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Abstract
In an effort to prevent degeneration of articular cartilage associated with meniscectomies, both meniscal allografts and synthetic
replacements are subjects of current interest and investigation. The objectives of the current study were to (1) determine whether a
transversely isotropic, linearly elastic, homogeneous material model of the meniscal tissue is necessary to achieve a normal contact
pressure distribution on the tibial plateau, (2) determine which material and boundary condition (attachments) parameters affect the
contact pressure distribution most strongly, and (3) set tolerances on these parameters to restore the contact pressure distribution to
within a speciﬁed error. To satisfy these objectives, a ﬁnite element model of the tibio-femoral joint of a human cadaveric knee
(including both menisci) was used to study the contact pressure distribution on the tibial plateau. To validate the model, the contact
pressure distribution on the tibial plateau was measured experimentally in the same knee used to create the model. Within
physiologically reasonable bounds on ﬁve material parameters and four attachment parameters associated with a meniscal
replacement, an optimization was performed under 1200 N of compressive load on the set of nine parameters to minimize the
difference between the experimental and model results. The error between the experimental and model contact variables was
minimized to 5.4%. The contact pressure distribution of the tibial plateau was sensitive to the circumferential modulus, axial/radial
modulus, and horn stiffness, but relatively insensitive to the remaining six parameters. Consequently, both the circumferential and
axial/radial moduli are important determinants of the contact pressure distribution, and hence should be matched in the design and/
or selection of meniscal replacements. In addition, during surgical implantation of a meniscal replacement, the horns should be
attached with high stiffness bone plugs, and the attachments of the transverse ligament and deep medial collateral ligament should
be restored to minimize changes in the contact pressure distribution, and thereby possibly prevent the degradation of articular
cartilage.
r 2002 Elsevier Science Ltd. All rights reserved.
Keywords: Meniscus; Contact; Finite element method; Material properties; Knee

1. Introduction
In an effort to prevent degeneration of the articular
cartilage caused by meniscectomies (Bolano and Grana,
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1993; Fauno and Nielson, 1992; Rangger et al., 1995),
both meniscal allografts (De Boer and Koudstaal, 1991;
Siegel and Roberts, 1993; Stone, 1993;Veltri et al., 1994)
and synthetic replacements (Kollias and Fox, 1996;
Messner, 1994; Stone et al., 1992) have been previously
investigated. However, the clinical success of meniscal
allografts has been varied (Arnoczky et al., 1990; De
Boer and Koudstaal, 1991; Garrett and Stevensen, 1991;
Jackson et al., 1992; Kohn et al., 1992; Mikic et al.,
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1993; Milachowski et al., 1989). The mixed results may
be due in part to a failure of the replacement to satisfy
the biomechanical criteria necessary for proper meniscal
function.
Among the most important biomechanical factors
that determine the relative success of a meniscal
replacement are the material properties of the tissue.
Meniscal collagen ﬁbers are arranged predominantly in
the circumferential direction. These ﬁbers function to
support the large hoop stresses that are important to the
distribution of contact pressures within the knee joint.
Previous studies have demonstrated that the radial
modulus is inﬂuenced by the presence of radial tie ﬁbers
(Skaggs et al., 1994); however, the modulus in the radial
and axial directions is approximately 10 times less than
that of the circumferential direction (Tissakht and
Ahmed, 1995). Therefore, it appears that a transversely
isotropic constitutive relationship is appropriate to
represent the meniscal tissue. Mathematical models of
load transmission of the tibio-femoral joint, which have
modeled the meniscus as transversely isotropic, suggest
that the circumferential tensile modulus is critical to
achieving proper distribution of contact pressure
(Schreppers et al., 1990; Spilker and Donzelli, 1992).
However, a transversely isotropic constitutive relation
requires ﬁve independent parameters, and the relative
importance of the remaining four parameters, in
addition to the circumferential modulus, on the contact
pressure distribution is at the present unknown.
Another factor that may be important to the success
of meniscal replacements is the attachment of the
meniscus to the surrounding tissues. The anterior and
posterior horns of each meniscus are connected to the
tibial plateau either by means of ligaments or by direct
insertion (Arnoczky et al., 1987). In addition, the
posterior ﬁbers of the anterior horn of the medial
meniscus merge with the transverse ligament, which then
connects to the anterior horn of the lateral meniscus.
The medial meniscus is more ﬁrmly attached than the
lateral meniscus to the femur and tibia by a thickening
in the joint capsule known as the deep medial collateral
ligament (MCL). While the function of these various
attachments is to provide restraints that limit the
relative movement of the meniscus on the tibial plateau
when it bears load (Tissakht et al., 1989), the relative
importance of each attachment on the contact pressure
distribution is at present unknown.
Currently, tissue banks do not consider material
properties in selecting meniscal allografts, and those
developing synthetic replacements are not guided by any
design criteria for restoring meniscal function. In
addition, during meniscal replacement surgery, a question that remains to be answered is what speciﬁc
attachments must be restored since attaching the horns
alone does not restore normal meniscal function
(Alhalki et al., 1999). Therefore, the objectives of the

