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In total knee arthroplasty (TKA), patellofemoral groove design varies greatly and likely has a distinct influence on patellofemoral
biomechanics. To analyse the selective influence, five patellofemoral design variations were developed based onGenesis II total knee
endoprosthesis (original design, being completely flat, being laterally elevated, beingmedially elevated, and both sides elevated) and
made from polyamide using rapid prototyping. Muscle-loaded knee flexion was simulated on 10 human knee specimens using a
custom-made knee simulator, measuring the patellofemoral pressure distribution and tibiofemoral and patellofemoral kinematics.
The measurements were carried out in the native knee as well as after TKA with the 5 design prototypes. The overall influence of
the different designs on the patellofemoral kinematics was small, but we found detectable effects for mediolateral tilt (𝑝 < 0.05
for 35∘–80∘ flexion) and translation of the patella (𝑝 < 0.045 for 20∘–65∘ and 75∘–90∘), especially for the completely flat design.
Considering patellofemoral pressures, major interindividual differences were seen between the designs, which, on average, largely
cancelled each other out. These results suggest that the elevation of the lateral margin of the patellofemoral groove is essential for
providing mediolateral guidance, but smooth contouring as with original Genesis II design seems to be sufficient.The pronounced
interindividual differences identify a need for more patellofemoral design options in TKA.

1. Introduction

Leslie Gordon Percival Shiers is considered a pioneer of
modern knee endoprosthetics. In 1954, he published in the
Journal of Bone and Joint Surgery (BR) encouraging findings
involving a hinged prosthesis made of stainless steel, which at
that time he had used in four patients. In the conclusion sec-
tion of his original publication there is interesting assertion
he made that illustrates how far knee endoprosthetics have
come since then: “However, few surgeons will ever see fifty
patients requiring arthroplasty of the knee, let alone operate
on them, even in five years” [1].

Shiers would be surprised to see that in the meantime
there aremany surgeons who perform total knee arthroplasty
on more than 100 patients a year and approximately 130.000
patients per year are operated on in Germany alone [2].

Withmeanwhile very good clinical results, persisting anterior
knee pain, however, continues to be an unsolved problem [3–
6]. The reasons are multifactorial. Among other things, in
this context the indication for implantation of an additional
patellar resurfacing continues to be a controversial subject of
debate, whereby current meta-analyses rather favour the per-
formance of patellar resurfacing [3, 7]. Correct positioning of
the femoral and tibial components of the prosthesis in terms
of rotation [8, 9], correction of the leg axis, reconstruction of
the joint line [10], careful soft tissue balancing, and avoiding
overstuffing with implants that are too big [11] are other
important influencing factors the surgeon needs to consider.
Another factor often which is paid little attention to and that
likely has a strong influence on the outcome is the design
of the implanted endoprosthesis [12–17]. When comparing
prosthesis types of various manufacturers, one sees that the
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designs sometimes differ dramatically in terms of the contour
of the femoral groove. Among others, laterally raised and
deeply recessed variations exist in addition to relatively flat
designs.

The outcome after implantation of different prosthesis
systems of various manufacturers has been compared in
numerous clinical studies [12, 15, 17, 18]. Among other things,
a significant influence of the design on the postoperative,
patellofemoral complication rate [17], the risk and location of
osteoscleroses [18], and the necessity for intraoperative lateral
retinacular release [12] was found in those studies.

When comparingGenesis II and theVanguard prosthesis,
which differ considerably with regard to the design of the
patellofemoral groove, no significant difference was found
in terms of the clinical scores and radiological parameters
evaluated [15]. In these studies, however, only the position
of the patella during a static snapshot was assessed. In
contrast, in intraoperative measurements performed on two
prostheses differing only in terms of patellofemoral groove
design [19], a considerable difference in the position of the
patella was found, albeit only in unloaded state. But because
of the multifactorial influences mentioned, it is next to
impossible to selectively extrapolate the difference of differing
groove designs in clinical studies.

