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Abstract

The article discusses the research findings on jumping strategies used by elite athletes in different sports. The hypothesis states 
that athletes employ different movement patterns and different features of Muscle-Tendon Unit (MTU) functions when performing 
the same task. The selection of a muscle contraction mechanism depends on the sport discipline and the unique characteristics of 
the movement.

The study analysed Russian athletes from various national teams in alpine skiing and mogul. They performed drop jumps from 
heights of 0.1, 0.3, and 0.5m without using their arms for swinging. Data was collected using the Qualisys motion capture system 
(400 frames per second) and two force plates, the AMTI 6000. The authors performed calculations to determine the accumulation 
and utilization of elastic strain energy and assessed the metabolic energy expended in the Muscle-Tendon Unit (MTU). They 
concluded that the varied strategies observed in drop jumps can be attributed to the transfer of sport-specific motor skills. These 
findings can potentially assist coaches in designing personalized training plans for athletes, including targeted strength exercises 
for specific muscle groups.
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Introduction
Elastic strain energy exists in tendons and plays a crucial role 

in different motor tasks. Its primary function is to reduce the ener-
gy expenditure required for muscle contractions and enhance the 
power output of Muscle-Tendon Units (MTUs) [1]. The importan-
ce of this concept lies in optimizing performance in various sports 
movements. By aligning the functioning of MTUs with the specific 
demands and characteristics of a particular sport discipline, athle-
tes can improve their results.

Based on the hypothesis [2], it is suggested that when perfor-
ming a motor task, a muscle must generate sufficient power to meet 
the mechanical demands of the task and initiate movement. The 
timing, sequence, and magnitude of muscle activation are crucial 
factors in determining the specific movement.

In the case of multi-joint movements in the lower extremities  

 
during take-off, two elastic mechanisms contribute to the efficien-
cy of power generation. These mechanisms include the pre-stretch 
of skeletal muscles and the transfer of mechanical energy through 
biarticular muscles.

The utilization of each of these mechanisms is believed to have 
an impact on the overall strategy employed for organizing mul-
ti-joint movements. One of the primary mechanisms that enhan-
ces the power of a take-off is the preliminary stretching of skeletal 
muscles. This mechanism is well-known for its ability to increase 
the strength of subsequent Muscle-Tendon Complex (MTU) con-
tractions [3,4]. It is observed in various movements, such as vertical 
jumps [5].

The second mechanism, known as mechanical energy transfer, 
also contributes to the augmentation of power during a take-off. 
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This mechanism has been studied in relation to activities like run-
ning, hopping, and vertical jumping [3-6]. The transfer of mecha-
nical energy via biarticular muscles is closely associated with the 
effects experienced in the MTU [7].

Our hypothesis posits that athletes may employ different mo-
vement organization strategies to accomplish the same motor task. 
The selection of a particular mechanism to enhance muscle con-
traction power is influenced by the specific characteristics of the 
sport discipline, particularly the demands placed on the primary 
exercise.

The findings from this study will be valuable for coaches in de-
veloping individualized training plans for athletes. Specifically, the-
se results can inform the design of strength training exercises that 
target specific muscle groups, based on the identified movement 
organization strategies.

Methods
The study involved male members of the Russian national te-

ams in alpine skiing n=4 (weight 82,4±4,3 kg; height 1,79±3,1 m; 
experience 10,1±3,1 years) and mogul skiing n=5 (weight 73,5±2,3 
kg; height 1,66±2,4 m; experience 7,8±1,8 years). All athletes took 
part in the World Cups and World Championships. The experiment 
was carried out within the framework of regular testing of national 
team members according to established protocols in the course of 
preparation for international competitions [8].

Testing procedure. Following a warm-up session, the partici-
pants engaged in drop jumps, which involved vertical jumps from 
heights of 10cm, 30cm, and 50cm without utilizing arm swings. The 
subjects were instructed to wear their preferred athletic shoes and 
to position their hands on their hips during the jumps. The trial 
with the highest jumping height, representing the elevation of the 
Centre of Mass (CoM), was selected as the best out of three attempts 
and used for subsequent analysis. The rest period between trials 
ranged from approximately 2-3 minutes, depending on the indivi-
dual requirements of each athlete.

Data Processing Approach. The Qualisys Motion Capture Sy-
stem, consisting of 24 cameras (Oqus 5, Qualisys, Sweden), was 
used to collect real-time movement data. The jumping exercises 
were performed on two AMTI 6000 force plates (AMTI, USA). The 
recording was conducted at a frame rate of 400 frames per second 
and synchronized with the signals from the force plates.