current study were to (1) determine whether a transversely isotropic, linearly elastic, homogeneous constitutive
relationship is necessary to achieve a normal contact
pressure distribution on the tibial plateau, (2) determine
material parameters and attachment parameters to
which the contact pressure distribution of the tibial
plateau is most sensitive, and (3) determine tolerances
on material and attachment parameters that will restore
the contact pressure distribution to within a speciﬁed
difference from normal.

2. Methods
2.1. Determination of experimental contact variables
One human, fresh-frozen, cadaveric, right knee was
obtained from a 30-year-old male. Antero-posterior and
lateral roentgenograms of the knee were obtained to
ensure that there was no joint space narrowing,
osteophytes, chondrocalcinosis, meniscal tears, or history of knee surgery. The knee was then aligned in a
specialized load application system for the testing of
joints (Bach and Hull, 1995). The knee was aligned using
a functional-axes approach, which has been shown to
exhibit good repeatability (Berns et al., 1990). To
implement this approach, the tibia and femur were each
placed inside alignment ﬁxtures that allowed for a six
degree-of-freedom adjustment so that the natural
rotational axes of the joint were aligned with the
rotational axes of the load application system.
Contact pressure distributions were measured on the
same knee that was ultimately modeled using ﬁnite
elements. Two ranges of pressure-sensitive ﬁlm were
used in this study: super-low- and low-range pressure
ﬁlm (Fuji Prescale Film; C Itoh, New York, NY)
(Huang et al., 2002; Paletta et al., 1997). Pressuresensitive ﬁlm packets were created for the knee to match
both the size and shape of the lateral and medial tibial
plateaus using a previously described technique (Alhalki
et al., 1999; Martens et al., 1997).
The load application system constrained ﬂexion at a
predetermined angle while applying compressive loads.
Relative motions between the tibia and femur were
unconstrained in all other degrees of freedom. The
contact pressure distribution of the knee was measured
with the pressure-sensitive ﬁlm as compressive load was
applied using the load application system. Three factors
were controlled during the exposure of the pressure
sensitive ﬁlm: shear, overshoot, and loading time
(Martens et al., 1997). Orientation of the ﬁlm on the
tibial plateau was recorded by placing registration
marks on the ﬁlm in regions that supported only
minimal load (Huberti and Hayes, 1984). Two registration marks were placed on each of the lateral and medial
tibial plateaus. Three repetitions, each with new pressure
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ﬁlm, were made at 0 and 15 degrees of ﬂexion under
compressive loads of 400 and 1200 N. These load levels
represented 12 and 112 times body weight, respectively.
Contact data were recorded for both the medial and
lateral tibial plateaus.
After joint contact pressure distributions were recorded with the pressure-sensitive ﬁlm, two metal rods
were drilled through the knee penetrating both the
femur and the tibia while the joint was held at 0 degrees
of ﬂexion. This served to deﬁne the ‘reference position’
of the knee. The rods were then removed and replaced
with delrin rods which served as alignment markers for
reconstruction of the 3-dimensional (3-D) geometry
later in the study.
To convert the intensity of the ﬁlm stain to a pressure
