction forces measured under the planting box show very similar 

characteristics for all analyzed trials of the same subject (Fig. 2), the same as the 

development of the pole chord length (Fig. 3). This is also valid for the course of 

the athlete’s total mechanical energy, kinetic energy and potential energy 

throughout the whole pole phase (Fig 4). Individual characteristics, such as a low 

increase of kinetic energy in the beginning of the second pole phase of the 

decathlete (HL) or a high decrease of total energy in the first pole phase of an elite 

pole vaulter (RS), can be seen in each of the individual graphics. The course of 

the total strain energy of the pole and the energy of the pole due to compressive 

force and due to bending moment are intraindividually similar for different vaults. 

The maxima of the total strain energy and the energy due to compressive force 

seem to be intraindividually different (Fig. 5).  
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Figure 3: Pole chord length during pole phase of a pole vaulter (RS; n=11) and a 
decathlete (HL; n=10). The pole chord is defined as the distance between the 
middle of the upper grip hand at the pole and the deepest point in the planting 
box. 
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Figure 4: Total mechanical energy (E_TOT), kinetic energy (E_kin) and potential 
energy (E_pot) of a pole vaulter (RS; n=11) and a decathlete (HL; n=10) during 
the vault. 
 

Table 2: Mean and standard deviation (SD) values (n=29), results of intraclass 
correlation and mean RMS of selected measured parameters in the pole vault 
(n=6).  

 CMmax [m] Take off-dist 
[m] 

PC-MPB [m] T-MPB [s] T-HP [s] 

Mean 4.78 (0.51) 3.45 (0.21) 3.22 (0.20) 0.66 (0.03) 1.69 (0.10) 
mean RMS 0.07 0.08 0.08 0.02 0.08 

ICC 0.998 0.985 0.986 0.890 0.931 

The results include 5 vaults per athlete, except for one subject, that performed 4 completed vaults 
(Tab. 1). 
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Figure 5: Total strain energy of the pole (Epole_TOT), energy of the pole due to 
compressive force (Epole_CF) and energy of the pole due to bending moment 
(Epole_BM) of a pole vaulter (RS; n=11) and a decathlete (HL; n=10). 
 

 

The parameters concerning the athlete’s mechanical energy show high ICCs (Tab. 

3). The Wilcoxon Test revealed two significant different pairs for Eath-HP and 

one for Eath-dec. The mean RMS ranges between 0.69 J/kg for Eath-init and 1.19 

J/kg for Eath-inc. Eath-init, Eath-MPB and Eath-HP show CVs from 0.60% to 

3.81% (Tab. 4), the derived parameters Eath-dec and Eath-inc show higher CVs 

(1.74-7.58%, Tab. 4). Except for Epole-loss high intraclass correlation was found 
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for the pole energy (Tab. 3); no significantly different pairs were found by the 

Wilcoxon Test. The mean RMS ranges between 0.45 J/kg for Epole-BM and 1.57 

J/kg for Epole-out. The CVs ranged between 4.09% and 9.50%, except for Epole-

loss showing CVs between 4.72% and 38.64%. The parameters concerning the 

energy production also show high intraclass correlations (Tab. 3); the Wilcoxon 

Test revealed one significant difference for Crit1, none for Crit2 and two for 

Egain-net. The mean RMSs vary between 0.92 J/kg and 1.21 J/kg. The parameters 

of energy production show the highest CVs (Crit1: 3.54-14.15%, Crit2: 18.98-

67.90%, Egain-net: 7.42-28.26%). Crit2 is the only parameter not showing any 

CV under 10%. The measured parameters show high intraclass correlations except 

for the time parameter T-MPB, which only shows a good correlation (Tab. 2). The 

Wilcoxon Test revealed one significantly different pair (p<0.05) for CMmax. No 

differences were found for the other measured parameters. The mean RMSs are 

low (Tab. 2). For the time parameters the coefficient of variance is smaller than 

approximately 5%, for the other measured parameters it is under 2.5% (Tab. 5). 

 

Table 3: Mean and standard deviation (SD) values (n=29), results of intraclass 
correlation and mean RMS (n=6) of energy parameters concerning the athlete and 
the pole and parameters of energy production in the pole vault (for explanation of 
parameters see Fig. 1).  

 Athlete 
Eath-init Eath-MPB Eath-HP Eath-dec Eath-inc 

Mean [J/kg] 42.71 
(3.96) 

28.68 
(2.61) 

49.71 
(4.47) 

14.02 
(3.06) 

21.02 
(4.14) 

Mean RMS 
[J/kg] 

0.69 1.00 1.07 1.10 1.19 

ICC 0.998 0.988 0.995 0.992 0.991 
 

 
Pole Energy production 

Epole-
CF 

Epole-
BM 

Epole-
tot 

Epole-
loss 

Epole-
out 

Crit1 Crit2 Egain-
net 

Mean [J/kg] 15.09 
(3.51) 

4.92 
(0.65) 

20.02 
(3.64)

1.47 
(0.56) 

18.55 
(3.48) 

5.99 
(1.70) 

2.47 
(1.35) 

7.00 
(1.88) 

Mean RMS 
[J/kg] 

1.41 0.45 1.42 0.51 1.57 0.92 1.14 1.21 

ICC 0.983 0.951 0.983 0.332 0.979 0.956 0.908 0.955 

The results include 5 vaults per athlete, except for one subject, that performed 4 completed vaults 
(Tab. 1). 
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Table 4: CV of energy parameters concerning the athlete and the pole and 
parameters of energy production in the pole vault (for explanation of parameters 
see Fig. 1.). 
 

 Athlete 
Subject Eath-init 

[%] 
Eath-MPB 

[%] 
Eath-HP  

[%] 
Eath-dec 

[%] 
Eath-inc  

[%] 
CG (n=7) 0.81 2.21 1.21 2.94 4.65 

CS (n=5) 1.21 3.81 1.79 7.01 1.74 

HL° (n=10) 1.37 1.83 2.48 6.44 7.25 

MK (n=4) 0.60 3.73 1.36 7.58 2.94 

RS (n=11) 1.10 2.53 0.84 4.47 3.24 

SS* (n=9) 1.35 1.96 2.23 5.10 5.92 

Mean 1.07 2.68 1.65 5.59 4.29 

SD 0.31 0.88 0.63 1.74 2.05 
 

 Pole Energy production 
Subject Epole-CF 

[%] 
Epole-BM

[%] 
Epole-tot

[%] 
Epole-loss

[%] 
Epole-out

[%] 
Crit1 
[%] 

Crit2 
[%] 

Egain-net
[%] 

CG (n=7) 7.60 5.81 5.89 9.36 5.95 13.68 26.84 9.05 

CS (n=5) 6.65 9.18 4.09 38.64 6.68 14.15 38.30 15.62 

HL° (n=10) 5.96 5.36 5.20 26.40 5.36 13.41 60.62 28.26 

MK (n=4) 6.51 5.31 4.67 4.72 4.70 3.54 20.61 7.55 

RS (n=11) 6.07 9.50 5.50 33.14 4.93 14.08 18.98 7.42 

SS* (n=9) 6.22 5.73 5.28 29.27 5.31 7.47 67.90 13.32 

Mean 6.50 6.82 5.11 23.59 5.49 11.06 38.88 13.54 

SD 0.60 1.97 0.64 13.54 0.72 4.48 20.93 7.93 

° = decathlete, * = female vaulter 

 

 

2.5 Discussion 

The findings indicate that on sub-maximal jump height level the athlete’s initial 

energy (Eath-init), the athlete’s energy at the instant of maximum pole bend 

(Eath-MPB) and the athlete’s energy at the instant of maximum centre off mass 

height (Eath-HP; primary parameters) are highly reproducible. The same is valid 

for the derived secondary parameters E-decrease and E-increase. This is true even 

though the Wilcoxon Test revealed significantly different pairs for two parameters 
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(two for Eath-HP, one for Eath-dec), because the mean RMS, which reflects the 

absolute differences, was only 2.16% of the mean Eath-HP and 7.83% of the 

mean Eath-dec. The percentile mean RMSs for the other parameters of the 

athlete’s mechanical energy ranged between 1.61% and 5.68%, whereas it was a 

little larger for the secondary parameters, than for the primary ones, which they 

depend on. The CV also showed higher values for the secondary parameters Eath-

dec and Eath-inc (1.74-7.58%) than for the primary parameters Eath-init, Eath-

MPB and Eath-HP (0.60-3.81%; Tab. 4). The female vaulter and the decathlete 

showed similar coefficients of variance as the elite vaulters, even though their 

energy parameters were on a lower level. 

The maximum pole energy (Epole-tot) the same as the energy returned by the pole 

(Epole-out) also show a high reproducibility (Tab. 3): High ICCs, no significantly 

different pairs revealed by the Wilcoxon Test and percentile mean RMSs of 

7.10% for Epole-tot and 8.45% for Epole-out. The energy that is lost in the pole 

(Epole-loss) is about 7% of the maximum pole energy. It can be explained by 

friction in the planting box and viscoelastic properties of the pole (Arampatzis et 

al. 2004). Epole-loss is smaller than the standard deviation of the energy that is 

produced during the vault; with this its influence on the work performed in the 

pole phase is very small. Epole-loss is not reproducible (Tab. 3). Low absolute 

values of Epole-loss, which make the examination of the reproducibility more 

sensible to the method and accuracy of data acquisition, could be an explanation. 

The amount of energy that is transferred into the pole by the bending moment 

(Epole-BM) and the compressive force (Epole-CF) is highly reproducible 

showing high ICCs (Tab. 3), no significant differences by the Wilcoxon Test and 

a percentile RMS of 9.37% for Epole-CF and 9.23% for Epole-BM. Consequently 

the percentile distribution for Epole-CF (75%) and Epole-BM (25%) of Epole-

max is also highly reproducible (ICC r=0.979, no significant differences revealed 

by the Wilcoxon Test, mean RMS 2.41%). The CVs of Epole-tot, Epole-BM and 

Epole-CF were under 10% for each subject (Tab. 4), the same as the CV of the 

percentile distribution of Epole-CF (1.80-2.89%) and Epole-BM (3.52-7.95%,). 

