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Background: A total knee arthroplasty should restore the mechanical function of the knee and enable patients to
perform desired daily activities. The joint kinematics and contact mechanics performance are important de-
terminants of the success of total knee arthroplasty devices. The purpose of this study was to determine the effect
of intercondylar sagittal conformity on kinematics and contact mechanics.

Methods: An explicit dynamic finite element method was used to investigate the differences in the performances
of constrained cruciate-retaining (CR), unconstrained CR, and medial pivot designs during gait, squatting,
descending stairs, and climbing stairs. The predicted kinematic results were verified through an in vitro ex-
periment during the gait cycle.

Results: The results confirmed that the medial pivot design improved the kinematic behavior with no para-
doxical anterior motion, which was found in the unconstrained prosthesis during the four activities. However, a
small femoral internal rotation was found during gait (3.9°), descending stairs (2.2°), and climbing stairs (3.6°),
which may produce anterolateral pain. An enlarged contact area and a lower peak contact pressure were ob-
served on the medial side of the medial pivot prosthesis. Conversely, on the lateral side of the medial pivot
prosthesis, the contact area and peak contact pressure were equal to those of the unconstrained prosthesis, which
could potentially result in wear.

Conclusion: In summary, although the medial pivot prosthesis may provide qualitatively similar kinematics as
the average measurements of tibiofemoral motion, further in vivo analysis and long-term studies on the femoral
internal rotation and high contact pressure on the lateral side are still required.

1. Introduction

The objective of total knee arthroplasty (TKA) is to restore the
mechanical function of the knee and enable patients to perform desired
daily activities. To mimic the biomechanics of a normal knee joint, a
wide range of prostheses have been designed and evaluated since the
1950s [1]. However, several current symmetrical cruciate-retaining
(CR) TKA designs cannot provide normal knee kinematics and some are
prone to paradoxical anterior sliding of the femur on the tibia during
daily activities, which would have a negative impact on a patient's joint
[2-4]. Furthermore, the large anterior translation of the femoral com-
ponent on the surface of the tibial polyethylene (TP) component would
accelerate the wear of the TP component and reduce the prosthesis
service life [5]. The non-anatomic and symmetric geometric interface of
contemporary implants are one of the reasons that the kinematics of the
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lower limb are altered in TKA patients. These implants exhibit crossed-
four-bar linkage kinematics that conflict with the natural movement of
the femur relative to the tibia [6]. Recent studies on normal knee ki-
nematics have illustrated that a statistically relative larger translation is
found on the lateral side compared to that on medial side, which is
known as medial pivot motion [7-11].

In recent years, a new design of the medial pivot knee prosthesis
(MPKP), which is characterized by a different intercondylar sagittal
conformity between the lateral and medial side of the knee, has re-
ceived considerable attention for use in TKA [12-15]. This design was
developed to achieve medial-centered rotation as exhibited by a normal
knee and to reduce the wear of the TP component by creating a near
constant femoral component radius. As reported by Fen et al. [16], the
MPKP provided a statistical improvement in the postoperative range of
motion, objective knee society score, pain scale, and functional score.
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Karachalios et al. [17] also obtained satisfactory mid-term clinical re-
sults for patients with a MPKP. However, there are controversial results
regarding the clinical outcome of MPKPs. Kim et al. [18,19] reported a
lower knee score, smaller range of knee motion, and lower patient sa-
tisfaction of an MPKP group, compared with those of a press fit con-
dylar (PFC) mobile-bearing prosthesis group. Papagiannis et al. [20]
stated that no kinematics and kinetic advantages were observed during
gait for the MPKP compared to the rotating platform prosthesis. In
addition, with respect to the success of TKA devices, both the kinematic
analysis and contact mechanics should be considered as important
factors that influence the TP component wear [21-23]. However, there
are few studies regarding the contact mechanics of the MPKP [24].

As it is difficult and costly to measure kinematics and contact me-
chanics experimentally in vivo and in vitro, a computational model has
been proposed as an efficient method for performing an evaluation of
the TKA design under various dynamic loading conditions. Varadarajan
et al. [25] used the rigid dynamics method in the commercial LifeMOD
KneeSIM software to analyze the kinematic differences among various
prostheses. However, it is difficult to simultaneously predict accurate
kinematics and contact mechanics. An explicit dynamic finite element
method (FEM) has been employed in order to develop dynamic tibio-
femoral models that have the capability of simultaneously determining
the joint kinematics and contact mechanics [26-30]. However, these
studies have focused on the gait cycle without evaluating other daily
activities such as climbing stairs and deep squatting.