value, calibration curves were generated for both the
super-low-range ﬁlm, and the low-range ﬁlm using a
previously established procedure (Alhalki et al., 1999;
Liggins et al., 1995; Liggins et al., 1992; Martens et al.,
1997). The maximum pressure, contact area, mean
pressure, and the location of the maximum pressure
(collectively termed the contact variables) were determined from the calibrated images.
The contact variables were determined using both
ranges of ﬁlm. The maximum pressure was determined
by averaging the maximum pressure from the three trials
using only the low-range ﬁlm. The location of the
maximum pressure was measured on the low-range ﬁlm,
and using registration markers, the location was
transferred to a global anatomical coordinate system.
The global coordinate system was established by ﬁrst
drawing a line parallel to the posterior osteochondral
junction of the proximal tibia to deﬁne the medial–
lateral (M/L) direction. The anterior–posterior (A/P)
direction was deﬁned as perpendicular to this line. The
origin was placed at half the maximum A/P distance and
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half the maximum M/L distance. The location of
maximum pressure was determined by averaging the
location from the three trials. The total contact area was
determined by averaging the contact area from the three
trials using only the super-low-range ﬁlm. Lastly, the
mean pressure for a trial was obtained using a
combination of both the super-low- and low-range
pressure ﬁlms (See Appendix A). The ﬁnal mean
pressure was determined by averaging the mean pressure
from the three trials.
2.2. Creation of the finite element model
A ﬁnite element model of the cadaveric knee joint was
created as previously described (Haut Donahue et al.,
2002) (Fig. 1). Brieﬂy, a ﬁnite model was generated from
a 3-D laser coordinate digitizing system (Haut et al.,
1997) that imaged the cartilage and menisci with an
error of less than 8 mm. This digitizing system attempts
to minimize the effects of dehydration of the exposed
tissue (Haut et al., 1997). The model included both the
femoral and tibial articular cartilage, both the medial
and lateral menisci and their horn attachments, the
anterior cruciate ligament, the transverse ligament, and
the deep medial collateral ligament. The bones were
treated as rigid because a previous study conﬁrmed that
this simpliﬁcation had no substantive effect on the
contact variables (Haut Donahue et al., 2002). The
cartilage was considered as linearly elastic and isotropic
with an elastic modulus of 15 MPa and a Poisson’s ratio
of 0.475 (Table 1), maintaining the nearly incompressible behavior of the cartilage tissue under short loading
times. The anterior cruciate and deep medial collateral
ligaments were modeled as 1-D nonlinear springs
(Blankevoort et al., 1991; Li et al., 1999; Pandy et al.,
1997; Wismans et al., 1980), requiring a nonlinear

Fig. 1. Finite element representation of the knee joint.
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stiffness parameter (k), and a reference strain (er ), where
reference strain is the initial strain in the reference
position (i.e. full extension) (Fig. 2). The following 1-D
nonlinear relationship was employed:
f ¼ kðe  e1 Þ

if

eX2e1 ;

f ¼ 1=4kðe2 =e1 Þ
f ¼0

if
if

0:0oeo2e1 ;
ep0:0;

ð1Þ

Table 1
Material properties of modeled tissues not included in the optimization
Femoral/tibial
cartilage