On the other hand, biomechanical in vitro studies
make it possible to objectively measure patellar kinematics
and patellofemoral pressure distribution while simulating
muscle-loaded knee bends. Due to the great differences in
the experimental settings, however, it is not constructive
here as well to compare the numerous results about patellar
kinematics [11, 20–22] or patellofemoral pressure [23–28]
from various studies on different prosthesis designs. But
it is also difficult in studies with a standardised setting to
extrapolate the influence of different patellofemoral groove
designs, to the extent as compared in prosthesis systems of
various manufacturers [16, 29, 30], as they differ not only in
terms of the shape of the patellofemoral groove but also in
the overall design. The altogether strong influence of design
on patellofemoral pressure distribution [16, 29, 30] as well as
specifically the mediolateral shifting and tilting of the patella
[16] was able to be proven in these studies, however.

Initial in vitro studies using two prosthesis designs dif-
fering only in terms of patellofemoral groove design were
conducted back in the early 90s by Yoshii et al. and confirmed
the importance of the patellofemoral groove design. The
specific influence of the trochlear angle (0∘ and/or 7∘) has
already been evaluated several times [13, 31], with differing
results. However, the great variation of the patellofemoral
groove design among the individual prosthesis manufac-
turers underscores the necessity for further biomechanical
studies in this area.

The purpose of this in vitro biomechanical study was
therefore to design prototypes with different patellofemoral
groove contouring using the same basic design of a com-
monly used standard endoprosthesis (Genesis II) and to
investigate its influence on patellofemoral kinematics and
pressures during a muscle-loaded knee bend, in order to
selectively extrapolate the influence of different design vari-
ations in the area of the patellofemoral groove of total knee

Figure 1: Left: original implant made from metal; right: “copy”
made from polyamide, created by means of parameterised CAD
modelling and rapid prototyping.

endoprostheses. To do this, muscle-loaded knee bends using
human knee specimens should be simulated using a complex
knee simulator. The null hypothesis was that patellofemoral
groove design had no effect on patellar kinematics and
patellofemoral pressure.

2. Materials and Methods

As part of a cooperative project with the Institute of Aircraft
Design of the University of Stuttgart, three knee endopros-
theses of different manufacturers were scanned in using a
two-camera system (ATOS, GOM) and the data sets were
converted into STL data (Standard Tessellation Language
using special software, a file format for depicting physical
surfaces using small triangles). Associatively parameterised
CAD models were created based on that data using the
CAD software CATIA [32]. They are characterized by the
fact that through simple parameter variations the models
of all manufacturers could be imaged and new implant
designs created. Copies of the original implant or also
modified prototypes could then be made (“printed”) directly
from synthetic material or metal using the laser sintering
method.The surface of the prototypes was slightly rough and
microporous immediately after being made and had to be
polished on the sliding surface with fine pored abrasive paper,
in order to guarantee sufficient sliding ability. For this reason,
before printing, the CAD models were provided with small
allowance. The parametrised models of the original implants
exhibited a high degree of conformity with the real parts
scanned; the difference from the real geometry was a few 𝜇m
here. Macroscopically, the original implant and “copy” made
from polyamide were identical in shape (Figure 1).

In a preliminary work step, the true-to-original copies of
Genesis II total knee endoprosthesis made from polyamide
based on the parameterised CAD model were validated by
means of double measurements and comparative measure-
ments with the original implants [33].

Five groove designs were then devised and implant
prototypes were made using this associatively parametrised
CAD model (Figure 2):

(1) Original Genesis II design

(2) Completely flat patellofemoral groove
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Figure 2: Design variations of Genesis II endoprosthesis with
modified patellofemoral groove: (1) original design, (2) being flat,
(3) being medially high, (4) being laterally high, and (5) both sides
high.
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Figure 3: Parameters of the patellofemoral groove (from [32] with
permission of the author).