The female vaulter and the decathlete showed different distributions of Epole-BM 

and Epole-CF, but similar CVs. The findings indicate that the strategy of energy 
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transfer into the pole, represented by the distribution of Epole-CF and Epole-BM, 

is reproducible. 

The parameters of energy production are also reproducible showing high 

intraclass correlations (Tab. 3). The absolute values for Crit1 (5.99 ±1.70 J/kg), 

Crit2 (2.47 ±1.35 J/kg) and Egain-net (7.00 ±1.88 J/kg) are clearly smaller than 

those for the athlete’s energy at the relevant instants (28.68-49.71 J/kg) and the 

pole energy (20.02 ±3.64 J/kg), whereas the mean RMSs are similar (Tab. 3). This 

leads to relatively high percentile mean RMSs (Crit1 15.33 %, Crit2 46.11%, 

Egain-net, 17.27 %). Especially the percentile mean RMS of Crit2 is influenced 

by its low absolute value. This is also the explanation for the finding, that the 

highest CVs have been found for all subjects for Crit2 (18.98-60.62%, Tab. 4). 

The decathlete and the female vaulter showed the largest CVs for Crit2, but also 

the lowest absolute values. The percentile distribution of Crit1 (71%) and Crit2 

(29%) is also reproducible (ICC r=0.906, no differences revealed by the Wilcoxon 

Test, mean RMS 10%). The findings indicate that, the same as the strategy of 

energy transfer into the pole, the strategy of the interaction between vaulter and 

pole, represented by the criteria and their distribution, is reproducible. 

 

Table 5: CV of selected measured parameters in the pole vault (for explanation of 
parameters see Fig. 1.). 
 

Subject CMmax [%] Take off-dist [%] PC-MPB [%] T-MPB [%] T-HP [%] 

CG (n=7) 0.98 1.67 1.80 2.91 4.09 
CS (n=5) 1.66 1.65 2.25 2.60 1.98 

HL° (n=10) 0.75 1.64 1.01 3.03 2.43 
MK (n=4) 0.63 1.01 2.23 1.48 1.36 
RS (n=11) 0.64 2.13 1.57 2.51 0.98 
SS* (n=9) 1.27 1.69 1.94 2.14 5.28 

Mean 0.99 1.63 1.80 2.45 2.69 
SD 0.41 0.36 0.47 0.57 1.67 

° = decathlete, * = female vaulter 

 

The measured parameters that describe geometric pattern of the jumps (take off-

dist, PC-MPB, CMmax) show a high reproducibility (Tab. 2). The CV ranges 

between 0.63-1.66% for the maximum center of mass height, 1.01-2.13% for the 
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take off distance and 1.01-2.25% for the pole chord length at MPB (Tab. 5). These 

findings correspond to those of Salo and Grimshaw (1998), who found similar 

CVs for the take off distance and the maximum CM height in the sprint hurdles, 

calculated on a 3D kinematic database. The measured time parameters are less 

reproducible (Tab. 5). One reason might be that, even though all completed jumps 

had sufficient CM heights to clear the bar (Tables 1 and 5), some of them were 

not fair due to timing problems, which could be reflected in the variability of the 

time parameters. The general tendency can be found, that measured parameters 

show a higher reproducibility than calculated complex parameters, which might 

be caused on data acquisition and calculation methods. Rodano and Squadrone 

(2002) found CVs for moments and power in the leg joints during vertical jumps 

similar to those for the parameters of energy production presented in this study. 

On the basis of nearly constant initial mechanical conditions of the vault, constant 

external conditions (stiffness of pole, grip height, wind conditions) and a high 

reproducibility of the initial mechanical energy of the vaulter (Eath-init) and the 

take off distance (take off-dist), the athletes achieved intraindividuell similar jump 

performance (high reproducibility of CMmax and Eath-HP). This was achieved 

by reproducible strategies of energy transfer into the pole and a reproducible 

interaction with the pole. Variations of the take off distance between ±0.04 m 

(MK) and ±0.08 m (RS; Tab. 5) and variations of the initial energy between ±0.27 

J/kg (MK) and ±0.58 J/kg (HL; Tab. 4) did not effect the above strategies. Eath-

HP and CMmax show a high correlation for the analyzed sub maximal jump 

height level (r = 0.984, n = 48), which confirms the findings of Arampatzis et al. 

(1999) and Schade et al. (2000), that based on competition jumps. This serves as a 

precondition for applying energy considerations to the pole vault in general. 

It can be concluded that the reproducibility of the parameters and criteria of the 

energy exchange concept in the pole vault is sufficient to use it for the 

identification of an athlete’s individual strategy of energy transfer into the pole 

and the interaction with the pole. With this the analysis of one completed trial 

allows the determination of the impact of training interventions, changes in 

movement pattern respectively, on the energy exchange between vaulter and pole 

in different phases of the vault. The level of performance, advanced to elite level, 

seems to have no influence on the reproducibility. On the basis of these findings it 
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seems to be possible to improve individual movement solutions in the pole vault 

using the concept of energy exchange for guiding training sessions. 
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3.1  Abstract 

The aim of this study was to identify differences between elite male and female 

pole vaulters in terms of their mechanical energy and angular momentum. The 

vaulter’s total mechanical energy and angular momentum were calculated from 

the three-dimensional kinematic data of the pole vault finals at the Sydney 2000 

Olympic Games. The development of total, kinetic and potential energy showed 

similar characteristics for men and women. The initial energy of the vault, the 

energy at maximum pole bend position and the final energy were significantly 

higher for male athletes (p<0.05), while the energy gain produced by the athletes 

during the vault showed no significant differences (male vaulters 5.88 ±1.02 J/kg, 

female vaulters 5.74 ±1.63 J/kg). Time-related parameters relating to pole bending 

and recoiling also showed no significant differences (p<0.05). In contrast to the 

male vaulters, the female vaulters did not show a free upward flight phase. The 

angular momentum was significantly higher for the female vaulters during the 

initial pole bend and during the bar clearance (p<0.05). We conclude that the pole 

vaulting technique of female elite athletes is not a projection of the technique of 

male elite vaulters on a lower jump height, but rather a different way of jumping 

and interacting with the elastic pole. The current technique of elite female pole 

vaulters still has potential for further improvement. 
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3.2 Introduction 

At the Sydney 2000 Games the women’s pole vault was an Olympic event for the 

first time. The women’s world record and the general level of performance have 

increased markedly over the last few years. Nevertheless, there is a lack in 

scientific study of the women’s pole vault. The pole vault in general has been the 

focus of many studies of various aspects of this discipline, but in most cases the 

practical relevance has been negligible. In addition, the transfer of these findings 

to the women’s pole vault has to be shown because of anthropometric differences 

and differences in physical abilities between male and female athletes. Such 

differences, for example, result in a higher approach velocity of male vaulters and 

the use of softer poles in relation to body weight by female vaulters.  

Arampatzis et al. (1997) found a high correlation between final energy and 

maximum centre-of-mass height for male vaulters at the Athens World 

Championships in Athletics in 1997. On the basis of these findings, they analysed 

the energy exchange between vaulter and pole to explain the jump height. Ekevad 

and Lundberg (1995, 1997) outlined the relevance of the energy exchange for 

jump performance. This has also been done for other sport disciplines 

(Arampatzis and Brüggemann 1998, 1999). A relevant feature of the 

biomechanical impact on the training process is mechanical energy considerations 

(Arampatzis et al., 1999b; Schade et al, 2000). Angulo-Kinzler et al. (1994) used 

the vaulter’s angular momentum to explain technical advantages of the winning 

athlete at the Barcelona 1992 Olympic Games pole vault final. Morlier and 

Mariano (1996) outlined the relevance of the angular momentum for 

understanding the pole vault technique. Even though the relation between energy 

and angular momentum is not definite, the angular momentum could help to cross 

the bridge between abstract considerations concerning the energy exchange and 

the actual movement of the athlete. 

The aim of this study was to compare elite male and female vaulters in terms of 

(1) the athlete’s mechanical energy development and mechanical energy 

parameters during the vault, and (2) the development of angular momentum 

during the vault. 
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3.3 Methods 

The data were collected during the men’s and the women’s pole vault finals at the 

Sydney 2000 Olympic Games. The vaults were recorded by four gen-locked video 

cameras synchronized using light-emitting diodes. The video cameras were 

operating at 50 Hz. Two cameras recorded the movement from the second last 

ground contact to approximately the maximum pole bend position. The other two 

cameras recorded the following movement up to bar clearance. One camera of 

each pair was positioned at an angle of approximately 40° to the main plane of 

movement in direction of the movement. The second camera was positioned 

perpendicular to it on the same side of the run way. The two cameras recording 

the first part of the movement were calibrated using four calibration rods each 

3.65m long. They were positioned to cover the whole space of movement. The 

cameras which covered the pole phase were calibrated using two calibration rods 

(length 4.85m), which were positioned in the take-off area, and the bar, which had 

been marked and had been moved to a height of 2m and 6m at different positions 

of the stands. The position of the bar was determined using “Swiss Timing”. (The 

height of the bar had been measured with an error less than 2mm.) The accuracy 

of the determination of the spatial co-ordinates was ±1.5 cm. The estimated 

accuracy of the calculation of the centre of mass energy was ±0.38 J/kg. The error 

in the determination of the athlete’s energy does not influence the statistical 

findings. The three-dimensional coordinates of a 12 segment model were 

calculated using direct linear transformation (Abdel-Aziz and Karara 1971). The 

kinematic data were smoothed with a fourth-order low-pass Butterworth filter 

with an optimised cut-off frequency for each point of the model (“Peak Motus” 

Motion Analysis System).  

The origin of the initial coordinate system was located above the deepest point of 

the planting box at ground level in the middle of the run way. The masses of the 

segments were taken from Clauser et al. (1969) and the moments of inertia were 

calculated from Hanavan’s model (Hanavan, 1964). The hand and lower arm were 

regarded as a single segment. 
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The athlete’s total body energy was calculated as follows: 
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where mi= mass of the ith segment, g = acceleration of gravity (g= 9.8094 m/s²), hi 

= height of the center of mass of the ith segment, vi = velocity of the center of 

mass of the ith segment, ωi = angular velocity of longitudinal axis of the ith 

segment, Ii = moment of inertia of the ith segment about its transverse axis, ωTL = 

angular velocity of the trunk about its longitudinal axis and ITL = moment of inertia 

of the trunk about its longitudinal axis. The formula takes the potential and the 

kinetic energy (linear and angular) of the 12 segments into account. The angular 

kinetic energy about the longitudinal axis was only calculated for the trunk 

segment. 

