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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 study
how the variables associated with a meniscal replacement affect tibio-femoral contact, the
goals of this study were 1) to develop a geometrically accurate three-dimensional solid
model of the knee joint with special attention given to the menisci and articular cartilage,
2) to determine to what extent bony deformations affect contact behavior, and 3) to
determine whether constraining rotations other than flexion/extension affects the contact
behavior of the joint during compressive loading. The model included both the cortical
and trabecular bone of the femur and tibia, articular cartilage of the femoral condyles
and tibial plateau, both the medial and lateral menisci with their horn attachments, the
transverse ligament, the anterior cruciate ligament, and the medial collateral ligament.
The solid models for the menisci and articular cartilage were created from surface scans
provided by a noncontacting, laser-based, three-dimensional coordinate digitizing system
with an root mean squared error (RMSE) of less than 8 microns. Solid models of both the
tibia and femur were created from CT images, except for the most proximal surface of the
tibia and most distal surface of the femur which were created with the three-dimensional
coordinate digitizing system. The constitutive relation of the menisci treated the tissue as
transversely isotropic and linearly elastic. Under the application of an 800 N compressive
load at 0 degrees of flexion, six contact variables in each compartment (i.e., medial and
lateral) were computed including maximum pressure, mean pressure, contact area, total
contact force, and coordinates of the center of pressure. Convergence of the finite element
solution was studied using three mesh sizes ranging from an average element size of 5 mm
by 5 mm to 1 mm by 1 mm. The solution was considered converged for an average
element size of 2 mm by 2 mm. Using this mesh size, finite element solutions for rigid
versus deformable bones indicated that none of the contact variables changed by more
than 2% when the femur and tibia were treated as rigid. However, differences in contact
variables as large as 19% occurred when rotations other than flexion/extension were
constrained. The largest difference was in the maximum pressure. Among the principal
conclusions of the study are that accurate finite element solutions of tibio-femoral contact
behavior can be obtained by treating the bones as rigid. However, unrealistic constraints
on rotations other than flexion/extension can result in relatively large errors in contact
variables. [DOI: 10.1115/1.1470171

cadaveric kneef9—11]. These models used either magnetic reso-

Introduction _ _ - :
Both complete and partial meniscectomies are performed in pnr%qnce imaging(MRY) [9,10] or reshaped digital calipers and

tients with torn menisci1,2]. This procedure often causes degen, achine—controlled contact di.gitizati(ﬁml] to obtqin soft tissue .
erative arthritis in the kn'eE.S—S] Therefore, the efficacy of me- geomt_etr_y. Both of thege technlque_s he_lve resolutlons_that are typl—
. ; y ’ P c?lly limited to 500 microns. Considering that the articular carti-

niscal replacements in preventing the early onset of arthritis is e of the knee joint is only approximately 4 mm thide], a
interest. To either design synthetic replacements, or select trafjgz | vion of 500 microns is generally inadequate. For e)'(ample
plants that maintain normal contact on the tibial plateau, it 15 et al. [13] found that a 10% change in the thickness of the’
useful to identify independent variablésg., material properti®s cailage layer caused a corresponding 10% change in surface
t.he.lt are Important de_te_rmlnants of the contact bgh_awor of ttﬁ‘)‘f"essure in a model of the tibio-femoral joint. Therefore, the first
_tlt?lo-femqral joint. A flnlte_elc_ement model of the tlblo-femoralgoa| of this study was to develop a three-dimensional solid geo-
joint that includes the menisci would be a powerful tool for makietric model from accurate digitized scans of the knee joint with
ing such |dent|f|cat|c_)n_s. . . . special attention given to the menisci and articular cartilage.