In this study, a comparison of the symmetrical CR and MPKP designs
was performed with respect to their kinematics and contact mechanics
using an explicit dynamic FEM for simulating daily activities, such as
gait, deep squatting, descending stairs, and climbing stairs, to under-
stand the effect of the intercondylar sagittal conformity. The simulated
kinematic results for the gait cycle were also verified using in vitro
experimental data.

2. Material and methods
2.1. Finite element model

Explicit FE models of three tibiofemoral knee prostheses were de-
veloped using the commercial FE software Abaqus (Dassault Systems
Simulia Corp., Johnston, USA) to simulate daily activities on the
Stanmore knee simulator [31]. To study the effect of intercondylar
sagittal conformity on knee joint kinematics and contact mechanics,
three implants with different conformities were chosen in this study.
The conformity of the model was defined as the difference between the
corresponding femoral and tibial curvature in the sagittal plane [32].
The selected commercial MPKP design (Fig. 1 (a)) (Adler Ortho S.R.L,
Cormano, Italy) has an asymmetrical TP, whose conformities on the
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medial and lateral sides were approximately 0.99 and 0.3, respectively.
As a comparison, two CR knee prostheses were selected including a
posterior cruciate-retaining (CPCR) design (Fig. 1 (b)) (Adler Ortho
S.R.L, Cormano, Italy) with a high conformity (0.99) and unconstrained
posterior cruciate-retaining (UPCR) design (Fig. 1 (c)) (DePuy Inter-
national, Leeds, UK) with a low conformity (0.3). The sagittal curve on
the medial side of the TP of the MPKP was similar to that of the CPCR,
while that on the lateral side was similar to that of the UPCR. In ad-
dition, to eliminate the influence of the mobile bearings, the rotation
between the TP component and tibial tray was fixed in the simulation
and experiments. A detailed description of the three prostheses are
shown in Table .1. It is noteworthy that the sagittal curve of the UPCR is
multi-radius, which means that the sagittal conformity changes with the
flexion angle. We only focused on the analysis of the difference in the
sagittal conformities of the three designs, instead of the effects of each
specific structural parameter of the femoral and tibial components.

The femoral component and tibial tray were modeled as rigid bodies
owing to their Young's modulus, which is significantly higher than that
of the TP component, and were meshed using a C3D4 tetrahedron with
a 1.5-mm element length. The femoral component of the UPCR com-
prised 55,552 elements, while that of the MPKP and CPCR comprised
75,327 elements. The tibial tray of the UPCR comprised 64,493 ele-
ments, while that of the MPKP and CPCR comprised 24,395 elements.
The TP component was modeled as a non-linear elastic—plastic material
(UHMWPE) with a modulus of elasticity of 463 MPa and a Poisson's
ratio of 0.46 using the experimental stress-strain data [33]. It was
meshed using 10-node modified quadratic tetrahedral elements
(C3D10M) with a 1.3-mm element length based on the convergence
study. The TP component of the CPCR, UPCR, and MPKP comprised
34,920, 51,330, and 40,712 elements, respectively. The coefficients of
friction for the contact surfaces between the femoral and TP compo-
nents were set to 0.04 in accordance with the artificial joints and ex-
perimental pin-on-disk tests, as well as previous computational models
[34,35]. A nonlinear surface-to-surface penalty property with contact
geometry corrections was assigned to the contact surfaces.

2.2. Boundary conditions and loading

The Stanmore knee simulator is a well-established force-controlled
knee simulator in which in vivo environments of the knee joint are re-
plicated by applying the appropriate forces and moments to the femoral
and tibial components [32,36]. The boundary conditions applied to the
model were based on the Stanmore knee simulator, as shown in Fig. 2.
The femoral component was allowed to rotate along the transverse axis
to simulate flexion—extension (F-E) rotation. The degrees of freedom of
the inferior-superior (I-S) translation and valgus—varus (V-V) rotation
on the femoral component were unconstrained. The TP component was

©

Fig. 1. FE meshed model. (a) Femoral and TP components of the MPKP, (b) femoral and TP components of the CPCR, (c) femoral and TP components of the UPCR.
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Table 1
Description of the knee prostheses used in this study.
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Prosthesis Femoral Component TP component

Medial side Lateral side
CPCR Single-radius High conformity (0.99) High conformity (0.99)
UPCR Multi-radius Low conformity (0.30) Low conformity (0.30)
MPKP Single-radius High conformity (0.99) Low conformity (0.30)
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Fig. 2. FE model of the TKA model for force-control loading conditions (Note:
the positive A-P force acts in the anterior directions; the positive axial force
component is acts distally in the inferior direction along with the implant shaft;
and the positive I-E torque turns clockwise around the outer rotation of the
tibia).

