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Abstract
Background: Since controversial results on the location of the 

centre of rotation in the native human knee joint exist, it is still unclear 
how the design of a total knee replacement should be in order to 
retain patients’ knee joint movement after Total knee Arthroplasty. 
Therefore, the aim of the present study was to determine individual 
native tibiofemoral joint kinematics as well as the centre of rotation and 
to investigate the influence of a total knee implant with a proposed 
lateral centre of rotation on the knee kinematics. 

Materials and methods: The rotational and translational 
tibiofemoral joint kinematics of 9 cadaveric knees were captured 
under simulated muscle loads between 10° and 60° of flexion in a 
closed kinematic chain experiment. The entire foot and ankle complex 
was kept intact in order to maintain more realistic experimental 
conditions. The individual kinematics of the native joint condition were 
studied and compared to those after Total Knee Arthoplatsy. 

Results: The rotational and translational kinematics showed 
quite a large variance, which can be explained with the individual 
anatomy. A medial centre of rotation was found in 8 specimens in 
the native joint, just one showed a lateral centre of rotation. After 
Total Knee Arthroplasty the centre of rotation changed to the lateral 
compartment in 5 specimens. Small differences were identified in the 
rotational kinematics between both experimental conditions, whereas 
the translation on both compartments and the centre of rotation 
showed greater changes.

Conclusions: The investigated Total Knee Arthroplasty design had 
the ability to restore the individual joint kinematics, although the centre 
of rotation altered.

Introduction 
The goal of a Total Knee Arthroplasty (TKA) is to relieve pain 

and ideally to regain the individual tibiofemoral joint kinematics. 
However, patients’ satisfaction after TKA ranges between 70% and 
90% [1-3], which might be associated with the different available 
implant designs and thus, in turn, with ongoing discussion on the 
kinematics of the native human tibiofemoral joint [4-6]. In addition 
to cruciate substituting, cruciate retaining, mobile or fixed bearing 
designs, differentiation with regards to the location of the pivot, or 
more precisely with the centre of rotation (COR) of the knee joint, 
has to be taken into account. Knee implants with a medial COR 

design as well as implants with a lateral one can be found in several 
studies [7-11]. The presence of the COR in the medial compartment 
was explained by the high congruence of the femoral epicondyle 
with the concave medial tibia surface and has been accepted for 
years [12-14], whereas more recent studies obtained controversial 
results. During walking and dynamic activities a COR on the lateral 
compartment was found [15-17], while during squats and kneeling 
a COR on the medial side was described [18-20]. In contrast to 
this activity dependent motion pattern, it was found that the COR 
could be medial or lateral, depending not on the activity but on the 
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Figure 1: Knee joint loading simulator and specimen preparation. (A) The 
vertical moving sliding bar (1) with a rotatable plate (2) and five pneumatic 
cylinders (3) which simulated different muscle forces. (B) A polyester band 
(4) was fixed to the tibia via a casing clamp (5). A metal block assured the 
correct positioning to the patella. (C) The forefoot was fixed to a defined and 
non - modifiable wood plate.
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individual person [21]. 

An experimental investigation on the effect of a TKA with a 
lateral COR on the tibiofemoral joint kinematics and on the COR 
itself is still missing from the literature. Since these effects cannot be 
well studied in vivo, cadaveric studies have to be performed under 
simulated loading conditions. Varadarajan et al. showed that the 
captured kinematics in those experiments is comparable to those 
of in vivo studies [22]. The authors’ demand for more physiological 
constraints has not been met to date, since in most experimental 
setups a simple mechanical joint replaces the ankle joint. Therefore, 
the aims of the present study were to determine (i) the individual 
native tibiofemoral joint kinematics including the COR and (ii) 
whether a total knee implant with a proposed lateral COR has the 
ability to restore the individual knee joint motion pattern. 

Materials and Methods 
Dynamic squats driven by simulated muscle forces were carried 

out in a custom - made knee joint loading simulator (Figure 1A). The 
kinematics of the intact native tibiofemoral joint (NJ condition) as 
well as it’s COR were determined as a reference condition. During 
the experiments a Total Knee Arthroplasty using an implant with a 
lateral COR (TKA condition) was conducted to successively study 
the influences on the rotational and translational tibiofemoral joint 
kinematics. The Ethics Committee of the German Sport University 
approved the study. The specimens were provided by the Anatomical 
Institute I, University of Erlangen, Germany and written informed 
consents of the donors were given for use of this sample in medical 
research. 