The angular velocity of the longitudinal axis of the ith segment was calculated 

using the following formula: 
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where Ai = distal endpoint of the ith segment, Bi = proximal endpoint of the ith 

segment, θi = angle between a1i and a2i and Δt = time interval between two 

successive frames. 

The angular velocity of the trunk about its longitudinal axis was calculated as 

follows: 
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where LH = point of the left hip, RH = point of the right hip, LS = point of the left 

shoulder, RS = point of the right shoulder, θS = angle between b1S and b2S and θH 

= angle between b1H and b2H. 

The athlete’s centre of mass energy was calculated as follows: 
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where m = mass of the athlete, HCM = height of the athlete’s centre of mass and 

vCM = velocity of the athlete’s centre of mass. 

The athlete’s angular momentum was calculated as follows: 
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where ri = vector of the center of mass of the ith segment in relation to the center 

of mass of the whole body and vi,cm = velocity of the center of mass of the ith 

segment in relation to the center of mass of the whole body. 

The energy parameters for the statistical comparison were selected according to 

the phase structure of the vault developed by Arampatzis et al. (1997), which took 

account of distinct energy-oriented phases and the energy exchange between 

athlete and pole. For the time normalization of the energy and the angular 

momentum, this phase structure was also used. The initial energy of the vault (E-

initial) was taken to be the total mechanical energy of the athlete in the middle of 

the flight phase between the take-off of the second last support phase (TO2; Fig. 
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1) and the touchdown of the last support phase (TD; Fig.1). The final energy (E-

final) was taken to be the mechanical energy at the instant of maximum centre-of-

mass height. E-decrease was defined as the difference in mechanical energy of the 

athlete between E-initial and E-MPB (the athlete’s energy at maximum pole bend 

position). In this phase, the athlete transferred energy into the pole and at the end 

of this phase the pole achieved its maximum strain energy. E-increase was taken 

to be the difference between E-final and E-MPB. In this phase, strain energy from 

the pole was transferred back to athlete. In both phases, the athlete could add 

additional energy to the system by muscular work. 

The differences between male and female vaulters in the selected parameters were 

tested using t-tests for independent samples and significance was set at p<0.05. 

For each of the Olympic pole vault finals (men’s and women’s), the last valid 

jump for each of the first ten ranking vaulters was selected for analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Events of the vault and camera positions. TD = touchdown of take-off foot, 
PP = pole plant, TO = take-off of take-off foot, MPB = maximum pole bend, PS = 
pole straight position, PR = pole release of upper grip hand, HP = highest point of 
centre of mass. 
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3.4. Results 

The maximum centre of mass height achieved by the top ten finishing athletes 

during the vaults ranged between 4.45 and 4.71 m for the women and between 

5.77 and 6.05 m for the men, indicating that both contests showed high-level 

performances. Tables 1 and 2 present information about the jumps analysed and 

individual parameters of the vaults for women and men, respectively. 

 

Table 1. Analysed vaults and selected parameters of the women’s final. 
 

Vaulter Bar height 
[m] 

Trial Maximum 
CM height 

[m] 

E gain 
[J/kg] 

Grip 
height 

[m] 

Maximum 
shortening of 

pole chord [m] 

Maximum 
shortening of pole 
chord in % of grip 

height 

Dragila 4.60 1. 4.70 4.08 4.23 1.10 26.0 

Grigorieva 4.55 1. 4.71 4.27 4.37 1.00 22.9 

Flosadottir 4.50 1. 4.59 7.55 4.32 0.89 20.6 

Bartova 4.50 1. 4.59 6.59 4.38 1.26 28.8 

Humbert 4.45 3. 4.54 6.37 4.18 1.10 26.3 

Buschbaum 4.40 2. 4.59 6.40 4.24 1.02 24.1 

Pyrek 4.40 2. 4.52 7.83 4.14 0.78 18.8 

Rasmussen 4.35 1. 4.45 5.16 4.30 0.95 22.0 

Auer 4.25 1. 4.54 2.72 4.13 1.24 30.0 

Gao 4.15 1. 4.60 6.39 4.20 0.92 21.9 

mean 4.42  4.58 5.74 4.25 1.03 24.2 

s ±0.14  ±0.08 ±1.63 ±0.09 ±0.15 ±3.6 

Note: E-gain was defined as the energy difference between the athlete’s total 
mechanical energy at the instant of the highest centre of mass (CM) position and 
the middle of the last flight phase of the run-up. Grip height was defined as the 
distance between the middle of the upper grip hand and the deepest point of the 
planting box at the moment of the pole straight position. The pole chord was 
defined as the distance between the middle of the upper grip hand and the deepest 
point of the planting box throughout the jump. 
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Table 2. Analysed vaults and selected parameters of the men’s final. 

Vaulter Bar height 
[m] 

Trial Maximum 
CM height 

[m] 

E gain 
[J/kg] 

Grip 
height 

[m] 

Maximum 
shortening of 

pole chord [m] 

Maximum 
shortening of pole 
chord in % of grip 

height 

Hysong 5.90 1. 5.90 4.66 4.95 1.33 26.9 

Johnson 5.90 2. 6.05 6.17 5.10 1.76 34.5 

Tarasov 5.90 3. 5.92 6.21 5.07 1.36 26.8 

Stolle 5.90 3. 5.96 6.41 5.03 1.40 27.8 

Chistiakov 5.80 1. 6.03 5.64 5.05 1.31 25.9 

Brits 5.80 2. 5.90 7.64 5.00 1.55 31.0 

Ecker 5.80 2. 6.00 5.89 4.99 1.27 25.5 

Markov 5.80 1. 5.96 3.99 5.01 1.34 26.8 

Miranda 5.70 3. 5.77 6.58 4.92 1.28 26.0 

Lobinger 5.50 2. 5.82 5.56 4.85 1.41 29.2 

mean 5.80  5.93 5.88 5.00 1.40 28.0 

s ±0.12  ±0.09 ±1.02 ±0.07 ±0.15 ±2.8 

Note: E-gain was defined as the energy difference between the athlete’s total 
mechanical energy at the instant of the highest centre of mass (CM) position and 
the middle of the last flight phase of the run-up. Grip height was defined as the 
distance between the middle of the upper grip hand and the deepest point of the 
planting box at the moment of the pole straight position. The pole chord was 
defined as the distance between the middle of the upper grip hand and the deepest 
point of the planting box throughout the jump. 
 

 

The maximum centre of mass height showed a significant correlation with the 

final energy for the men (r=0.88, p<0.01) and the women (r=0.86, p<0.01), which 

serves as a precondition for further energy considerations. These findings 

correspond with those of Arampatzis et al. (1997) for male pole vaulters in the 

final of the Athens World Championships in Athletics in 1997. At the beginning 

of the take-off support phase, total body energy and total kinetic body energy 

decreased (Fig. 2) as an expression of energy transformations that occurred (a) in 

the lower extremities during the take-off action, (b) in the trunk and the upper 

extremities during the pole plant and initial pole bending, and (c) during the rock 
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back action until maximum pole bend (Linthorne, 2000). While (a) was a 

transformation within the active system athlete (Arampatzis et al., 1999a), (b) and 

(c) refer to the interaction between the active system and the passive system of the 

pole leading to an increase in strain energy of the pole. While the total body 

energy decreased until approximately the maximum pole bend (MPB) position, 

the kinetic energy achieved its minimum after the maximum pole bend position. 

The total body energy showed a clear increase until the pole straight (PS) position. 

The potential energy increased after the pole plant continuously until the highest 

point of centre of mass (HP) position. The men’s gold medallist showed a further 

increase in total body energy between the pole straight position and pole release 

of the upper grip hand (PR) as a result of the muscular work performed in this 

phase, while the total body energy of the women’s gold medallist remained 

constant during this phase. 

 

 

 
Fig. 2. Individual time history of total energy, total kinetic energy and potential 
energy of the men’s (a) and women’s (b) winning vault including selected events. 
TD = touchdown of take off-foot, PP = pole plant, TO = take-off of take-off foot, 
MPB = maximum pole bend, PS = pole straight position, PR = pole release of 
upper grip hand, HP = highest point of centre of mass. 
 

 

Comparing the development of the mean mechanical energy of the men’s and 

women’s top ten finishing vaulters (Fig. 3) with the two gold medallists showed 

the same tendencies, except for the increase in total body energy between pole 

straight position and pole release. In contrast to the female gold medallist, the 

mean of the top ten finishing female vaulters showed a further increase in total 

body energy in this phase. The development of the mechanical energy showed a 
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similar pattern for male and female vaulters, but initial and final total energy were 

much higher for the male vaulters. The male vaulters showed a greater decrease in 

their total energy until the maximum pole bend position (0% in Fig. 3). The 

increase in total energy after the maximum pole bend position was also greater for 

the male vaulters. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Mean and standard deviation of total energy, total kinetic energy and 
potential energy for men (n=10) and women (n=10). The values are given 
relatively to body weight. The x-axis is normalised as follows: -100% up to 0% 
represents the phase between the middle of the last flight phase of the run up and 
the MPB position; 0% up to 100% represents the phase between the MPB position 
and the instant of maximum CM height. 
 

 

The male vaulters showed significantly higher values in the primary parameters 

E-initial, E-MPB and E-final, as well as in the secondary parameters E-decrease 

and E-increase (Fig. 4), which were calculated from the primary parameters. For 

the time parameters, no significant differences were found for T_MPB, T_PS and 

T_PR. Only the time to the highest point position (T_HP) was significantly longer 

for the men, which was a result of their significantly longer T_PS-HP. The energy 

return from the pole enabled the men to achieve a longer flight phase. For the 

women, T_PR and T_HP were similar. In fact, only three women performed a 

clear free upward flight phase. 

The normalized angular moments about the transverse axis through the body 

centre of mass were similar to those presented by Angulo-Kinzler et al. (1994). 

