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Recently, high-flexion knee implants have been developed to provide for a large range of motion

(ROM41201) after total knee arthroplasty (TKA). Since knee forces typically increase with larger flexion
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angles, it is commonly assumed that high-flexion knee implants are subjected to larger loads than

conventional knee implants. However, most high-flexion studies do not consider thigh–calf contact

which occurs during high-flexion activities such as squatting and kneeling. In this study, we

hypothesized that thigh–calf contact reduces the knee forces during deep knee flexion as the tibio-

femoral load shifts from occurring inside the knee towards the thigh–calf contact interface. Hence, the

effect of thigh–calf contact on the knee loading was evaluated using a free body diagram and a finite

element model and both the knee forces and polyethylene stresses were analyzed. Thigh–calf contact

force characteristics from an earlier study were included and a squatting movement was simulated. In

general, we found thigh–calf contact considerably reduced both the knee forces and polyethylene

stresses during deep knee flexion. At maximal flexion (1551), the compressive knee force decreased from

4.89 to 2.90 times the bodyweight (BW) in case thigh–calf contact was included and the polyethylene

contact stress at the tibial post decreased from 49.3 to 28.1 MPa. Additionally, there was a clear

correlation between a subject’s thigh and calf circumference and the force reduction at maximal flexion

due to thigh–calf contact (R ¼ 0.89). The findings presented in this study can be used to optimize the

mechanical behavior of high-flexion total knee arthroplasty designs.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Total knee arthroplasty (TKA) is a successful surgical procedure
having good to excellent survival rates of roughly 95% after 10 yr
(Buehler et al., 2000; Khaw et al., 2001; Fetzer et al., 2002). Due to
the success of TKA, patients receiving a total knee replacement are
currently younger and more active than patients in the past and
post-operative range of motion (ROM) has become more im-
portant. So-called high-flexion knee implants have been devel-
oped to provide for a larger flexion range (ROM41201) after TKA
than conventional implants (ROMp1201). High-flexion designs
are often based on successful conventional designs and have been
adapted to endure the more extreme loading conditions occurring
during high-flexion (Nagura et al., 2002; Nagura et al., 2006).
Since its recent introduction a wide variety of high-flexion
implants have been developed such as the Sigma RP-F (Depuy,
Warsaw, IN), the Nexgen LPS Flex (Zimmer, Warsaw, IN), the
Scorpio Flex (Stryker, Kalamazoo, MI), the Genesis II High Flex
ll rights reserved.
(Smith & Nephew, Memphis, TN) and the Vanguard CKS (Biomet,
Warsaw, IN).

Finite element (FE) analysis is a good method to analyze knee
mechanics. FE models have been used to investigate patello-
femoral (D’Lima et al., 2003; Besier et al., 2005) and tibio-femoral
contact mechanics (D’Lima et al., 2001; Godest et al., 2002; Taylor
and Barrett, 2003; Halloran et al., 2005). Recently, also high-
flexion knee mechanics have been simulated using FE models
(Morra and Greenwald, 2005; Barink et al., 2008). Obviously, the
outcome of FE studies heavily depends on input parameters such
as joint and muscle forces. Joint forces are often estimated by
musculo-skeletal models using inverse dynamics. Knee forces
reported in the literature differ noticeably and range from 2 to 7
times the bodyweight (BW) during deep knee flexion (Dahlkvist
et al., 1982; Escamilla et al., 1998; Komistek et al., 2005; Nagura
et al., 2006). Prior FE studies typically show higher knee forces
and polyethylene stresses with increasing flexion angles. Morra
and Greenwald (2005) analyzed polyethylene loadings during
several high-flexion activities. For various implant designs they
demonstrated plastic deformation during a kneel-rise activity
which was simulated using a compressive joint load of 4.4�BW
(1351 of flexion).

www.sciencedirect.com/science/journal/jbiomech
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A substantial part of the knee patients receiving a total knee
replacement routinely perform deep knee flexion activities. Weiss
et al. (2002) demonstrated that 40% of the Western knee patient
population included in their study performed high-flexion
activities such as squatting, kneeling and gardening on a regular
basis (more than twice per week). In addition, the orthopaedic
market is flourishing in Asia and the Middle East where many
activities are performed while squatting or kneeling (Mulholland
and Wyss, 2001). During such high-flexion activities posterior
contact between the thigh and the calf occurs (Fig. 1). Currently,
there is no knee model which includes thigh–calf contact
occurring during deep knee flexion. Thigh–calf contact may well
reduce the loading of the knee as the tibio-femoral load transfer
shifts from occurring inside the knee to the thigh–calf contact
interface.

