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Abstract

Abnormal, excessive stresses acting on articular joint surfaces are speculated to be one of the causes for joint degeneration.

However, articular surface stresses have not been studied systematically, since it is technically difficult to measure in vivo contact

areas and pressures in dynamic situations. Therefore, we implemented a numerical model of articular surface contact using accurate

surface geometries. The model was developed for the cat patellofemoral joint. We demonstrated that small misalignments of the

patella relative to the femur change the joint contact mechanics substantially for a given external load. These results suggest that

misalignment might be studied as one of the factors causing articular cartilage disorder and joint degeneration.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Articular cartilage is subjected to a wide range of
mechanical stresses associated with normal, everyday
joint loading in vivo, and it is known to become injured
or diseased frequently in the human knee, particularly in
athletes and the elderly (Baker et al., 1985; Smillie, 1970;
Lawrence et al., 1989).
Abnormal or excessive stresses acting on, or within, a

joint are speculated to be one of the causes for
patellofemoral joint degeneration (Radin et al., 1978;
Moskowitz, 1992). Support for this idea comes from
experiments in which cartilage degeneration has been
initiated in animals by excessive loading (Dekel and
Weissman, 1978; Moskowitz, 1992).
At present, the in vivo joint contact mechanics cannot

be measured in diarthrodial joints during voluntary
movements, although dynamic contact pressure mea-
surements in artificial joints (e.g., Bergmann et al.,
1993), and static conditions in intact diarthrodial joints
have been made (e.g., Ronsky et al., 1995). Further-
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more, studies performed on cartilage explants cannot
explain the stress–strain states of articular cartilage
subjected to loads in the intact joint, because of the
artificial boundary conditions required for in vitro
testing (e.g., no interaction with the subchondral bone,
and either completely open or completely sealed lateral
constraints). Also, the biological response of articular
cartilage to loading performed in isolated explants
in vitro, or in the intact joint, can be very different for
apparently similar loading conditions (Craig, 2003;
Clark et al., 2004). Therefore, theoretical approaches
of accurate joint contact mechanics are urgently needed.
However, exact analytical solutions can only be
obtained for small displacements and two-dimensional
(2-D), or axisymmetric and simple geometries (Athesian
et al., 1994; Wu et al., 1997). When studying real joint
geometries, a numerical analysis, such as the finite
element (FE) method, is necessary. The purpose of this
study was to combine an accurate geometrical repre-
sentation of a real joint with a numerical approach of
the associated contact mechanics. In order to do this, we
used the cat patellofemoral joint for which in situ
contact pressure measurements had been made in the
past (Clark et al., 2002). We then simulated lateral
patellar shifts of 0.5 and 1.0mm from the actual in situ
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alignment. We hypothesized that these misalignments
were associated with increased peak pressure, decreased
contact area, higher tensile stresses at the articular
surface, and higher shear stresses at the bone–cartilage
interface, for a given contact force. Such observations
would be consistent with anecdotal and clinical findings
of increased patellofemoral degeneration with inaccu-
rate patellar tracking.
2. Methods

Accurate (o20 mm) retropatellar and femoral groove
surface geometries were obtained using laser scanning
(MicroScan Laser Profilometer, LMI Technologies,
Southfield, MI, USA) (Haut et al., 1998; Couillard,
2002). The 3-D FE mesh model was created using the
commercial mesh generation software, TrueGRID (Fig.
1a and b). A large displacement contact analysis was
used with ABAQUS 6.3. Articular cartilage was
Fig. 1. Patellofemoral joint contact mesh model: (a) sagittal view, with the

frontal view, with the reference frame; and (c) contact pressure distribution f

and displaced laterally by 0.5 and 1.0mm.
assumed to be biphasic: the solid phase was assumed
linearly elastic and incompressible, and the fluid phase
was taken as incompressible, non-viscous, and with a
deformation-dependent permeability (Holmes and
Mow, 1990). The deformation dependent permeability
was described by Wu and Herzog (2000) as a function of
the void ratio e (ratio of the fluid over the solid fraction):

k ¼
e

e0
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The elastic constants and the material parameters
featuring in the expression of permeability (Eq. (1)) were
taken from the literature (Wu et al., 1999; Wu and
Herzog, 2000), and are shown in Table 1.
The articular cartilage surface was assumed perfectly

permeable, and cartilage thickness on the femoral
groove and retropatellar surface was approximated as
0.3 and 0.5mm, respectively (Herzog et al., 1998). The
articular cartilage was modeled as being attached to a
cortical bone of 2.5mm thickness. In order to evaluate
section plane on which the local contact pressure was evaluated; (b)

or a 3N applied load with the patella in the normal reference position,
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Table 1