The collected data was processed using the Open Sim software 
package [9]. This software package facilitated the creation of indivi-
dualized musculoskeletal models for each athlete, allowing for the 
identification of unique characteristics in their movement techni-
que. To perform kinematic and dynamic calculations, we utilized a 
full-body model based on the work of Hamner and Delp [10]. The 
model employed was a three-dimensional musculoskeletal model 
with 29 degrees of freedom, featuring torque actuators that drove 
92 muscles in the torso and lower extremities.

This model has been previously utilized to investigate the con-
tribution of individual muscles to the acceleration of the body’s 
centre of mass during a jump [10,11]. In our study, we focused on 
five of the 35 lower limb muscles included in the model. To analyse 
the metabolic costs associated with the jump experiment, we se-
lected a specific group of key muscles involved in the take-off pha-
se of a vertical jump. These muscles include: Gl (gluteus maximus, 
gluteus Medius, and gluteus minimums), RF (Rectus Femoris), VAS 
(Vastus Medialis), GAS (lateral sections of the gastrocnemius), and 
SOL (Soleus).

The individual muscle and tendon complex was represented 
using a three-piece Muscle-Tendon Unit (MTU) model, which was 
based on Thelen’s work in 2003 [12]. This model was implemen-
ted in the Open Sim application and allowed for the calculation of 
muscle and tendon length changes and strength variations across a 
wide range of body positions. The MTU model provided a detailed 
analysis of the functioning of the ankle, knee, and hip joint MTUs 
in generating force and its derivatives for each subject. The simu-
lation of each jump was conducted using the methods described 
by Hamner and Delp [10]. Our simulation workflow commenced 
with scaling the geometry of the generic musculoskeletal model to 
fit the anthropometry of each subject. This scaling process was ac-
complished using the Open Sim Scale Tool. Additionally, we scaled 
the maximum isometric forces of the muscles based on regression 
equations that considered the subject’s height and mass [11].

Next, we generated muscle-driven motions for the recorded 
experiments using Open Sim’s Computed Muscle Control (CMC) 
Tool [12]. This involved utilizing the individualized models and 
adjusted kinematics. The CMC Tool calculated muscle excitations 
that could produce the observed jumping motion while minimizing 
the sum of squared muscle activations at regular intervals throu-
ghout the motion.

In our analysis, we aimed to estimate the amount of Elastic 
Strain Energy (ESE) that could be stored and utilized. To accom-
plish this, we employed methods proposed by researchers in pre-
vious studies [3,13]. To estimate metabolic energy consumption, 
we utilized a metabolic model developed by researchers [14]. For 
this purpose, we used the Umberger2010MuscleMetabolicsProbe 
within Open Sim v4.

Following the calculation method, we summed the rate of ener-
gy expenditures for all muscles and added a basal rate of 1.2W/
kg [15] to determine the overall metabolic energy expended. For 
analysing the results of our research, we utilized the STATISTICA 
software package, specifically version 10. Due to the relatively small 
sample sizes, we employed non-parametric statistical methods, na-
mely the Kruskal-Walli’s test and the Wilcoxon test. These tests are 
suitable for analysing data that may not meet the assumptions of 
parametric statistical tests.

Ethical Approval. The study underwent approval by the Local 
Human Research Ethics Committee, and prior to participating, all 
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participants provided their written informed consent. The human 
testing procedures adhered to the principles outlined in the Decla-
ration of Helsinki.

Results
Figure 1 demonstrates multidirectional changes in the maxi-

mum peak power in drop jumps from different heights performed 
by the subjects. Mogul skiers showed negative dynamics of the ma-
ximum peak power as the height of the drop jump increased: the 

maximum peak power in drop jumps from the height of 0.1m and 
0.3m differed by 2.67±0.05 W/kg ((T=0,0, p=0,043 ), the difference 
of the maximum peak power in drop jumps from the height of 0.3 m 
and 0.5 m was 2.89±0.07 W/kg (T=0,0 p=0,041). The alpine skiers 
showed positive dynamics of maximum peak power.

 Mogul skiers demonstrated significant difference in maximum 
peak power in comparison with the alpine skiers (H= 8,22003 
p<0,01) (Figures 1,2).

Figure 1: The Maximum peak power in the take-off phase.

Figure 2: Peak value of the stiffness of the muscles of the lower extremities in drop jumps.

If we compare Figures 1 and 2, we will note that the athletes 
achieved different power of movement on the background of dif-
ferent leg stiffness. The dynamics of data within each group was 
different. Mogul skiers demonstrated the maximum values in leg 
stiffness in drop jumps from 0.5m. In alpine skiers the maximal leg 
stiffness was found in drop jumps from 0.1m. The small height may 

permit these athletes to perform preliminary muscle stimulation 
before landing that makes it possible to counteract external inertial 
forces acting on the body. When the height is greater, athletes try to 
compensate loads on the musculoskeletal system in shock absorp-
tion phase by increasing the amplitude of movement in the knee 
joints, thereby reducing the stiffness of the legs (Figure 3).
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Figure 3: Transfer of energy between muscle groups of the lower limbs in the take-off phase (concentric muscle contraction).

