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Abstract
Purpose  Total knee arthroplasty (TKA) leaves 11–25% of the patients unsatisfied, and patellofemoral joint pain is one cause. 
This study aimed to compare the differences between kinematics and load transfer in the same knee with axial internal/
external rotation of the femoral component (CoRo) versus a separate axial internal/external trochlear groove rotation (TrRo) 
which is included in the TKA trochlea design.
Methods  A validated weight-bearing finite element model with modifications of the TKA axial femoral component rotation 
(CoRo) and a modified trochlear rotation (TrRo) was calculated and analysed.
Results  Compared to the neutrally implanted TKA at 105° of flexion, a 6° external rotation of the trochlear groove reduced 
the retropatellar stress by 7%, whereas a 3° internal trochlear groove rotation increased the retropatellar stress by 7%. With 
femoral component rotation, the tibia inlay stress of 6.7 MPa at 60° of flexion was two times higher both with a 3° internal 
component rotation and a 6° external rotation.
Conclusion  These results demonstrate in the tested TKA design that a trochlear groove rotation can reduce retropatellar 
stress. Additionally, during the TKA operation, the surgeon should be aware of the significant influence of axial femoral 
component rotation on mechanical inlay stress during flexion and of the fact that even small changes in the patellofemoral 
joint may influence the tibiofemoral joint. These results support that an external rotation of the femoral component should 
be preferred in TKA to avoid anterior knee pain. Furthermore, new developed TKA designs should integrate an externally 
rotated trochlea groove.
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Introduction

Total knee arthroplasty (TKA) leaves 11%–25% of patients 
unsatisfied [3, 14, 43, 45]. Pain in the patellofemoral joint 
is a possible consequence of the new loading and kinematic 
conditions after TKA [45]. In an uninjured knee, the trochlea 
is the guide rail for the patella, capturing the patella starting 
at 30° of flexion [1]. TKA changes the relevant kinematics 
and forces, especially for the retropatellar joint, resulting in 

complications as observed in various studies [9, 19, 29, 32, 
36, 39, 50, 51].

Regarding the intraoperative positioning of TKA compo-
nents, certain studies have shown that an external rotation 
of the femoral component obtains a more natural kinematic 
state with less retropatellar pressure [5, 18, 49]. Moreover, 
clinical observations have demonstrated that the internal 
rotation of the femoral component may be responsible for 
the patellofemoral pain syndrome [11, 13, 42]. These data 
have motivated most TKA manufacturers and orthopaedic 
surgeons to recommend a slight external rotation of the 
femoral component for most TKA systems.

The knee is not a simple hinged joint. Rather, it contains 
three distinct articulations: the patellofemoral, medial and 
lateral tibiofemoral joints. Therefore, it is evident that chang-
ing the axial rotational alignment of the femoral component 
influences all parts of the knee including both tibiofemoral 
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compartments and the patellofemoral joint. The patellofemo-
ral kinematics, due to external rotation of the femoral com-
ponent, display a more lateral shift [5, 6, 39, 46] and a more 
lateral tilt [6, 39, 40] compared to a neutral alignment. The 
tibiofemoral kinematics after external rotation of the femoral 
component produces more external rotation of the tibia with 
respect to the femur in case of deep flexion because of the 
changed flexion gap, which causes the knee to move in a 
more varus orientation [39, 40]. Consequently, a knee with a 
rotated flexion gap exerts different tensions on its associated 
ligaments. Particularly, an external component rotation due 
to a more varus position in flexion generates more tension 
in the lateral collateral ligament (LCL) and less tension in 
the medial collateral ligament (MCL) [20]; an internal rota-
tion of the femoral component has likewise been shown to 
produce more laxity in the lateral compartment [5]. These 
changed kinematics and loading conditions may influence 
wear patterns and thus perhaps the long-term outcome of a 
TKA intervention.