The human knee joint is & complex three-dimensional structurep eyious three-dimensional knee models have assumed that the
whose geometry is not easily represented by a solid model. Eaghyr and tibia were rigil9—11]. To date, this assumption and its
finite element models used an axisymmetric representation of facts on the contact behavior of the tibio-femoral joint have not
knee [6-8]. However, axisymmetric models do not accuratelyeen investigated. An additional goal of the present study was to
represent the three-dimensional geometry of the femur-menisgigestigate the validity of treating the bones as rigid in relation to
tibia complex. More recently, three-dimensional knee joint mogiyio-femoral contact.
els, which include menisci, have been developed from images ofprevious finite element studies have imposed unrealistic con-
straints on rotational degrees of freedom under compressive load-

omespording AUt mall i @ueda e ation in LR ing of the knee joint. In one studyL1], varus-valgugV/V) rota-
B D o . o Was consirained, whereas in another S movement of

sion June 26, 2000; revised manuscript received January 30, 2002. Associate Edif3g femoral nodes with respect to the sagittal plane was con-
G. A. Ateshian. strained. In a third study, compressive translational displacements
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Imaging of the soft tissues was achieved by using a laser-based
three-dimensional coordinate digitizing system with a root mean
squared erro(RMSE) of less than 8 microns and a grid resolution
of 0.5 mm by 0.5 mn{17]. The joint was disarticulated, and all
soft tissues were removed except for the menisci and their liga-
mentous attachments. The exposed tibia/meniscus complex was
scanned on the superior articulating surface, and on the medial,
lateral, anterior, and posterior surfaces. The menisci were then
removed and the tibial plateau was scanned. The tibial plateau was
assumed to be congruent with the inferior surface of the menisci.
These six scans provided the surface coordinate data from which
the solid models of the menisci were reconstrudted.

To reconstruct the articular cartilage, the tibia was placed in a
5.25% sodium hypochlorite solution for approximately 4 hours to
remove cartilage down to the level of the tidem§t]. The tibia
was scanned to obtain the geometry of the tibial plateau without
the cartilage. Cartilage thickness was determined by subtracting
the scan without the cartilage from the scan with intact cartilage.
A similar procedure was used to reconstruct the femoral cartilage.
During the laser scanning, the two 5 mm in diameter delrin rods
were exposed and scanned for registration with bony geometry.

The three-dimensional solid model of the knee specimen was
developed by importing the locak(y,z) coordinates from the
digitized CT images and laser scanner into MSC/PATRAN
(MacNiel-Schwindler Corp., Costa Mesa, CAhe various scans

Fig. 1 Representative helical CT image used to obtain bone from the CT system and laser scanner were aligned using the two
geometry with the points used for digitization. Solid lines rep- delrin rods. The centerline of each rod was used to define a 3-D
resent the edges of the rods used for tissue geometry registra- vector. By transforming the two vectors from the CT data to align

tion. Note that only one rod can be seen in this scan. with the two vectors from the laser scanning, the images gener-

ated by the two different techniques were registered. A global
, o ) coordinate system was established and all digitized data were
were applied thus constraining all rotational degrees of freedomg@nsformed into the global system. The global coordinate system
zero[9]. In reality, joint motion during compressive loading iSyas established by first drawing a line parallel to the posterior
coupled, so that fixing the rotational axis of the joint may imposgsteochondral junction of the proximal tibia to define the medial-
abnormal motiorj14]. Therefore, the last goal of this study was tQatera|(M/L) direction. The anterior-posteri¢A/P) direction was
show that constraints on joint motion affect the contact stréggfined as perpendicular to this line. The origin was placed at half

distribution of the joint during compressive loading. the maximum A/P distance and half the maximum M/L distance.
To create a solid model suitable for finite element meshing, the
Methods digitized CT and laser-scanner data in the global coordinate sys-

A single right knee from a cadaveric specimgnale, age 30 €M were connected using b-splines, generating 3-D curves. These
years was prepared for placement in a load application system §4rves were used to interpolate surfaces which in turn, defined the
determine the functional axes in flexion/extension and axial rotgxterior faces of the 3D solid model. The solids were then ex-
tion. Soft tissues within 10 cm of the joint line were left intactported from MSC/PATRAN and imported into TrueGri&kYZ
whereas other tissues were removed. To interface the specingientific Applications Inc., Livermore, QAwhich was used to
with the load application system, steel rods, 12.5 mm in diamet@dtomatically generate the mesh using 8-node continuum brick
were inserted into the medullary canals of both the femur and tit4¢ments. The average element size in the initial mesh was 5 mm
and cemented in place with polymethylmethacryi@&IMA). by 5 mm (or approximately 14 elements in the M/L direction and

