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Abstract  
The purpose of this investigation was to use a combination of 
image processing, force measurements and finite element mod-
eling to calculate deformation of the knee cartilage during jump-
ing. Professional athletes performed jumps analyzed using a 
force plate and high-speed video camera system. Image process-
ing was performed on each frame of video using a color recogni-
tion algorithm. A simplified mass-spring-damper model was 
utilized for determination of global force and moment on the 
knee. Custom software for fitting the coupling characteristics 
was created. Simulated results were used as input data for the 
finite element calculation of cartilage deformation in the ath-
lete’s knee. Computer simulation data was compared with the 
average experimental ground reaction forces. The results show 
the three-dimensional mechanical deformation distribution 
inside the cartilage volume. A combination of the image recog-
nition technology, force plate measurements and the finite ele-
ment cartilage deformation in the knee may be used in the future 
as an effective noninvasive tool for prediction of injury during 
jumping. 
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Introduction 
 
New video capture boards, automatic digitizing, real-time 
transformation, and filtering software have recently been 
developed. This allows for kinematic and kinetic data to 
be displayed simultaniously (Altmeyer et al., 1994; Ariel 
et al., 1997; Borelli, 1989). This data can be time-
synchronized so that a researcher, coach, and athlete 
could effectively evaluate athletic performance under 
various competitive conditions. It may also be of 
assistance for making adjustments to training (Braune et 
al., 1987; Finch et al., 1998; Plagenhoef, 1968). Tendon 
injuries occur often in sports (Josza and Kannus, 1997), 
especially in explosive sports where a high demand of 
force, speed and power are utilized for optimal perform-
ance. 

Athletes are repeatedly subjected to continuously 
high stress during exercise which makes the bone tendon 
junction, being the weakest point, susceptible to lesion. 
Cumulative microtrauma may occur which weakens col-
lagen cross-linking and finally results in mucoid degen-
eration of the tendon (Khan et al., 1998). As a result non-
invasive determination of cartilage deformation in the 
knee may be very useful tool for prediction of knee in-
jury. In the current investigation, video analysis of im-
ages, together with the force plate measurement, were 
utilized  to  determine  deformation of the cartilage in  the  

knee. 
Video acquisition and parsing sequences of images 

significantly influences the performance of tracking algo-
rithms. Careful planning of image acquisition is crucial 
for the success of the proposed system. Motion tracking 
of small objects can be quite difficult and depends on 
many parameters with special attention on environmental 
conditions and the type of video acquisition system. Al-
though various tracking algorithms have been developed 
in the past, their robustness has not been clearly described 
in the literature. The existing methods can be roughly 
classified as high-tech hardware based, and algorithm 
based. In the first group, high-tech hardware is used, i.e. 
high quality video, multiple high-tech cameras and lenses, 
powerful high-end computers, best lighting etc. In such a 
case, applied algorithms are not very sophisticated. Often 
a blob tracker is sufficient (Pingali et al, 1998, 2000). The 
primary issue is to set-up and coordinate multiple cam-
eras, or to visualize results of motion tracking, for exam-
ple in a 3-D virtual environment (Pingali et al, 1998, 
2000). However, special and very sophisticated algo-
rithms that are able to resolve the task of compensation of 
demerits must be employed. In this paper, a method is 
proposed that compromises between two previously de-
scribed methods. One utilized only a high-speed camera 
while our motion tracking software is based on a moving 
seed point algorithm. Using a high-speed camera for 
complex kinematics calculations in the motion tracking 
was avoided. A few similar advanced algorithms were 
able to address the issue when various experimental con-
ditions are implemented. 

In this study a combined image processing tracking 
algorithm was used in order to measure kinematics and 
dynamics of athletes jumping on a force plate, together 
with numerical calculation of cartilage deformation in the 
knee. In the following section the procedure for force 
measurement, the basic algorithm for image tracking the 
object, as well as numerical finite element methods for 
cartilage deformation is explained.  