Linearly elastic,
isotropic

E ¼ 15 MPa,
n ¼ 0:475

ACL

1-D nonlinear spring

Anterior bundle;
Ref. strain=0.06 mm/mm
Nonlinear stiffness=5000 N
Posterior bundle;
Ref. strain=0.10 mm/mm
Nonlinear stiffness=5000 N

where el is the nonlinear strain level parameter assumed
to be 0.03 as in previous studies (Butler et al., 1986; Li
et al., 1999; Pandy et al., 1997). Both of these ligaments
were modeled with anterior and posterior bundles. The
transverse ligament and horn attachments were modeled
as linear springs.
The general-purpose ﬁnite element code ABAQUS
(HKS Inc., Pawtucket, RI) was used to obtain ﬁnite
element solutions to the contact problem. The articular
cartilage and menisci were discretized into 8-node
trilinear hexahedral elements. Contact was modeled
between the femur and meniscus, the meniscus and tibia,
and the femur and tibia for both the lateral and medial
compartments, resulting in six contact-surface pairs.
The contact conditions in the model were completely
general involving ﬁnite sliding of pairs of curved,
deformable surfaces. All of the surfaces were modeled
as frictionless. A convergence analysis demonstrated
that the ﬁnite element solution converged for a mesh
that had an average element size of 2 mm  2 mm and

Fig. 2. (a) Nonlinear force versus displacement curves and (b) nonlinear force versus strain curves for the posterior bundle of the ACL and the
posterior bundle of the deep MCL.
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consisted of 14,050 total elements: 2500 meniscal
elements in four layers, 3000 femoral cartilage elements
in four layers, 2500 tibia cartilage elements in four
layers. See Haut Donahue et al. (2002) for additional
details of the ﬁnite element model (Haut Donahue et al.,
2002).
The model was compressed to a load level of 1200 N
at 0 degrees of ﬂexion and the same contact variables
that were determined experimentally were determined
from the model solution. For the calculation of contact
area and mean pressure from the model, pressures below
0.25 MPa were set to 0.0 MPa because 0.25 MPa was the
threshold pressure below which the super-low-range ﬁlm
would not register any reading.
To perform an optimization, an error measure was
deﬁned to quantify differences between the contact
variables determined experimentally and those computed with the model. The root-mean-square normalized error (RMSNE) was calculated as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pm
2
i¼1 ðErrori Þ
RMSNE ¼
;
m

where m ¼ 4

ð2Þ

and
Error2i ¼



Xmeasured;i  Xmodel;i 2
Xmeasured;i
lateral


Xmeasured;i  Xmodel;i 2
þ
;
Xmeasured;i
medial

ð3Þ

where the reference values for Xmeasured;i were determined from the experimental data and the values for
Xmodel;i were computed from the ﬁnite element model. So
that the location of maximum pressure was given equal
weighting to the mean pressure, maximum pressure, and
contact area, the M/L and A/P locations of the
maximum pressure were combined by weighting each
50% to combine them into one quantity.
2.3. Optimization/sensitivity analysis
A multivariable optimization was performed on the
set of nine material and attachment parameters associated with a meniscal replacement to minimize the
RMSNE. The nine parameters included the following:
(1) the shear modulus (Gry ¼ Gzy ), (2) the stiffness of the
transverse ligament, (3) the stiffness of the horn
attachments, (4) the nonlinear stiffness parameter for
the deep MCL, (5) the reference strain for the deep
MCL, (6) the out-of-plane Poisson ratios (nry ¼ nzy ), (7)
the in-plane Poisson ratio (nrz ), (8) the axial/radial
modulus (Ez ¼ Er ), and (9) the circumferential modulus
(Ey ). Note that for the purposes of the optimization and
sensitivity analyses, the two bundles of the deep medial
collateral ligament were given the same parameter