The maximum values were the same for the male and the female vaulters, but 
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during the initial phase of the vault (first 30% of the first pole phase 

approximately) and from the pole straight position until bar clearance (last 40% of 

the second pole phase approximately) they were significantly higher for the 

female vaulters (p<0.05) (Table 3, Fig. 4). 

 

 

 

 

 

 

 

 

Fig. 4. Comparison of energy and time parameters. Time between instant of E-
initial and maximum pole bend = T_MPB, between E-initial and pole straight 
position = T_PS, between E-initial and pole release = T_PR, between E-initial and 
instant of highest point of centre of mass = T_HP, time between PS and HP = 
T_PS-HP). * Significant difference (p<0.05) between male and female vaulters. 
 

 

Table 3. Comparison of normalized mean angular momentum (1/s) about the 
transverse axis through the centre of mass between men (n=10) and women 
(n=10).  
 

[%] -100 -80 -60 -40 -20 0 +20 +40 +60 80 100 

Men            
Mean 

(±s) 

-2.04 

(1.59) 

6.98 

(1.24) 

17.02 

(2.37) 

21.45 

(2.69) 

18.76 

(2.07) 

10.65 

(1.83) 

2.90 

(0.45) 

-3.98 

(1.39) 

-8.93 

(1.92) 

-12.20 

(1.43) 

-11.72 

(1.88) 
Women            
Mean 

(±s) 

0.06* 

(2.41) 

10.83* 

(3.91) 

18.69 

(2.84) 

21.24 

(2.74) 

19.07 

(2.24) 

11.76 

(2.09) 

3.35 

(1.41) 

-4.23 

(1.93) 

-11.41* 

(2.07) 

-15.03* 

(1.89) 

-18.17* 

(1.99) 

Note: The angular momentum has been divided by the product of the body mass 
and the square of the body height. -100% up to 0% represents the phase between 
the pole plant (pole hits the box) and maximum pole bend position; 0% up to 
100% represents the phase between the maximum pole bend and the instant of 
maximum centre of mass height. * Significant difference (p<0.05) between male 
and female vaulters. 
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3.5 Discussion 

From an energetic point of view, the main goal of the pole vault is to achieve the 

highest final energy possible. Looking at the whole of the pole phase, the energy 

generated in the approach has to be transformed into potential energy of the 

human body with sufficient kinetic energy remaining to clear the bar. The elastic 

pole plays an important role in this energy transformation. It helps to reduce the 

energy loss that occurs during the pole plant and take-off (Linthorne, 2000) as 

well as helping the active athlete system to provide additional energy to the 

vaulter-pole system during the vault through muscular work (Ekevad and 

Lundberg, 1995, 1997; Arampatzis et al., 1999a). 

The male vaulters showed a mean reduction of their initial energy until the 

maximum pole bend position (0 % in Fig. 3) of 22.58 ±1.73 J/kg, which is 41% of 

their initial energy. The female vaulters reduced their energy by 13.10 ±1.48 J/kg, 

which is only 31% of their initial energy. On the other hand, the female vaulters 

bent their softer poles, even in relation to their body weight and approach 

velocity, significantly less (p<0.05) than the male vaulters relative to the grip 

height (men 28.04 ±2.82%, women 24.15 ±3.58%, Tables 1 and 2). Even without 

knowing the energy stored in the pole at maximum pole bend (MPB), it can be 

derived that the male vaulters transferred much more energy into the pole. 

Additionally, the female vaulters showed a mean energy increase from MPB until 

the highest point of centre of mass (HP) of 18.84 ±1.48 J/kg (39.47% of E-final), 

which is significantly less (p<0.05) than that of the male vaulters (28.45 ±1.79 

J/kg, 46.68% of E-final). This can be explained in part by a higher energy benefit 

from the recoiling pole, which could also be the reason for the smaller increase in 

kinetic energy of the female vaulters during the straightening of the pole (Fig. 3). 

From an energetic point of view, bending stiff poles is an essential goal of pole 

vaulting technique and an expression of the quality of the interaction between the 

athlete and the pole. One reason for the female vaulters bending their poles much 

less than the male vaulters, as reflected in the results for E-decrease and E-

increase, could be the angular momentum about the transverse axis through the 

centre of mass between take-off and maximum pole bend. The mean normalised 

angular momentum showed higher values for female vaulters during the initial 

phase of the vault (Fig. 5). This indicates that the women, compared with the men, 
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were rotating about their centre of mass rather than applying a bending moment to 

the pole. As a result, the women showed a lower energy decrease (Fig. 4) and 

transferred less energy into the pole.  

During the bar clearance, the female vaulters again showed a higher normalized 

angular momentum than the male vaulters (Fig. 5). This finding suggests a less 

effective bar clearance by the female vaulters. That only few female vaulters 

showed a free upward flight phase, which means they still have pole contact when 

achieving the highest point of centre of mass, could also be a reason. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Normalized mean angular momentum about the transverse axis through the 
centre of mass for men (n=10) and women (n=10); the angular momentum has 
been divided by the product of the body mass and the square of the body height. 
The x-axis is normalized as follows: -100% up to 0% represents the phase 
between the pole plant (pole hits the box) and the maximum pole bend; 0% up to 
100% represents the phase between the maximum pole bend and the instant of 
maximum centre of mass height height. 
 

 

Both the male and female vaulters showed a clear and similar increase in total 

mechanical energy between the pole straight position (no strain energy left in the 

pole) and the position of maximum centre of mass height (men 1.75 ±1.06 J/kg; 

women 1.42 ±0.57 J/kg). This energy gain is the result of the muscular work in 

this phase. Taking the increase in three-dimensional centre of mass energy 
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between the pole straight position and maximum centre of mass height into 

account (men 1.37 ±0.73 J/kg; women 0.98 ±0.43 J/kg), the gain of centre of mass 

height caused by the muscular work in this phase can be estimated based on the 

fact that the athletes only showed a very small change in their horizontal centre of 

mass velocity in this phase; the upright pole only serves as a poor abutment in 

horizontal direction (for a comparison of pole vaulters’ total mechanical energy 

and centre of mass related mechanical energy, see Schade et al., 2000). The male 

vaulters’ muscular work in this phase led to a mean increase centre of mass height 

of approximately 14 cm, while the female vaulters’ muscular work caused an 

increase of approximately 10 cm. 

That the mean energy gain observed for male vaulters (5.88 ±1.02 J/kg) was not 

significantly different to that of the female vaulters (5.74 ±1.63 J/kg) suggests that 

both took advantage of the use of the elastic pole. However, the above 

considerations should be treated with care. The parameter energy gain is the net 

sum of the work performed during the whole pole phase. With respect to the 

energy exchange between active vaulter system and passive elastic pole system, 

the vault can be divided into two phases with the delimiting event at maximum 

pole bend (Arampatzis et al., 1997). In the first phase, the athlete transfers energy 

into the pole; in the second phase, energy is transferred back to the athlete. 

Furthermore, the athlete can provide additional energy to the whole system 

through muscular work (Arampatzis et al., 1999a). This muscular work can lead 

to an additional bending of the pole (additional energy is stored in the pole), an 

increase (in the first pole phase: less decrease in relation to pole bend) in the 

athlete’s total mechanical energy, or to a combination of both (Arampatzis et al., 

2002). The male vaulters showed only a low correlation between E-decrease and 

the maximum percentile shortening of the pole chord (r=0.599). This could mean 

that the group of male vaulters studied have a tendency to bend the poles to a 

greater extent than they reduced their total body energy. The conclusion is that 

they provided additional energy to the whole system. On the other hand, the 

female vaulters showed a significant correlation (r=0.84, p<0.01) between E-

decrease and the extent of pole bend. This suggests that they did not provide 

additional energy to the system in the first pole phase and only bent the pole by 

reducing their total body energy. There may be technical reasons for the male 



63 

vaulters’ more consequent initial penetration into the pole, which is indicated by 

their negative angular momentum immediately after pole plant. As a result, they 

stretch the arm-trunk connection and the front of the body and, depending on their 

physical ability, change the conditions for the contraction of the relevant muscles, 

which could improve the conditions for an active rock back action in the 

following movement even though they might also lose same energy (Linthorne, 

2000). The female vaulters showed a negative (non-significant) correlation 

between percentile shortening of pole chord and energy gain (r=-0.596), which 

also suggests an ineffective energy exchange between pole plant and maximum 

pole bend. On the other hand, the female vaulters showed the same energy gain as 

the male vaulters for the whole vault. This could mean that female vaulters 

performed more work or provided more energy to the system in the second pole 

phase, because they provided less in the first pole phase. An explanation is 

provided by Arampatzis et al. (2002). They found different strategies of 

performing muscular work during different phases of the vault to achieve a similar 

energy gain. Another explanation for the female vaulters achieving the same 

energy gain for the whole vault as the male vaulters could be the energy 

dissipation in the pole. Arampatzis et al. (2002) found an energy loss of 7-10% 

due to the viscosity of the pole. But even though the energy loss correlates with 

the extent of the maximum pole bend, the differences caused by the dissipation of 

the energy are small compared with those caused by muscular work. 

The results for the time parameters, which showed significant differences only in 

T_HP for male and female vaulters and similar T_PR and T_HP for the female 

vaulters (Fig. 4), also support the conclusion that the male vaulters showed a 

different interaction with the elastic pole; the recoiling pole enables them to 

achieve a free upward flight phase. 

We conclude that the behaviour of the female vaulters in the pole phase can be 

compared with an upward swing rather than with an active pole bending action, 

even though male and female vaulters show the same energy gain. The male 

vaulters show more of a pole bending action and appear to take greater advantages 

of the elastic properties of the pole. The reasons for this could be a combination of 

the following:  different strength and energy storage abilities around the shoulder 

girdle and the front of the body; a tendency of the female vaulters to use poles that 
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are too stiff; a different pole planting technique by the male vaulters, as a result of 

which they experience a more efficient rock back action. The current pole vaulting 

technique of female elite athletes is not a projection of the technique of male elite 

vaulters at a lower jump height, but rather a different way of jumping and 

interacting with the elastic implement pole, which leaves space for further 

improvement. 

