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A Finite Element Model of the
Human Knee Joint for the Study
of Tibio-Femoral Contact
As a step towards developing a finite element model of the knee that can be used to
how the variables associated with a meniscal replacement affect tibio-femoral contac
goals of this study were 1) to develop a geometrically accurate three-dimensional
model of the knee joint with special attention given to the menisci and articular cartil
2) to determine to what extent bony deformations affect contact behavior, and
determine whether constraining rotations other than flexion/extension affects the co
behavior of the joint during compressive loading. The model included both the cor
and trabecular bone of the femur and tibia, articular cartilage of the femoral condy
and tibial plateau, both the medial and lateral menisci with their horn attachments,
transverse ligament, the anterior cruciate ligament, and the medial collateral ligam
The solid models for the menisci and articular cartilage were created from surface s
provided by a noncontacting, laser-based, three-dimensional coordinate digitizing sy
with an root mean squared error (RMSE) of less than 8 microns. Solid models of bot
tibia and femur were created from CT images, except for the most proximal surface
tibia and most distal surface of the femur which were created with the three-dimens
coordinate digitizing system. The constitutive relation of the menisci treated the tiss
transversely isotropic and linearly elastic. Under the application of an 800 N compres
load at 0 degrees of flexion, six contact variables in each compartment (i.e., media
lateral) were computed including maximum pressure, mean pressure, contact area
contact force, and coordinates of the center of pressure. Convergence of the finite el
solution was studied using three mesh sizes ranging from an average element size o
by 5 mm to 1 mm by 1 mm. The solution was considered converged for an av
element size of 2 mm by 2 mm. Using this mesh size, finite element solutions fo
versus deformable bones indicated that none of the contact variables changed by
than 2% when the femur and tibia were treated as rigid. However, differences in co
variables as large as 19% occurred when rotations other than flexion/extension
constrained. The largest difference was in the maximum pressure. Among the prin
conclusions of the study are that accurate finite element solutions of tibio-femoral co
behavior can be obtained by treating the bones as rigid. However, unrealistic constr
on rotations other than flexion/extension can result in relatively large errors in con
variables. @DOI: 10.1115/1.1470171#
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Introduction
Both complete and partial meniscectomies are performed in

tients with torn menisci@1,2#. This procedure often causes dege
erative arthritis in the knee@3–5#. Therefore, the efficacy of me
niscal replacements in preventing the early onset of arthritis i
interest. To either design synthetic replacements, or select tr
plants that maintain normal contact on the tibial plateau, it
useful to identify independent variables~e.g., material properties!
that are important determinants of the contact behavior of
tibio-femoral joint. A finite element model of the tibio-femora
joint that includes the menisci would be a powerful tool for ma
ing such identifications.

The human knee joint is a complex three-dimensional struc
whose geometry is not easily represented by a solid model. E
finite element models used an axisymmetric representation o
knee @6–8#. However, axisymmetric models do not accurate
represent the three-dimensional geometry of the femur-men
tibia complex. More recently, three-dimensional knee joint mo
els, which include menisci, have been developed from image
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cadaveric knees@9–11#. These models used either magnetic res
nance imaging~MRI! @9,10# or reshaped digital calipers an
machine–controlled contact digitization@11# to obtain soft tissue
geometry. Both of these techniques have resolutions that are
cally limited to 500 microns. Considering that the articular car
lage of the knee joint is only approximately 4 mm thick@12#, a
resolution of 500 microns is generally inadequate. For exam
Li et al., @13# found that a 10% change in the thickness of t
cartilage layer caused a corresponding 10% change in sur
pressure in a model of the tibio-femoral joint. Therefore, the fi
goal of this study was to develop a three-dimensional solid g
metric model from accurate digitized scans of the knee joint w
special attention given to the menisci and articular cartilage.

Previous three-dimensional knee models have assumed tha
femur and tibia were rigid@9–11#. To date, this assumption and it
effects on the contact behavior of the tibio-femoral joint have
been investigated. An additional goal of the present study wa
investigate the validity of treating the bones as rigid in relation
tibio-femoral contact.