Specimen preparation and mounting 

Nine fresh frozen cadaver knees (7 left, 2 right; 1 pair, 7 single; 8 
female, 1 male) with a mean age at the time of death of 75 years (range 
64-91) were used in this investigation. All specimens had intact 
ligaments without great laxity or evidence of prior surgeries. Several 
joints showed different grades of osteoarthritis. The alignments of the 

extended joints were determined in a static upright reference position 
using a goniometer and characterized as neutral according to the 
recommendations of Kamath [23]. 

The thighs were amputated 300 mm above the knee joint lines, 
whereas the foot and ankle complexes were kept intact to restore the 
native individual tibia anatomy and thus the kinematics in the closed 
kinematic chain. In order to simulate the entire quadriceps muscle, 
a 15 mm wide polyester band was used. Therefore, an incision from 
50 mm above the patella to approximately 30 mm below the tibial 
tuberosity was done to set a casing clamp near the tibial insertion of 
the patella ligament as a support for the polyester band (Figure 1B). 
This was centrally aligned to the tibial tuberosity, centre-fixed onto 
the patella and passed through on top of the rectus femoris muscle 
to the proximal end of the thigh. The skin in front of the knee was 
closed using sutures. An aluminium tube was fixed to the proximal 
end of the femur to create a connection to the sliding bar of the knee 
joint loading simulator, which is described in detail in a later section. 

After this preparation, the specimens were mounted into the 
simulator and the forefoot was fixed to a wood plate using two screws 
(Figure 1C). This plate remained fixed at the foot to ensure the same 
positioning of the specimen in the simulator after the TKA. After 
capturing the NJ condition the specimens were dismounted for the 
preparation of the TKA. 

An ACL sacrificing arthroplasty using the 3D Knee system 
(DJO Surgical, Austin, USA) without the retropatellar component 
was performed by an experienced senior orthopaedic surgeon 
according to the manufacturer’s protocol. The knee joint was opened 
by a medial parapatellar arthrotomy. Intramedullary alignment 
devices were used to align the femoral components. The posterior 
aspects of the femoral epicondyles and the epicondylar axis were 
taken as reference points for proper positioning. Extramedullary 
instrumentation ensured positioning of the tibial components with 
a posterior slope approximating the native tibia. The posterior 
cruciate ligament was retained in all investigated specimens. After 
implantation the alignment of the components was checked through 
digital radiographs and a full range of motion tests were performed. 
The arthrotomy was closed and the specimen was mounted into the 
knee joint loading simulator, restoring it to the same position as in 
the earlier experiments. 

Knee joint loading simulator 

The aluminium tube with the femur was attached to the ball joint 
and fixed at a rotatable plate on the upper sliding bar of the simulator 
permitting six degrees-of-freedom positioning. The vertical motion of 
the sliding bar was guided by a large pneumatic cylinder that produced 
extension - flexion cycles of the knee joint. Five pneumatic pressure 
cylinders (ADN, Festo, Esslingen, Germany) applied controlled forces 
to the muscles and guided the squats via the up and down motion 
of the sliding bar (Figure 1A). The polyester band was connected to 
the frontal pneumatic cylinder via a rope and assigned a static force 
of 500 N to the patella. A belt was strapped around the tissue of the 
thigh and connected to another four pneumatic cylinders, which 
applied forces between 80 N and 150 N to the muscles to counteract 
gravitational forces. The wooden plate with the foot was aligned on 
the bottom of the simulator so that the ankle joint was positioned 

Figure 2: Individual tibial rotation of all nine intact native knee joints over a 
flexion range between 10° and 60°.
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below the artificial hip joint of the simulator. 

Three custom made metal blocks (Figure 1B) were fixed to the 
tibia, the patella and the tube of the femur using small screws. These 
blocks carried rotational invariant arrays instrumented with three 
retro - reflective markers used to capture the relative 3D motion of 
the bones. Six infrared cameras (Nexus 1.5, Vicon Motion System, 
Oxford, UK) operating at 100 Hz were used. The following pre 
- determined anatomical reference points were captured for the 
construction of the femur and tibia coordinate systems: the most 
prominent points of the medial and lateral femoral epicondyles, the 
centre point of the ball joint at the proximal femur, and the most 
medial and lateral point of the tibia plateau as well as the medial 
and lateral malleolus. Twenty squats with a constant speed and over 
a predefined range of motion between 10° and 60° of flexion were 
captured for each experimental condition. 

Data processing 

The data processing and calculations of joint motion were done 
using MATLAB (Version 7.8, The MathWorks Inc., Natick, USA). 
A recursive fourth order digital Butterworth filter with a cut off 
frequency of 25 Hz was applied for the marker coordinates. Joint 
kinematics was calculated using a two segment three-dimensional 
model of the lower extremity. The transepicondylar axis of the femur 
was constructed using the most prominent points of the femoral 
epicondyles. The equations representing this axis in the coordinate 
system of the tibia were used to calculate the average COR by solving 
the least - squares system of equations similar to the method described 
by Banks and Hodge [24]. Rotational and translational kinematics as 
well as the COR were calculated for each squat and averaged over the 
captured cycles. 