Note*: Gl-gluteus maximus, gluteus medius, gluteus minimus muscles, RF-rectus femoris, VAS-vastus medialis, GAS-lateral sections of the 
gastrocnemius muscle, SOL-soleus muscle.
Figure 4: Metabolic expenditures in simulated muscles.

Energy transfer between the muscle groups of the lower extre-
mities during the concentric contraction phase of the take-off was 
calculated using the method described in [4] (Figure 3). The highest 
percentage of energy transfer was found in alpine skiers (Hip-Knee: 
23±0.4% from 0.3м), but the segments of the lower limbs mostly 
involved in the energy transfer were different in those two groups. 
In alpine skiers’ energy transfer between the hip extensors and the 
thigh muscles was the highest. Mogul skiers showed a very low 
energy transfer from the hip extensors to the thigh muscles and 
almost no energy transfer from the thigh muscles to the lower leg 
muscles via the knee joint (Figure 4).

The highest peak metabolic costs of all lower extremity’s mu-
scles were found in mogul skiers (Figure 4). In all athletes peak 

metabolic costs of the hip extensor (Gl) tended to decrease, as the 
height of drop jumps increased, because athletes tried to maintain 
more upright posture for stability. All athletes had the lowest peak 
metabolic costs in GAS. High peak metabolic costs in RF and VAS 
were found in all athletes (87.2-73.1 and 105.1-74.6 W, correspon-
dingly). As the height of drop jumps increased, the metabolic costs 
in RF and VAS_L increased in mogul skiers and decreased in alpine 
skiers. The total metabolic costs increased in mogul skiers, were 
stable in alpine skiers, when the height of drop jumps increased 
(Figure 5).

The peak force in the tendon of the MTU model involved in the 
take-off is shown in Figure 5. Alpine skiers and mogul skiers de-
monstrated active work in the tendons of the GAS and SOL muscles, 
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as well as positive dynamics, as the height of drop jumps increased. 
Tendon activity of VAS in mogul skiers and alpine skiers revealed 
similarity in magnitude and positive dynamics. The greatest peak 

activity of the Gl tendons during the take-off was observed in alpine 
skiers when drop jumping from a height of 0.5 m (108.3±6.7N).

Note*: Gl-gluteus maximus, gluteus medius, gluteus minimus muscles, RF-rectus femoris, VAS-vastus medialis, GAS-lateral sections of the 
gastrocnemius muscle, SOL-soleus muscle.
Figure 5: Peak active tendon force.

Discussion
In order to comprehend the unique characteristics of Mu-

scle-Tendon Unit (MTU) function in athletes from distinct sport 
specializations, it is essential to provide a brief overview of the spe-
cific features of each sport discipline.

Alpine Skiing

Alpine skiing consists of four disciplines: Slalom (SL), Giant Sla-
lom (GS), Super Giant (SG), and Downhill (DH). In slalom, the peak 
Ground Reaction Force (GRF), which measures the external load on 
the skier and equipment, can reach up to five times the athlete’s 
body weight [16]. The highest GRF values in the other alpine ski-
ing disciplines are observed in giant slalom [17]. The key muscle 
groups involved in alpine skiing include the thigh muscles, ham-
strings, quads, calves, and foot muscles [18]. These muscles predo-
minantly engage in eccentric contractions during the race, where 
the muscle lengthens during contraction. The contraction rate is re-
latively slow in downhill skiing compared to activities like running 
or jumping due to the minimal changes in hip angle during a ski 
turn. Alpine skiers exhibit high levels of isometric and isokinetic leg 
strength compared to other athletes [19]. In technical disciplines, a 
“quasi-static” component of skiing has been proposed, highlighting 
evidence of coactivation during thigh muscle contractions [20]. Re-
search on elite Swiss riders has confirmed that eccentric muscular 
work prevails over concentric work in slalom, giant slalom, and su-

per giant disciplines [21]. This suggests that alpine skiing is unique 
among sports for its emphasis on eccentric muscular activity [21]. 
The higher force levels in alpine skiing allow skiers to achieve grea-
ter control in turns and experience less fatigue during races.

Mogul Skiing

Mogul skiing involves navigating through irregularities such as 
bumps and pits while descending a mountain. On a mogul course, 
turns are made cyclically to the left and right without a separate 
transition phase between individual turns. Skiers’ maneuverer 
around the bumps, creating a “swinging rhythm”. This type of skiing 
is characterized by distinct phases of ski loading and unloading, as 
well as ski bending and unbending.