 
Methods 
 
Force measurement 
Knee motion involves a series of three rotations (flex-
ion/extension, abduction/adduction, and internal/external 
rotations) and three translations (anterior/posterior, supe-
rior/inferior, and medial/lateral translations). Our first 
goal was to develop a computer vision system for motion 
tracking and analysis of the force measurement of ath-
lete’s   knees   during   jumping.   These  recorded  impact  
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Figure 1. Setup equipment for experimental investigation of jumping impact force and knee force and moment. 
 
forces were used to calculate the internal forces in the  
ankle and knee. For this purpose we designed a separate 
device, a so called “force plate,” with force transducer 
mounted on it. The force measurements were recorded 
completely in parallel with video analysis which was 
controlled with a specific in-house software system (Fig-
ure 1). After acquisition of the experimental results, we 
used our video and image processing software for analysis 
and preparation of data into numerical calculations. The 
measurement results were determined for the ankle and 
knee separately in the form of triplet values: x-coordinate, 
y-coordinate and vertical resistance force F. 

For each individual jump, the following variables 
were measured: a) frame-rate, b) total time of experiment, 
c) 2D coordinates of ankle and knee for every frame, d) 
corresponding forces measured on the force plate for each 
contact, e) number of jumps and f) maximal velocity 
gained at the moment of landing. The primary goal of our 
experiment was to simultaneously record video and force 
plate data. High-speed (Basler A602fc) cameras were 
used to record for a duration of 10 seconds. A correspond-
ing AVI file format of approximately 1.2 GB was saved, 
with the following properties: 100 fps, 656x490 px, YUV 
4:2:2 (16 bits/pixel avg.). At the same time (in parallel), 
we were recording measurements from the force trans-
ducer through a serial port. In each case, system time was 
recorded for synchronization of our measurements. 

Additionally, this phase also included determina-
tion of some parameters that were needed for the follow-
ing numerical calculations. These were: a) separation of 
individual jumps, ie. determination of the start and end 
jump times, b) calculation of the velocities of jump land-
ings, c) measurement of the force generated in the contact 
area, and d) filtering of the force measurements due to 
inertia of the force plate itself. To fulfill these require-
ments, we ascertained some criteria. They were mostly 
influenced by our subjective visual impressions and con-
clusions about the jumps and they were in accordance 
with changes in the force measurements. Nine phases of 
the jump were defined: 1) rest, 2) preparation for jump, 3) 
rebound, 4) lateness in air, 5) fall, 6) toe landing, 7) heel 

landing, 8) preparation for rest, and 9) rest. The second 
criterion was related to determination of landing velocity 
during the jump. There were horizontal and vertical com-
ponents of velocity during the fall. At the moment when 
the athlete landed (6th phase of the jump) velocity gained 
its maximum value, which was used as a parameter for 
subsequent numerical calculations. This value can be 
determined by integrating velocities between subsequent 
frames, starting with the frame where this value was 0. 
The starting frame for this calculation was considered a 
frame at the very end of the 4th phase of the jump, or the 
very first frame of the 5th phase of the jump. As the accel-
eration during the fall was approximately constant, maxi-
mum velocity at the time the athlete touched the force 
plate was calculated using the next formula: 
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Were n and m represented indexes of the starting and 
ending frames, respectively. In the same sense, x and y 
values were coordinates of the ankle. Velocity according 
to the equation (1) was expressed in [pixels/frame count]. 
To express maximal velocity in ISO units [m/s], px

maxv  
must be multiplied by the coefficient K: 
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Where 0.68 meters was represented by 230 pixels at im-
age frames. 
 
Proposed image processing motion tracking algorithm 
In this section we describe the problem of tracking mov-
able objects in a movie file recorded during the experi-
mental measurements. The aim was not to develop soft-
ware that would be used for real-time image processing, 
but to develop an application that would be simple, reli-
able,  precise,  extensible  and  yet  powerful enough to fit 
the requirements and challenges of our experiment. 
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Figure 2. A simplified spring-damper-mass model used in 
the computer simulation. The components of dynamics sys-
tem presented are: lower body rigid mass (m1) and wobbling 
mass (m2), upper body rigid mass (m3) and wobbling mass 
(m4), compressive spring (k1) and damper (c1) that connect 
the upper and lower rigid bodies, spring (k3) and 
spring}damper unit (k2, c2) connecting the lower wobbling 
mass to the upper and lower rigid bodies, spring (k5) and 
spring}damper unit (k4, c4) connecting the upper wobbling 
mass to the upper rigid mass (Liu et al., 1998). 