(3) Groove medially raised by 2mm compared to the
original Genesis II groove and laterally lowered by
1mm

(4) Groove laterally raised by 2mm compared to the
original Genesis II groove and medially lowered by
1mm

(5) Groove medially and laterally raised by 3mm com-
pared to the original Genesis II groove

When modifying the design, only the heights of the two
groovemargins were adjusted (h1, h3) and their angles altered
as a result as well (𝛼1) (Figure 3). The minimum height in the
area of the groove (facies patellaris, h2) as well as the lateral
distance of the margins (l1, l3) and of the facies patellaris (l2)
was left at the original dimensions.

For evaluating the groove designs, an in vitro study was
conducted on ten fresh frozen human knee specimens on
the knee simulator of the Orthopaedic University Hospital
Tübingen. The specially designed knee simulator, already
well-established through its use in numerous studies [25, 34–
36], makes it possible to simulate muscle-loaded knee bends
in the 15∘–90∘ flexion range.During the flexionmotion, forces
are applied onto three quadricepsmuscles (M. vastus lateralis,
M. rectus femoris, andM. vastusmedialis) and two hamstrings
(M. semimembranosus and M. biceps femoris) by means of
servomotors. While the forces on the hamstrings are kept
constant, the quadriceps forces are set such that the vertical
reaction force on the ankle remains constant [35]. In this
study, 50N ankle force was simulated. During the simulation
of the muscle-loaded knee bend, the kinematics of the tibia,
femur, and patella were measured using an ultrasonic motion

analysis system (CMS-H, Zebris, Isny, Germany; resolution:
0.085mm, accuracy: 1mm). Additionally, the patellofemoral
pressure distribution was recorded using resistive pressure
measuring foils (K-Scan, TekScan, Boston, MA, USA). A
reference measurement was performed at the start of each
measurement series in order to determine the segmental
coordinate systems [34].

Three different muscle force distributions on the quadri-
ceps muscle were tested:

(1) Central (symmetrical) force distribution on the
quadriceps muscle (33% vastus lateralis; 34% rectus
femoris; 33% vastus medialis)

(2) Mainly lateral force transmission (67% vastus later-
alis; 33% rectus femoris; 0% vastus medialis)

(3) Mainlymedial force transmission (0% vastus lateralis;
33% rectus femoris; 67% vastus medialis)

Each of the following knee conditionswas completedwith
each of the threemuscle force distributions on the quadriceps
muscle, whereby twomeasurement cycles were recordedwith
the central force distribution:

(1) Native knee joint after arthrotomy
(2) Knee joint after implantation of five different proto-

types in a randomised sequence
(3) Knee joint after implantation of five different pro-

totypes in a randomised sequence and additional
patellar resurfacing

The measured data were analysed based on the flexion
angle in 1∘ increments and, if applicable, averaged over the
two repeated measures.

In order to exclude the influence of the various specimens,
a repeated measures analysis of variance (ANOVA) was
done for the different prosthesis designs and for the three
muscle distribution patterns, selecting a significance level of
5% (𝛼 = 0.05). The calculation was done using MATLAB
(anova rm.m,MATLABFile Exchange). Post hoc 𝑡-tests were
done using the Bonferroni correction method to determine
the deviations of the individual prosthesis types from the
native knee.

In addition to the mean values, the standard deviations
(SD) were put in the diagrams as error bars at 5∘ increments.
The statistical significance in the ANOVAwas also calculated
and shown at those intervals.

3. Results

On average, the different designs had surprising little influ-
ence on patellofemoral kinematics. The various groove
designs had no influence on the average alignment of
the patella in craniocaudal and anteroposterior orientation.
There was a detectable effect of the different design variations
only on the mediolateral tilt (𝑝 < 0.05 between 35∘ and 80∘
flexion) and translation of the patella (𝑝 < 0.045 of 20∘–65∘
and 75∘–90∘) (Figure 4).