Previous finite element studies have imposed unrealistic c
straints on rotational degrees of freedom under compressive l
ing of the knee joint. In one study@11#, varus-valgus~V/V ! rota-
tion was constrained, whereas in another study@10# movement of
the femoral nodes with respect to the sagittal plane was c
strained. In a third study, compressive translational displacem

-
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were applied thus constraining all rotational degrees of freedom
zero @9#. In reality, joint motion during compressive loading i
coupled, so that fixing the rotational axis of the joint may impo
abnormal motion@14#. Therefore, the last goal of this study was t
show that constraints on joint motion affect the contact stre
distribution of the joint during compressive loading.

Methods
A single right knee from a cadaveric specimen~male, age 30

years! was prepared for placement in a load application system
determine the functional axes in flexion/extension and axial ro
tion. Soft tissues within 10 cm of the joint line were left intac
whereas other tissues were removed. To interface the speci
with the load application system, steel rods, 12.5 mm in diame
were inserted into the medullary canals of both the femur and ti
and cemented in place with polymethylmethacrylate~PMMA!.

The knee was then aligned in the specialized load applicat
system@15#. The knee was aligned using a functional axis a
proach that offers high repeatability@16#. Once the neutral posi-
tion of the knee was determined, the knee was placed at 0 deg
of flexion. Two 5 mm in diameter delrin rods were then place
through the joint to fix this angle and allow registration of geo
metric data in post-processing. Delrin rods were used beca
they do not interfere with computer tomography scanning.

To image the bones, a helical computed tomography~CT! sys-
tem was used to scan the knee in 0.5 mm increments in the fro
plane, from anterior to posterior at 0 degrees of flexion. The sc
was performed in the frontal plane in order to maximize the res
lution of the steeply inclined areas of the femoral condyles. T
images of the slices were imported into Scion Image~Scion Corp.,
Frederick, MD! and the threshold was set to maximize contra
This resulted in a pixel size of 500 microns by 500 microns for t
10 cm by 20 cm scan. The slices were manually digitized for bo
bone geometry and cortical shell thickness to 10 cm above a
below the joint line. The two delrin rods that had been insert
through the joint at 0 degrees of flexion were also digitized
allow for registration of bony geometry with soft tissue geomet
~Fig. 1!.

Fig. 1 Representative helical CT image used to obtain bone
geometry with the points used for digitization. Solid lines rep-
resent the edges of the rods used for tissue geometry registra-
tion. Note that only one rod can be seen in this scan.
274 Õ Vol. 124, JUNE 2002
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Imaging of the soft tissues was achieved by using a laser-ba
three-dimensional coordinate digitizing system with a root me
squared error~RMSE! of less than 8 microns and a grid resolutio
of 0.5 mm by 0.5 mm@17#. The joint was disarticulated, and a
soft tissues were removed except for the menisci and their l
mentous attachments. The exposed tibia/meniscus complex
scanned on the superior articulating surface, and on the me
lateral, anterior, and posterior surfaces. The menisci were t
removed and the tibial plateau was scanned. The tibial plateau
assumed to be congruent with the inferior surface of the men
These six scans provided the surface coordinate data from w
the solid models of the menisci were reconstructed@17#.

To reconstruct the articular cartilage, the tibia was placed i
5.25% sodium hypochlorite solution for approximately 4 hours
remove cartilage down to the level of the tidemark@18#. The tibia
was scanned to obtain the geometry of the tibial plateau with
the cartilage. Cartilage thickness was determined by subtrac
the scan without the cartilage from the scan with intact cartila
A similar procedure was used to reconstruct the femoral cartila
During the laser scanning, the two 5 mm in diameter delrin ro
were exposed and scanned for registration with bony geomet