The knee was then aligned in the specialized load applicatidrelements in the A/P direction on the tibial plateand approxi-
system[15]. The knee was aligned using a functional axis apgnhately 2 mm thick.
proach that offers high repeatabilif6]. Once the neutral posi- The material behavior of the cortical bone was assumed homo-
tion of the knee was determined, the knee was placed at 0 degré@geous and linearly elastic based on the level of loading and time
of flexion. Two 5 mm in diameter delrin rods were then placeguration of the load. Up to 10 cm from the joint line, the cortical
through the joint to fix this angle and allow registration of geoshell can be considered homogen¢w$]. Furthermore, because
metric data in post-processing. Delrin rods were used becauBest of the change in the relaxation shear mod@(t) occurs
they do not interfere with computer tomography scanning. after significant relaxatiof20], it has been concluded that linear

To image the bones, a helical computed tomogra(@il) sys- elasticity suffices as a constitutive relation for bone tissue in most
tem was used to scan the knee in 0.5 mm increments in the froriiliations involving physiological strains and strain rg@%,22,.
plane, from anterior to posterior at 0 degrees of flexion. The scanFemoral cortical bone was modeled as orthotropic elastic using
was performed in the frontal plane in order to maximize the resgiaterial constants derived from a study of the human femur
lution of the steeply inclined areas of the femoral condyles. TH&able 1 [19]. Tibial cortical bone was modeled as orthotropic as
images of the slices were imported into Scion Imégeion Corp., well, but using different material constants reported in a study of
Frederick, MD and the threshold was set to maximize contrasthe human tibiaTable 1 [23]. In both studies, direction 1 was
This resulted in a pixel size of 500 microns by 500 microns for thedial, direction 2 was circumferential, and direction 3 was along
10 cm by 20 cm scan. The slices were manually digitized for bothe long axis of the bone.
bone geometry and cortical shell thickness to 10 cm above andApplying the same reasoning as with cortical boag,22, tra-
below the joint line. The two delrin rods that had been insertggecular bone was also assumed to be linearly elastic and homo-
through the joint at 0 degrees of flexion were also digitized tgeneous. However, the material modulus for trabecular bone has
allow for registration of bony geometry with soft tissue geometrigeen shown to be highly dependent on apparent density and loca-
(Fig. 1. tion [24]. A study of the human femur showed that trabecular bone
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Table 1 Orthotropic properties for cortical bone of both the femur [6] and the
tibia [31]

E, E; E; G2 Gi3 Gz Viz |[Vi3 |V

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) { (GPa)

Femur | 12.0 134 |200 |453 |[561 |623 038 {022 |0.24

Tibia | 6.9 8.5 184 |24 3.6 4.9 049 |0.12 |0.14

near the joint surfaces is approximately isotropic and homogtte horn attachment. There were 10 nodes distributed over the part
neougd 24]. Therefore, an average modulus of 0.4 GPa and a Pois-each meniscus that was considered to be the fian where
son’s ratio of 0.3 were used for trabecular bone in the presehe menisci attached to the plat¢alihe transverse ligamefitL)
study. was modeled as a single linear spring with a stiffness of 200
Considering that the loading time of interest corresponds to thatmm because the area of the transverse ligament was small
of a single leg stance, and that the viscoelastic time constant &Hough that only one node was in the vicinity of the attachment
cartilage approaches 1500 seconds, the cartilage was assumesji¢o
behave as a linearly elastic, isotropic, and homogeneous materiathe general-purpose finite element code ABAQWKS Inc.,
for the purpose of analyzing contact stresg25,26. The elastic pawtucket, RI was used to obtain approximate solutions to the
modulus €=15 MPa) and Poisson ratio’(=0.475) values were proplem. The bone, articular cartilage, and menisci were dis-
selected based on direct measurements under short loading tig)ggized into 8-node trilinear hexahedral elements. Hexahedral el-
[27]. L . . ements were chosen over tetrahedral elements despite the attend-
An approach similar to that of previous studi8-31 was ing gifficulties in automatic mesh generation. The model was run

used to model the ligaments of the knee joint. The following ong 4 KryoTech 767au workstatiofKryotech, West Columbia,

