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INTRODUCTION 

Knee kinematics are complex and intriguing and have been 

studied extensively. The currently most widely accepted 

model essentially describes the knee as a joint with two 

degrees of freedom [1]. One degree of freedom is the 

rotation of the tibia with respect to the femur around a 

flexion axis passing through the centers of the medial and 

lateral posterior femoral condyles. The other degree of 

freedom is rotation of the tibia around an axis parallel to its 

own long axis and passing through the medial femoral 

condyle center. As a result, the center of the femoral medial 

condyle is a fixed point and does not move, while the lateral 

center of the femoral condyle moves posteriorly with 

increasing flexion. 

 

This description is of course an approximation and was 

derived based on a limited number of specimens and 

subjects and only taking into account two loading 

conditions. In reality, it is well known that the motion of the 

human knee is not compulsory but moves within an 

envelope of motion. The flexion axis of the knee for 

example more or less coincides with a medio-lateral axis in 

the distal femur, but it is certainly not a fixed axis. Some 

authors believe it is closer to a line connecting the medial 

and lateral epicondyles, instead of the line connecting the 

centers of the posterior femoral condyles [2]. 

 

These differences in description can be attributed to 

anatomical differences, differences in muscle loads and co-

contractions, loads, and mechanical constraints imposed on 

the joint during experiments to investigate knee kinematics. 

Also, the mathematical model used for describing knee 

kinematics will influence the results.  

 

The aim of this study was to isolate the impact of muscular 

action on knee kinematics by keeping all other variables 

constant. In vitro knee kinematics are described in passive 

conditions, with variable quadriceps loads, with and without 

hamstrings loads on the medial and on the lateral side.  

 

 

METHODS 

A comparative kinematics study was conducted on six 

cadaveric fresh frozen full legs [3, 4], comparing tibio-

femoral kinematics in five conditions: unloaded, under a 

constant 130 N ankle load with a variable quadriceps load, 

with and without a simultaneous constant 50 N medial and 

lateral hamstrings load.  

 

Optical reflective markers were rigidly attached to the 

femur, tibia, and patella of the specimens. Volumetric CT 

scans were performed on the disarticulated specimens. 3D 

models were derived for femur and tibia and the relevant 

anatomic landmarks and axes were located.  

 

Prior to the experiment, the specimens were thawed and 

mounted on the knee kinematics rig (Figure 1), which was 

designed to simulate and record motions and loads during 

squatting. The quadriceps tendon was dissected and securely 

fixed to a motor simulating the quadriceps. The biceps 

femoris,  semimembranosus and semitendinosus tendons 

were dissected and attached to two constant force springs, 

(50N ± 5N each), simulating the lateral and medial 

hamstring muscle load. 

 

 
Figure 1: Set-up of the cadaver experiment with the knee 

kinematics rig. 

 

Passive motion was performed first, after attaching the 

femoral container to the free rotating ‘‘hip’’ of the rig. 

Specimens were cycled manually five times from full 

extension to maximum flexion, without applying any muscle 

loads. The specimen was then attached to the ‘‘ankle’’ of the 

rig. Testing was performed at constant speed with a constant 

vertical ankle load of 130 N from about 25° to 120° flexion. 

Quadriceps loaded simulated squats were recorded without 

hamstrings loads, and with sequential loading of the medial 



and lateral hamstrings separately. These conditions were 

obtained by releasing or attaching the hamstrings sutures to 

the constant force springs. Five calibrated infrared cameras 

recorded the motion of femur and tibia through the rigidly 

attached optical reflective markers. 

 

Kinematics were described as translation of the projected 

centers of the medial and lateral femoral condyles in the 

horizontal plane of the tibia. The optimal flexion axis of the 

knee was also determined, based on the circle which best 

described the motion of the markers fixed to the tibia. An 

algorithm described in [5] was implemented in Matlab for 

this analysis. The orientation of the optimal flexion axis 

with respect to the line between the centers of the femoral 

condyles was determined for all load cases. 

 

 

RESULTS AND DISCUSSION 

Figure 2 shows the anteroposterior translations of the medial 

and lateral condyle onto the tibial surface in 10° flexion 

increments. These results have been earlier described and 

discussed in detail in [4]. Nevertheless, it is clearly visible 

that knee kinematics depends heavily on the exact loading 

conditions and that the medial femoral condyle center is not 

as stable as previously described by Freeman et al. [1]. 

Although the tibia axially rotates around a point close to the 

medial condyle center, it can rotate both internally and 

externally, depending on the load condition. 

 

Despite these differences, the optimal flexion axis was in all 

loaded motions always quite close to the axis defined by the 

centers of the medial and lateral femoral condyles (Table 1). 

The angle between the two being consistently smaller than 

3° only. The optimal flexion axis in passive conditions, 

however, was clearly and significantly different from this 

anatomical axis and from the other optimal flexion axes. 

 

Table 1: Orientation of the optimal flexion axis with respect 

to the axis joining medial and lateral femoral condyle 

centers 

Average StDev

Passive 7.3 1.5

Quadriceps only 2.9 1.4

Quadriceps + Med hamstrings 2.5 1.2

Quadriceps + Lat hamstrings 1.8 1

Quadriceps + both hamstrings 2.4 0.7

Angle [°]

 

 
Figure 2: Antero-posterior translation of the femoral 

condylar centers during squatting for the native knee joints 

in several loading conditions. 

 

 

CONCLUSIONS 

Muscle action significantly changes knee kinematics. 

Significant differences are shown between the passive 

condition and all loaded conditions, and between the loaded 

condition with quadriceps only and loaded condition with 

quadriceps+both hamstrings or quadriceps+lateral 

hamstrings. Adding or removing medial hamstrings action 

does not induce significant kinematic changes. 

 

The optimal flexion axis as determined based on [5] is 

always close to the anatomically determined axis, apart from 

the case without muscle load. 
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