The three-dimensional solid model of the knee specimen
developed by importing the local (x,y,z) coordinates from the
digitized CT images and laser scanner into MSC/PATRA
~MacNiel-Schwindler Corp., Costa Mesa, CA!. The various scans
from the CT system and laser scanner were aligned using the
delrin rods. The centerline of each rod was used to define a
vector. By transforming the two vectors from the CT data to ali
with the two vectors from the laser scanning, the images ge
ated by the two different techniques were registered. A glo
coordinate system was established and all digitized data w
transformed into the global system. The global coordinate sys
was established by first drawing a line parallel to the poste
osteochondral junction of the proximal tibia to define the med
lateral~M/L ! direction. The anterior-posterior~A/P! direction was
defined as perpendicular to this line. The origin was placed at
the maximum A/P distance and half the maximum M/L distanc

To create a solid model suitable for finite element meshing,
digitized CT and laser-scanner data in the global coordinate
tem were connected using b-splines, generating 3-D curves. T
curves were used to interpolate surfaces which in turn, defined
exterior faces of the 3D solid model. The solids were then
ported from MSC/PATRAN and imported into TrueGrid~XYZ
Scientific Applications Inc., Livermore, CA! which was used to
automatically generate the mesh using 8-node continuum b
elements. The average element size in the initial mesh was 5
by 5 mm~or approximately 14 elements in the M/L direction an
7 elements in the A/P direction on the tibial plateau! and approxi-
mately 2 mm thick.

The material behavior of the cortical bone was assumed ho
geneous and linearly elastic based on the level of loading and
duration of the load. Up to 10 cm from the joint line, the cortic
shell can be considered homogenous@19#. Furthermore, becaus
most of the change in the relaxation shear modulusG(t) occurs
after significant relaxation@20#, it has been concluded that linea
elasticity suffices as a constitutive relation for bone tissue in m
situations involving physiological strains and strain rates@21,22#.

Femoral cortical bone was modeled as orthotropic elastic us
material constants derived from a study of the human fem
~Table 1! @19#. Tibial cortical bone was modeled as orthotropic
well, but using different material constants reported in a study
the human tibia~Table 1! @23#. In both studies, direction 1 wa
radial, direction 2 was circumferential, and direction 3 was alo
the long axis of the bone.

Applying the same reasoning as with cortical bone@21,22#, tra-
becular bone was also assumed to be linearly elastic and ho
geneous. However, the material modulus for trabecular bone
been shown to be highly dependent on apparent density and
tion @24#. A study of the human femur showed that trabecular bo
Transactions of the ASME
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Table 1 Orthotropic properties for cortical bone of both the femur †6‡ and the
tibia †31‡
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near the joint surfaces is approximately isotropic and homo
neous@24#. Therefore, an average modulus of 0.4 GPa and a P
son’s ratio of 0.3 were used for trabecular bone in the pres
study.

Considering that the loading time of interest corresponds to
of a single leg stance, and that the viscoelastic time constan
cartilage approaches 1500 seconds, the cartilage was assum
behave as a linearly elastic, isotropic, and homogeneous ma
for the purpose of analyzing contact stresses@25,26#. The elastic
modulus (E515 MPa) and Poisson ratio (n50.475) values were
selected based on direct measurements under short loading
@27#.

An approach similar to that of previous studies@28–31# was
used to model the ligaments of the knee joint. The following o
dimensional nonlinear relationship was employed:

f 5k~«2«1! if «>2«1

f 50.25k~«2/«1! if 0.0,«,2«1

f 50 if «<0.0 (1)

where« is the strain in the ligament,«1 is the nonlinear strain
level parameter assumed to be 0.03 as in previous stu
@29,30,32#, andk is the ligament stiffness. From Eq.~1! ligament
force is assumed to bear a nonlinear relation to the extension
low strains, and a linear relation for strains higher than 2«1 . A
previous study of the human knee joint loaded only in axial co
pression and at 0 degrees of flexion computed the force devel
in each ligament@11#. Inasmuch as both the posterior cruciate a
lateral collateral ligaments were slack under this compres
loading, only the anterior cruciate ligament~ACL! and medial
collateral ligament~MCL! were included in the model. The ACL
was represented by both anterior and posterior bundles, and
MCL was represented by both superficial and deep layers.
superficial layer was composed of three bundles—anterior, in
mediate and posterior. The deep layer was composed of both
terior and posterior bundles. Values for the stiffness and refere
strain were taken from the literature@29,30#, where reference
strain is the initial strain in the reference position~i.e., full exten-
sion!. The attachment sites were determined from the laser s
of the tibia and femur. The ligaments were represented as no
ear springs in the finite element model.