The lateral tilting of the patella was somewhat less with
the laterally elevated and with both sides elevated design
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Figure 4: Patellofemoral kinematics with central muscle load after implantation of the different designs without patellar resurfacing (native,
original, flat, laterally high, medially high, and both sides high) (∗significant difference in ANOVA).

than in the native state and slightly higher with the medially
elevated and completely flat design. Except for the completely
flat design, however, where a lateral tilt of up to 5∘ was
measured, which between 45∘ and 65∘ (𝑝 < 0.004) was
also significant, the deviation from the native state was in
the range of no more than 1∘-2∘. For the mediolateral shift
the deviations were likewise very minor (1mm–3mm). An
interesting observation, however, was that the patella diverted
medially in the case of the completely flat design, contrary
to the tendency with the other designs. The difference with
the native patella, however, was at maximum 3mm not
significant in any area here.

The additional performance of patellar resurfacing hadno
apparent influence on the patellofemoral kinematics.

Comparing the different design variations for patellofem-
oral pressure distribution, the effects of the five designs
could often be better interpreted by observing each of
the individual knee specimens separately. Large interindi-
vidual differences were determined between the ten knee
specimens with respect to advantages and disadvantages of
the respective design. Considering the maximum pressure
averaged between 15∘ and 50∘, the lowest pressures could
be achieved with each design, in the case of at least two of
the ten specimens, except for the flat design. The highest
pressures were achieved with the laterally and both sides
elevated design in two specimens, however; the remaining six
specimens showed maximum pressures with the flat design
(Table 1).

The largest contact area of the patella was usually seen on
the native knee joint, followed by original Genesis II design
or the medially elevated design. The flat design had a smaller

central contact area, which was located approximately in the
area of the patellar ridge, whereas the contact area in the case
of the deeply recessed design shifted more onto the condyles
(Figure 5). After additional patellar resurfacing, the contact
area decreased considerably in all design variations. In this
case, the very selective contact was again central in the groove
in the flat design and in the original as well as the deeply
recessed design it was located laterally or medially in the area
of the condyles (Figure 5).

When examining the total sample,many of the sometimes
contradictory effects observed on the individual specimen
averaged out. After implantation of the different designs,
initially without patellar resurfacing, an overall considerable
increase of the peak pressures measured was documented
with a reduction of the patellofemoral contact area.While the
original, medially elevated, laterally elevated, and both sides
elevated (deeply recessed) designs produced similar results,
the completely flat design had the highest peak pressures,
especially at low flexion angles up to approximately 50∘
(Figure 6).

An interesting observation was the influence of the
various muscle loads on the displacement of the centre of
pressure. In the case of the native knee, the influence of the
asymmetrical muscle loads was the greatest; on the other
hand, in the case of the flat groove design, hardly any effect
was detectable (Figure 7).

Considering the situation after implantation of an addi-
tional patellar resurfacing, in all design variations there was
a considerable further reduction in the contact area as well as
a significant increase in the peak pressures measured. While
most of the designs exhibited an almost identical pressure
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Figure 5: Example of pressure profile for the designs: native knee, original Genesis II design, flat design, and both sides elevated (deeply
recessed), respectively, with and without additional patellar resurfacing (PR).

Table 1: Sequence of the five designs for observingmaximumpressures for all tenmeasured knee specimens. Data is averaged over the flexion
range of 15∘–50∘, scaling ranges from 1 = lowest pressure to 5 = greatest pressure. The major interindividual differences as well as the poor
performance of the flat design are clearly evident.

Original Flat Laterally high Medially high Both high
Knee 1 2 5 4 3 1
Knee 2 4 5 3 2 1
Knee 3 2 5 4 3 1
Knee 4 4 3 1 2 5
Knee 5 1 5 2 4 3
Knee 6 2 4 5 1 3
Knee 7 3 4 5 1 2
Knee 8 4 5 3 1 2
Knee 9 1 5 4 2 3
Knee 10 2 4 1 3 5
Mean 2.5 4.5 3.2 2.2 2.6

gradient, the curve of the flat groove design again attracted
the attention. Especially with increased lateral muscle load,
considerably higher maximum pressures were documented
in the flexion range between approximately 40∘ and 80∘,
compared to the other designs (Figure 8).