During mogul skiing, the load is distributed nearly evenly 
between both skis, with each ski experiencing a maximum load 
of approximately 150% of the skier’s body weight. Athletes must 
maintain knee joint angles close to 90°, ensuring minimal deviation 
of the trajectory of the Centre of Mass (CoM). This stance enables 
skiers to absorb height differences in bumps and pits while mana-
ging and controlling their speed. Research has shown that in mogul 
skiers, as opposed to alpine skiers, the ratio of eccentric to concen-
tric patterns closely resembles that seen in running [22].

The results presented in the findings indicate that athletes from 
different groups employed distinct strategies to generate muscle 
power and achieve maximum jump height in drop jumps. Our aim 
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is to elucidate the mechanisms underlying the functioning of lower 
extremity muscles in athletes who exhibit varying movement orga-
nization and muscle-tendon interaction during drop jumps. Specifi-
cally, we will explore approaches that enhance Muscle-Tendon Unit 
(MTU) contraction by leveraging the elastic properties of muscles, 
particularly their resilient elements, which lead to muscle potentia-
tion. It is widely acknowledged in the literature that pre-stretching 
the MTU enhances subsequent contraction, a concept supported by 
numerous authors. However, studying the behaviour of the human 
MTU in vivo, particularly during complex multi-joint movements, 
poses challenges. While we do not delve into the mechanisms of 
MTU pre-stretching, we will examine whether the athletes in our 
study benefited from the positive effects of MTU pre-stretch. The 
duration of take-off in both alpine skiers and mogul skiers exten-
ded beyond the time frame suitable for utilizing the stretch reflex. 
However, these athletes were still able to enhance voluntary muscle 
contraction through the elastic strain energy, despite the extended 
shock absorption phase. Although an increase in the time for Mu-
scle-Tendon Unit (MTU) stretching reduces the efficiency of elastic 
strain energy utilization, this mechanism remains intact [23].

We may find it perplexing because the optimal ratio between 
muscle length and the speed of its stretching is disrupted in alpine 
and mogul skiers due to the large angular amplitudes of movemen-
ts in leg joints. Nevertheless, the use of elastic energy remains pos-
sible regardless of muscle length [24]. This raises the question of 
how the positive effect of shock absorption is utilized in drop jumps 
performed by alpine and mogul skiers. Clearly, the MTU work dif-
fers in these athlete groups due to the different techniques involved 
in their sport disciplines.

This distinction is supported by the data concerning the tran-
sfer of elastic deformation energy among the lower extremity join-
ts. Specifically, let’s examine the results of a drop jump from a hei-
ght of 0.3 meters, where the load on the leg muscles is optimal for 
achieving maximum jump height [25]. In this jump, the potential 
use of elastic energy during the take-off phase was approximately 
23±1.6% (Hip-Knee) and 15±1.1% (Knee-Ankle) in alpine skiers, 
and 12±0.6% (Hip-Knee) and 8±0.5% (Knee-Ankle) in mogul 
skiers. Alpine skiers demonstrated more effective energy transfor-
mation due to the higher stiffness of their leg muscles. The differen-
ce in the utilization of stored elastic energy between the two groups 
was evident in comparisons of metabolic costs in Rectus Femoris 
(RF) and vastus lateralis (VAS) muscles, as well as in tendon stren-
gth, which were significantly higher in mogul skiers.

In a drop jump from a height of 0.5meters, the external load on 
the leg muscles was almost critically high. Mogul skiers experien-
ced a decrease in mechanical power and an increase in metabolic 
costs and tendon strength in the RF muscle and VAS_L muscle. Both 
groups showed a decrease in the utilization of elastic energy. Con-
sidering the varying demands of each sport discipline, we can assu-
me that mogul skiers do not face mandatory requirements for ge-
nerating maximum power during a mogul race, unlike alpine skiers. 

In alpine skiers, the decrease in energy transfer efficiency may be 
associated with a decrease in stiffness in order to increase the role 
of muscle activity.

Conclusion
The findings demonstrated the significant impact of sport spe-

cialization on motor control in elite athletes. By analysing drop ju-
mps performed at varying heights, we uncovered patterns in the 
functioning of the Musculo Tendinous Unit (MTU) that resembled 
those observed during competitive exercises. This enabled us to 
gain valuable insights into the various mechanisms that contribu-
te to generating movement power in top athletes across different 
sports.

In conclusion, continuing research in assessing the effective-
ness of elite athletes should involve an individualized approach 
that considers the unique aspects of each athlete’s sport technique. 
Exploring conscious control of muscles and the body, along with re-
gularities related to generating power in movements and the beha-
viour of MTUs, can lead to valuable insights for coaches. These insi-
ghts can aid in selecting appropriate training methods, developing 
specialized exercises, and designing effective training regimens in 
different sport disciplines.
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