The need to calculate the strain energy of the pole sufficiently accurately and to 

use definitive criteria to obtain further insights into the energy exchange in the 

pole vault to judge the effectiveness of the vaulter’s movements is important. 
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4.1  Abstract 

The purpose of this study was to examine the effect of the timing of the pole plant 

during the stance phase of the jump on the energy level of the vaulter/pole system 

at take-off for a special pole vault take-off exercise (Jagodin). We hypothesised 

that an earlier pole plant would increase the pole energy at take-off compared to 

the energy decrease of the vaulter during the jump and plant complex and so lead 

to a higher total energy of the vaulter/pole system at take-off. Six male pole 

vaulters experienced three Jagodins each with different pole plant time building 

three groups of vaults (early, intermediate, late pole plant). Kinematic data of 

vaulter and pole were recorded, as were ground reaction forces measured at the 

end of the pole under the planting box and under the take-off foot. These 

measurements allowed the energy exchange between the vaulter and pole to be 

determined. We found neither statistical significant differences in the mechanical 

energy level of the vaulter/pole system during take-off between the three groups 

nor a relationship between the timing of the pole plant and the energy level of the 

vaulter-pole system during take-off. We conclude that although the timing of the 

pole plant influences the interactions between the vaulter, the pole, and the 

ground, it does not affect the athlete's performance. Although a late pole plant 

decreases the loss of energy by the vaulter during the take-off, this is 

counterbalanced by a decrease in the energy stored in the pole at take-off.  
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4.2 Introduction 

The quality of the interaction between athlete and sports equipment plays an 

important role in many sport activities (Arampatzis and Brüggemann 1998, 1999). 

This is especially so in the pole vault, where the pole shows large deformations 

and a high potential to store and return energy throughout the vault and so the 

interaction between vaulter and vaulting pole strongly influences performance 

(Dillmann and Nelson 1968, Ekevard and Lundberg 1995, 1997, Arampatzis et al. 

2004, Schade et al 2006). 

It is well accepted that during the pole support phase, in addition to the approach 

run, the vaulter is able to add energy to the vaulter/pole system by means of 

muscular work, but also that a certain amount of mechanical energy is lost due to 

friction and deformation within the biological and mechanical system (Arampatzis 

et al. 2004; Schade et al. 2006). Especially the jump and the planting of the pole 

are believed to show considerable energy losses (Linthorne 1994, 2000; Ekevad 

and Lundberg 1997). Whereas the moment in time of the pole plant, when the 

pole becomes an elastic external support, is a crucial point international level 

coaches argue about. It is generally believed that pole plant should take place at 

the end of the stance phase of the jump to reduce energy loss and to improve pole 

vault performance (Angulo-Kinzler et al. 1994; McGinnis 2000). Vitali Petrov, 

who is a former coach of the male and female world record holders, postulated a 

pole plant technique model at which the pole plant at the end of the stance phase 

of the jump, or even after take-off, is a key movement pattern in a good technique 

(Petrov 2004). However, even highly successful pole vaulters show a wide 

interindividual range in the timing of plant; from planting the pole near to the 

instant of touch-down, through to planting the pole at the instant of take-off. The 

advantage of a later pole plant has not been scientifically proven yet. An earlier 

pole plant during the stance phase of the jump, for example, may increase the 

energy transfer to the pole through muscular work increasing the energy of the 

vaulter/pole system. However in athletic jumps the total energy of the vaulter’s 

body decreases during the stance phase of the jump (Arampatzis and 

Brüggemann, 1999, Brüggemann and Arampatzis, 1999, Arampatzis et al. 1999b) 

and thus may affect the energy of the vaulter/pole system negatively. In the pole 

vault the changes (i.e. decrease) in the vaulter’s mechanical energy during the 
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stance phase of the jump depend on the mechanical work of the ground reaction 

forces acting on both, the take-off leg and the arms. Therefore an earlier pole plant 

may also result in a higher decrease of the vaulter’s energy affecting the energy of 

the vaulter/pole system. To the best of our knowledge there is no study which 

investigated the effect of the timing of the pole plant on the energy level of the 

vaulter/pole system during the jump and plant complex. 

To account for the complexity of this phase, a special jump and plant exercise 

(Jagodin) is used in practice: approach run, jump and pole plant has to be 

performed like in original vaulting, but the vaulter “freezes” the body position in 

relation to the pole immediately after take-off until the maximum bending of the 

pole. Jagodins are chosen for improving jump and plant technique while avoiding 

irritations by anticipation of the following phases and therefore allow for a 

variation in the moment in time of pole plant. Additionally Jagodins lower the risk 

of serious injuries when changing movement pattern decisively compared with 

full approach vaults. Hence, Jagodins were chosen for analysis in the current 

study. 

The purpose of this study was to examine the effect of the point in time of the 

pole plant on the energy level of the vaulter/pole system during the jump and plant 

complex for a special pole vault take-off exercise. We hypothesise that an earlier 

pole plant during the stance phase of the jump will increase the pole energy at 

take-off compared to the energy decrease of the vaulter leading to a higher energy 

level of the vaulter/pole system at take-off. 

 

4.3 Methods 

4.3.1 Theoretical considerations 

The jump and plant complex in the pole vault is defined as the phase from 

touchdown to take-off of the last stance phase of the approach run. It contains a 

one-legged jump and the planting of the pole (Fig. 1). Pole plant is defined as the 

instant when the pole hits the rear barrier of the planting box. During this phase an 

interaction between vaulter, ground and pole occurs (Fig. 2). The initial energy for 

the jump and plant complex is generated during the approach run. It is defined as 

the vaulter’s centre-of-mass energy at touchdown (Evaulter-TD). Within the jump 

and plant complex Evaulter-TD is partially converted: during the vaulter’s 
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interactions with the ground (jump) and the pole (plant) the direction of the 

centre-of-mass movement changes from horizontal to a partially vertical 

component, the vaulter jumps up, and energy is transferred into the pole (Epole-

TO). Pole plant can take place during different moments in time of the jump 

leading to more or less synchronous interactions between vaulter, pole and 

ground. The final energy of the vaulter is defined as the vaulter’s centre-of-mass 

energy at take-off (Evaulter-TO). The vaulter can change the mechanical energy 

level of the vaulter/pole system during the jump and plant complex by means of 

muscular work that can be energy production and energy dissipation (compare 

Arampatzis et al. 2004), which occur during the interaction with the ground as 

well as during the interaction with the pole.  

 

Figure 1: Diagram of the jump and plant complex in the pole vault and the 
variation in the timing of the pole plant during the stance phase of the jump 
(touch-down = touchdown of the support leg, pole plant = pole tip hits the rear 
barrier of the planting box, take-off = take-off of the support leg; a = pole plant at 
the beginning of the stance phase of the jump, b = pole plant in the middle, c = 
pole plant at the end). 

 

Consequently the performance of the jump and plant complex can be evaluated by 

the energy of the vaulter/pole system at takeoff (EVPS-TO, Fig. 2); it depends on 

the initial energy of the vaulter and the movement behaviour during the jump and 

plant phase. The fraction of the energy transferred to the pole compared to the 



71 

energy decrease of the vaulter can be evaluated by the change of the mechanical 

energy level of the vaulter/pole system (ΔEVPS; i.e. ΔEVPS = EVPS-TO minus 

Evaulter-TD), which is the algebraic sum of Wjump, Wplant and Epole (Wjump = work of 

reaction forces on support leg, Wplant = work of reaction forces on planting box, 

and Epole = strain energy of the pole). 

 

 

 

Figure 2: Energy transfer and interaction between athlete, pole and ground during 
the jump and plant complex in the pole vault. For a given vaulting pole the 
mechanical energy level of the vaulter/pole system during this phase is influenced 
by the initial energy (Evaulter-TD) and the movement behavior; solid lines = energy 
transfer; dashed lines = interaction between elements (Evaulter-TD = energy of the 
vaulter at touch-down; Evaulter-TO = energy of the vaulter at take-off; Epole-TO = 
energy of the pole at take-off; Edissipation = energy dissipation within the vaulter; 
EVPS-TO = energy of the vaulter/pole system at take-off). 
 

 

4.3.2 Experimental set up 

Six male vaulters participated in this study (height: 1.89 ±0.03m, weight: 83.5 

±3.25kg). Vaulter A, B, and C are decathletes (personal best 4,35m, 4,60m, and 

4,90m). Vaulters D, E; and F are pole vault specialists (personal best 5,35m, 

5,80m, and 6,00m). They were told to vary the timing of pole plant during a 

common pole vault exercise (“Jagodin”, Fig. 3). The need to reduce the risk of 

injuries eliminated complete vaults and full approach runs for this experimental 
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design and advised Jagodins and sub-maximal approach runs even though the 

transfer of the results to competition vaulting might be limited.  

 
 

Figure 3: Example of ground reaction forces measured under the support leg (F-
jump) and under the planting box (F-plant) during special pole vault drill for the 
jump and plant complex (Jagodin) and corresponding stick figure (JPC = jump 
and plant complex; MPB = maximum pole bend). For presentation purposes the 
graph area of the stick figure is spread in x-direction and shortened in y-direction. 
The x-axis was defined to be the horizontal axis in the main plane of movement. 
The y-axis was defined to be the vertical one. The z-axis results from the cross 
product between the x and y axes. (The Jagodin exercise is characterized by 
freezing the body position at TO until maximum pole bend (MPB); the body 
position in relation to the pole remains nearly constant in this phase. Subsequently 
the athlete orientates his legs forward downward to prepare for landing foot wise 
on the pit.) 
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The vaulters performed 3 to 6 Jagodins using sub-maximal approach distance (10-

14 steps), which was 2 to 4 steps shorter than their original contest approach. Grip 

heights and pole stiffness were the same as for complete sub-maximal vaults, but 

lower than for competition vaults. For analysis 3 trials of each subject were 

selected that showed the individually earliest and latest pole plant with respect to 

the touchdown of the take-off foot and the trial with the pole plant closest to the 

middle between these two (Fig. 4). 

 

 

Figure 4: Time between touchdown of the take-off foot and pole plant (T-PP) in 
percent of the respective total contact time of the take-off foot for 3 variations in 
pole plant time of 6 experienced pole vaulters (A to F) (early = earliest pole plant, 
late = latest pole plant, intermediate = pole plant that occurred closest to the 
middle of individually earliest and latest pole plant). 
 