Generally, surgeons and engineers attempt to replicate 
the body’s native kinematics with correct implant positions 
or new implant designs. However, changing the femoral 
component rotation during the operation precludes full kin-
ematic restoration in the knee’s components, including the 
medial and lateral tibiofemoral joint and the patellofemoral 
joint. The interconnected relationships among these joint 
partners are not completely understood [39] although one 
experimental study demonstrated a new implant design that 
externally rotated only the trochlea and, therefore, only the 
patellofemoral joint reduced the retropatellar pressure [49]. 
However, questions regarding how the trochlear groove rota-
tion in the TKA design may influence the kinematics, load-
ing, and ligament forces compared to intraoperative external 
component rotation within the same knee have not yet been 
thoroughly addressed. An improved understanding of the 
relationship between the patellofemoral and tibiofemoral 
joint would contribute significant insights for new implant 
designs and optimized implant positions.

Various TKA designs, interindividual knee kinematics, 
and complex measuring methods make in vivo investiga-
tions difficult. Therefore, researchers have developed in vitro 
tests that attempt to replicate the in vivo environment. For 
instance, there are knee rig arrangements for human speci-
men testing that have been shown to produce reliable experi-
mental results which are at least partially transferable to the 
patient [52]. However, these experimental test rigs are of 
limited use because of the decomposition of the cadaver 
knees and because different TKA positions require different 
bone cutting approaches during implantation. To address 
these limitations, in silico models have shown distinct 
advantages and have also been proven to generate reliable 
results when experimentally validated [7, 8, 10, 15–17, 22, 
26, 27, 30, 33, 44, 58].

Various TKA implant designs exist, and surgeons 
regionally choose implants based on their personal pref-
erence. In Germany, the most commonly used implant 
design in 2016 was the cruciate retaining (CR) design con-
stituting 55.1% followed by the posterior-stabilized (PS) 
design with 16.8% and cruciate sacrificing (CS) design 
with 11.7%. Furthermore, in Germany, the fixed bearing 
type of TKA implants is used in 78.4% of the cases and the 
mobile bearing type is used in 21.6% [24]. TKA implant 
design studies show an influence of the trochlea design 
and, therefore, also in the retropatellar stress especially 
in unresurfaced condition which constitutes 90% of the 
TKA cases in Germany [4, 24, 35, 55]. Due to the various 
influential factors, it is necessary to test design variations 
within one implant design to hold other possible confound-
ers constant.

In this context, a fixed bearing CR TKA design was 
used in this study, and it aimed to compare the differences 
between the kinematics and load transfer in the same knee 
with axial internal/external rotation of the femoral com-
ponent (CoRo) versus a separate trochlear groove rotation 
(TrRo) included in the TKA design. This comparison was 
conducted using a computer model (finite element method). 
The hypothesis was as follows:

1.	 Mechanical stress within the patellofemoral joint is 
lower using external rotation of the trochlea design.

2.	 TrRo has less influence on the tibiofemoral kinematics 
than CoRo.

3.	 The inlay load increases due to either external or internal 
CoRo.

Materials and methods

Based on a previous study, the finite element analysis was 
conducted with the static structural software tool Ansys V14 
(Ansys, Inc., Canonsburg, PA, USA) and the default sparse 
direct solver. This model was validated with an experimental 
weight-bearing knee rig in a former study and, therefore, is 
described here only briefly [56]. A further validation step, 
described in Woiczinski et al., was completed to verify the 
material properties of the TKA components used in this in 
silico model [57].

A reconstructed geometric 3D model of the lower extrem-
ity of a person (age: 28; weight: 80 kg; height: 173 cm) with 
no surgical injuries and no pathologic signs was used for the 
in silico simulation. For all the various simulation models, a 
fixed-bearing total knee prosthesis (Columbus CR, Aesculap 
Orthopaedics, Tuttlingen, Germany) was virtually implanted 
following the manufacturer’s recommendations and under 
the control of an experienced orthopaedic surgeon.
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The ligament structures (LCL; PCLa; PClp; MCLa; 
MCLo; MCLs) of the in silico knee model were simulated 
with linear spring elements (Table 1) [56, 47].