In an earlier study, we measured the thigh–calf contact load
transfer using 10 healthy subjects and we demonstrated that
thigh–calf contact is substantial during squatting: 735% BW on
each leg (Zelle et al., 2007). In the current study, the effect of
thigh–calf contact on the knee loading was studied using the
contact characteristics measured previously. We hypothesized
that thigh–calf contact reduces the loading of the knee during
high-flexion as the joint load shifts from occurring inside the knee
to the thigh–calf contact interface. Firstly, we analyzed the effect
of thigh–calf contact at a global level by studying the knee force
patterns using a free body diagram (FBD). Thigh–calf contact
characteristics of a typical subject were incorporated in this
model. Secondly, thigh–calf contact characteristics of all subjects
measured earlier were included in the FBD to analyze correlations
between corpulence-related properties and the resulting joint
forces. Finally, the effect of thigh–calf contact was studied on a
more detailed basis by evaluating the loading of a polyethylene
TKA component using a dynamic FE knee model.
Fig. 1. Thigh–calf contact occurring during a high-flexion squatting activity. The

ground reaction force (Fgrf) produces a flexion moment around the knee joint.

Consequently, the quadriceps muscle (Fquads) has to exert an extension moment

around the knee to maintain the equilibrium. Thigh–calf contact (Fcontact) limits

knee flexion and generates an extension moment around the knee. Hence, in case

thigh–calf contact occurs the quadriceps muscle force is reduced.
2. Material and methods

The effect of thigh–calf contact on the prosthetic knee loading was analyzed

during squatting using both an FBD and an FE model of the human knee.

Thigh–calf characteristics of a typical subject were included in both models to

evaluate this effect.
2.1. Typical thigh–calf contact characteristics

The resultant thigh–calf contact force and its location on the tibia of a typical

subject having a standard body mass (BM ¼ 78 kg), body length (BL ¼ 1.87 m) and

body mass index (BMI ¼ 22.3 kg/m2) were obtained from earlier thigh–calf contact

force measurements (Zelle et al., 2007). For use in this study, the resultant

thigh–calf contact force Ftc (in percentage BW) and the contact force location on

the tibia Ltc (in meters) were expressed as functions of the knee flexion angle a (in

degrees) using a polynomial data-fitting technique

Ftc ¼ 4:7133� 10�2a2 � 12:256aþ 798:68 (1)

Ltc ¼ 6:9596� 10�6a3 � 2:8729� 10�3a2 þ 0:39584a� 18:088 (2)

Note that these equations apply to a flexion range of 125–1551 of flexion as

thigh–calf contact initiated at 1251 of flexion for this typical subject and the

maximal flexion angle the subject achieved was 1551 of flexion.
2.2. Free body diagram

A two-dimensional sagittal FBD of the knee was developed to explore the

effect of thigh–calf contact on the knee forces during knee flexion. Initially, the FBD

of the lower limb was generated using a cut section through the knee joint (Fig. 2).

Several assumptions were made to simplify the FBD and the thigh–calf contact

analysis. Firstly, heel–ground contact was assumed during the squatting move-

ment and the ground reaction force was considered to be constant in magnitude

(350 N) and to act through the ankle joint. Secondly, the hamstrings and

gastrocnemius muscle were neglected since considerably lower forces have been

reported for this muscle during squatting in comparison with the quadriceps

muscle (Dahlkvist et al., 1982). Thirdly, the collateral ligaments were neglected

since they have little effect on the knee mechanics in the sagittal plane

(Crowninshield et al., 1976; Zheng et al., 1998). Finally, both cruciate ligaments

were excluded as these ligaments are sacrificed during the posterior stabilized TKA

as analyzed in this study (PFC Sigma RP-F). The lengths of the tibia and femur were

taken from the CT-scan upon which the FE model used in this study was based

(next paragraph). The orientation of the patella tendon and its moment arm were

obtained from the simulations with the same FE model and matched values

reported in literature (Van Eijden et al., 1986; Kellis and Baltzopoulos, 1999). The

accelerations of the segments were considered to be low as a relatively slow

squatting activity was simulated in this study. All assumptions listed were

integrated in the FBD which resulted in the static equilibrium equations given
Fig. 2. Free body diagram of the lower limb in the sagittal plane containing the

following forces and moment arms: the ankle force (Fa), the patella tendon force

(Fpt), the resultant thigh–calf contact force (Ftc), the knee joint forces (Fkx and Fky),

the patella tendon moment arm (Lpt) and the thigh–calf contact moment arm (Ltc).