23

values. The initial values and ranges of the parameter
values for the optimization were:
1. Gry ¼ Gzy ¼ 57:7 MPa (range 27.7–77.7 MPa),
2. stiffness of transverse ligament=200 N/mm (1 spring)
(range 50–900 N/mm),
3. total stiffness of horn attachment=2000 N/mm (10
springs/horn  200 N/mm) (range 500–30,000 N/
mm),
4. nonlinear stiffness of medial collateral ligament
bundles=2000 N (range 500–5000 N; from Blankevoort et al., 1991; Li et al., 1999; Pandy et al., 1997;
Wismans et al., 1980),
5. reference strain of medial collateral ligament bundles=0.08 (range –0.08–2.4; from Blankevoort et al.,
1991; Li et al., 1999; Pandy et al., 1997; Wismans
et al., 1980),
6. nry ¼ nzy ¼ 0:3 (range 0.1–0.35, to satisfy stability
requirements with a transversely isotropic model),
7. nrz ¼ 0:2 (range 0.1–0.4),
8. Er ¼ Ez ¼ 20 MPa (range 15–60 MPa; from Skaggs
et al., 1994; Tissakht and Ahmed, 1995; Whipple
et al., 1984),
9. Ey ¼ 150 MPa (range 100–200 MPa; from Fithian
et al., 1989; Tissakht and Ahmed, 1995;Whipple et al.,
1984).
The initial value and range for each of the parameters
were determined from either the literature or from
stability requirements, in the case of the Poisson ratios.
However, neither the shear modulus nor the stiffness of
the transverse ligament and horn attachments were
available from the literature. The initial value for the
shear modulus was calculated by assuming elastic
isotropy, with a Poisson ratio of 0.3 and a modulus of
150 MPa. The range was then calculated as 750% of
the initial value. Since most of the horns attach via a
ligament, the initial stiffness for the transverse ligament
and horns was derived from the modulus of the ACL.
The length of the transverse ligament was approximately
30 mm as measured with a scale during dissection, and
the cross-sectional area was approximately 20 mm2 as
determined from the reconstructed model. Therefore,
using the modulus of 111726 MPa (Noyes and Grood,
1976), the initial stiffness value for the transverse
ligament was approximated to be 200 N/mm. The range
encompassed at least two standard deviations about this
value. The same initial value was used for a single spring
of the horn attachments, resulting in a total horn
stiffness of 2000 N/mm. The total horn stiffness was
varied over a range encompassing values as low as that
corresponding to sutures (50 N/mm) to as high as a
relatively rigid bone attachment (30,000 N/mm).
Considering the complexity of a linearly elastic and
transversely isotropic constitutive relation for the
meniscal tissue, it was of interest to determine whether
the meniscal material could be considered as linearly
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elastic and isotropic. Accordingly, the RMSNE was
computed while the elastic modulus and Poisson’s ratio
were varied from 50 to 200 MPa and 0.1 to 0.49,
respectively, and the remaining parameters remained
constant at their values given above from the literature.
To optimize the nine parameters, a semi-automated
technique was used. First, the model was run with these
nine parameters set to their initial values. Then, while
leaving the remaining eight parameters set to their initial
values, the shear modulus (Gry ¼ Gzy ) was varied over a
range from 27.7 to 77.7 MPa. Six values of shear
modulus, over the range indicated, were evaluated. Of
these six values, the value of the shear modulus that
minimized the RMSNE was determined. Next, with the
shear modulus set at the value that minimized the error,
the stiffness of the transverse ligament was varied over a
range from 50 to 900 N/mm, while the remaining seven
parameters were left at their initial values. Again, as for
the shear modulus, the RMSNE was minimized and the
resulting value for the transverse ligament stiffness was
determined. The process was continued until all nine
parameters were examined.
The optimization was repeated with a different set of
initial values to check if the minimum reached in the ﬁrst
optimization was in fact a global minimum. The initial
values were randomly selected for the second optimization and were as follows:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Gry ¼ Gzy ¼ 37:7 MPa,
stiffness of transverse ligament=500 N/mm (1 spring),
total stiffness of horn attachment=6000 N/mm,
nonlinear stiffness of medial collateral ligament
bundles=4000 N,
reference strain of medial collateral ligament
bundles=0.08,
nry ¼ nzy ¼ 0:2;
nrz ¼ 0:4;
Er ¼ Ez ¼ 40 MPa,
Ey ¼ 200 MPa.