The patellofemoral ( �
1
 ) and tibiofemoral ( �

2
 ) contacts 

were simulated with friction coefficients of �
1
= 0.02 and 

�
2
= 0.05 [21, 34, 37]. For the simulation a coordinate 

system was established in full extension at the distal tibia. 
The Z-axis was pointed to the femoral head and X-axis was 
aligned parallel to the mediolateral transepicondylar axis of 
the femur. The knee was free to move in six DOFs (degrees 
of freedom) [56].

The femur, tibia, patella, and femoral component of the 
implant were rigid bodies; the inlay and patella cartilage 
were deformable bodies.

Muscle forces were simulated with self-programmed 
spring elements to ensure correct force direction during the 
whole flexion cycle. Additionally, a simulation of the quadri-
ceps tendon was developed to simulate the effect of quadri-
ceps wrapping [31]. The knee squat simulation modelled 
flexion of up to 105° within 60 load steps. The force of the 
vastus intermedius and rectus femoris, simulated with one 
linear spring, was adapted with respect to the ground reac-
tion force during the whole flexion. For every single load 
step, the value of the ground reaction force was verified to 
be between 50 and 55 N. If this was not the case, the force 
of vastus intermedius and rectus femoris was adapted till 
the ground reaction force was reached. As the forces of the 
vastus intermedius and rectus femoris were programmed to 
maintain this ground reaction force, they exhibited, in the 
former validation study, values of up to 700 N during deep 
flexion and, therefore, simulated realistic weight-bearing 
conditions [56]. The musculus vastus lateralis and musculus 

vastus medialis were defined with a constant load of 20 N. 
Additionally, the biceps femoris and semitendinosus were 
defined with constant loads of 10 N each.

The following modifications of the axial femoral com-
ponent rotation (CoRo) and the designed trochlear rotation 
(TrRo) were implemented with the CAD software (Catia 
V5R19, Dassault System) and were tested in the same FEA 
(Finite Element Model) knee model. Neutral alignment of 
the original TKA implant was according to the manufac-
turer’s manual in line with the anatomical transepicondylar 
axis. To implement the different axial rotation angles, the 
centre of the implant was defined as the rotation centre, and 
different axial internal/external rotation angles of 3° internal, 
3° external, and 6° external rotation were simulated (Fig. 1) 
and compared to the neutral (0°) alignment. In total, seven 
different finite element models were calculated and analysed 
(Table 2).

The ethics committee of the University of Munich veri-
fied the study design as being in accordance with the inter-
national ethical principles for medical research and approved 
this study (Number 58–16).

To compare the load distribution of the retropatellar and 
tibiofemoral joints, the von Mises stresses of the patella car-
tilage within the inlay were analysed. For the tibiofemoral 
kinematic comparison, the AP movement, tibial rotation, and 
varus/valgus movements were analysed. Patella kinematics 
was analysed with regard to tilt and shift. Moreove, all ten-
sions in the ligaments were considered for all rotation varia-
tions. All results were analysed in flexion increments of 10° 
beginning from 20°. GraphPad Prism 5 (GraphPad Software, 
Inc., La Jolla, USA) was used, and points were fitted with a 
nonlinear fourth-order polynomial.