The ankle force is directed towards the hip joint. b is the angle between the vertical

and the tibial axis and was derived from the knee flexion angle using the cosinus

rule and d is the orientation of the patella tendon with respect to the tibial axis.
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below (Fig. 2)

P
Fx ¼ 0 ! Fkx þ Fpt sin d� Fa sin bþ Ftc ¼ 0 (3)

P
Fy ¼ 0 ! Fpt cos dþ Fa cos b� Fky ¼ 0 (4)

P
Mk ¼ 0 ! FptLpt þ FtcLtc � ðFa sin bÞLtib ¼ 0 (5)

Knee forces were computed during a downward squatting movement

(ROM ¼ 50–1551) both with and without typical thigh–calf contact included,

respectively (Eqs. (1) and (2)). Three different knee forces were examined to study

the effect of thigh–calf contact: the compressive knee force, the shear knee force

and the patella tendon force. All joint forces were normalized for BW.

The FBD was furthermore utilized to study correlations between corpulence-

related subject properties and the resulting knee forces. These correlations provide

information of how the outcome of this study is to be applied to standard knee

patients who typically have a higher BMI than the healthy subjects considered in

the earlier study. Hence, subject-specific knee forces were computed using the FBD

and the individual thigh–calf contact characteristics measured earlier. The

magnitude of the compressive and shear knee force reduction due to thigh–calf

contact were normalized for BW for all subjects and evaluated at 1501 of flexion

which was the maximal flexion angle most subjects achieved (one subject was

excluded). Correlations were determined between the BMI and the sum of thigh

and calf circumference of the subjects and the knee force reduction due to

thigh–calf contact using the Pearson’s linear correlation coefficient for a 95%

confidence interval.
2.3. Finite element model

A three-dimensional dynamic FE model of a prosthetic knee was used to

evaluate the implications of thigh–calf contact on the polyethylene stresses during

high-flexion. The FE model utilized in this study has previously been developed in

the FE program Marc (MSC Software Corporation, Santa Ana, CA). The model

consisted of a distal femur, a proximal tibia and fibula, TKA components, a

quadriceps and patella tendon and a non-resurfaced patella (Fig. 3).

A detailed model description has been supplied earlier (Barink et al., 2008).

However, a short summary of the most important features is given here. High-

flexion components of the posterior stabilized PFC Sigma RP-F (Depuy Interna-

tional, Leeds, UK) were integrated following the surgical procedure provided by the

manufacturer. Hexahedral (brick) elements were used to model all bones and

components, except the femoral component, which was modeled as a rigid body.

In general, linear material models were used for all components, except for the

polyethylene, which was modeled as an elastic–plastic non-linear material having

an initial yield stress of 14 MPa (Kurtz et al., 1998). Both the quadriceps and patella

tendon were included and modeled as composite materials consisting of shell

elements and non-linear line elements to represent the solid matrix and collagen

fibers of these ligaments. Collateral and cruciate ligaments were not ignored for

similar reasons as mentioned in the FBD description (previous paragraph). Tibio-

femoral and patello-femoral contact were defined and the quadriceps tendon was

able to wrap around the femoral component. Knee flexion was simulated by

application of the ground reaction force similar to the FBD and releasing the

quadriceps tendon incrementally.
Fig. 3. The dynamic FE model utilized in this study. The model contains bones (the fib

thigh–calf contact Ftc). Flexion was simulated by applying the ankle force (directed tow
Polyethylene stresses were computed using the FE model during a downward

squatting movement (ROM ¼ 50–1551) both with and without typical thigh–calf

contact characteristics included, respectively (Eqs. (1) and (2)). Three knee forces

(the compressive, shear and patella tendon force) were determined using the FE

model to assess whether these were concurrent with those predicted by the FBD.

Furthermore, three polyethylene loading-related parameters were studied: the

equivalent Von Mises stress, the contact (normal) stress and the volume fraction of

the polyethylene participating in plastic deformation.
3. Results

3.1. Free body diagram

Thigh–calf contact considerably reduced the joint forces during
high-flexion (Fig. 4a). The compressive knee force at maximal
flexion (1551) calculated by the FBD decreased from 4.37 to
3.07�BW and the shear knee force at maximal flexion reduced
from 1.31 to 0.72�BW. In general, the maximal joint forces
shifted from occurring at maximal flexion to the initiation angle of
thigh–calf contact at 71301 of flexion in case thigh–calf contact
was included in the analyses.