The same optimization technique was used again to
minimize the error function over the same ranges of the
parameter values.
The second optimization revealed differences in ﬁnal
values for three of the parameters, whereas the optimal
values of the other six parameters were the same as those
obtained in the ﬁrst optimization. These three parameters were also the most sensitive parameters as
determined by the change in RMSNE value over the
range studied (larger than a 5% change in RMSNE was
considered sensitive). A grid search was performed with
these three parameters while holding the remaining six
parameters at their optimized values. The grid search
served the dual purpose of determining a globally
optimal set of parameters, while also determining
tolerances on the three most sensitive parameters that
would lead to an acceptable meniscal replacement. The

three most sensitive parameters included the stiffness of
the horn attachments, the axial/radial modulus, and the
circumferential modulus. The grid search used four
values for the total stiffness of the horn attachments
(500, 2000, 6000, 10,000 N/mm), four values for the
axial/radial modulus (15, 20, 40, 60 MPa), and three
values for the circumferential modulus (100, 150,
200 MPa). A ﬁnite element analysis was performed for
each of the 48 different factorial combinations (i.e.
4  4  3=48). The ranges used for the axial/radial
modulus and the circumferential modulus corresponded
to their physiological ranges. The lower limit for the
total stiffness of the horn attachments was the value
from the ﬁrst and second optimizations that resulted in
an RMSNE less than 20%. The upper limit for this
parameter was set to 10,000 N/mm. This value was
reduced from the upper limit of the range used in the
ﬁrst and second optimizations because there was no
change in the RMSNE during the optimizations when
the horn stiffness was greater than 10,000 N/mm.
Lastly, for an independent validation of the model,
the model was compressed to 400 N at 15 degrees of
ﬂexion using the set of parameter values that provided
the minimum RMSNE when the model was compressed
to 1200 N at 0 degrees of ﬂexion. The RMSNE was
calculated at 400 N and 15 degrees of ﬂexion to compare
the computed contact variables to those determined
experimentally at 400 N and 15 degrees of ﬂexion.

3. Results
When the constitutive relation for the meniscal
material was considered to be transversely isotropic,
an RMSNE of 5.4% was obtained by the ﬁrst
optimization (Table 2). The minimization resulted in
values for each of the nine parameters as follows:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Gry ¼ Gzy ¼ 57:7 MPa,
stiffness of transverse ligament=900 N/mm,
total stiffness of horn attachment=2000 N/mm,
nonlinear stiffness of medial collateral ligament
bundles=4000 N,
reference strain of medial collateral ligament bundles=0.00,
nry ¼ nzy ¼ 0:3;
nrz ¼ 0:2;
Er ¼ Ez ¼ 20 MPa,
Ey ¼ 150 MPa.

The second optimization, which achieved an RMSNE
of 6.9%, resulted in different parameter values from
those of the ﬁrst optimization for the total stiffness of
the horn attachment (6000 N/mm), the radial/axial
modulus (Er ¼ Ez ¼ 40 MPa), and the circumferential
modulus (Ey ¼ 200 MPa). Although the different results between the two semi-automated optimizations
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Table 2
Contact variables from experimental data and the ﬁrst optimization (RMSNE=5.4%). Anterior and medial are positive for the A=P and M=L
locations of maximum pressure, respectively
Max. pressure
(MPa)

Mean pressure
(MPa)

Area (mm2)

Lateral-experimental
Lateral-model

3.78
3.69

1.53
1.59

384.8
378.0

5.6
5.4

17.6
16.2

Medial-experimental
Medial-model

3.46
3.44

1.42
1.36

372.0
360.0

3.0
1.6

18.9
19.5

A/P location max.
pressure (mm)

M/L location max.
pressure (mm)

Table 3
RMSNE values for the grid search
Circumferential
modulus (MPa)/Horn
stiffness (N/mm)
100/500
150/500
200/500
100/2000
150/2000
200/2000
100/6000
150/6000
200/6000
100/10,000
150/10,000
200/10,000

15 MPa

20 MPa

Axial/radial modulus
0.210
0.124
0.233
0.096
XX
0.246
0.102
0.092
0.220
0.054
XX
0.226
0.264
0.148
0.272
0.202
XX
0.203
0.242
0.101
0.258
0.057
XX
0.219