 
Tracking of movable objects has always been a 

challenging task without a single, universal solution. 
Among other things, it is heavily dependent on the quality 
of the video material, i.e. it indirectly depends on image 
acquisition hardware and overall environmental recording 
conditions. Keeping that in mind, we decided to make a 
compromise between hardware and software solutions. 
For our experiment we used a high-speed (Basler A602fc) 
color camera, with 100 fps and 656x490 pixels resolution. 
Using this high frame rate, we avoided having to develop 
complex algorithm for motion tracking. In essence, there 
are two basic algorithms for motion tracking: an area 
based approach and a differential approach (Mark et al., 
2002). These are based on so called “optical flow”, where 
image features in subsequent frames are related to each 
other to some degree. In fact, “motion can be character-
ized as a collection of displacements in the image plane” 
(Mark et al., 2002). The first method focused on feature 
(e.g. pixels) similarities between intensities in the image 
regions. The second method dealt with observation of the 
differential changes in the pixel values. Our method was 
simpler and quite different and it was based on finding a 
new “seed point”. We will describe how to define the 

initial seed point and select the area of the object which 
needs to be tracked, as well as how to start the whole 
tracking process. 

In order to track movements of the ankle and knee 
we decided to put colored markers on them such that their 
color distinguishes them from a uniform colored back-
ground. In that way we avoided steps related to image 
enhancements, as we already had objects of distinct col-
ors, so tracking can be performed only on that feature. In 
this case, two methods for motion tracking were imposed. 
The first method was used to track a single colored object 
from frame-to-frame with regard only to its position and 
color features. The second method assumed definition of 
AOI (Area Of Interest) of the image and scanning for a 
given color. Due to artifacts in the image (e.g. caused by 
image compression algorithm), the first method was pre-
ferred. It was more precise than the second method and is 
described in the following text. 

The initial step in our motion tracking algorithm 
was manual detection of a seed point and definition of the 
upper and lower tolerances for the color components 
(R,G,B) of the seed point. By defining tolerances for the 
color components we actually defined the selection area 
around the seed point, which was composed of pixels that 
share similar features (color), i.e. pixels whose color was 
inside tolerances defined for a given seed point. An algo-
rithm was used to actually define the selection area (A) 
which was based on neighborhood operations and used a 
stack as storage for the connected components (i.e pixels). 
It was obvious that this algorithm may be considered as a 
sort of float-fill (propagation) algorithm (Glassner, 2001).  
 
Spring-damper-mass model 
A simplified spring-damper-mass model which was used 
in this study is shown in Figure 2. It consists of four 
masses. The upper body was modeled using two masses, 
one representing its rigid mass, m3, and the other repre-
senting its wobbling mass, m4. The thigh, leg and foot of 
the supporting leg were modeled using two masses, one 
representing its rigid mass, m1, and the other representing 
its wobbling mass, m2. The total body mass was obtained 
from the subject. In the following system of equations 
(Equation 3) a dynamics system is described (Liu et al, 
1998) and it was used for the calculation of total force and 
the moment of the cartilage in the knee during the jump.  
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In Equation 3, m1 was the lower body rigid mass and m2 
was the wobbling mass, m3 was the upper body rigid mass 
and m4 was the wobbling mass, k1 was the compressive 
spring and c1 was the damper that connected the upper 
and lower rigid bodies, k3 was the spring and k2-c2 was the 
spring-damper unit which connected the lower wobbling 
mass to the upper and lower rigid bodies, k5 was the 
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spring and k4-c4 was the spring-damper unit which con-
nected the upper wobbling mass to the upper rigid mass 
(Liu et al, 1998 ). Fg was the vertical contact force which 
was defined as 1 1 1

b d e
g cF A ax cx v = +  , and Ac, a,b,c,d,e 

were the parameters for the ground reaction model which 
defined the deformation of the shoes during jumping. 
Some of the different parameters for soft and hard shoes 
are shown in Table 1. 
 