The incorporation of menisci into the model required both
constitutive description of the meniscal tissue, and a mean
attachment both to the tibial plateau and to the surrounding st
tures. The menisci were modeled as linearly elastic, transver
isotropic with moduli of 20 MPa in the radial and axial directio
@33–35#, and 140 MPa in the circumferential direction@33–36#.
The Poisson ratio in the plane of isotropy was 0.2, whereas
out-of-plane Poisson ratio was 0.3. The values for the Pois
ratios were taken from previous finite element studies@6–8,10#.
The value for the horn stiffness was determined by using
modulus for ligament~111 MPa,@37#!, and averaging the cross
sectional area~50 mm2! and length~3 mm! of all four horns from
the geometric model. This resulted in a value of 2000 N/mm. E
of the horns of the menisci was attached to the tibial plateau
ten linear springs, each with a stiffness of 200 N/mm, simulat
cal Engineering
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the horn attachment. There were 10 nodes distributed over the
of each meniscus that was considered to be the horn~i.e., where
the menisci attached to the plateau!. The transverse ligament~TL!
was modeled as a single linear spring with a stiffness of 2
N/mm because the area of the transverse ligament was s
enough that only one node was in the vicinity of the attachm
site.

The general-purpose finite element code ABAQUS~HKS Inc.,
Pawtucket, RI! was used to obtain approximate solutions to t
problem. The bone, articular cartilage, and menisci were d
cretized into 8-node trilinear hexahedral elements. Hexahedra
ements were chosen over tetrahedral elements despite the a
ing difficulties in automatic mesh generation. The model was
on a KryoTech 767au workstation~Kryotech, West Columbia,
SC!.

Contact was modeled between the femur and meniscus,
meniscus and tibia, and the femur and tibia for both the lateral
medial hemijoints, resulting in six contact-surface pairs. The c
tact conditions in the model were completely general involvi
finite sliding of pairs of curved, deformable surfaces. Obtain
high-quality computational solutions under these general co
tions represented a significant challenge. All of the surfaces w
modeled as frictionless. The contact pressure-clearance rela
ship used to define the surface interaction was a ‘‘hard’’ cont
model, in the sense that no penetration was allowed of the no
from one surface into the other surface, and no transfer of ten
stress was allowed across the interface. A slave and master su
were defined for each contact pair set~i.e., femur and meniscus
meniscus and tibia, tibia and femur!. Each slave node was
checked for penetration into its corresponding master surfac
measure of penetration, or ‘‘overclosure,’’ into the master surf
was defined for each slave node. The overclosure was constra
to be nonpositive at each slave node. As a result, unknown n
forces were introduced in the weak statement of equilibrium a
were solved for in the equilibrium iteration. These nodal forc
played the role of Lagrange multipliers conjugate to the overc
sure constraint.

Convergence of the equilibrium iteration was assessed base
two separate criteria. In the first, the maximum residual no
force was required to be less than a user-defined fraction
spatially and temporally averaged force for the entire structure
the calculations reported herein, the fraction was taken to
0.5%. In the second, independent convergence criterion, the
iterative correction to the incremental nodal displacement was
quired to be less than 1% of the incremental nodal displacem
itself at each node. On each Newton iteration, the nonposi
overclosure constraint was enforced. A successful load step
achieved when both of the above-mentioned convergence cri
were satisfied.

During compressive loading, all three rigid-body translatio
and rotations of the proximal femur were fixed, whereas the di
tibia was constrained only in flexion/extension~F/E!. A compres-
sive force of 800 N~1 body weight! was applied through the dista
tibia at 0 degrees of flexion. Six contact-related variables w
determined: 1! maximum pressure, 2! mean pressure, 3! total
JUNE 2002, Vol. 124 Õ 275
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Table 2 Lateral and medial contact variables for the three finite element mesh
densities. Center of pressure coordinates are referenced to the global coordi-
nate system, with positive being anterior and medial for A ÕP and M ÕL respec-
tively.
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force due to contact pressure, 4! area of contact, and 5! and 6! the
anterior/posterior~A/P! and medial/lateral~M/L ! locations of the
center of pressure.