Significant correlations were found between the sum of the
thigh and calf circumference and the knee force reduction due to
thigh–calf contact (Fig. 5b) at the maximal flexion angle achieved
by all subjects (1501) for both the compressive force (R ¼ 0.89;
P ¼ 0.0015) and the shear force (R ¼ 0.87; P ¼ 0.0022). Correla-
tions between the BMI of the subjects (Fig. 5a) and the reduction
in knee forces due to the posterior soft-tissue compression were
less clear for both the compressive force (R ¼ 0.68; P ¼ 0.046) and
the shear force (R ¼ 0.67; P ¼ 0.050).

3.2. Finite element model

The joint forces computed by the FE model (Fig. 4b) were in
good agreement with those computed by the FBD model (Fig. 4a).
The compressive and shear knee force as well as the patella
tendon force were comparable in trend and magnitude in both
computations. For computations with the FE model, the com-
pressive knee force at maximal flexion (1551) decreased from 4.89
to 2.90�BW and the shear knee force at maximal flexion reduced
from 0.95 to 0.41�BW.

As a consequence of the lower knee forces the FE predictions
demonstrated that thigh–calf contact had a considerable effect on
the prosthetic mechanics. Both the polyethylene Von Mises stress
ula, tibia and patella), TKA components and external loads (the ankle load Fa and

ards the hip joint) and releasing the quadriceps tendon slightly per increment.
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Fig. 4. Joint forces normalized for BW computed by the FBD (a) and the FE model (b). The black curves characterize the calculations with thigh–calf contact included and

the grey curves with no thigh–calf contact included.

Fig. 5. Correlation plots of the body mass index (a) and the sum of circumferences of thigh and calf (b) versus the knee force reduction due to thigh–calf contact at 1501 of

flexion for all the subjects (BM range ¼ 50.0–95.0 kg; BMI range ¼ 17.1–24.2 kg/m2).

J. Zelle et al. / Journal of Biomechanics 42 (2009) 587–593590
and contact stress decreased considerably at maximal flexion
when thigh–calf contact was included (Fig. 6). The Von Mises
stresses reached peak values of 29 MPa at the post during
simulations with and without thigh–calf contact. However, at
maximal flexion, the maximal Von Mises stress decreased from
29.08 to 25.89 MPa at the dish and decreased from 24.83 to
15.86 MPa at the post due to thigh–calf contact. Similar results
were obtained for the maximal contact stress. At maximal flexion,
the maximal contact stress decreased from 58.13 to 53.82 MPa at
the dish and decreased from 49.32 to 28.06 MPa at the post.

Plastic deformation of the polyethylene reduced in case
thigh–calf contact was included in the model (Fig. 7). In case no
thigh–calf contact was assumed, the polyethylene volume fraction
involved in plastic deformation gradually increased after 1301 of
flexion, whereas plastic deformation did not further accumulate
during high-flexion in case thigh–calf contact was included. At
maximal flexion (1551), the volume fraction participating in
plastic deformation reduced from 10.3% to 8.64% due to thigh–calf
contact.
4. Discussion

To the authors knowledge this study is the first effort to
describe the effect of thigh–calf contact on the knee loading.
Although the knee models described in this study are expected to
be representative for the in-vivo situation, the models contain
several assumptions which possibly affected the outcome. The
maximal compressive knee force computed for squatting in this
study corresponds to values reported earlier which range between
2 and 7�BW (Dahlkvist et al., 1982; Escamilla et al., 1998;
Komistek et al., 2005; Nagura et al., 2006). However, recent
studies focusing only on heels-down squatting report lower values
of 2 to 3�BW (Toutoungi et al., 2000; Thambyah, 2008; Smith et
al., 2008). One major assumption we made in this study was
heels-down squatting during which the ground reaction force was
assumed to act through the ankle joint. Hence, the knee flexion
moment resulting from the ground reaction force was relatively
high compared to other studies where the ground reaction force
was located more anterior during the heels-down squatting
motion (Thambyah, 2008). The knee flexion moment is further-
more influenced by anatomical parameters such as segment
lengths and tendon moment arms and the amount of muscles
described in the model. Due to the fact that we analyzed heels-
down squatting and the ankle force acted through the ankle joint,
the forces generated by the calf muscles (soleus and gastro-
cnemius) were neglected. Heels-down squatting is a common
posture in Asian countries (Hemmerich et al., 2006) which is an
important high-flexion TKA market. In case we would have
considered heels-up squatting, which is probably more common
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Fig. 6. Material stresses in the polyethylene at three different flexion angles: 1351 (a and b), 1501 (c and d) and 1551 (e–h). Figures on the left are obtained from simulations

with no thigh–calf contact and figures on the right from simulations with thigh–calf contact included.