          Table 1. Parameters for ground reaction model. 

 a b c d e 
Soft shoe 1 x 106 1.56 2 x 104 0.73 1.0 
Hard shoe 1 x 106 1.38 2 x 104 0.75 1.0 

 
Finite element method for numerical calculation 
Cartilage inside the knee was considered as a porous 
deformable body filled with fluid, occupying the whole 
pore volume. The physical quantities for this analysis 
were: the displacement of solid u, relative fluid velocity 
with respect to the solid (Darcy’s velocity) q, fluid pres-
sure p, swelling pressure pc, and electrical potential φ.  
The governing equations for the coupled problem are 
described as following. First, we considered the solid 
equilibrium equation,  
 

T 1
s s(1 n) (1 n)ρ n (1 n)ρ 0s

−− + − + − − =L b k q u&&σ  (4) 
 
where σs was the stress in the solid phase, n was porosity, 
k was the permeability matrix, ρs was the density of the 
solid, b was body force per unit mass, q was relative 
velocity of the fluid, and &&u was acceleration of the solid 
material. The operator LT was 
 

 

























=

123

312

321

T

      0       0     0

0         0      0

   0      0   0   

xxx

xxx

xxx

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

L  (5) 

 
The equilibrium equation of the fluid phase (no electroki-
netic coupling) was 
 
- 1

f fn p nρ n nρ f
−∇ + − − =b k q v 0&   (6) 

 
where p was pore fluid pressure, ρf  was fluid density and 
&v f was fluid acceleration. This equation is also known as 

the generalized Darcy's law. Both equilibrium equations 
were written per unit volume of the mixture. Combining 
Equations (4) and (6) we obtained 
 

T
fσ ρ ρ ρ+ − − =L b u q 0&&&    (7) 

where σ was the total stress which can be expressed in 
terms of σs and p, as 
 
σ=(1-n) σs - nmp                                (8) 
 

and ρ=(1-n)ρs+nρf was the mixture density. Here m was a 
constant vector defined as mT={1 1 1 0 0 0} to indicate 
that the pressure component contributes to the normal 
stresses only. We had to also take into account that the 
pressure has a positive sign in compression, while ten-
sional stresses and strains were considered positive as 
well. In the following analysis we employed the effective 
stress, σ', defined as  
 
σ'=σ+mp     (9) 
  
which was relevant for the constitutive relations of the 
solid. Using the definition of relative velocity q as the 
volume of the fluid passing in a unit time through a unit 
area of the mixture (Darcy's velocity),  
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we transformed (6) into 
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The final continuity equation using the elastic constitutive 
law and fluid incompressibility was given in the form 
(Kojic et al, 2001) 
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The resulting FE system of equations was solved incre-
mentally (Kojic et al, 2001), with time step ∆t. We im-
posed the condition that the balance equations are satis-
fied at the end of each time step (t+∆t). Hence, we derived 
the following system of equations 
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Where fu, fp, fq and fΦ were forces in the balance equa-
tions for displacement, pressure, fluid velocity and elec-
trical potential respectively, and muu and mqu were mass 
terms in mass matrix. 
 
Results 
 
The goal of this study was to calculate cartilage deforma-
tion in  the  knee joint based on a subject knee model 
andbiomechanical analysis of jumping. The overall forces 
on the knee joint were presented in Figure 3. Although 
there are many different forces which act on the knee, for 
simplicity we considered only one dimensional force 
determined  from   the  dynamics  system  in  Equation  3.  
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Figure 3. A schematic force approximation on the knee joint. a) Dynamics system of knee deformation during 
jumping; b) Description of forces inside a knee joint. 
 

The dialog menu of developed software for the capture 
motion of the subject is presented in Figure 4.  