Table 1   Overview of each 
component’s material 
properties, and the initial strains 
and stiffness of the ligaments

Structure Young’s modulus (MPa) Poisson ratio Density (g/cm3)

Deformable bodies (linear elastic)
Femoral component 217,000 0.3 8.04
Inlay (UHMWPE) 312.5 0.46 0.93
Patella cartilage 5.0 0.46 1.00

Structure Young’s modulus (MPa) Shear modulus (MPa) Poisson ratio

Quadriceps tendon Ex = 4.75 Gxy = 1.18 0.25
Ey = 4.75 Gyz = 45.64 0.022
Ez = 10 Gxz = 45.64 0.022

Structure Initial strain Stiffness (N/mm)

Ligaments (stiffness)
PCLa − 0.10 31.25
PCLp − 0.02 15.0
LCL 0.02 91.3
MCLa 0.02 27.9
MCLo 0.02 21.1
MCLs 0.02 72.2
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Results

For the neutral model, retropatellar stress showed a maxi-
mum of 0.5 MPa at 20° of flexion, and the TrRo did not 
influence the stress until 60° of flexion. After 60° of flexion, 
differences in the retropatellar stress could be recognized. 
The absolute value at 105° of flexion for a 3° internal TrRo 
marked an increased retropatellar stress of 3.2 MPa, and the 
external TrRo reduced this to 2.8 MPa (Fig. 2). An external 
TrRo resulted in lower stress on the patella ridge and higher 
stress on the lateral side of the patella. The TrRo did not alter 
the stress on the inlay during flexion. The neutral femoral 
orientation model showed stresses ranging from 4.5 (20°) 
to 8.9 MPa (105°).

“Appendix 1” presents all tensions in all ligament struc-
tures that accompany the TrRo implementation. All TrRo 
models resulted in similar trends.

The tibiofemoral kinematics of TrRo showed differences 
only in the rotation of the tibia (Fig. 3). The greatest differ-
ences in tibial rotation due to TrRo was found between the 
3° internal TrRo at 60° of flexion, which showed − 2° inter-
nal tibial rotation, compared to the 6° external TrRo, which 
showed 2.5° external tibial rotation.

Differences in the patella rotation were observed only 
from 70° of flexion (Fig. 4). The lateral patella tilt increased 
with external TrRo: between 3° internal and 6° external 
trochlear rotation, the patella tilt varied by approximately 
9.5° at 20° of flexion. For higher flexion angles, differences 
in the patellar tilt became smaller. The patellar shift behaved 
similar to the tilt. The maximum value between 3° internal 
and 6° external TrRo, at 20° of flexion, was 6.5 mm to the 
lateral side. At 105° of flexion, the difference introduced by 
TrRo was negligible.

The CoRo with 3° internal rotation increased the ret-
ropatellar stress to an absolute maximum of 3.2 MPa at 
105° of flexion, in comparison to the neutral rotation model 
(3.0 MPa). Figure 5 details the stress distribution, which 
showed a variance of the peak stress only at the patella ridge. 
For the inlay, CoRo showed changes in load and in locali-
zation of the peak stresses. At 60° of flexion, the stress in 
the neutral orientation was 6.7 MPa, located on the medial 
side (Fig. 6). An internal CoRo of 3° increased the medial 
peak value to 11.1 MPa. At 60° of flexion, an external CoRo 
induced a maximum stress of 7.3 MPa (3°) and 11.9 MPa 

Fig. 1   a Trochlear groove rotation within the femoral component 
design (green is 3° internal, red is 6° external, and blue is 3° external 
rotation). b Axial femoral component rotation showing only the 3° 

external rotation in red compared to the neutral in blue (image simpli-
fied for better visibility)

Table 2   Overview of the 
modifications simulated in this 
study

Model 1 Neutral alignment

Model 2 3° internal ToRo
Model 3 3° external ToRo
Model 4 6° external ToRo
Model 5 3° internal CoRo
Model 6 3° external CoRo
Model 7 6° external CoRo
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(6°) and also changed the compartmental position to the lat-
eral side.

CoRo affected all ligament tensions during flexion. 
An internal CoRo increased the tension in in all portions 
of the MCL (MCLa, MCLs, and MCLo) and PCL (PCLa 
and PCLp). At 50° of flexion, the external CoRo induced 
a higher tension in the LCL, up to 241N for the 6° exter-
nal rotation model compared to 16 N for the neutral CoRo 
(“Appendix 2”).