allowed to perform unconstrained motion in the medial-lateral (M-L)
direction. To simulate the ligaments and soft tissue constraints around a
knee joint, a set of nonlinear springs was included in the TKA model
[37]. The detailed resistance was set and simplified based on the phy-
siological restraint of an intact knee [38]. The translation resistance
was set to 9.3 N/mm based on ISO 14,243-1:2009. In addition, the
resistance was assumed zero for the TKA prosthesis within 2.5 mm in
either direction of the reference point to include the small restraint
stiffness of soft tissue around the knee joint. The rotation resistance was
0.36 Nm/°. The rotation resistance was also zero for the TKA prosthesis
within + 6° from the reference position. The axial load axis was shifted
by 7% of the TP component width in the medial direction to simulate
the natural various loadings of the knee joint.

To analyze the kinematics and contact mechanics of the three de-
signs, the loading conditions for daily activities including gait, squat-
ting, descending stairs, and climbing stairs were applied in the model,
as shown in Fig. 3. The gait data were obtained based on ISO
14,243-1:2009. The loading inputs for squatting, descending stairs, and
climbing stairs were measured in vivo and averaged for eight subjects
with instrumented knee implants [39]. The F-E rotation was measured
using a motion capture system and calculated using inverse kinematics
with a high accuracy [40-42].

2.3. Experimental validation

The gait cycle was selected as the sample activity for evaluating the
accuracy of the simulation results. The same size of prostheses that
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were modeled in the simulation were used in the experimental vali-
dation. The simulated kinematic results were verified by comparing the
experimental results using the Stanmore knee simulator. The boundary
condition of gait cycle was based on the ISO standard (ISO
14,243-1:2009), as shown in Fig. 3.

3. Results
3.1. Model validation

All of the predicted results were in good agreement with the ex-
perimental results, in terms of the trend and magnitude, as shown in
Fig. 4. The A-P translation and I-E rotation of the UPCR are also well
consistent with the results from previous studies [43,44]. However,
during 65% of the gait cycle, the predicted translation and rotation did
not agree well with the experimental data, possibly owing to the ne-
glected mass and inertia of the simulator fixtures. In this study, the
validation of the model was only performed on the gait cycle for three
prostheses due to cost and time issues. However, good agreement be-
tween the simulated and experimental results was obtained during the
gait cycle, which supports the assumption that the finite element si-
mulator mimics the Stanmore knee simulator with a high accuracy.

3.2. Kinematic difference

During the gait cycle, the femoral component of the CPCR was ap-
proximately fixed on the TP component, and the maximum translation
(1.2 mm) of the femoral medial condyle was in the anterior direction, as
shown in Fig. 5 (a). The UPCR exhibited a more flexible character than
that of the CPCR (Fig. 5 (b)). A large anterior translation (6.4 mm) and
an external rotation (— 2.6°) were observed during the loading response
phase. The maximum posterior translation (—1.7 mm) was obtained in
the swing phase, and an internal rotation (9.1°) was obtained in the pre-
swing phase. Because of the high conformity of the medial side of the
MPKP, which was the same as that of the CPCR, the MPKP exhibited a
lower femorotibial translation on the medial side than that of the UPCR
(case Fig. 5 (c)). An external rotation (—2.8°) and an internal rotation
(3.9°) were observed during the load response and pre-swing phases,
respectively.

During the squatting cycle, the CPCR, UPCR, and MPKP all showed
external rotations (—3.8°, —8.4°, and —11.3°, respectively) and pos-
terior translations (—1.4mm, —5.7 mm, and —0.9 mm, respectively)
during the flexion phase, as shown in Fig. 6. However, only the UPCR,
case exhibited an anterior translation (4.7 mm) during the extension
phase.

Various performances during the descending stairs cycle for the
three prostheses are shown in Fig. 7. Hinge-joint kinematics were ob-
served in the CPCR, which was similar to the movements during gait
and squatting (Fig. 7 (a)). For the UPCR, an anterior translation
(2.2mm) and external rotation (—1.4°) of the femoral medial condyle
were observed when the heel contacted the stairs, while a posterior
translation (—1.9mm) and an external rotation (—10.1°) were ob-
served during the swing phase. A small internal rotation (0.5°) was
observed for approximately 90% of the descending stairs cycle (Fig. 7
(b)). A smaller external rotation (—8.0°) and larger internal rotation
(2.2°) were observed in the MPKP (Fig. 7 (c)) compared with those of
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Fig. 3. Boundary conditions of the gait cycle, squatting, descending stairs and climbing stairs. (Note: the boundary conditions of the gait cycle were obtained from
ISO 14,243-1:2009; and the boundary conditions of the squatting, descending stairs and climbing stairs were obtained from Bergmann et al. [39]).
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Fig. 4. Model validation of the UPCR, CPCR, and MPKP during the gait cycle.
Comparisons of the (a) A-P translation and (b) I-E translation of the TP load
point.

the UPCR.