Drawing a line along the lower limb of the subject 
in Figure 4 presented a tracking of rigid lower body with 
two points or joints. The upper joint corresponded to a 
knee motion and the force applied to this point was of 
particular interest for cartilage deformation. The force 
which was measured from the force plate is shown in 
figure 5. Using these experimental results we calculated 
the force and moment on the cartilage in the knee as it is 
described in the second section method. The knee joint 
was analyzed as an electrokinetic transduction in charged, 
homogenous, isotropic, hydrated material. In the analysis 
we first used the material constants from Frank et al., 
(1987a; 1987b).  After that, we fitted values of the mate-

rial constants to experimental data by employing our 
numerical solutions. The results of fitting were given in 
figure 6 and basic fitted parameters were shown in Table 
2. 

Following the approach of Frank et al., 1987a; 
Frank et al., 1987b, the fluid and the solid domain were 
assumed to be incompressible, and the tissue compression 
was taken as a constant. The Young modulus of elasticity 
was E =4.5x103 [N/m2] and Kf = 2.2x109. The average 
peak force was detemined from the ground reaction force  
measured on the force plate (Figures 5 and 6) and solving 
a one-dimensional system of equations (Equation 3). The 
result for cartilage deformation for the average peak force 
of 166 N is presented in Figure 7. 

 
 

 
 
 

Figure 4. 3D capture imaging and the force plate measurements during sportsman’s jumping. 
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             Table 2. Fitted parameters of dynamics system. 
Mass m1 =7 kg m2 = 6 kg m3 = 14 kg m4 = 45 kg  

Stiffness  k1 = 6000 N/m k2 = 5000 N/m k3 = 9000 N/m k4 = 9000 N/m k5 = 16000 N/m 
Damping c1 = 250 kg/s c2 = 600 kg/s c4 = 1700 kg/s   

 
 

 
 

 Figure 5. Force vs time during jumping testing phase. 
 
Discussion 
 
The range of estimated peak force corresponded to some 
previous study for the vertical force inside the human 
knee (Lee et al 2004). The one-dimensional approxima-
tion of the dynamic model in equation 3 seemed to be 
reasonable. The geometrical data for the cartilage model 
were parameterized according to the knee model from the 
literature (Fernandez and Pandy 2006). The initial results 
for cartilage deformation were also in the range of some 
previous computational study (Bei and Fregly 2004). This 
was determined to be a good starting point for noninva-
sive determination of the cartilage stress and deformation 
as well as other parts of the knee model. 
 

 

 
 
 

Figure 6. Fitting of dynamics parameters for the ground 
contact force Fg (see Eq.3). 

 
Conclusion 
 
We have presented a combined image processing tracking 
algorithm for measurement of kinematics and dynamics 
of jumping on a force plate. A simplified algorithm of the 
spring-damper-mass model for determination of force and 

moment on the cartilage inside the knee was developed. 
Three dimensional finite element calculation of cartilage 
deformation during knee motion was implemented.  
 

 

 
 
 

Figure 7. Cartilage deformation for a peak force = 166 N 
during jumping on the force plate. The units in the palette 
color for deformation are “cm”. 
 

These experimental and computational techniques 
could be a good platform for future athlete testing. By 
using this methodology coaches may effectively evaluate 
athletic performance under various competitive conditions 
and possibly avoid sports injuries during training. A next 
step would be to include the neuromuscular control of 
human jumping. Also we might consider the causal 
mechanism of jumper’s knee in sport and possible risk 
factors in order to better understand them.  
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Key points 
 
• Even there are many existing mathematical models 

of force distribution during running or jumping (Liu 
et al, 1998), to our knowledge there is no interdisci-
plinary approach where imaging processing, finite 
element modeling and experimental force plate sys-
tem are employed.  

• The aim is to explore noninvasive deformation in 
the knee cartilage during athlete’s jumping on the 
force plate.  

• An original image algorithms and software were 
developed as well as complex mathematical models 
using high-performance computational power of fi-
nite element modeling together with one-
dimensional dynamics model.  

• The initial results showed cartilage deformation in 
the knee and future research will be focused on the 
methodology and more precisely determination of 
the stress and strain distribution in the knee cartilage 
during training phase of sportsman. 
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