To test for model convergence, the contact variables were
corded for each of three mesh sizes. The initial mesh, with
average element size of 5 mm by 5 mm~approximately 14 ele-
ments M/L and 7 elements A/P on the tibial plateau! over the
surfaces of contact, was refined to a mesh with an average ele
size of 2 mm by 2 mm~approximately 35 elements M/L and 1
elements A/P on the tibial plateau! over the contact surfaces. A
third and final mesh was generated with an average element
of 1 mm by 1 mm~approximately 70 elements M/L and 35 el
ments A/P on the tibial plateau!. In addition, the number of ele
ments through the thickness of the cartilage, menisci, and
chondral bone was increased from 2 to 3 to 4 elements w
increasing mesh density.

Separate simulations were performed with the bones mod
as both deformable and as rigid to determine the validity of
rigid-bone assumption. To make the bones rigid, rigid surfa
were attached to the proximal side of the femoral cartilage an
the distal side of the tibial cartilage. Making the bones rigid a
involved transection of the superficial medial collateral ligame
because there was no longer deformable bone, with its node
the attachment site of the superficial MCL. However, the de
MCL was retained and the attachment of the nonlinear spring
moved to the rigid surface.

To investigate the effect of boundary conditions on joint co
tact, the following additional analyses were performed with d
ferent rotational constraints on the tibia: 1! only F/E rotation con-
strained, 2! both F/E rotation and varus/valgus rotation~V/V !
constrained, 3! both F/E rotation and internal/external rotatio
~I/E! constrained, and 4! all three tibial rotational degrees of free
dom constrained.

Results
A three-dimensional solid model of the entire tibio-femor

joint was constructed and meshed. All surfaces in contact w
scanned with an RMSE of less than 8 microns. Because a su
subtraction technique was used to obtain tissue thickness,
maximum error possible was less than 16 microns in the sur
coordinates used to generate the solid model.

The convergence test indicated that the finite element solu
was accurate for the intermediate mesh size of 2 mm by 2
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~approximately 35 mm M/L and 18 elements A/P on the tib
plateau!. Increasing the mesh from the intermediate element s
to the largest mesh size of 5 mm by 5 mm changed all but on
the contact variables by up to 45% relative to the results for
intermediate mesh size~Table 2!. For the coordinates of the cente
of pressure, the maximum change was 3 mm for the A
coordinate in the medial compartment. Decreasing the mesh to
smallest size of 1 mm by 1 mm changed the contact variab
~other than the coordinates of the center of pressure! by 2.5% at
most. Therefore, the second mesh was judged sufficiently fi
and was used as the reference size for the remainder of the s
The final mesh, with an average element size of 2 mm by 2 m
consisted of 14,050 total elements: 2500 meniscal element
four layers, 3000 femoral cartilage elements in four layers, 25
tibia cartilage elements in four layers, and 6000 cortical and
becular bone elements for the femur and tibia~Fig. 2!. The load
was applied in 10 increments and contact was the primary so
of nonlinearity in the problem~Fig. 3!.

When the bones were assumed rigid, the percent change in
one contact variable was always less than 2% in each comp
ment ~Table 3!. This assumption eliminated approximately 500
finite elements~Fig. 4!, and reduced the running time by 50%~4
hours!, resulting in a total run time of approximately 4 hours.