During the climbing stairs cycle, a kinematic performance similar to
that of the descending stairs cycle was observed in the three prostheses,
as shown in Fig. 8. However, the femoral medial condyle of the MPKP
was internally rotated and then externally rotated with no translation.
The maximum internal rotation and external rotation were 3.6° and
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—9.2°, respectively.
3.3. Contact mechanics difference

Fig. 9 shows a comparison of the peak contact pressures on the
lateral and medial sides of the three prostheses during daily activities. A
higher contact pressure was observed on the UPCR compared with that
on the CPCR and MPKP for all of the daily activities. The peak contact
pressure on the medial side of the UPCR was higher than that on the
lateral side, while the peak contact pressure on the lateral side of the
MPKP was higher than that on the medial side. For the CPCR case, the
peak contact pressure on the medial and lateral sides exhibited a similar
magnitude and trend. The peak contact pressure on the medial side of
the MPKP had a magnitude and trend similar to that of the CPCR, while
on the lateral side, it was similar to that of the UPCR. However, the
peak contact pressure on the medial side of the MPKP was higher than
that on the lateral side during 40%-60% of the squatting cycle, owing
to the reduced contact area at the large flexion angle (> 90°). Com-
parisons of the three prostheses for the contact pressure contour gen-
erated at the peak axial load during the daily activities are shown in
Fig. 10.

4. Discussion

The differences between the joint kinematics and contact mechanics
among different intercondylar sagittal conformity implant designs
during daily activities were analyzed in this study using an explicit
FEM. The accuracy of the simulator was verified using experimental
results on gait cycle. The change of the intercondylar sagittal con-
formity resulted in a decreased the contact pressure, at also changed the
kinematics of the femoral component.

In this study, the MPKP demonstrated medial pivot kinematics
during the simulated daily activities, which agreed well with previous
in vivo and in vitro clinical results in terms of the trend and magnitude.
For example, Schmidt et al. [45] showed that a medial pivot motion
with femoral internal (1.4°) and external rotations (—1.9°) was ob-
served during the stance and swing phases of the gait cycle, respec-
tively, through a fluoroscopic analysis of five patients using the MPKP.
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Moonot et al. [24] demonstrated medial pivot motion with femoral
external rotation (—5 * 3°) during squatting. Scott et al. [46] reported
a similar motion with femoral internal and external rotations during
climbing and descending stairs activities. The medial pivot motion of
the MPKP is consistent with the kinematics of a healthy knee joint,

CPCR

CPRESS (MPa)

Gait 1558
(13%) 6.66

Squatting
(37%)

Descending Stairs
(66%) /

Climbing Stairs
(35%)

which may increase patient satisfaction [47]. However, the I-E rotation
pattern of the MPKP knee showed slight differences with the averaged
motion of a healthy knee, small internal rotations were observed during
the stance phase of the gait (3.9°), descending stairs (2.2°), and
climbing stairs (3.6°) cycles. The femoral internal rotation may cause a

UPCR MPKP

Fig. 10. Contact pressure contour map of the three prostheses generated at the peak axial load during the daily activities.
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higher forced lateral A-P translation, which would result in greater
tension on the anterolateral soft tissues and pain in this area. This pain
has been reported in clinical studies [48,49].

For the CR prosthesis case, the UPCR exhibited a larger parallel
posterior translation of the femoral condyles than those on the CPCR
and MPKP in the aforementioned four activities. This may increase the
risk of wear [50,51]. The in vivo studies performed by Nishio et al. [52]
were comparable to the predicted results of this study, which showed a
medial translation of 7mm in the squatting cycle for 10°-120° of
flexion. In addition, a paradoxical anterior translation was observed
during the stance phase of the gait, descending stairs, and climbing
stairs cycles, which is consistent with in-vivo fluoroscopic measure-
ments [53-56]. Varadarajan et al. [25] also observed a 5.2 mm anterior
translation during the climbing stairs cycle on the medial side of the
Vanguard-CR design (Biomet Inc., Warsaw, IN) through computational
simulation. This design is similar to the UPCR. However, a few studies
have presented controversial results regarding the clinical outcome of
the UPCR design [57,58]. For example, Horiuchi et al. [57], presented
medial pivot behavior that was also found in NRG CR cementless knee
prostheses during weight-bearing deep squatting. The sagittal design is
similar to that of the UPCR. This controversial result may be mainly
caused by the special spherical arc design in the transverse plane, which
could guide the motion of the femoral component. The CPCR was prone
to a hinge-joint kinematic performance in all activities. These kinematic
alterations of the CR designs were mainly related to their symmetrical
articular geometries, compared with the healthy knee.