4. Discussion

Considering the four design variations modified in terms
of the patellofemoral groove as well as the original design
of Genesis II endoprosthesis, we were able to show that
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Figure 6: Patellofemoral contact area and maximum pressures with central muscle load after implantation of the different design variations
without patellar resurfacing (native, original, flat, laterally high, medially high, and both high) (∗significant difference in ANOVA).
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high, and both sides high) (∗significant difference in ANOVA).
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Figure 8: Change in maximum pressure with increased lateral, central, and increased medial muscle load after implementation of different
design variations with patellar resurfacing (native, original, flat, laterally high, medially high, and both sides high) (∗significant difference).

the maximum patellofemoral pressure increased slightly,
compared to native specimen, after implantation of the
femoral and tibial prosthesis, but considerably after addi-
tional patellar resurfacing. These results are consistent with
observations from our own preliminary work on original
Genesis II implants [25]. Other authors have also described
influences of the implantation of total knee endoprostheses
on patellofemoral pressures [24, 26, 28, 37] but delivered
sometimes controversial results. It is difficult to compare
the various studies, as they differ not only with regard to
the prosthesis systems tested, but also with regard to the
experimental settings and measuring methods used. The
work groups of Takeuchi et al. [30] and Tanzer et al. [16] each
tested different implant systems on the same experimental
setting. Because these implant systems exhibit considerable
differences in their overall design, however, it was still difficult
to impossible to verify the specific influence of the respective
patellofemoral groove.

The purpose of this study was therefore to analyse the
influence of groove variations on patellofemoral kinematics
as well as patellofemoral pressure through selective mod-
ification of the femoral patellar groove of the established
standard prosthesis of Genesis II type.These data should help
further optimise the femoral patella groove design of total
knee endoprostheses.

In the analysis of the patellofemoral kinematics, the
different design variations, including the flat groove design,
had on average no apparent influence on the alignment of
the patella in craniocaudal and anteroposterior orientation.
There was a detectable effect on the mediolateral tilt and
translation, however. The direct relationship between groove
design and patellar motion could be seen here, especially in

the tilting—the higher the lateral margin of the groove, the
less the lateral tilting of the patella. Only in the case of the flat
groove design was there a noticeable deviation from the rest
of the designs. A significantly increased lateral tilting and a
slight medial translation of the patella were detectable, which
indicates that a certain orientation of the patella contributes
to the improvement of the kinematics by increasing primarily
the lateral margin of the femoral patellar groove. Yoshii
et al. already tested two different prosthesis designs that
differed mainly in the lateral elevation of the patellofemoral
groove as well as the depth of the trochlear groove [38] and
found considerable influence on the mediolateral tilting and
shifting of the patella, if the likewise used patellar button
was attached slightly medialised at the same time, which in a
majority of patellae (Wibeeg types 2 and 3 [39]) corresponds
to anatomical positioning. Tanzer et al. were also able to
identify variations on the mediolateral patellar tracking in an
in vitro study of prosthesis models of various manufacturers
[16] but were unable to trace those effects back to the
specific design parameters because of the generally different
prosthesis design.

Considering the pressure distribution pattern of the
different design variations, especially when comparing the
original design with the flat as well as the both sides
elevated/deeply recessed design, one notices that—after the
native knee joint—the original design of Genesis II endo-
prosthesis exhibits the most extensive patellofemoral contact
area. The flat profile has a smaller central contact area and
the deeply recessed design has a contact area that is shifted
more onto the condyles. Additional patellar resurfacing
reduced the contact area significantly, to the point of an
almost only punctual contact. In the individual specimens,
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the asymmetrical design variations produced very different
pressure distribution patterns.