Constraining rotations in addition to F/E rotation caus
changes in the maximum pressure at 800 N~1 BW! relative to that
with only F/E rotation constrained. With all three rotations co
strained, the maximum pressure decreased 5%~from 2.38 to 2.25
MPa! on the lateral side and 16%~from 2.51 to 2.10 MPa! on the
medial side~Table 3!. When either V/V rotation or I/E rotation
was constrained, the maximum pressure increased on the la
side by 9% and 2%, respectively. However, on the medial s
when either V/V rotation or I/E rotation was constrained, t
maximum pressure decreased by 19% and 16%, respectively

Constraining rotations in addition to F/E rotation also caus
changes in the mean pressure relative to that with only F/E r
tion constrained. With V/V rotation constrained, the mean pr
sure on the lateral side increased by 7%, but if either I/E rotat
or V/V rotation and I/E rotation were constrained, then the me
pressure decreased by 6% and 3% respectively. As additiona
tations were constrained, the mean pressure decreased on th
dial side by 11%, 9%, and 4% with V/V rotation constrained, I
rotation constrained, and both V/V rotation and I/E rotation co
strained, respectively~Table 3!.
Transactions of the ASME
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These results indicate the load transmission shifted between
two compartments when rotations in addition to F/E rotation w
constrained. Load transmission shifted from the medial to the
eral tibial plateau when V/V rotation was constrained in addit
to F/E rotation. The total force due to contact increased on
lateral side by 14%. This was mirrored by a decrease in t
contact force on the medial side by 15%~Table 3!. When I/E
rotation was constrained, the total contact force on the lateral
changed by less than 1.5%, and the total contact force on
medial side decreased by approximately 7%. When both V/V
tation and I/E rotation were constrained, the total force increa
approximately 4% on the lateral side and decreased approxim
7% on the medial side.

Lateral and medial contact areas were minimally affected w
any of the other rotations were constrained in addition toF/E
rotation ~Table 3!. On the lateral side, with any other rotatio
constrained, the contact area increased by about 3–4%. On
medial side, the only notable difference in contact area occu
when V/V rotation was constrained~4% increase!.

Fig. 2 Anterior view of the finite element representation of the
entire tibio-femoral joint „ligaments and meniscal attachments
removed for clarity …
Journal of Biomechanical Engineering
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The location of the center of pressure shifted slightly medi
posteriorly on the lateral tibial plateau as rotations were co
strained in addition to F/E rotation. There was a 1 mm shift in th
medial direction, and about a 0.4 mm shift in the posterior dire
tion ~Table 3!. In the medial hemijoint, the largest shifts of 0.4
mm in the medial direction and 0.2 mm in the anterior directio
occurred when V/V rotation was constrained~Table 3!.

Discussion
The underlying motivation for this study was to develop a com

putational tool that could ultimately be used to identify variable
important in the design and/or selection of meniscal replacemen
The specific objectives of this study were to 1! create a solid
model of the human knee joint from accurate three-dimension
digitized scans, particularly the soft tissues, 2! determine to what
extent bony deformations affect contact behavior, and 3! deter-
mine the effects of rotational constraints. The key findings fro
the study were that 1! a solid model for the soft tissues can suc
cessfully be used to study the contact behavior of the knee jo
with the finite element method, 2! bony deformations did not sig-
nificantly affect the contact behavior up to 1 body weight at
degrees of flexion and 3! rotational constraints caused changes a
large as 19% in contact variables. Issues related to each of th
findings will be discussed in turn.

Although the soft tissue geometry, as well as the proximal su
face of the tibia’s subchondral bone, and the distal surface of t
femoral subchondral bone, were obtained from a noncontact
three-dimensional coordinate digitizing system with an RMSE
less than 8 microns, the actual error in the soft tissues in the so
model may have been larger for three reasons. First, the las
based scanning process required 30 minutes, which may h
caused some degree of tissue dehydration@17#. If dehydration
occurred, then the volume of both the menisci and cartilage wou
have been underestimated. Second, the congruence of the
with the inferior surface of the meniscus was assumed. If the tw
surfaces were not congruent, then the height of the menisci alo
the direction normal to the tibial plateau would have been ove
estimated. Third, the accuracy of the solid model also depends
the level of fidelity with which the solid model fit the digitized
points. Considering that the various articulating surfaces scann
to generate the solid model were smooth, this latter error is e
pected to be minimal.