dimensional nonlinear relationship was employed: SO
f=k(e—g;) if e=2¢, Contact was modeled between the femur and meniscus, the
) ) meniscus and tibia, and the femur and tibia for both the lateral and
f=0.2%(eey) if 0.0<e<2e; medial hemijoints, resulting in six contact-surface pairs. The con-
f=0 if £<0.0 1) tact conditions in the model were completely general involving

finite sliding of pairs of curved, deformable surfaces. Obtaining
wheree is the strain in the ligament; is the nonlinear strain high-quality computational solutions under these general condi-
level parameter assumed to be 0.03 as in previous studigis represented a significant challenge. All of the surfaces were
[29,30,32, andk is the ligament stiffness. From E@l) ligament  modeled as frictionless. The contact pressure-clearance relation-
force is assumed to bear a nonlinear relation to the extension {gfin ysed to define the surface interaction was a “hard” contact
low strains, and a linear relation for strains higher than 2A  odel; in the sense that no penetration was allowed of the nodes
previous study of the human knee joint loaded only in axial comzom one surface into the other surface, and no transfer of tensile
pression and at 0 degrees of flexion computed the force developgdiss was allowed across the interface. A slave and master surface

in each ligamenf11]. Inasmuch as both the posterior cruciate ar_‘ﬁ/ere defined for each contact pair €e¢., femur and meniscus,

:2;65.?: C%”rﬁte;ﬁlelIgr?t@fé]:sc;’vir:teslﬁcgm%?gg_)th;sn dCOnTng%?S'}‘r‘?eniscus and tibia, tibia and femurEach slave node was
collalte%él i );men(MCL; wer;i:]clud:agd in the model. The A|CL checked for penetration into its corresponding master surface. A
9 . h . measure of penetration, or “overclosure,” into the master surface

was represented by both anterior and posterior bundles, and { $s defined for each slave node. The overclosure was constrained

MCL was represented by both superficial and deep layers. T gbe nonpositive at each slave ﬁode As a result, unknown nodal

superficial layer was composed of three bundles—anterior, int 9. PoS troduced in th K t t i f’ ilibri d

mediate and posterior. The deep layer was composed of both SHS€S Were introduced in the weak stateément ot equiiibrium an
ﬁqgre solved for in the equilibrium iteration. These nodal forces
p

terior and posterior bundles. Values for the stiffness and refere - ;
strain were taken from the literatuf@9,30, where reference Played the role of Lagrange multipliers conjugate to the overclo-

strain is the initial strain in the reference positiére., full exten- SUre constraint. S
sion). The attachment sites were determined from the laser scan&0nvergence of the equilibrium iteration was assessed based on

of the tibia and femur. The ligaments were represented as nonlf§© Separate criteria. In the first, the maximum residual nodal
ear springs in the finite element model. force was required to be less than a user-defined fraction of a

The incorporation of menisci into the model required both gpatially anq temporally averaggd force for the entire structure. In
constitutive description of the meniscal tissue, and a means tBg calculations reported herein, the fraction was taken to be
attachment both to the tibial plateau and to the surrounding stri®5%. In the second, independent convergence criterion, the last
tures. The menisci were modeled as linearly elastic, transverségyative correction to the incremental nodal displacement was re-
isotropic with moduli of 20 MPa in the radial and axial directiongiuired to be less than 1% of the incremental nodal displacement
[33—35, and 140 MPa in the circumferential directip®3—36. itself at each node. On each Newton iteration, the nonpositive
The Poisson ratio in the plane of isotropy was 0.2, whereas tRgerclosure constraint was enforced. A successful load step was
out-of-plane Poisson ratio was 0.3. The values for the Poissaghieved when both of the above-mentioned convergence criteria
ratios were taken from previous finite element studi@s8,14. Wwere satisfied.