Material properties used in the simulations

Material properties Values

Cartilage layer

Young’s modulus E 0.450MPa

Poisson’s ratio n 0.106

Initial permeability K0 1.16� 10�3mm4N�1 s�1

Initial void ratio e0 4.2

Material parameters for the

k2e relationship

M 4.638

k 0.0848

Bone layer

Young’s modulus E 2� 103MPa

Poisson’s ratio n 0.20
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the effects of alignment of the patella relative to the
femur, the patella was shifted laterally by 0.5 and
1.0mm from its reference configuration. Ramp loads
from 0 to 3, 100, 150, and 500N were applied over a 2 s
period to the patella placed on the femoral groove.
Analysis: Patellofemoral contact areas, peak pres-

sures, and local pressures were calculated and compared
for the four loading conditions (ramp to 3, 100, 150, and
500N), and the three positions of the patella relative to
the femur (normal reference position, 0.5 and 1.0mm
lateral displacement of the patella relative to the femur).
Contact area was defined as the area spanned by the
nodes of the FE model in which contact pressure was
non-zero. Peak pressure was defined as the peak
pressure observed at the end of the loading ramp. Local
pressures were analyzed along three parallel lines
running from medial to lateral through the peak
pressure point, and 70.25mm distal and proximal to
the peak pressure point, respectively. The maximum
tensile stress was calculated as the maximum value of
the principal stresses (i.e., the three eigenvalues of the
stress tensor). The maximum shear stress was calculated
as half of the maximum Tresca equivalent stress:

tmax ¼ 1
2ðs

Tresca
eq Þmax

¼ 1
2
½maxfjs1 � s2j; js1 � s3j; js2 � s3jg
max; ð2Þ

where s1; s2; s3 are the principal stresses.
Fig. 2. (a) Normalized peak patellofemoral contact pressure for the

four loading conditions (3, 100, 150, and 500N) and the three positions

of the patella relative to the femur (normal, 0.5 and 1.0mm lateral

displacement). Normalized peak pressures increase with increasing

displacement of the patella from its reference position. (b) Normalized

patellofemoral contact area for the four loading conditions (3, 100,

150, and 500N) and the three positions of the patella relative to the

femur (normal, 0.5 and 1.0mm lateral displacement). Contact area

increased dramatically from the 3 to 100N loading conditions, but

remained virtually constant for further increases in load magnitude.

Contact area decreased with increasing patellar displacement from the

reference position. The absolute values of contact pressure (in MPa)

and contact area (in mm2) are reported for the reference configuration.
3. Results

In the normal reference position, the patellofemoral
contact area extended from the medial to the lateral side
of the femoral groove, as observed experimentally
(Clark et al., 2002). For a 0.5 and 1.0mm lateral shift
of the patella from its reference position, the contact
areas and peak pressures were shifted laterally (Fig. 1c).
Also, contact area decreased and peak contact pressure
increased with a lateral shift of the patella for all loading
conditions (Fig. 2). We also calculated the contact
pressures on the femur at the points lying on the
intersection of the surface with the section plane shown
in Fig. 1a, and plotted the results with respect to the
local x3 coordinate of the contact points (Fig. 1b).
Compared to the normal reference position, local
loading of the laterally displaced patellar positions
caused unloading medially and overloading laterally
(Fig. 3).
Theoretically predicted peak contact pressures were

within the range of those observed experimentally (Fig.
4a), while contact areas were vastly overestimated by the
numerical contact model (Fig. 4b).
Maximal tensile stresses always occur at the articular

cartilage surface, and they remain fairly constant across
different alignments of patella relative to femur. In
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Fig. 4. (a) Comparison of peak contact pressure as a function of

patellofemoral contact force (applied load) calculated theoretically

(J), and obtained experimentally (K) from cat patellofemoral joints.

(b) Comparison of patellofemoral contact area as a function of

patellofemoral contact force (applied load) calculated theoretically

(J), and obtained experimentally (K) from five cat patellofemoral

joints. Theoretical contact areas were calculated for the whole contact

area (J), and for the whole contact minus 23.8mm2 (&).

