
 

 

Abstract: Knee stress and strain distribution 
during athlete vertical jump analysis has been 
analyzed. Several professional soccer players 
performed ten periodic jumps while vertical 
ground reaction force was measured using a force 
plate with one axial load cell force sensor. Detailed 
knee stress and strain distribution with finite 
element analysis and boundary condition for force 
measurement has been presented. Jumping 
analysis using force plate measurement and finite 
element method for assessment of specific athlete 
knee may become a future standard for 
assessment of athlete’s capability. 

 
Index Terms: biomechanics, finite element 

method, force plate, vertical jump  

1. INTRODUCTION 

 any engineers, scientists and researchers 
in biomechanics are of opinion that the true 
stiffness of human body is the combination 

of all the individual stiffness values contributed by 
muscles, tendon, ligaments, cartilage, and bones 
[1]. The researchers in sports and clinical 
biomechanics are typically interested in the role of 
stiffness because it is related to both 
performance and injury. Stiffness in human body 
can be described from the level of a single 
muscle fiber, to modeling the entire body as a 
mass and spring. The standard method in jump 
analysis is based on the use of a force sensors 
platform for ground reaction force measurement 
[2-4]. The force platform can measure force and  
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torque during jump in different directions using a 
force sensor [5].  

Improvement of electronic devices and 
gadgets in the past few years has enabled us to 
measure jumping parameters by using wearable 
devices, such as sensors in footwear [6]. This 
method gives much comfort and real conditions 
to subjects due to the fact that there is no 
bounded area for jumping performance. 
Simultaneously with force measuring, for 
complete biomechanical analyses, it is also 
necessary to determine the position of a 
particular body part. For this purpose, a high 
speed camera is used. The high speed camera 
records position marker points attached to the 
subject’s leg, arm, hip, etc. with a frame rate of 
100 Hz and higher. Using software, 3D point 
coordinate of markers position can be 
reconstructed. It is necessary to use a number of 
cameras for this reconstruction. Alternatively, for 
position reconstruction, different kinds of sensors, 
such as accelerometer [7], gyroscope, 
goniometer and magnetometer [8] can be used. 
In this paper, we presented a method for 
measuring force during jumping activity, using 
force plate platform and assessment of 
mechanical stiffness of human body. The 
mechanical stiffness plays a very important role in 
the assessment of athlete performance especially 
the tendency to the injuries. In this paper we 
investigated biomechanical analysis from force 
plate measurement and used finite element 
method to determine detailed stress and strain 
distribution in the knee for specific participant 
during periodic jumping. 

2. METHODS 

2.1 Experimental Research 

 
The professional soccer players who 

participated in the experiments followed a 
standardized warming-up and stretching period. 
They were instructed to perform a number type of 
jumps. The jumps were recorded using two high 
speed cameras with a frame rate of 200 frames 
per second. The cameras with software for 
acquisition and image processing are part of 
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Innovision Systems, Inc. Before starting the 
experiment, the system was calibrated. The 
ground reaction force was sampled from the one-
axis force plate with the rate of 1000 Hz.  

Each participant executed ten jumps one by 
one with their commonly used period. The signal 
of vertical force value during time for this type of 
jump has been presented in Fig. 1a. 
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Fig. 1 a.) Force signal, b.) Frequency spectra of the force 

signal 

 

2.2 Computational Methods 

 
The geometry of the knee for one specific 

participant was taken from MRI slices. Three-
dimensional model was reconstructed. The finite 
element mesh was presented in Fig. 2.  
 

 

Fig 2. Finite element mesh for different knee segments 

 
In order to model the cartilage and meniscus 

we implemented finite element formulation where 
the nodal variables were: displacements of solid, 
U; fluid pressure, P; Darcy’s velocity, Q; and 

electrical potential, Φ . A standard procedure of 
integration over the element volume was 
performed and the Gauss theorem was 
employed. An implicit time integration scheme 
was implemented; hence the condition that the 
balance equations are satisfied at the end of each 

time step was imposed. The system of differential 
equations for each finite element is: 
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The matrices and vectors are: 
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Details about all variables in equations (4) and 

(5) are given in [3,9,10]. The above equations 
were further assembled and the resulting FE 
system of equations was integrated incrementally, 
with time step t, transforming this system into a 
system of algebraic equations. The Newmark 
integration method was implemented for the time 
integration.  

 

3. RESULTS 

The mechanical stiffness of body for ten soccer 
players is shown in Table 1. 

 
Table 1. Maximum rebound and landing forces, fly time and  

jump height for one participant during 10 jumps 

 

Max 
rebound 

force 
[N] 

Max 
landing 

force [N] 

Fly 
time  

[s] 

Jump 
height  

[m] 

1 6212 4370 0.3653 0.83 

2 6439 5896 0.6479 0.79 

3 5664 6108 0.4581 0.58 

4 5512 4961 0.5627 0.88 

5 5272 5681 0.3790 0.73 

6 6270 5924 0.5633 0.67 

7 7610 6167 0.6344 0.81 

8 6501 6402 0.6175 0.65 

9 5306 5379 0.3373 0.56 

10 7088 7782 0.4005 0.78 



 

 

 

Fig. 3 Effective stress distribution in the tibial bone, finite 
element analysis [MPa] 

 
The maximum stress (1.15 MPa) occured in the 
tibial bone and some part of the cartilage as it is 
presented in Fig 3. With this technology we can 
determine stress distributions using the force 
plate measurement as boundary condition for 
three-dimensional computer simulation. 
 

 

Fig. 4. Deformation distribution [%] in the three-dimensional 
FE model for cartilage during one jump 

 

Deformation distribution in the cartilage three-
dimensional FE model during one jump is 
presented in Fig. 4. 

4. CONCLUSION 

In this study the result of measurement force 
while performing periodic jumps and computer 
simulation of knee stress and strain is presented. 
The force plate platform is one of the basic 
devices for biomechanical analysis. Several 
subjects participated in the experiment. Detailed 
knee strain and stress can be obtained  with finite 
element analysis where boundary condition for 
force can be obtained from measurement. This 
will open a new avenue for future biomechanical 
analysis of jumping using force plate 
measurement and finite element method for 
assessment of specific athlete knee. 
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