With regard to the peak pressures measured, the original,
medially elevated, laterally elevated, and deeply recessed
designs—without additional patellar resurfacing—produced
on average similar results, whereas the flat design attracted
attention with elevated peak pressures at low flexion angles
up to approximately 50∘. After additional patellar resurfacing
as well, the flat groove profile exhibited considerably higher
maximum pressures—but now in the flexion range between
approximately 40∘ and 80∘—particularly with increased lat-
eral muscle load, compared to the other designs. This once
again proves the need for certain tracking of the patella. The
results of the individual specimens (Table 1) in particular
show as well that too much elevation of the lateral margin
often leads to a pressure increase and is therefore also not
recommendable.

Despite the on average similar results for most design
variations, in terms of patellofemoral pressure distribution,
large interindividual differences between the different designs
were determined (Table 1). In the comparison of the indi-
vidual specimens, the different designs even sometimes had
an opposite effect on the pressure profile, which indicates
that the different groove designs did not fit equally with the
different specimens. This can probably be explained by the
great differences of the native anatomy and substantiates the
results from several finite element studies by Fitzpatrick et al.
[40, 41]. Among other things they reported that in the area
of the patellofemoral groove in particular patient-specific
influencing factors dominate [40]. In another study they were
able to show that both the patellofemoral kinematics and
the contact characteristics could be improved considerably
after performance of total knee arthroplasty without patellar
resurfacing if the prosthesis design was adapted to the native
anatomy [41]. The fact that the conformity of the prosthesis
with the patellar button [29, 42] and native patella [42] plays
a major role with regard to the contact characteristics has
already been shown in studies, which were reduced to this
effect by application of static force by means of a material
testing machine [29] or overlays of CADmodels [42] at vari-
ous flexion angles. In vitro studies using human specimens
with prosthesis models of various manufacturers without
[16] and with patellar resurfacing [30] also substantiated
the large differences with regard to patellofemoral pressure
distribution in various prosthesis designs, whereby it was
once again difficult here to trace these differences back to
actual design features because of themultifactorial influences,
as already with the case with the kinematics.

Particularly, relating to the native femoral patellar groove,
there are various, often greatly diverging norm variants based
on the osseous form of the distal femur and patellofemoral
surface. Taking into consideration our results and the avail-
able literature, it is at least questionable if these different
shapes of the patella and patellar groove can be properly and
adequately treated with just one standard prosthesis available
only in different sizes (which until now has been the standard
in clinical practice), in view of the various biomechanical
circumstances. One possible approach to a solution here
could be a prosthesis system that provides variations that

differ only with regard to the shape of the patellofemoral
groove, with the basic design remaining constant. For rea-
sonable clinical use, hard clinical and/or radiological criteria
would first need to be devised and established which enable a
meaningful assignment of the individual design variations to
the respective anatomical situation. In our view, an important
parameter to be considered is the shape of the native patella
bone, which can be classified according to the Wiberg
classification [39].

5. Conclusions

In summary, the shape of the patellofemoral groove has
a demonstrable influence on patellofemoral kinematics as
well as patellofemoral pressure. This effect becomes apparent
especially with different force distribution patterns on the
quadriceps muscle. The greatest influence observed was on
the patellar tilting, followed by the mediolateral shift of the
patella. In our view, in the design particularly the slight
elevation of the lateral margin of the groove is critical
for counteracting the main effect—the lateral tilting of the
patella—and improving the mediolateral tracking. However,
a smooth contouring like that with the original design of
Genesis II endoprosthesis suffices, which the results for
patellofemoral pressure distribution also substantiate. Very
large interindividual differences were also seen, especially
with regard to the patellofemoral contact characteristics,
which suggest the need for a greater selection option of
prosthesis designs. Further studies are necessary, however, in
order to be able to determine possible design variations and,
above all, define hard criteria for their areas of use.
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