Fig. 5. Maximum tensile and shear stresses for the three alignment

conditions of the patella relative to the femur (normal, 0.5 and 1.0mm

lateral displacement). The maximum tensile stress occurred at the

articular surface and was not greatly affected by misalignment. The

maximum shear stress occurred at the bone–cartilage interface and was

significantly affected by misalignment.

Fig. 3. Local contact pressures along a medial–lateral line for the three

positions of the patella relative to the femur for the 3N loading

condition. Note, the lateral shift and increase in peak pressure with

increasing lateral shifting of the patella. In this case, peak pressure

from the normal reference to the 1.0mm displaced position increased

by a factor of 2.
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contrast, maximal shear stresses occur near the bone–
cartilage interface, and they increase substantially with
increasing misalignment of patella relative to femur
(Fig. 5).
4. Discussion

At present, it is impossible to determine experimen-
tally the instantaneous, in vivo stress–strain state of
articular cartilage during movement. However, there is
increasing evidence that cartilage adaptation and
degeneration are strongly linked to mechanical signals
in the vicinity of the chondrocytes (Guilak et al., 1997).
Therefore, we combined an accurate diarthrodial joint
geometry (obtained through laser digitization) with a
realistic (biphasic, strain-dependent permeability) con-
tact model of articulating joint surfaces, implemented on
a commercial FE platform. We applied physiologically
occurring patellofemoral contact forces (Hasler
and Herzog, 1998) to the model to obtain the
corresponding contact area and contact pressure dis-
tributions. Of course, the complete stress–strain states of
the articular cartilage in the current model, or a model
containing structural elements, such as chondrocytes
(Wu et al., 1999; Wu and Herzog, 2000) and/or collagen
fibrils, (Li et al., 1999) could have been determined as
well.
Comparison of the peak contact pressure data with

experimental data was good, although the theoretically
predicted pressures were at the lower limits of those
obtained experimentally (Fig. 4a). However, this result
could be caused by the difference in knee angles. The
theoretically simulated knee angle was 70�, whereas the
experimentally obtained results corresponded to a knee
angle of 100�. Furthermore, peak pressure measure-
ments using Fuji pressure sensitive film are not trivial
and may contain errors of up to 30% associated with the
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change in contact mechanics because of insertion of the
Fuji film (Wu et al., 1998), possible crinkle artifacts
(Liggins, 1997), and inaccuracies with Fuji film calibra-
tion (Liggins et al., 1995).
However, comparison of the contact areas obtained

theoretically and experimentally might be of greater
concern (Fig. 4b). The theoretically predicted contact
areas were always substantially greater than the
experimentally measured values. However, the experi-
mental data were obtained with Fuji pressure sensitive
film. This film has a threshold for pressure detection, in
the case at hand, of about 2.0MPa. At 3N of applied
load, the predicted peak contact pressure was 0.3MPa,
and the predicted contact area was 23.8mm2. Since the
peak pressure in this case was below the Fuji film
threshold, an experiment would have given a contact
area of 0mm2 for the 3N load application. This result
indicates that the experimentally measured contact areas
are likely underestimated compared to the actual
contact areas. For example, if we subtract the known
error at the 3N load (i.e., 23.8mm2) from all contact
areas shown in Fig. 4, the corrected values show good
agreement with the experimental values, except for the
100 and 150N load, for which the predicted values
would still be too high (Fig. 4b), although we suspect,
this result is caused by our assumption of a constant
contact area measurement error of 23.8mm2.
Summarizing, we demonstrated that small changes in

patellar displacement caused changes in contact area,
peak pressure, and maximum shear stress near the
bone–cartilage interface. However, these changes were
not so dramatic that we might expect them to affect joint
degeneration. Patellar misalignment also caused loaded
of articular regions that were not part of the contact
region in normal patellofemoral alignment (Fig. 3). We
speculate that sudden loading of these normally
unloaded regions might cause the problems associated
with mal-tracking of the patella. This might explain the
clinical observation that abnormal patellar tracking is
associated with knee pain, and possibly, degenerative
processes of the knee (Fulkerson and Shea, 1990).
Finally, we note that, at least for the misalignments that
were studied here (lateral shift of the patella), the
maximum tensile stress at the contact surface was not
significantly affected in intensity or direction.
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