Because the noncontacting three-dimensional coordinate d
tizing system could not be used to obtain either the subchond
bone thickness or the remaining portion of the femur and tibia, C
images were used for obtaining this geometry. While the thickne
of the subchondral bone was not constant in this study, it w
approximately 3–4 mm thick. Inasmuch as the surfaces of t
bones were scanned with the coordinate digitizing system, with
RMSE of less than 8 microns, and the inner surface of the su

Fig. 3 Contact pressure pattern from the tibial plateau under
800 N compressive force at 0 degrees flexion, deformable
bones, the intermediate mesh size, and F ÕE constrained
JUNE 2002, Vol. 124 Õ 277
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Table 3 Lateral and medial contact variables at 800 N „1 BW… for rigid and de-
formable bones and the various rotational constraints. Center of pressure coor-
dinates are referenced to the global coordinate system, with positive being ante-
rior and medial for A ÕP and M ÕL respectively.
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chondral bone was digitized from the CT images with a resolut
of only 500 microns, there is potential for errors as large as 5
microns through the thickness of the subchondral bone~a 13%
error!. This poor resolution was a result of the large scan area
slice of 20 cm by 10 cm for the CT images. However, it is u
likely that this error affected our results considering that cont
variables changed by less than 2% when the bones were ass
rigid.

Once a solid geometric model has been created, the model m
be meshed. Two of the three-dimensional finite element knee j
models previously reported used very coarse meshes on the o
of 800 elements for all of the soft tissues@9,11#. Neither study
involved any analysis to determine if the finite element soluti
was converged. The current model was meshed from a geom
model that was more accurate than previous models, the mesh
was the smallest, and the solution was demonstrated to have
verged for this mesh size.

Fig. 4 Anterior view of the finite element representation of the
joint with the assumption of rigid bones
2002
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rder
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size
con-

The mesh size is also related to how well the hexahedral fi
element mesh approximates the solid model. In general the
face of the discretized finite element mesh does not match tha
the solid model@38#. Although distances between these surfac
have been shown potentially to be sizable@39#, the small finite
element mesh size in conjunction with the smoothness of the
faces in the solid model reduced these differences.

To achieve the objectives of the study, contact variables of
tibial plateau were investigated since the efficacy of meniscal
placements in preventing the early onset of arthritis is of inter
ultimately. While increased contact stresses have been hyp
esized to lead to osteoarthritis@40,41#, meniscal displacement
and motion have not been directly linked to osteoarthritis pre
ously and the interpretation of changes in these quantities wo
be difficult to assess. Also, while changes may occur in either
motion or displacement of the meniscal replacement compare
the native meniscus, it is ultimately the cartilage that breaks do
during osteoarthritis. Hence, the altered loading state that the
tilage may experience due to changes in meniscal quantities~e.g.,
material and geometry parameters! that affect contact was of pri-
mary interest. Also while we chose to investigate the surfa
stresses rather than internal stresses, both may be important t
degradation of articular cartilage.

The cartilage material behavior was considered to be line
elastic rather than biphasic. It has been shown that the fluid wi
the tissue does not have time to move for short loading times~i.e.,
less than 1 second!. Thus, the elastic solution does not devia
from the biphasic solution for these short loading times@42#. This
simplified representation of the cartilage material behavior did
affect the results of this study because the resultant boundary
tions are the same for short loading times for both single-ph
and biphasic materials@43#.

Currently, the model does not include the patellofemoral jo
Including the patellofemoral joint would increase the complex
of the contact by adding another contact surface, hence leadin
an increase in the run time. Because the contact behavior o
tibio-femoral joint under a compressive load at 0 degrees of fl
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ion was of interest, the patellofemoral joint was not included
the current version of the model. Of course, this joint could
added if the application required it.

While no patellofemoral joint was included in the model, t
structures that have been shown previously to be important u
compressive loading of the tibio-femoral joint were included,
addition to the attachments of the menisci. Both the ACL a
MCL were included in the model, because they have been sh
previously to be in tension when a compressive load was app
to the knee joint at 0 degrees of flexion@11#.