 

The movement of the vaulter during the jump and plant complex was recorded by 

one high speed video camera operating at a sampling rate of 250 Hz (camera 1). It 

was positioned perpendicular to the runway and covered the movement from 

approximately 20 frames prior to 20 frames after the jump. To calculate the total 

energy of the vaulter (kinetic and potential) a 2D approach is justifiable (Schade et 

al., 2000). For calculation of the pole energy a 3D approach has been chosen. Two 

additional high speed video cameras (250 Hz, camera 2 and 3) recorded the two 

grip hands during the Jagodin, one camera was positioned at approximately 30° to 

the main plane of movement from behind, whereas the second one was positioned 

in an angle of approximately 90° to the first one. The video cameras were 
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genlocked and event synchronised. Eighteen body marks were digitized (Schade 

et al., 2000). Kinematic data was smoothed using a forth-order low-pass 

Butterworth filter with a cut off frequency of 12 Hz (“Peak Motus” Motion 

Analysis System). The origin of the inertial co-ordinate system was located above 

the deepest point of the planting box at ground level in the middle of the runway. 

The masses and moments of inertia of the various body segments were calculated 

using the data provided by Zatsiorsky and Seluyanov (1983).  

Ground reaction forces exerted on the bottom of the pole were measured with a 

sampling rate of 1000 Hz by a Kistler force plate (type: 9881B21) that was fixed 

under the separated back third of the planting box. The force data were smoothed 

using a fourth-order low-pass Butterworth filter with a cut-off frequency of 40 Hz 

(see Arampatzis et al. 2004). Pole plant was defined as the instant, when 

horizontal reaction forces in planting box (Fx) exceed 70 N. Ground reaction 

forces during the stance phase of the jump were also measured at 1000 Hz by a 

Kistler force plate (80x60 cm, type 9287). The same filter was used for the ground 

reaction forces but a cut-off frequency of 70 Hz. Fig. 3 gives an example of the 

filtered ground reaction forces measured under take off foot and planting box. 

LEDs (light emitting diodes) and a synchronous TTL signal were used to 

synchronize the kinematic and dynamic data. For further calculations and analysis 

the kinematic data were interpolated to 1000 Hz. 

 

The total energy of the vaulter was calculated as follows: 

2
²CM

CMCM
m

mgHE
v

+=        (1) 

m : mass of the vaulter 

HCM : height of the vaulter’s centre of mass 

vCM : velocity of the vaulter’s centre of mass 

 

During JPC the vaulter applies a compressive force and a bending moment to the 

upper end of the pole while the bottom end is free to pivot in the planting box 

(Hubbard, 1980; Griner, 1984). Therefore the energy stored in the pole was 

calculated using the following formulas (Arampatzis et al. 2004): 
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∫ ∫ ⋅+⋅= βddE ppole MrF       (2) 

 

where 

 

zyxp aaa FFFF 312111 ++=  

r
rr x

== ),cos(xa11  ,    
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rr y

== ),cos( ya21  ,   
r
rr z

== ),cos( za31  
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where 

 

zyxt aaa FFFF 322212 ++=  

t
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== ),cos( xa12  ,   
t
tt y

== ),cos( ya22  ,   
t
tt z

== ),cos( za32  

 

Fp : force in direction of pole deformation 

r  : pole chord ( 1OP=r ) 

M : bending moment to the upper end of the pole 

β  : angle between top pole tangent and pole chord (defined as the angle   

   between lines OP1 and P1P2) 

O : deepest point of the planting box 

P1 : point digitized at the hand of the upper arm 

P2 : point digitized at the hand of the bottom arm 

t   : vector perpendicular to r and contained in the plane defined by points 

  O, P1 andmP2 

Fx,y,z : components of the measured ground reaction forces at the planting 

   box 

a11,a21,a31 

,a12,a22,a32: direction cosines of the position vector  
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To examine the contribution of the ground reaction forces (takeoff foot and tip of 

the pole in the planting box) to the changes in the mechanical energy of the 

vaulter we calculated the mechanical work of the ground reaction forces as 

follows: 

 

          (4) 

 

where 

 

            

 

 

            

 

FJ : ground reaction force of the support leg 

FP : ground reaction force under the planting box 

VCM : velocity of vaulter’s centre of mass 

 

 

For statistical analysis three groups were built using the point in time of the pole 

plant during the stance phase of the jump (group 1: earliest pole plant of each 

subject; group 3: latest pole plant; group 2: intermediate pole plant, pole plant that 

was individually executed closest to the middle between both other conditions). 

Differences in the selected parameters between the three groups were tested using 

Anova for repeated measurements. The level of significance was set at α=0.05. 

Pearson correlation coefficients have been used to investigate relationships 

between time of the pole plant and performance parameters. 

 

4.4. Results 

Figure 5 illustrates time histories of the ground reaction forces, horizontal and 

vertical centre of mass velocities and energy parameters during the jump and plant 

complex (Wjump, Wplant, ΔEvaulter; Epole, Epole,CF, Epole,BM).  

plantjumpCM WWathleteE +=Δ

dtVFW CM

tTO

tTD

Jjump ⋅⋅= ∫

dtVFW CM

tTO

tTD

Pplant ⋅⋅= ∫
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Figure 5: Time histories of investigated parameters during the jump and plant 
complex (JPC) of a pole vault exercise (Jagodin). Horizontal (Vx) and vertical 
velocity (Vy) of the vaulter’s CM, reaction forces measured under support leg and 
planting box, changes in mechanical energy of the vaulter’s CM (Wjump = work of 
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reaction forces on the support leg, Wplant = work of reaction forces on the planting 
box, ΔEvaulter = sum of Wjump and Wplant). Strain energy of the pole (Epole) and its 
components (Epole,CF = strain energy due to compressive force, Epole,BM = strain 
energy due to bending moment). 
 

 

Individual approach velocities were about 0.3-0.8 m/s lower than in competition 

vaults of the subjects. Mean individual take-off angles of the elite vaulters 

(vaulters E and F) are similar to those reported in the literature for competition 

vaults (Angulo-Kinzler et al. 1994), whereas the less skilled subjects executed 

higher take-off angles. The subjects’ mean initial energies showed large 

interindividual variations representing different skill levels, but the intraindividual 

variations were small (Tab. 1). The results reveal that during the jump and plant 

complex the vaulters’ interactions with the ground and with the pole always 

caused decreases in the vaulters’ mechanical energies that ranged from -1.28 to -

6.72 J/kg (Tab. 1). For all vaulters Wjump showed negative values (Tab. 2) 

indicating an energy dissipation in the lower extremities during the jump. Wplant 

ranged from -1.00 to -5.21 J/kg and is for all vaulters, except for the least skilled 

vaulter, higher than Wjump (Tab. 2). The energy transfer into the pole (0.38-5.10 

J/kg, Tab. 1) was mainly caused by compressive forces which lead to 61-98 % of 

the pole energy at takeoff, correspondingly the effect of the bending moment was 

much lower (Tab. 1). The energy output of the jump and plant complex, which is 

the sum of Evaulter-TO and Epole-TO, was lower than the initial energy, which 

means that always a decrease in mechanical energy of the vaulter/pole system 

occurred (Tab. 1). The decrease ranged between 2 and 9 % of the initial energy. 

The subjects executed pole plants at different points in time that covered the 

period of jump from 2 to 109 ms after touchdown that is 2-72 % of the total 

individual stance times (Fig. 4), but no one subject was able to vary his T-PP by 

more than 35 ms. Individual variations in T-PP were achieved by variations in the 

take-off distance in the range of +/- 10 cm approximately. The later each vaulter 

planted the pole, the longer the take-off distance became.  
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Table 1: Mean and standard deviation (SD) values of the vaulter’s horizontal CM 
velocity at touch-down of the jump (Vvaulter-TD) and parameters concerning the 
energy exchange in the pole vault during the jump and plant complex of 6 vaulters 
performing Jagodins. (Evaulter-TD and Evaulter-TO = energy of the vaulter at touch-
down and take-off; ΔEvaulter = change of the vaulter’s energy during JPC; Epole-TO 
= energy of the pole at take-off; Epole,CF-TO = energy of the pole due to 
compressive force; Epole,BM-TO = energy of the pole due to bending moment; 
EVPS-TO = energy of vaulter/pole system (VPS) at take-off; ΔEVPS = change of the 
energy of the vaulter/pole system during the jump and plant complex). 
 

 Vvaulter -TD 
[m/s] 

Evaulter-TD 
[J/kg] 

Evaulter-TO 
[J/kg] 

ΔEvaulter 
[J/kg] 

vaulter A* 
(n=3) 8.21 (0.05) 43.70 (0.38) 38.97 (0.70) -4.73 (0.45) 

vaulter B* 
(n=3) 7.99 (0.15) 42.24 (1.14) 40.03 (1.59) -2.21 (0.94) 

vaulter C*► 

(n=3) 7.84 (0.15) 41.26 (1,22) 38.49 (1.38) -2.77 (0.16) 

vaulter D► 
(n=3) 8.39 (0.20) 45.23 (1.77) 42.55 (1.73) -2.67 (0.17) 

vaulter E▲ 
(n=3) 8.76 (0.09) 49.40 (0.73) 44.17 (0.99) -5.23 (0.37) 

vaulter F▲ 
(n=3) 8.97 (0.05) 51.18 (0.44) 44.99 (0.43) -6.19 (0.59) 

total (n=18) 8.36 (0.42) 45.50 (3.84) 41.54 (2.79) -3.97 (1.59) 
 

 Epole-TO 
[J/kg] 

Epole,CF-TO 
[J/kg] 

Epole,BM-TO 
[J/kg] 

EVPS-TO 
[J/kg] 

ΔEVPS 
[J/kg] 

vaulter A* 
(n=3) 1.13 (0.08) 0.79 (0.03) 0.33 (0.07) 40.10 (0.65) -3.60 (0.44) 

vaulter B* 
(n=3) 0.64 (0.33) 0.60 (0.19) 0.04 (0.13) 40.67 (1.46) -1.57 (0.63) 

vaulter C*► 

(n=3) 1.58 (0.20) 1.04 (0.24) 0.54 (0.06) 40,07 (1.26) -1.20 (0.18) 

vaulter D► 
(n=3) 1.43 (0.36) 0.99 (0.26) 0.44 (0.09) 43.99 (1.39) -1.24 (0.38) 

vaulter E▲ 
(n=3) 2.36 (0.24) 1.59 (0.14) 0.77 (0.11) 46.53 (0.76) -2.87 (0.31) 

vaulter F▲ 
(n=3) 4.19 (0.91) 2.67 (0.60) 1.52 (0.31) 49.18 (0.76) -2.00 (0.34) 

total (n=18) 1.89 (1.24) 1.28 (0.75) 0.61 (0.49) 43.42 (3.70) -2.08 (0.97) 
* decathlete 
► pole vaulter, intermediate level 
▲ pole vaulter, elite level 
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Table 2: Mean and standard deviation (SD) values of selected parameters 
concerning the movement behaviour during jump and plant complex of 6 vaulters 
performing Jagodins. (Wjump = work of the forces on the support leg; Wplant = 
work of the forces on the planting box; T-TO = duration of jump; T-PP = time 
interval between touch-down and pole plant; TO-angle = take-off angle; TO-
distance = horizontal distance between the tip of the take-off foot and the rear 
barrier of the planting box during the jump). 
 