Results 
The individual rotational kinematics of all nine investigated 

specimens revealed a great variance with regards to the direction 

of rotation and in the amplitude (Figure 2). Most of the knee joints 
showed slight tibial rotations relative to the femurs, from 10° to 60° of 
flexion. Only three joints had greater internal rotations of the tibiae 
at 60° of flexion, with a gradual increase from the extended joint. 
Interestingly, the knee joints of one donor (SP3 and SP4) showed 
external rotations of up to -6° during the flexion cycle. 

In order to have a better comparison of the tibial rotation between 
the different experimental conditions, three cases (SP1,SP3,SP6) were 
chosen as representative examples of all the investigated specimens. 
In general, total knee replacement did not change the rotational 
tibiofemoral kinematic pattern in comparison to the native condition 
(Figure 3). The differences due to the TKA varied between the 
investigated specimens, although the overall trend was consistent. 

Small differences were found between 10° and 30° of flexion for 
SP1, whereas greater changes were revealed in the range up to 60° 
resulting in a difference of 3°. As shown in Figure 3, the impact of the 
TKA was higher in the flexion range between 10° and 30° for the other 
two specimens. The difference became smaller with increasing flexion 
angle, leading to almost the same tibial rotation angle at 60° of flexion. 

As with the rotational kinematics, a high variance was also found 
for the translations (Table 1). During the extension - flexion cycles 
the anterior - posterior translation of the medial epicondyle was in a 
range between 3 mm and 9 mm in the NJ condition. The translation 
of the lateral epicondyle ranged from 4 mm to 20 mm in the same 
experimental condition. 

In comparison to the NJ condition, greater translations of up to 
6 mm were found for the medial epicondyle in the TKA condition, 
except in one specimen. Four of the nine specimens revealed 
decreased femoral translation between 2 mm and 12 mm on the lateral 
side compared to the NJ condition. An increased lateral translation of 
between 3 mm and 8 mm was found in three knee joints, whereas two 
did not show any translational changes. 

The calculated COR was found on the medial side of the tibia 
plateau in eight specimens in the intact native joint condition (Table 
1 and Figure 4). Just one knee joint showed a lateral COR. In seven 
cases the centre was outside of the tibia plateau. A lateral COR was 

Figure 3: Rotational kinematic pattern of three representative knee joints 
under different experimental conditions. The solid line represents the native 
joint (NJ) and the dotted line delineates the tibial rotation after the Total Knee 
Arthroplasty (TKA).

Table 1: Translation of the medial and lateral femoral epicondyle on the 
tibiaplateau and the corresponding calculated COR for both experimental 
conditions. A change of the COR between the different conditions is indicated 
by *. All translations are given in millimetres (mm).

Native Joint TKA

Specimen Medial Lateral COR Medial Lateral COR

SP 1* 6 6 medial 7 4 lateral

SP 2* 5 5 medial 10 8 lateral

SP 3 3 8 medial 7 10 medial

SP 4* 9 11 medial 2 5 medial

SP 5* 5 15 medial 6 3 lateral

SP 6 8 20 medial 10 20 medial

SP 7* 5 7 medial 5 3 lateral

SP 8 4 10 medial 10 10 medial

SP 9 6 4 lateral 10 7 lateral
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found in five cases for the TKA condition (Table 1 and Figure 5). 
Interestingly, both knee joints performing an external rotation of the 
tibia during flexion as well as two joints with a large translation in the 
NJ condition remained with a medial COR. 

Discussion 
The chosen approach in the present study represents the first direct 

measurement of three dimensional tibiofemoral joint kinematics to 
successively investigate the effects of a TKA with a proposed lateral 
COR on rotational and translational knee joint kinematics as well as 
on the COR in comparison to the native condition. The demand for 
more physiological experimental conditions [22] in cadaveric studies 
was met by including the individual anatomy of the ankle joint in 
a closed kinematic chain experiment. Therefore, presentation of the 
individual data was chosen instead of averaged motion patterns. 

The rotational as well as translational kinematics showed quite a 
large variance, which is related to individual anatomy, but in a range 
comparable to other investigations [25-28]. The external rotation 
of the tibia during flexion seen in both knee joints of one donor 
might be unusual but has also been described in other cadaveric 
studies [29,30]. It was stated that the reason for this was unclear, but 
a relation to inter-specimen variability was proposed. Since it was 
found in both joints of the same donor in the present study, some 
kind of special kinematic phenotype might be a plausible description. 
This consideration is related to the fact that, indeed, small alterations 
in comparison to the native joint were found, but the basic rotation 
pattern with an external rotation of the tibia also still remained after 
TKA. 