The value for the horn stiffness was determined by using theDuring compressive loading, all three rigid-body translations
modulus for ligament111 MPa,[37]), and averaging the cross-and rotations of the proximal femur were fixed, whereas the distal
sectional are#50 mnt) and length(3 mm) of all four horns from tibia was constrained only in flexion/extensitF/E). A compres-

the geometric model. This resulted in a value of 2000 N/mm. Easlve force of 800 N1 body weight was applied through the distal
of the horns of the menisci was attached to the tibial plateau kipia at O degrees of flexion. Six contact-related variables were
ten linear springs, each with a stiffness of 200 N/mm, simulatingetermined: 1 maximum pressure,)2mean pressure,)3total

Journal of Biomechanical Engineering JUNE 2002, Vol. 124 | 275



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 /P and M/L respec-

tively.
LATERAL
Average Max. Mean Total | Area A/P-coordinate | M/L-coordinate
element size Pressure | Pressure | Force | (mm?) of center of of center of
{(MPa) (MPa) N) pressure (mm) | pressure {mm)
Smmby S mm | 3.05 1.02 410 365 -3.5 -16.2
2mmby 2 mm | 2.38 0.88 404 409 -5.2 -18.9
Immby Imm | 2.36 0.88 408 415 -5.4 -18.5
MEDIAL
Average Max. Mean Total | Area A/P-coordinate { M/L-coordinate
clement size Pressure | Pressure | Force | (mm?) of center of of center of
(MPa) | (MPa) | (N) pressure (mm) | pressure (mm)
Smmby Smm | 2.75 1.16 415 410 0.6 32,6
2mmby2mm | 2.51 0.80 411 483 4.4 34.1
Immby Imm | 2.55 0.78 409 490 -4.0 343

force due to contact pressure,atea of contact, and)&nd § the (approximately 35 mm M/L and 18 elements A/P on the tibial
anterior/posteriofA/P) and medial/latera{M/L) locations of the plateay. Increasing the mesh from the intermediate element size
center of pressure. to the largest mesh size of 5 mm by 5 mm changed all but one of

To test for model convergence, the contact variables were tée contact variables by up to 45% relative to the results for the
corded for each of three mesh sizes. The initial mesh, with amtermediate mesh siz@able 2. For the coordinates of the center
average element size of 5 mm by 5 mapproximately 14 ele- of pressure, the maximum change was 3 mm for the A/P-
ments M/L and 7 elements A/P on the tibial plateawver the coordinate in the medial compartment. Decreasing the mesh to the
surfaces of contact, was refined to a mesh with an average elemgnallest size of 1 mm by 1 mm changed the contact variables
size of 2 mm by 2 mmapproximately 35 elements M/L and 18(other than the coordinates of the center of pregsbye2.5% at
elements A/P on the tibial platerover the contact surfaces. Amost. Therefore, the second mesh was judged sufficiently fine,
third and final mesh was generated with an average element si®| was used as the reference size for the remainder of the study.
of 1 mm by 1 mm(approximately 70 elements M/L and 35 ele-The final mesh, with an average element size of 2 mm by 2 mm,
ments A/P on the tibial plateauln addition, the number of ele- consisted of 14,050 total elements: 2500 meniscal elements in
ments through the thickness of the cartilage, menisci, and syByr |ayers, 3000 femoral cartilage elements in four layers, 2500
chondral bone was increased from 2 to 3 to 4 elements Wiifpia cartilage elements in four layers, and 6000 cortical and tra-
increasing mesh density. ) becular bone elements for the femur and titfégy. 2). The load

Separate simulations were performed with the bones modelgds applied in 10 increments and contact was the primary source
as both deformable and as rigid to determine the validity of thg nonlinearity in the problentFig. 3.

rigid-bone assumption. To mak_e the bones rigid, rig_id surfacesyyhen the bones were assumed rigid, the percent change in any
were attached to the proximal side of the femoral cartilage and §¢ ¢onact variable was always less than 2% in each compart-
. Sthent (Table 3. This assumption eliminated approximately 5000

AR Ninite elementgFig. 4), and reduced the running time by 50%
because there was no longer deformable bone, with its nodesh&tjrs’ resulting in a total run time of approximately 4 hours.

the attachment site of the superficial MCL. However, the OIeepConstraining rotations in addition to F/E rotation caused

MCL was retained and the attachment of the nonlinear spring Wcaﬁanges in the maximum pressure at 800LBW) relative to that

moved to the rigid surface. with only F/E rotation constrained. With all three rotations con-