The tibiofemoral kinematics presented differences in all 
CoRo models (Fig. 7). The tibia exhibited a higher internal 
rotation until 60° of flexion, caused by the 3° internal CoRo. 
With rising flexion angles, all tibial rotations showed nearly 
the same level. Tibial movement in the varus-valgus direc-
tion for 6° external CoRo at 105° flexion showed a 12.6° 
higher varus position in contrast to 3° internal CoRo. Femo-
ral AP movement for all modifications showed similar curve 
progressions.

Fig. 2   Retropatellar stress and stress on the inlay after the trochlear rotation modification

Fig. 3   Tibial rotation, varus–valgus movement, and AP movement during trochlear rotation
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Discussion

The most important finding of the present study was a lower 
retropatellar stress after external axial rotation of the troch-
lear groove and higher stress due to internal axial rotation. 
Compared to the total axial femoral component rotation, 
the TKA designs that included the trochlear groove rota-
tion generated similar smaller retropatellar stresses and had 
fewer side effects on the tibiofemoral kinematics and stress 
distribution.

Anterior knee pain remains a major problem in TKA, 
and the retropatellar pressure that seems to be responsible 
[19, 29, 36, 50, 51] for a part of the pain is influenced by the 
internal and external rotation of the femoral component [2, 
5, 11–13, 38, 42, 46]. Surgeons often attempt to modify the 
kinematic environment by aligning the femoral component; 
unfortunately, it is not possible to restore patellofemoral 
and tibiofemoral conditions simply by rotating the femoral 
component, even if a link between these joints seems obvi-
ous [39]. In this study, the ligament forces, tibial rotation, 
varus–valgus position, inlay and retropatellar stress were 

Fig. 4   Patellar kinematic changes due to trochlear rotation
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Fig. 5   Retropatellar stress and stress on the inlay after femoral component rotation

Fig. 6   Stress (von Mises) in the inlay after different rotation of the femoral component at 60° of flexion
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heavily influenced with femoral component rotation. The 
reduction in retropatellar stress by external rotation has also 
been observed experimentally [18] and in clinical outcomes 
where an internal rotation should be avoided [11, 42]. A 
study by Steinbrück et al. investigated only the trochlear 
rotation using an experimental knee rig setup and showed 
similar effects on the retropatellar pressure [49]. A clini-
cal study which shows implant trochlear height of different 
femoral component designs is related to secondary patellar 
resurfacing also validates our result of the significant influ-
ence of small trochlea design changes to the retropatellar 
loading [55].

Femoral component rotations showed significant influ-
ence on the inlay stress. Not only was the maximum stress 
on the inlay changed because of the complete rotation of 
the femoral component, but the medial predominant maxi-
mum that is normally seen in TKA [25] was shifted to the 
lateral side. For both femoral rotational modifications, 3° 
internal and 6° external, the stress on the inlay was two times 
higher compared to the neutral alignment, and, therefore, 
may impact bone interface stability or wear patterns. One 
explanation for this difference in the inlay stress may be the 
different ligament situation caused by a rotated flexion gap. 
Axial external rotation of the femoral component forces the 
knee into a more varus position with further flexion, which 
was also seen in the tibiofemoral kinematic patterns. This 
different relative position between the femur and the tibia 
influences the ligament strain pattern and is responsible 
for more force on the ligaments, i.e. more LCL force due 
to external rotation. This changed ligament pattern is then 
transferred to the inlay stress because of increased compres-
sion in the lateral compartment. Miller et al. and Merican 
et al. [39, 40] also revealed in their experimental studies 

that a rotated flexion gap is linked to more forces on the 
ligaments, further supporting the component rotation origin 
of the increased stress on the inlay. However, this situation 
will probably not be encountered often in the TKA because 
the surgeon would probably notice the stiffer ligaments and 
release these in some cases. Nevertheless, the rotation of 
the femoral component warrants increased attention during 
implantation.

