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SUMMARY 
Patella maltracking, a common problem, is mainly 
influenced by the muscle force distribution of the quadrizeps 
components. Therefore, this in-vitro study investigates the 
effect of asymmetric muscle loading on the motion of the 
human patella. Additionally, the relations of patella motion 
to tibiofemoral motion and the movement of the center of 
pressure (COP) in the patellofemoral joint are examined.  
Knee flexion was simulated on seven human cadaver knees 
using a dynamic knee simulator. With this apparatus, almost 
physiologic muscle forces can be applied during the flexion 
movement. Three different force distributions of the 
quadrizeps components are simulated – a symmetric, central 
loading, a mainly lateral and a mainly medial load 
distribution. The motion of patella, femur and tibia is 
measured and the relative motions of all three bones are 
calculated. The movement of the COP is determined from 
the measured patellofemoral pressure distribution. 
While a significant influence of different muscle loadings 
could be seen for patella tilt (around a proximodistal axis) 
and patella rotation (around an anteroposterior axis) with 
respect to the femur, only a marginal effect on the 
mediolateral shift of the patella was detected. The most 
pronounced effect was found for the mediolateral movement 
of the COP. 
 
INTRODUCTION 
Patella maltracking is a common problem in patients with 
patellofemoral pain. In addition to the patellofemoral joint 
geometry, the tracking pattern of the human patella is mainly 
influenced by the muscle force distribution of the quadrizeps 
components [1]. 
The effect of different quadrizeps loadings has already been 
investigated in-vitro [2-5]. Regarding former in-vitro studies, 
only constant muscle forces have been simulated over the 
whole flexion range. In contrast, the experimental setup used 
for the presented study is able to simulate almost physiologic 
force curves.  
The knee joint is assembled by three bones which form two 
part joints, the tibiofemoral and the patellofemoral joint. The 
relation of motion of these two joints has been shown before 
[6] and the influence of asymmetric muscle loading on this 
coupled joint motion is an interesting topic. Furthermore, it 
is known that patella maltracking is often combined with a 
modified patellofemoral pressure distribution. This relation 
has also been proven in-vitro [7]. Therefore, the presented 
study investigates the motion of the human patella with 
special regard to its relations to tibiofemoral motion and the 

patellofemoral pressure or the movement of the COP in the 
patellofemoral joint, respectively. To give complete insight 
into the relative motion of the three contributed bones, the 
patellofemoral motion is described with respect to the femur 
as well as the tibia.       
 
METHODS 
Seven fresh-frozen human cadaveric knee specimens were 
tested in a dynamic knee simulator [8]. During the simulated 
knee flexion movement, forces are applied to five major 
knee muscles using servo motors. While the forces at the 
hamstrings (m. biceps femoris, m. semimembranosus) are 
kept constant at 20N, the quadrizeps forces (m. rectus 
femoris – RF, m. vastus lateralis – VL, m. vastus medialis – 
VM) are regulated to guarantee a constant vertical force of 
50N in the ankle bearing. For the distribution of the 
quadrizeps force on its components, three different 
conditions were measured: 1, equal force distribution (VL: 
33%, RF: 34%, VM: 33%), 2, mainly lateral loading, (VL: 
67%, RF: 33%, VM: 0%) and 3, mainly medial loading (VL: 
0%, RF: 33%, VM: 67%).  
During the flexion movement, the motions of tibia, femur 
and patella were measured using an ultrasonic motion 
capture system (ZEBRIS). With the help of additional 
reference measurements, coordinate systems were 
determined according to anatomical landmarks of the bones 
and the relative motions were calculated. Thus, the motion of 
the patella with respect to the femur and the tibia, as well as 
the motion of the tibia with respect to the femur are 
determined. In addition to the kinematics, the patellofemoral 
pressure distribution was recorded by means of pressure 
sensor foils (TEKSCAN) and the movement of the COP was 
calculated over the whole flexion range. 
To compare the three simulated muscle conditions, a 
repeated measurement analysis of variance (ANOVA) was 
carried out at a confidence level of 95% using MATLAB.   
  
RESULTS AND DISCUSSION 
The main influence of asymmetric muscle loading on the 
movement of the patella is expected for the translation in 
mediolateral (ML) direction (patella shift) as well as for the 
rotations around the anteroposterior (AP) axis (patella 
rotation) and the proximodistal (PD) axis (patella tilt). The 
results for the patella motion with respect to the femur are 
depicted in figure 1. Interestingly, there is only a marginal 
effect of the different muscle conditions on the ML shift oft 
the patella. On the contrary, a significant influence was 
found for patella rotation and patella tilt. The results for the  



 

 
Figure 1: Patella shift, rotation and tilt with respect to the 

femur for different quadrizeps force distributions. 
 
patella motion with respect to the tibia are similar, except for 
the patella tilt, where no significant difference could be 
found. An explanation can be given regarding tibiofemoral 
motion. As there is a significant rotation of the tibia with 
respect to the femur around its PD axis as well, it seems that 
tibia and patella are influenced in the same manner and move 
together which means that there is no relative motion 
between them. Considering the relative rotations of the three 
bones around their AP-axes, the situation is more 
complicated. Mainly lateral muscle loading leads to 
increased varus rotation of the patella with respect to the 
femur (basis patellae turns medially), see figure 1.  

 
Figure 2: Movement of the center of pressure (COP) in 
mediolateral direction for different quadrizeps loading. 

This indicates that the resulting force vector of the 
quadrizeps muscles passes the defined rotation center (origin 
of the patella coordinate system) laterodistally. The 
increased varus rotation of the patella is accompanied by an 
increased valgus rotation of tibia (tibial head turns laterally) 
which seems plausible as the tibia is connected to the apex 
patellae (via the patella tendon) which also turns laterally 
(opposed to the basis patellae) in case of mainly lateral 
muscle loading. 
The most pronounced influence of asymmetric muscle 
loading has been found for the mediolateral movement of the 
COP of the patella [9], see figure 2. With regard to the 
results for patella motion, this movement is not caused by 
the mediolateral shift of the patella, but by patella tilt and 
rotation.  
Our findings concerning patella shift are only partly in 
accordance with other studies that examined asymmetric 
force distribution. In contrast to our study, other authors 
described a significant shift over the whole flexion range 
[3,5]. On the other hand, Sakai et al [4] could only found a 
significant influence for the first 15° degrees of flexion, 
which is no contradiction to our study which started at 20° of 
flexion. For patella tilt and rotation, all studies show the 
same tendencies, although the results are not always 
significant. 
  
CONCLUSIONS 
The influence of asymmetric muscle loading on the motion 
of the human patella was analyzed in-vitro using an upright, 
dynamic knee simulator which is able to apply almost 
physiologic force curves for the quadrizeps muscle during 
the flexion movement. Significant effects have been shown 
for patella rotation and patella tilt with respect to the femur, 
while patella shift in mediolateral direction is only 
marginally influenced. Additional regard to tibiofemoral 
motion yields a good understanding of the biomechanics of 
the patella and the whole knee joint. The most pronounced 
effect of asymmetric muscle loading has been shown for the 
movement of the COP which seems to be caused mainly by 
the rotational motion of the patella. 
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