J. Zelle et al. / Journal of Biomechanics 42 (2009) 587–593 591
in Western countries, the force generated by mainly the gastro-
cnemius muscle would have an increasing effect on the general
knee load. Overall, the joint force trends as described in this study
are comparable to other studies (Smith et al., 2008) and most
likely thigh–calf contact has a similar effect during other deep
squatting postures regardless the exact joint force magnitude.

There was a clear correlation between the sum of thigh and calf
circumference and the resulting knee force reduction due to
thigh–calf contact. Large thigh and calf circumferences promote
the initiation of soft-tissue contact during deep knee flexion
which results in a larger force reduction at maximal flexion.
Hence, if the results of this study were to be applied to Western
knee patients who typically have a high BMI (Gupta et al., 2006)
and obese leg segments, these knee patients would benefit
relatively more from the contact between thigh and calf during
high-flexion. Bodyweight is related to obesity and an increase of
the thigh and calf circumference implicates an increase in
bodyweight and the global level of knee forces. The current study
shows that thigh–calf contact can (partly) compensate for this
force increase.

Thigh–calf contact considerably reduces the knee forces at
maximal flexion as demonstrated in this study. However, the
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Fig. 7. Polyethylene volume fraction participating in plastic deformation in case

thigh–calf contact was included or excluded during high-flexion.

J. Zelle et al. / Journal of Biomechanics 42 (2009) 587–593592
global magnitude of the knee forces occurring during the entire
flexion cycle was only slightly reduced by thigh–calf contact. For
instance, the peak compressive knee force decreased from 4.45 to
4.38�BW and 4.89 to 4.47�BW computed by the FBD and FE
model, respectively. Hence, the main point of this study is that
high-flexion designs are based on the assumption that the highest
forces are generated at maximal flexion angles. This study clearly
shows that this assumption is not valid and that design criteria
may need to be altered accordingly. The outcome of the current
study supports the hypothesis that the knee loads might not be as
high as generally expected at maximal flexion. Therefore,
reinforcement of high-flexion implants (e.g. metal pin in the
tibial post in case of the Sigma RP-F) is questionable as
conventional implants are often not reinforced and both implant
types experience similar loads. In addition, since the highest
forces did not occur during maximal flexion, but at lower flexion
angles of approximately 1301 of flexion, tibio-femoral contact has
to be optimized for these flexion angles to minimize polyethylene
wear.

The maximal Von Mises stress of 29 MPa encountered in this
study was comparable to values found in literature. D’Lima et al.
(2001) computed a maximal Von Mises stress of 30 MPa using an
axial tibial load of 3000 N (01 of flexion). Morra and Greenwald
(2003) found a maximal Von Mises stress of 26 MPa in case a
compressive tibio-femoral force of 2340 N (151 of flexion) was
applied. Plastic deformation of the polyethylene insert was
observed in this study during high-flexion which has also been
shown by Morra and Greenwald (2005). Post-cam contact stresses
reached peak values of 70 MPa in case thigh–calf contact was
included (shear knee force ¼ 0.7�BW). The actual value of the
peak contact stress is difficult to compare with other studies as it
depends on the material model incorporated as well as the mesh
density and the contact algorithm used. In general, polyethylene
contact stresses reported in other studies are lower than
described in this study. Morra and Greenwald (2005) computed
a maximal contact stress of 32 MPa at the post using a shear knee
force of 0.4�BW (1351 of flexion). Huang et al. (2006) computed a
maximal contact stress of 59 MPa at the post using a shear force of
500 N (1501 of flexion). For this purpose, we mainly evaluated the
qualitative effect of thigh–calf contact and outcome differences
between different simulations.

In conclusion, the current study confirms that thigh–calf
contact reduces the knee forces in the high-flexion range. Both
the joint forces and the polyethylene stresses reduced consider-
ably when thigh–calf contact was included. The findings pre-
sented in this study can be used to optimize the mechanical
behavior of high-flexion TKA designs.
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