To investigate the effect of boundary conditions on joint con:, _. '
tact, the following additional analyses were performed with di strained, the maximum pressure decreasedf59fn 2.38 to 2.25

ferent rotational constraints on the tibig: dnly F/E rotation con- MPg) on the lateral side and 16%rom 2.51 to 2.10 MPgon the

strained, 2 both F/E rotation and varusivalgus rotatiow/V) medial side(Table 3. When either V/V rotation or I/E rotation

constrained, B both F/E rotation and internal/external rotationVaS constrained, the maximum pressure increased on the lateral

(I/E) constrained, and)4all three tibial rotational degrees of free-Side by.9% and 2%, rfespectively. Hoyvever, on the mgdial side,
dom constrained. when either V/V rotation or I/E rotation was constrained, the

maximum pressure decreased by 19% and 16%, respectively.
Constraining rotations in addition to F/E rotation also caused

Results changes in the mean pressure relative to that with only F/E rota-

A three-dimensional solid model of the entire tibio-femoration constrained. With V/V rotation constrained, the mean pres-
joint was constructed and meshed. All surfaces in contact wesare on the lateral side increased by 7%, but if either I/E rotation
scanned with an RMSE of less than 8 microns. Because a surface//V rotation and I/E rotation were constrained, then the mean
subtraction technique was used to obtain tissue thickness, fitessure decreased by 6% and 3% respectively. As additional ro-
maximum error possible was less than 16 microns in the surfateions were constrained, the mean pressure decreased on the me-
coordinates used to generate the solid model. dial side by 11%, 9%, and 4% with V/V rotation constrained, I/E

The convergence test indicated that the finite element solutiootation constrained, and both V/V rotation and I/E rotation con-
was accurate for the intermediate mesh size of 2 mm by 2 nstrained, respectivelgTable 3.
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Fig. 3 Contact pressure pattern from the tibial plateau under
4 800 N compressive force at O degrees flexion, deformable
bones, the intermediate mesh size, and F /E constrained

The location of the center of pressure shifted slightly medio-
posteriorly on the lateral tibial plateau as rotations were con-
strained in addition to F/E rotation. There was a 1 mm shift in the
M- medial direction, and about a 0.4 mm shift in the posterior direc-
tion (Table 3. In the medial hemijoint, the largest shifts of 0.4
1] mm in the medial direction and 0.2 mm in the anterior direction
occurred when V/V rotation was constrain€khble 3.

i
-
——

Discussion

The underlying motivation for this study was to develop a com-
L1 putational tool that could ultimately be used to identify variables
important in the design and/or selection of meniscal replacements.
The specific objectives of this study were td dreate a solid
model of the human knee joint from accurate three-dimensional
digitized scans, particularly the soft tissuegd2termine to what
extent bony deformations affect contact behavior, ahdi€er-

\1 mine the effects of rotational constraints. The key findings from
L L the study were that)la solid model for the soft tissues can suc-
cessfully be used to study the contact behavior of the knee joint

with the finite element method) bony deformations did not sig-
nificantly affect the contact behavior up to 1 body weight at O
degrees of flexion and)3otational constraints caused changes as
large as 19% in contact variables. Issues related to each of these
findings will be discussed in turn.

Although the soft tissue geometry, as well as the proximal sur-
face of the tibia’s subchondral bone, and the distal surface of the
Fig. 2 Anterior view of the finite element representation of the femoral subchondral bone, were obtained from a noncontacting
entire tibio-femoral joint  (ligaments and meniscal attachments three-dimensional coordinate digitizing system with an RMSE of
removed for clarity ) less than 8 microns, the actual error in the soft tissues in the solid

model may have been larger for three reasons. First, the laser-
based scanning process required 30 minutes, which may have

These results indicate the load transmission shifted between ta@ised some degree of tissue dehydrafibr]. If dehydration
two compartments when rotations in addition to F/E rotation wercurred, then the volume of both the menisci and cartilage would
constrained. Load transmission shifted from the medial to the ldtave been underestimated. Second, the congruence of the tibia
eral tibial plateau when V/V rotation was constrained in additiowith the inferior surface of the meniscus was assumed. If the two
to F/E rotation. The total force due to contact increased on tlsarfaces were not congruent, then the height of the menisci along
lateral side by 14%. This was mirrored by a decrease in totiile direction normal to the tibial plateau would have been over-
contact force on the medial side by 15¢kable 3. When I/E estimated. Third, the accuracy of the solid model also depends on
rotation was constrained, the total contact force on the lateral sithe level of fidelity with which the solid model fit the digitized
changed by less than 1.5%, and the total contact force on theints. Considering that the various articulating surfaces scanned
medial side decreased by approximately 7%. When both V/V rts generate the solid model were smooth, this latter error is ex-
tation and I/E rotation were constrained, the total force increaspdcted to be minimal.
approximately 4% on the lateral side and decreased approximatel\Because the noncontacting three-dimensional coordinate digi-
7% on the medial side. tizing system could not be used to obtain either the subchondral