It is known that the sagittal conformity has a direct influence on
contact stress. The contact pressure on the medial and lateral sides of
the three prostheses were compared separately in this study because of
their different sagittal conformities. For the medial compartment case, a
smaller contact pressure and larger contact area were observed on the
MPKP and CPCR compared with those of the UPCR owing to the higher
sagittal conformity, as shown in Figs. 9 and 10. A lower pressure
combined with a small slide distance decreases the wear of a TP com-
ponent [21,59-61]. For the lateral side case, the contact pressure on the
MPKP was greater than that on the CPCR for all activities, and occa-
sionally greater than that on the UPCR. Thus, there was a risk of wear
on the lateral side of the MPKP. Steinbriick et al. [62] also reported a
similar experimental result during squatting. However, the total
amount of wear on the MPKP and CPCR was less than that on the UPCR
owing to the small contact pressure on the medial side according to the
Archard's wear law [50]. Minoda et al. [63] analyzed the synovial fluid
of patients after accepting the MPKP and a posterior-stabilized pros-
thesis. The total number of particles on the MPKP knee was less than
half of that in the knee with a posterior-stabilized prosthesis. However,
a long-term study comprising a wear comparison of the CR designs and
MPKP has not been performed. As the wear on the unilateral side of the
prosthesis would impact the service life, it is still difficult to determine
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which design has a longer service life owing to the high pressure and
large slide distance on the lateral side of the MPKP.

The maximum contact pressure can be used to estimate the potential
and localized damage to the TP component. The maximum contact
pressure was compared in the three prostheses for the four activities, as
shown in Fig. 11. The UPCR exhibited the highest maximum contact
pressure, which exceeds the yield stress (24.79 MPa) of the UHMWP. In
addition, the highest pressure on the prosthesis was produced occurred
squatting despite the low axial force generated during the squatting
cycle. Therefore, squatting could damage the TP component. Similar
results were also found in previous studies [64].

There were limitations and assumptions associated with this study.
An ideal alignment and position of the prosthesis components was as-
sumed during simulation. Small malalignments with postoperative
coronal, sagittal, and rotational alignment that were found in actual
TKA surgeries were ignored [65-67]. For the TKR model, mobile
bearing CPCR and MPKP models were used instead of fixed models due
to the access difficulty to the 3D CAD model. The influence of the dif-
ference between the fixed and mobile TKA designs on the simulation
results should be further analyzed. However, most commercial designs
do not change the femorotibial interface design of the TP component,
and only add the hinge joint between the TP and tibial tray compo-
nents, compared with the fixed and mobile bearing TKR designs.
Moreover, the multi-radius design of the UPCR also influences the ki-
nematics and contact mechanics of the implant performance, which
might limits the simulation results used directly in the design analysis.
For the simulator, the muscle force and interaction between femur and
patella were not considered in the model, which might influence the
kinematics and contact mechanics of the prosthesis [68-70]. A higher
fidelity knee simulator including the patellofemoral joint and muscle
loading should be implemented to analyze the comprehensive char-
acteristics of TKA knee joints. Furthermore, the boundary conditions
were fixed for all of the designs, however, the implant geometry and
subject-specific differences would cause a change in the loading con-
dition on the prostheses. The predicted change remains a challenge,
which should be considered in future studies.

5. Conclusions

The differences in the kinematics and contact mechanics of sym-
metrical CR, and MPKP designs were investigated for daily activities
using an explicit FEM. The predicted kinematic results demonstrated
that the MPKP had similar kinematics as healthy knee, with no para-
doxical motion of the femur that was observed for the UPCR. However,
a small femoral internal rotation was observed during the gait, des-
cending stairs, and climbing stairs cycles. This may result in ante-
rolateral pain for the MPKP knee. For the contact pressure distribution
case, the magnitude of the peak contact pressure on the medial side of

UPCR

B MPKP
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Fig. 11. Comparison of the maximum contact pressure of the three prostheses during daily activities.
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the MPKP was obviously reduced, while the lateral side exhibited no
significant difference compared to that of the UPCR. Thus, further in
vivo analysis and long-term studies on the wear comparison of the CR
designs and MPKP are required.
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