40 MPa

60 MPa

0.120
0.103
0.113
0.172
0.095
0.076
0.096
0.078
0.069
0.099
0.091
0.065

0.117
0.117
0.123
0.106
0.109
0.113
0.073
0.089
0.099
0.070
0.086
0.095

XX—these combinations were not possible with a transversely
isotropic constitutive relation with an in-plane Poisson’s ratio of 0.2
and out-of-plane ratio of 0.3.
Values in bold type represent RMSNE less than 10%.

suggested that the 5.4% RMSNE value obtained in the
ﬁrst optimization may not be the global minimum, the
subsequent grid search revealed that the ﬁnal parameter
values in the ﬁrst optimization did indeed provide the
global minimum (Table 3).
The results of the semi-automated optimizations
suggested not only a signiﬁcant interaction between
the total horn stiffness, the axial/radial modulus, and
circumferential modulus, but also indicated that the
RMSNE was most sensitive to these three parameters
(Fig. 3). Variations in each of these parameters over the
range studied increased the RMSNE by more than 5%.
The contact variables were not sensitive to the remaining six parameters in either the ﬁrst or second semiautomated optimization (Fig. 4) for the ranges studied.
When examining how variations in the three most
sensitive parameters affected the contact variables, the
maximum pressure, mean pressure, and contact area
were affected to a greater degree on the lateral tibial
plateau than on the medial tibial plateau. Varying the
circumferential modulus caused greatest absolute
changes in error from the error at the optimized
parameter values on the lateral tibial plateau of

Fig. 3. RMSNE for the three high-sensitivity parameters.

15.6%, 23.8%, and 21.1% for the maximum pressure,
mean pressure and contact area, respectively (Table 4).
Varying the axial/radial modulus caused greatest
absolute changes in error from the error at the

26

T.L. Haut Donahue et al. / Journal of Biomechanics 36 (2003) 19–34

Fig. 4. RMSNE for the six low-sensitivity parameters.

optimized parameter values on the lateral tibial plateau
of 21.3%, 19.5%, and 18.7% for the maximum pressure,
mean pressure and contact area, respectively (Table 5).
Varying the horn stiffness caused greatest absolute
changes in error from the error at the optimized
parameter values on the lateral tibial plateau of
54.9%, 10.9%, and 7.0% for the maximum pressure,
mean pressure and contact area, respectively (Table 6).
The results of the grid search also serve to determine
allowable combinations of values of the three most

sensitive parameters. For an allowable RMSNE of 10%,
many combinations are possible (Table 3). For example,
for any value of the circumferential modulus between
100–200 MPa and horn stiffness greater than 6000 N/
mm, the axial/radial modulus must be greater than or
equal to 40 MPa. These combinations include 67% (12
of 18) of the RMSNE values below 10% in the grid
search.
Considering the meniscal tissue to be linearly elastic
and isotropic increased the RMSNE substantially
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Table 4
Values of contact variables and corresponding errors from the ﬁrst optimization for variations in the circumferential modulus. Italicized rows
indicate optimized values. Positive is medial and anterior for the M/L and A/P locations of maximum pressure, respectively
Circum.
modulus
(MPa)

Max.
pressure
(MPa)

Lateral tibial
Pressureﬁlm data
100
150
200

plateau
3.78

Medial tibial
Pressureﬁlm data
100
150
200

plateau
3.46

3.40
3.69
4.27

3.62
3.44
3.27

Error (%)

Mean
pressure
(MPa)

Error (%)

1.53
10.1
2.4
13.2

1.46
1.59
1.95

1.31
1.36
1.64

Error (%)

384.8
4.3
3.9
27.7

1.42
4.8
0.4
5.5

Area
(mm2)

409.5
378.0
297.0

6.4
1.8
22.8

372.0
7.6
4.0
15.8

355.5
360.0
315.0

4.4
3.2
15.3

A/P location
of max.
pressure (mm)

M/L location
of max.
pressure (mm)

5.6

17.6

5.3
5.4
5.5

16.2
16.2
16.1

3.0

18.9

1.5
1.6
1.7

19.5
19.5
19.5

Error (%)