Lateral and medial contact areas were minimally affected whéone thickness or the remaining portion of the femur and tibia, CT
any of the other rotations were constrained in additiorFt& images were used for obtaining this geometry. While the thickness
rotation (Table 3. On the lateral side, with any other rotationof the subchondral bone was not constant in this study, it was
constrained, the contact area increased by about 3—4%. On dpproximately 3—4 mm thick. Inasmuch as the surfaces of the
medial side, the only notable difference in contact area occurrbdnes were scanned with the coordinate digitizing system, with an
when V/V rotation was constraingd% increasg RMSE of less than 8 microns, and the inner surface of the sub-
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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 /P and M/L respectively.

LATERAL
Constrained DOF | Max. Mean Total Area A/P-coordinate | M/L-coordinate
Pressure | Pressure | Force (N) | (mm?) | of center of of center of
(MPa) (MPa) pressure (mm) | pressure (mm)
Rigid bones, F/E | 2.35 0.88 401 411 5.3 -189
F/E 2.38 0.88 404 409 5.2 -189
F/E, VIV 2.60 0.94 461 422 -5.3 -18.6
F/E, VE 243 0.83 401 419 -5.6 -17.9
F/E, VIV, UE 2.25 0.85 424 424 -55 -17.9
MEDIAL
Constrained DOF | Max. Mean Totai Area A/P-coordinate | M/L-coordinate
Pressure | Pressure | Force (N) (nunz) of center of of center of
(MPa) | (MPa) pressure (mm) | pressure (mm)
Rigid bones, F/E | 2.50 0.82 409 489 4.4 342
F/E 2.51 0.80 411 483 4.4 34.1
F/E, VIV 2.04 0.72 351 463 4.2 345
F/E, E 2.10 0.73 383 483 4.3 34.1
F/E, VIV, LE 2.10 0.77 389 483 4.3 342

chondral bone was digitized from the CT images with a resolution The mesh size is also related to how well the hexahedral finite
of only 500 microns, there is potential for errors as large as 5@fement mesh approximates the solid model. In general the sur-
microns through the thickness of the subchondral b@é3% face of the discretized finite element mesh does not match that of
erron. This poor resolution was a result of the large scan area pfe solid mode([38]. Although distances between these surfaces
slice of 20 cm by 10 cm for the CT images. However, it is Unhave been shown potentially to be sizafi#9], the small finite
likely that this error affected our results considering that contagiement mesh size in conjunction with the smoothness of the sur-
variables changed by less than 2% when the bones were assufgds in the solid model reduced these differences.

rigid. . ) To achieve the objectives of the study, contact variables of the

Once a solid geometric model has been created, the model Mgt pjateau were investigated since the efficacy of meniscal re-
be meshed. Two of the three-dimensional finite element knee jollbcements in preventing the early onset of arthritis is of interest
models previously reported used very coarse meshes on the oigigately while increased contact stresses have been hypoth-

of 800 elements for all of the soft t_|ssuB,_1_1]. Neither study esized to lead to osteoarthritjig0,41], meniscal displacements
involved any analysis to determine if the finite element solutiofj d motion have not been directly linked to osteoarthritis previ-
was converged. The current model was meshed from a geome?ﬁ]c y P

model that was more accurate than previous models, the mesh i 3ly and the interpretation of changes in these quantities would

was the smallest, and the solution was demonstrated to have ?]_qlifficult tp assess. Also, while changes may oceur in either the
verged for this mesh size. motion or displacement of the meniscal replacement compared to

the native meniscus, it is ultimately the cartilage that breaks down
during osteoarthritis. Hence, the altered loading state that the car-
tilage may experience due to changes in meniscal quanféigs
material and geometry parametetisat affect contact was of pri-
mary interest. Also while we chose to investigate the surface
stresses rather than internal stresses, both may be important to the
degradation of articular cartilage.