The tibiofemoral kinematics changed because of the 
trochlear groove rotation, especially between 50° and 80° 
of flexion. Not surprisingly, an externally rotated trochlea 
design changed the tibia’s axial rotation (internal/external) 
at the beginning of the knee flexion because the patella was 
shifted laterally and, therefore, the tuberositas tibiae moved 
the tibia to an external rotation. However, the most sig-
nificant difference in tibial rotation caused by the trochlear 
groove rotation design appeared at 70° of flexion, with 4.6° 
more external tibial rotation compared to internal trochlear 
rotation, which is not self-evident in this amount and at this 
range of flexion. The detailed perspective on the ligament 
situation also showed that this range of motion (50° to 80° 
of flexion) was accompanied by the highest differences in 
forces for the MCLa, thereby proving ligament influence on 
the tibiofemoral kinematics and vice versa [54]. The shift 
and tilt of the patellar kinematics were also greatest in this 
range of motion in the lateral direction, suggesting that the 
patellar movement is one possible influencing factor for the 
tibiofemoral differences.

The limitations of this study should also be considered 
when transferring the results of the numerical simulation 
to the patient. First, this was an experimental study, and 
not all in vivo situations can be recreated when a biome-
chanical setup is developed. Simulating weight-bearing is 

Fig. 7   Tibial rotation, varus–valgus movement, and AP movement with femoral component rotation
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essential and, therefore, we decided to use a 50-N ground 
reaction force, even if this is not a realistic patient weight. 
Müller et al. showed that the highest influence is provided 
by weight-bearing versus passive motion, and therefore, 
we believe that transferable results were generated in this 
study [41]. Furthermore, in this study, the hamstring and 
vastus medialis and lateralis were simulated with con-
stant load which might also influence the study results 
[53] but are necessary to stabilize the knee. Additionally, 
the FEA knee simulation was validated previously with 15 
specimens for mechanical parameters (retropatellar pres-
sure, retropatellar area and quadriceps force) and with 7 
specimens for kinematic parameters (tibia rotation, AP 
movement, patellar shift, patella tilt, patellar rotation and 
patella flexion) with the identical boundary conditions 
and the same TKA implant, and it showed good agree-
ment with the experiments [56]. However, the FEA only 
represents one patient anatomy which should be consid-
ered when transferring these results. Choosing only one 
implant design is also a limiting factor but as mentioned, 
it is necessary because the influence of all TKA implant 
design aspects is significant. In this study, a fixed CR 
design implant was used which was implanted more than 
215,000 times worldwide and has a trochlea design which 
is comparable with other commercially available CR troch-
lea designs. Furthermore, we did not resurface the patella. 
The topic of resurfacing the patella is still under debate 
[23, 28] and current literature shows that resurfacing the 
patella increases the patellofemoral loading after TKA 
[48].

Conclusion

In conclusion, this study showed that an external trochlear 
groove rotation implemented in the tested TKA design can 
reduce the patellofemoral stress. Second, during operation 
procedures, the surgeon should be aware that an axial fem-
oral component rotation heavily influences the mechanical 
stress in the inlay and the forces on the ligaments during 
knee flexion. Future studies should focus on tibiofemoral 
rotation to obtain further information regarding the inter-
actions among these knee joint partners, and other TKA 
designs should be involved to transfer the results to more 
implant designs. These results support that an external 
rotation of the femoral component should be preferred 
in TKA to avoid anterior knee pain. An external trochlea 
rotation should be included in future TKA designs.
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Appendix 1

See Fig. 8.

Fig. 8   Overview of the ligament forces during trochlear rotation modification
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Appendix 2

See Fig. 9.

Fig. 9   Overview of the ligament forces during rotation of the femoral component
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