On the other hand, both the lateral collateral ligament~LCL!
and posterior cruciate ligament~PCL! were not included. Al-
though these ligaments have been shown to be slack under
pressive loading at 0 degrees of flexion@11#, rotational constraints
other than F/E were applied to the model in that study. Acco
ingly to check that these ligaments did not come into play dur
the unconstrained coupled motions that occurred when only
was constrained in the present study, their influence on joint c
tact was assessed by solving the model both with and with
these ligaments. The ligaments were modeled as nonlinear sp
@30,31#. The root mean squared difference in the contact variab
was only 0.91 when comparing the model solution with the P
and LCL to the model solution without these ligaments. The l
than 1% change indicates that these ligaments do not influe
joint contact behavior even when the joint is unconstrained.

The attachments of the menisci to the tibial plateau, and to e
other via the transverse ligament, were included in the mo
Furthermore, the medial meniscus attachment to the deep m
collateral ligament was included. Each of these structu
stretched under the applied compressive load in this model. Ag
the present three-dimensional model is the first that we know
that included all of these attachments.

Although the finite element solution may have converged in
cating that the finite element solution was accurate, confidenc
the validity of the model itself~as opposed to its numerical solu
tion! can be gained by comparing the values of the contact v
ables to previously reported experimental data. Of the many s
ies that have measured contact pressure on the tibial plateau@44–
50#, the study by Huang provided the data most relevant fo
meaningful comparison to the data from the present study. Th
because Huang used a load application system that applied
pressive load of 800 N with all other degrees of freedom exc
F/E unconstrained, and computed the maximum pressure,
mean pressure, and contact area thus enabling a direct compa
with the results from the present study for the lateral tibial plate
The 62 standard deviation ranges for the contact variables w
1.6–7.2 MPa for the maximum pressure, 0.7–3.5 MPa for
mean pressure, and 135–475 mm2 for the contact area. Inasmuc
as the maximum pressure of 2.35 MPa, mean pressure of
MPa, and contact area of 411 mm2 obtained from the presen
study all fall well within these ranges, the values of contact va
ables provided by the model are within normal limits for kne
Therefore, it is reasonable to expect that the relative differen
seen in the present study would be representative of those
human knee joints as well.

This analysis demonstrated that the assumption of rigid bone
valid when computing contact variables of the tibial plateau up
1 body weight. While all three previous 3-D finite element mod
of the tibio-femoral joint that included menisci@9–11# made the
assumption of rigid bones, this study is the first to investigate
validity of this assumption. The rigid-bone assumption reduc
the computational time by approximately 50%~i.e. from 8 hours
to 4 hours!.

This study also showed that the superficial MCL has little eff
on the contact variables. The change in contact variables seen
the bones assumed rigid, which involved deleting the superfi
MCL from the model, was less than 2%. In view of this negligib
change, we did not investigate whether the change was due e
to rigid bones or to the loss of the MCL.
Journal of Biomechanical Engineering
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Because the contact variables were quite sensitive to the r
tional constraints imposed on the model, it is important to kn
the rotational constraints as well as the loads transmitted by
joint during an activity of interest~e.g., walking! to achieve an
accurate picture of tibio-femoral contact. While the rotations
not constrained to zero during walking, some amount of constr
would be expected due to muscle forces and ground contact.
problem then becomes one of identifying the appropriate c
straints to place on the joint. In this connection it bears ment
that many gait studies have demonstrated large coupled mo
of up to 20 degrees of rotation in both the V/V and I/E degrees
freedom@51–53#

In conclusion, this study provides a simplified yet geometrica
accurate model of the human knee joint for studying tibio-femo
contact behavior. The convergence study demonstrated the im
tance of appropriately refining mesh size, as up to a 45% cha
in contact variables occurred from one mesh density to the n
Moreover, the study of rigid bones indicated that this assump
is valid when the contact behavior of cartilagenous joints are
interest. Substantial savings in computer solution time are p
sible with this assumption. Finally the contact behavior of t
knee joint is sensitive to rotational constraints placed on the jo
Therefore, future studies should pay special attention to the r
tional constraints applied to the joint during compressive loadi
because changes as large as 19% were found in this study
cause we were able to generate an accurate finite element m
of the tibio-femoral joint that includes the menisci, this model c
be used for future studies that will identify the meniscal variabl
such as material properties, geometry, and boundary conditi
that are important determinants of contact behavior.
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