The cartilage material behavior was considered to be linearly
elastic rather than biphasic. It has been shown that the fluid within
the tissue does not have time to move for short loading tifines
less than 1 secondThus, the elastic solution does not deviate
from the biphasic solution for these short loading tirf#2]. This
simplified representation of the cartilage material behavior did not
affect the results of this study because the resultant boundary trac-
tions are the same for short loading times for both single-phase
and biphasic materialg}3].

Currently, the model does not include the patellofemoral joint.
Including the patellofemoral joint would increase the complexity
of the contact by adding another contact surface, hence leading to
an increase in the run time. Because the contact behavior of the
tibio-femoral joint under a compressive load at 0 degrees of flex-

Fig. 4 Anterior view of the finite element representation of the
joint with the assumption of rigid bones
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ion was of interest, the patellofemoral joint was not included in Because the contact variables were quite sensitive to the rota-
the current version of the model. Of course, this joint could bigonal constraints imposed on the model, it is important to know
added if the application required it. the rotational constraints as well as the loads transmitted by the
While no patellofemoral joint was included in the model, thgoint during an activity of intereste.g., walking to achieve an
structures that have been shown previously to be important unéecurate picture of tibio-femoral contact. While the rotations are
compressive loading of the tibio-femoral joint were included, imot constrained to zero during walking, some amount of constraint
addition to the attachments of the menisci. Both the ACL andould be expected due to muscle forces and ground contact. The
MCL were included in the model, because they have been shoipblem then becomes one of identifying the appropriate con-
previously to be in tension when a compressive load was appligéaints to place on the joint. In this connection it bears mention
to the knee joint at 0 degrees of flexiphi]. that many gait studies have demonstrated large coupled motions
On the other hand, both the lateral collateral ligam@@L) of up to 20 degrees of rotation in both the V/V and I/E degrees of
and posterior cruciate ligamerfPCL) were not included. Al- freedom[51-53 _ o _
though these ligaments have been shown to be slack under comi conclusion, this study provides a simplified yet geometrically
pressive loading at 0 degrees of flexidri], rotational constraints accurate model of the human knee joint for studying tibio-femoral
other than F/E were applied to the model in that study. Accor§ontact behavior. The convergence study demonstrated the impor-
ingly to check that these ligaments did not come into play durirignce of appropriately refining mesh size, as up to a 45% change
the unconstrained coupled motions that occurred when only FJEEcontact variables occurred from one mesh density to the next.
was constrained in the present study, their influence on joint cdqOreover, the study of rigid bones indicated that this assumption
tact was assessed by solving the model both with and withdgitV@lid when the contact behavior of cartilagenous joints are of
these ligaments. The ligaments were modeled as nonlinear SpriHESrESt' Substantial savings in computer solution time are pos-

[30,31]. The root mean squared difference in the contact variablg'® With this assumption. Finally the contact behavior of the
was only 0.91 when comparing the model solution with the P nee joint is sensitive to rotational constraints placed on the joint.

and LCL to the model solution without these ligaments. The le erefore, future studies should pay special attention to the rota-

than 1% change indicates that these ligaments do not influe h’;é;:hggngﬁr:r']ntgsaggl';? tg ;hse ig'ogt Sv%rsggfgt?r%pirr?iﬁi\'ls eslt?%d'ng‘e
joint contact behavior even when the joint is unconstrained. 9 9 0 y. bBe-

The attachments of the menisci to the tibial plateau, and to eadgiise we were ablg fo generate an accurate f|n_|te _element model
other via the transverse ligament, were included in the mod I_the tibio-femoral joint that includes the menisci, this model can

Furthermore, the medial meniscus attachment to the deep me&} Iused for future studies that will identify the meniscal variables,

collateral ligament was included. Each of these struc:tur?#ch as material properties, geometry, and boundary conditions,

stretched under the applied compressive load in this model. Agaln?t are important determinants of contact behavior.

the present three-dimensional model is the first that we know of

that included all of these attachments. Acknowledgment
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