 Wjump 
[J/kg]. 

Wplant 
[J/kg]. 

T-TO 
[ms] 

T-PP 
[ms] 

TO-angle 
[°] 

TO-
distance 

[m] 

vaulter A* 
(n=3) 

-3.37 
(0.43) 

-1.36 
(0.21) 

138 
(3) 

63 
(13) 

27.1 
(2.1) 

-3.49 
(0.11) 

vaulter B* 
(n=3) 

-0.85 

(0.49) 
-1.36 
(0.53) 

151 
(1) 

95 
(18) 

21.5 

(1.1) 
-3.70 
(0.10) 

vaulter C*► 

(n=3) 
-1.30 

(0.24) 
-1.47 
(0.34) 

118 

(2) 
51 

(13) 
24.7 

(1.3) 
-3.51 
(0.17) 

vaulter D► 
(n=3) 

-1.06 

(0.41) 
-1.61 
(0,43) 

115 

(5) 
56 

(17) 
22.6 

(1.1) 
-3.65 
(0.10) 

vaulter E▲ 
(n=3) 

-2.34 

(0.15) 
-2.89 
(0,23) 

115 

(3) 
29 

(14) 
19.8 

(0.3) 
-3.82 
(0.08) 

vaulter F▲ 
(n=3) 

-1.66 

(0.61) 
-4.53 
(0.63) 

118 

(2) 
12 

(11) 
21.4 

(0.9) 
-3.64 
(0.08) 

sample 
(n=18) 

-1.76 
(0.95) 

-2.20 
(1.25) 

126 
(14) 

51 
(29) 

22.8 
(2.7) 

-3.64 
(0.15) 

* decathlete 
► pole vaulter, intermediate level 
▲ pole vaulter, elite level 
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Table 3: Mean and standard deviation (SD) values of three groups of individual 
variations in the timing of pole plant for various parameters during the jump and 
plant complex of Jagodins of six subjects (n=18) (Vvaulter-TD = horizontal centre-
of-mass velocity at touch-down of the jump; Evaulter-TD = energy of the vaulter at 
touch-down; EVPS-TO = energy of vaulter/pole system (VPS) at take-off;; T-TO = 
duration of jump; T-PP = time interval between touch-down and pole plant; TO-
angle = take-off angle; TO-distance = horizontal distance between the tip of the 
take-off foot and the rear barrier of the planting box during the jump). 
 

 
Group 1 

(early pole plant) 
n=6 

Group 2 
(intermediate pole plant) 

n=6 

Group 3 
(late pole plant) 

n=6 

Vvaulter –TD [m/s] 8.30 (0.42) 8.35 (0.52) 8.43 (0.40) 

Evaulter-TD [J/kg] 44.98 (3.87) 45.53 (4.62) 46.01 (3.66) 

EVPS-TO [J/kg] 42.81 (3.71) 43.42 (4.47) 44.04 (3.46) 

T-TO [ms] 126 (16) 124 (16) 127 (14) 

T-PP [ms] 37 (26) 51 (30)a 64 (30)a,b 

TO-angle [°] 23.5 (3.8) 22.9 (1.9) 22.1 (2.5) 

TO-distance [m] -3.53 (0.14) -3.65 (0.14)a -3.73 (0.10)a 
a Statistical significant (p<0.05) different from group 1 (early pole plant) 
b statistical significant (p<0.05) different from group 2 (intermediate pole plant) 
 

 

The mean absolute difference between the early and intermediate pole plant group 

was 15 ms, between early and late pole plant 27 ms, and between intermediate and 

late pole plant 12 ms respectively. The three groups did not show any statistically 

significant differences (p>0.05) in horizontal CM-velocity and in total energy of 

the vaulters body at touchdown (Tab. 3). In a similar manner the energy of the 

vaulter/pole system at take-off did not differ significantly between the three 

groups either (Tab. 3). Group 3 (late pole plant) showed a greater horizontal 

distance between the tip of the take-off foot and the rear barrier of the planting 

box compared to the other two groups, however all groups exhibited more or less 

similar take-off angles (Tab. 3). Furthermore the change of the mechanical energy 

level of the vaulter/pole system during JPC (ΔEVPS) did not differ significantly 

(p>0.05) between the three groups (Fig. 6). The energy of the pole at take-off was 

higher in the group 1 compared to group 3 (Fig. 6) and showed a significant 
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Figure 7: Relationship between the time period from touch-down of the jump to 
pole plant (T-PP) and the strain energy of the pole at the end of jump and plant 
complex (Epole-TO), between T-PP and the change in the vaulters’ mechanical 
energy during jump and plant complex (ΔEvaulter), and between T-PP and the work 
of the reaction forces on the planting box (Wplant) for six experienced vaulters (A-
F). 
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4.5 Discussion 

Significant differences between the three groups (early, intermediate and late pole 

plant) concerning the take-off distance are caused by adaptations of the vaulters’ 

posture during jump and plant complex to allow for a variation in T-PP. We did 

not find differences in ΔEVPS between the three examined groups, indicating no 

changes in the fraction of the pole energy at take-off to the energy decrease of the 

vaulter in relation to T-PP. Therefore our hypothesis is rejected. The findings 

indicate that an earlier pole plant is related to an increase in pole energy as a 

function of the energy exchange between vaulter and pole, rather than the result of 

additional energy production. This is supported by the correlations between T-PP 

and Epole-TO as well as between T-PP and ΔEvaulter. 

An earlier pole plant increases the energy transfer to the pole, but causes 

simultaneously a similar decrease in the vaulter’s energy. The change of the 

mechanical energy level of the vaulter/pole system during the jump and plant 

complex is the sum of these two amounts of energy (Epole-TO and ΔEvaulter) and 

therefore the overall energy level remains invariant. A benefit in the energy level 

may occur only if the difference between the energy decrease of the vaulter and 

the energy gain in the pole gets smaller. Both components of ΔEvaulter (i.e. Wjump 

and Wplant) contribute to the energy decrease of the vaulter. Wplant decreases 

continuously during the stance phase of the jump from pole plant to take off (Fig. 

5). It also shows a high relationship to T-PP. On the other hand T-PP does not 

significantly affect Wjump. Therefore we can argue that the reason for the invariant 

energy level of the vaulter/pole system in relation to T-PP during the jump and 

plant complex is Wplant. Because Wplant is affected directly by the ground reaction 

forces acting on the pole, an earlier pole plant during the stance phase of the jump 

counterbalances the advantages of the energy gain in the pole and therefore the 

energy level of the vaulter/pole system cannot be changed by a variation of T-PP.  

The decrease in energy of the vaulter/pole system during jump and plant complex 

(ΔEVPS) in Jagodins ranged between -0.81 and -4.11 J/kg with a mean of -2.08 

J/kg. This is smaller than the energy decrease in other athletic jumps (Arampatzis 

et al., 1999b,c,d). An indication of the importance of this phase is that the overall 

energy gain of a complete vault is only about twice as large as this energy 

decrease during the jump and plant complex (Arampatzis et al. 2004, Schade 
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2004), which hints at the importance of this phase. Due to the findings that Wplant 

and Epole are compensating each other, the amount of Wjump might play an 

important role in influencing the energy level of the vaulter/pole system during 

jump and plant complex. A lower decrease in Wjump would influence the energy 

level of the vaulter/pole system positively and with this enhance the performance. 

T-PP, however, cannot be the key parameter to regulate Wjump. On the basis of the 

results of our current study and the chosen experimental design (i.e. changes in 

the time of pole plant) it is not possible to further argue about options to affect 

Wjump. 

It should be noted that none of the subjects executed a pole plant close to the take-

off. Our findings reveal valid mechanisms of interaction between vaulter and 

vaulting pole, therefore we do not believe that pole plants close to take-off would 

have influenced our findings fundamentally. A free pole plant, which is a plant 

that occurs after take-off was not executed either. It might be possible that this 

variation in pole plant timing causes qualitative differences in the interactions 

between vaulter, pole, and ground and could therefore affect pole vault 

performance in a different way. 

We can conclude that an earlier pole plant during the stance phase of the jump (T-

PP), at least for a variation of approximately 22% of individual contact times 

(which seems to be the highest variation achievable within one training session), 

does not generally increase the fraction of the energy transfer to the pole 

compared to the amount of the vaulter’s energy decrease. T-PP influences the 

interactions between vaulter, pole, and ground in Jagodins. However it is not 

generally related to the performance of the jump and plant complex, because an 

earlier pole plant leads to higher pole energy at take-off but is counterbalanced by 

an energy decrease of the vaulter which does not affect the change of the energy 

level of the vaulter/pole system. Although a Jagodin differs slightly from a 

competition vault, most of the differences are a result of the Jagodin’s lower 

initial energy. The lower initial energy should not change the general effect of T-

PP on Wplant, Wjump, or ΔEVPS, so similar interactions can be expected in complete 

vaulting, too. 
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Main findings and conclusions 

The presented thesis provided a deeper insight into issues of interaction between 

athlete, vaulting pole, and ground in the pole vault. The results confirmed that the 

concept of energy storage and return is effectively applicable to the pole vault 

event and can have decisive impact on optimizing pole vault technique. 