The rotational kinematics after Total Knee Arthroplasty showed 
almost the same pattern compared to the native joint conditions, only 
with small offsets. The used implant, with more conformity in the 
lateral compartment and the ability to allow greater anterior-posterior 
translation on the medial side reproduced the rotational kinematics, 
although the COR switched from the medial compartment to the 
lateral one in five investigated specimens. However, a medial COR 
was observed in four specimens, which is in contrast to the expected 
results; but this might be related to the unusual kinematics shown in 
the NJ condition. On the one hand there might be a relation between 
the medial COR and the external rotation of the tibia during flexion 
(SP3 and SP4); on the other hand, to the large translation of the lateral 
knee joint compartment (SP6 and SP8). External rotation of the tibia 
seems to be favoured due to the configuration of the medial side of the 
implant. In addition to this proper axial rotation a large translation 
even on the lateral compartment seems possible if needed, which 
is related to the asymmetric femoral component having a constant 
sagittal radius. This allows a rollback of the femoral condyle in both 
compartments due to the decreasing articular constraint at higher 
flexion angles [31]. 

A COR on the medial side of the native human knee joint, as it 
has been found in other cadaveric studies [26,32], can be supported 
by the results of the NJ condition, but an activity dependency found 
in in vivo studies [15,19,20] should be taken into account. The 
experimental setup of Barnes et al. is not comparable to the approach 
in this study since they used an open kinematic chain [32]. We believe 
that the COR is strongly related to the loading of the knee joint. 
During squats a medial COR is given due to the greater congruence of 
the medial compartment resulting from a more adducted knee joint. 
In contrast to this, the ambulatory load is generally higher leading to 

Figure 4: Virtual model of an intact native knee joint showing the orientation 
of the transepiconylar axis on the tibia plateau at different flexion angles and 
the calculated centre of rotation (COR) on the medial side.

Figure 5: Virtual model using the inlay of the 3D Knee (DJO Surgical, Austin, 
USA). The centre of rotation was located on the lateral side in five specimens.
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more compression and thus to greater friction, keeping the COR in 
the lateral compartment. 

Several limitations of the present study should be mentioned. 
Using a polyester band to simulate the quadriceps tendon can be seen 
as a limitation of this study. This approach was chosen in order to have 
stable force conditions and therefore more comparable experiments. 
We tried to minimize this error by having the same experienced senior 
orthopaedic surgeon for the preparation. Furthermore, the amount of 
simulated muscle force was not as high as in in vivo squats in order 
to prevent damage to the specimen. Nevertheless, the comparisons of 
the kinematics are valid and comparable to movements with higher 
forces, as it has been shown that increased muscle forces do not have 
an impact on knee joint kinematics [33]. Further limitations might 
be present in the fact that the squat started at 10° of flexion; thus, the 
kinematic information near full extension is missing. This was done 
in order to prevent hyperextension of the joints, since the force of the 
hamstrings was too low to counteract the quadriceps force. A realistic 
simulation of the interaction between agonist and antagonist is not 
possible in such experiments, since it is not likely to determine their 
individual force or activation. However, EMG studies showed that 
the determined hamstring forces during squatting are relatively low, 
so this might not have a great influence on our results [34,35]. 

To conclude our first aim we can state that rotational tibial 
kinematics might not only be related to the shapes of the articulating 
surfaces of the knee or the ligamentous and soft tissue constraints 
but also to the distal part of the tibia. Since the intact ankle joint, 
as the last part of the kinematic chain in this experiment, can 
influence the rotation of the tibia, the presented kinematic pattern 
might be a coupling of the different factors leading to each individual 
motion pattern. The second aim was achieved by showing that the 
investigated TKA revealed great accordance in its axial rotation 
compared to the native joint; even the COR changed its location. 
The chosen design of the implant allows a rollback of the femoral 
condyle in both compartments, resulting in the ability to reproduce 
the motion pattern of the native human knee joint. 

The obtained results should be integrated into the future 
development process of knee implants as well as into the knee joint 
diagnostics prior to TKA. It is of great importance that the design of the 
implant is asymmetric, similar to the shape of the native tibiofemoral 
joint and thus permits the individual movement of the COR. Due to 
the unconstrained movement and its associated lower friction forces 
the durability of knee implant might be extended. Furthermore, 
functional diagnostics prior to TKA should be standardized in order 
to know the individual kinematics. This might help to achieve a better 
functional outcome, in the best instance a one - to - one copy of the 
native kinematics.
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