The main findings and conclusions of the thesis are presented in two parts. The 

first part (I) contains the examination of methodological aspects of the concept of 

energy storage and return in the pole vault to proof the applicability of the 

concept. The second part (II) deals with the application of aspects of the concept 

of energy storage and return to practical relevant questions of the pole vault: 

(I) Differences between two and three dimensionally calculated mechanical 

energy of the athlete in the pole vault were statistical significant (p<0.05). They 

are an expression of the movements that take place in the plane perpendicular to 

the main plane of movement. Differences between centre-of-mass energy and total 

body energy of the vaulter were statistically significant (p<0.05). They are the 

result of segmental movements that occur relatively to the centre-of-mass. 

These different approaches of calculating the athlete’s mechanical energy, with 

this movements apart from the main plane of movement and segmental 

movements relatively to the centre-of-mass, do not relevantly influence energy 

parameter values used for the calculation of the criteria of energy exchange in the 

pole vault developed by Arampatzis et. al. (1997, 2004). The findings indicate 

that, concerning the economy of data acquisition, for the calculation of the criteria 

a two-dimensional database allows to calculate adequately accurate results, the 

same as the calculation of the centre-of-mass energy compared to the calculation 

of the total mechanical body energy does. 

Kinematic, dynamometric and derived mechanical energy parameters in the pole 

vault were reproducible. On the basis of nearly constant initial mechanical 

conditions of a vault (constant external conditions like pole stiffness, grip height, 

wind conditions, and a high reproducibility of the initial mechanical energy of the 

vaulter and the take-off distance) the athletes achieved intraindividual similar 

jump performances achieved by reproducible interactions with the elastic vaulting 

pole. It can be concluded that the reproducibility of parameters and criteria used in 
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the energy exchange concept in the pole vault (Arampatzis et al. 1997, 2004) is 

sufficient to analyze one completed vault to determine the impact of changes in 

movement pattern on the energy exchange between vaulter and pole in different 

phases of the vault. 

(II) The comparison of elite male and female vaulters in terms of the athlete’s 

mechanical energy development and mechanical energy parameters during the 

pole vault revealed a similar development of the vaulters energy parameters for 

men and women, but significantly higher values (p<0.05) in the initial energy, 

vaulter’s energy at maximum pole bend and final energy for the men. The energy 

gain of the complete vault was similar for men and women. The comparison of 

elite male and female vaulters in terms of the development of the athlete’s angular 

momentum around the transversal axis through the centre-of-mass during the 

vault revealed significantly (p<0.05) higher values for the female vaulters during 

initial pole bend and bar clearance. Even though the energy gain of the complete 

vault is similar for men and women, the differences in angular momentum reveal 

deficits in movement behavior of the female vaulters. The higher angular 

momentum during initial pole bending hints at a passive upward swing rather than 

at an active pole bending action. The same does a significantly (p<0.05) lower 

maximum pole bending by the female vaulters. It can be concluded that the pole 

vaulting technique of elite female vaulters is not a projection of the technique of 

male vaulters at a lower jump height level, but rather a different way of vaulting 

and interacting with the elastic pole that leaves room for further improvement. 

The examination of the effect of an earlier pole plant during the stance phase of 

the jump on the energy level of the vaulter/pole system at take-off during a special 

pole vault take-off exercise (Jagodin) revealed that a variation of the point in time 

influences the interactions between vaulter, pole and ground. But it does not 

influence the energy level of the vaulter/pole system and is therefore not related to 

the performance of the jump and plant complex in Jagodins. Although an earlier 

pole plant increases the loss of energy by the vaulter during the take-off, this is 

counterbalanced by an increase in the energy stored in the pole at take-off. The 

Jagodins performed in the current study differ slightly from competition vaults, 

whereas most of the differences are a result of the lower initial energy of the 
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Jagodins. The lower initial energy of the Jagodins should not change the general 

effect of the timing of the pole plant on performance criteria, so similar 

interactions can be expected in complete vaulting, too. 
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Ergebnisse und Schlussfolgerungen 

Die vorliegende Arbeit liefert neue Erkenntnisse zur Interaktion zwischen Athlet, 

Sprungstab und Boden im Stabhochsprung. Die Ergebnisse zeigen, dass das 

Konzept von Energiespeicherung und -rückgabe sinnvoll im Stabhochsprung 

angewendet werden kann und das es einen entscheidenden Einfluss auf die 

individuelle Optimierung der Stabhochsprungtechnik haben kann. 

Die Ergebnisse und Schlussfolgerungen werden in zwei Abschnitten dargestellt. 

Der erste Abschnitt (1) beinhaltete methodologische Aspekte des Konzepts von 

Energiespeicherung und -rückgabe im Stabhochsprung, um grundsätzlich dessen 

Anwendbarkeit zu überprüfen. Der zweite Abschnitt (2) befasst sich mit der 

Anwendung von Aspekten des Konzepts von Energiespeicherung und -rückgabe 

auf praktisch relevante Fragestellungen im Stabhochsprung. 

 

(1) Die zwei und drei dimensional berechnete mechanische Energie des Athleten 

im Stabhochsprung unterscheidet sich signifikant (p<0,05). Die Unterschiede sind 

das Resultat von Bewegungen außerhalb der Hauptbewegungsebene. Die 

Unterschiede zwischen KSP Energie und Gesamtenergie des Körpers sind 

ebenfalls signifikant (p<0,05) und sind mit Körpersegmentbewegungen, welche 

relativ zum KSP auftreten, zu erklären. Diese unterschiedlichen 

Berechnungsverfahren zur Bestimmung der mechanischen Energie des Athleten 

und damit Bewegungen außerhalb der Hauptbewegungsebene und relative 

Segmentbewegungen um den KSP haben allerdings keinen relevanten Einfluss 

auf Energieparameter, welche zur Berechnung der Kriterien des 

Energieaustauschs nach Arampatzis et al. (1997, 2004) verwendet werden. Diese 

Ergebnisse legen den Schluss nahe, dass eine zweidimensionale Datenbasis und 

eine KSP bezogene Energieberechnung ausreichend genaue Ergebnisse für die 

Berechnung der Kriterien liefert. Das bedeutet, dass die Datenerfassung für die 

Anwendung des Energiekonzepts im Stabhochsprung deutlich ökonomisiert 

werden kann. 

Sowohl kinematische und dynamische Parameter, als auch abgeleitete Parameter 

der mechanischen Energie sind im Stabhochsprung reproduzierbar. Bei nahezu 

konstanten Anfangsbedingungen des Sprungs (konstante externe Bedingungen 
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wie Stabhärte, Griffhöhe, Windverhältnisse und reproduzierbare Anfangsenergie 

des Springers und Absprungweite) zeigen Athleten intraindividuell ähnliche 

Sprungleistungen, welche durch reproduzierbare Interaktionen mit dem 

elastischen Sprungstab zustande kommen. Wir können schlussfolgern, dass die 

Reproduzierbarkeit der Parameter und Kriterien des Energiekonzepts im 

Stabhochsprung (Arampatzis et al. 1997, 2004) ausreichend ist, um auf der 

Grundlage eines analysierten kompletten Versuchs der Einfluss von 

Veränderungen des Bewegungsverhaltens auf den Energieaustausch zwischen 

Athlet und Sprungstab in verschiedenen Phasen des Sprunges zu bestimmen. 

 

(II) Ein Vergleich von Weltklasse Stabhochspringerinnen und Stabhochspringern 

in Bezug auf Parameter der mechanischen Energie zeigt ähnliche Energieverläufe. 

Wobei die Anfangsenergie, die Athletenenergie im Moment der maximalen 

Stabbiegung und die Endenergie bei den männlichen Springern signifikant höher 

ist (p<0,05). Der Energiegewinn über den gesamten Sprung ist jedoch für Männer 

und Frauen gleich. Der Drehimpuls um die Transversalachse durch den 

Körperschwerpunkt zeigt im Vergleich signifikant höhere Werte (p<0,05) für die 

Stabhochspringerinnen in der Phase der initialen Stabbiegung und bei der 

Lattenüberquerung. Obwohl es keine Unterschiede im Energie Gewinn gibt, 

deuten die Unterschiede im Drehimpuls auf Defizite in der Bewegungstechnik der 

Frauen hin. Der höhere Drehimpuls unmittelbar nach Einstich des Stabs weist 

darauf hin, dass Stabhochspringerinnen eher passiv nach oben pendeln als den 

Stab aktiv zu biegen. Dies wird durch die signifikant geringere maximale 

Stabbiegung der Frauen unterstützt (p<0,05). Es kann gefolgert werden, dass die 

Stabhochsprung Technik von Frauen auf Weltklasse Niveau keine Projektion der 

Stabhochsprung Technik von Weltklasse Männern ist, sonder das Frauen vielmehr 

eine andere Weg der Interaktion mit dem elastischen Sprungstab zeigen, welcher 

Spielraum für weitere Verbesserungen lässt. 

Eine Analyse des Einflusses von Einstichzeitpunkt des Stabs während der 

Stützphase des Absprunges bei einer Einstich/Absprung Übung (Jagodin) auf das 

Energieniveau des Springer/Stab Systems zeigt, das eine Veränderung des 

Einstichzeitpunkts zu einer veränderten Interaktion zwischen Athlet, Sprungstab 

und Boden führt. Sie führt aber nicht zu einer Veränderung des Energie Niveaus 
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der Springer/Stab Systems bei Boden verlassen und ist damit nicht unmittelbar 

leistungsrelevant für den Einstich/Absprung Komplex bei Jagodins. Obwohl ein 

früherer Einstich den Energieverlust des Athleten während des Einstich/Absprung 

Komplexes vergrößert, bleibt die Energieänderung des Gesamtsystems 

Springer/Stab unbeeinflusst, da diese Abnahme durch die Energiezunahme der 

Stabenergie kompensiert wird. Die in dieser Studie untersuchten Jagodins 

unterscheiden sich gering von Wettkampfsprüngen, wobei der größte Unterschied 

in der niedrigeren Anfangsenergie bei den Jagodins liegt. Dies sollte aber nicht 

grundsätzlich den Effekt des Einstich Timings auf Leistungskriterien 

beeinflussen. Somit sind ähnliche Effekte auf die Interaktion zwischen Springer, 

Stab und Boden auch bei kompletten Sprüngen zu erwarten. 
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