1.3
1.0
0.2

4.0
3.7
3.4

Table 5
Values of contact variables and corresponding errors from the ﬁrst optimization for variations in the axial/radial modulus. Italicized rows indicate
optimized values. Positive is medial and anterior for the M/L and A/P locations of maximum pressure, respectively
Axial/
radial
modulus
(MPa)

Max.
pressure
(MPa)

Error (%)

Mean
pressure
(MPa)

Error (%)

Area
(mm2)

Error (%)

A/P location
of max.
pressure (mm)

M/L location
of max.
pressure (mm)

Error (%)

Lateral tibial plateau
Pressureﬁlm data
15
20
40
60
Medial tibial
Pressureﬁlm data
15
20
40
60

3.78
4.49
3.69
3.20
3.08

1.53
19.0
2.4
15.2
18.4

plateau
3.46
3.40
3.44
3.33
3.34

1.88
1.59
1.55
1.56

384.8
23.4
3.9
1.4
2.3

1.42
1.8
0.4
3.7
3.3

1.63
1.36
1.38
1.41

306.0
378.0
387.0
387.0

20.5
1.8
0.6
0.6

372.0
15.1
4.0
2.8
0.2

relative to the 5.4% value obtained for the transversely
isotropic constitutive relation. The minimum RMSNE
was 32% with an elastic modulus of 150 MPa and a
Poisson’s ratio of 0.3.
Using the values of the nine parameters optimized at a
compressive load of 1200 N, the model was independently validated under a 400 N compressive load and 15
degrees of ﬂexion. The RMSNE between the model and
the experimental contact variables increased by only
0.2% at 400 N and 15 degrees of ﬂexion relative to the
RMSNE at 1200 N and 0 degrees of ﬂexion.
Although the contact variables were relatively insensitive to the stiffness of both the transverse ligament

306.0
360.0
346.5
342.0

17.7
3.2
6.9
8.1

5.6

17.6

5.6
5.4
5.4
5.3

16.1
16.2
16.2
16.2

3.0

18.9

1.6
1.6
1.7
1.8

19.4
19.5
19.5
19.5

0.1
1.0
1.2
1.3

3.6
3.7
3.4
3.3

and deep MCL when the parameter values were varied
within the ranges speciﬁed, it was noted that the
RMSNE increased when either of the attachments was
absent from the model (i.e. stiffness=0 N/mm). Therefore, to determine the lower bound for the acceptable
stiffness, the sensitivity analysis for these two parameters was extended from the minimum values used in
the optimizations to zero. When the transverse ligament
stiffness was less than 12.5 N/mm, the sensitivity to this
parameter increased and the error approached 10%
(Fig. 5). In addition, when the deep MCL nonlinear
stiffness parameter was less than 125 N, the sensitivity
increased and the RMSNE approached 10% (Fig. 5).
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Table 6
Values of contact variables and corresponding errors from the ﬁrst optimization for variations in the horn stiffness. Italicized rows indicate optimised
values. Positive is medial and anterior for the M/L and A/P locations of maximum pressure, respectively
Horn
stiffness
(N/mm)

Max.
pressure
(MPa)

Lateral tibial
Pressureﬁlm data
50
500
2000
5000
10,000
30,000

plateau
3.78

Medial tibial
Pressureﬁlm data
50
500
2000
5000
10,000
30,000

plateau
3.46

5.76
2.83
3.69
3.88
3.95
4.09

3.67
3.46
3.44
3.43
3.43
3.43

Error (%)

Mean
pressure
(MPa)

Error (%)

1.53
52.5
25.0
2.4
2.7
4.5
8.4

1.75
1.56
1.59
1.58
1.57
1.56

1.38
1.38
1.36
1.37
1.37
1.37

Error (%)

384.8
14.9
2.4
3.9
3.3
3.0
2.4

1.42
6.0
0.2
0.4
0.7
0.8
0.9

Area
(mm2)

351.0
396.0
378.0
378.0
378.0
382.5

8.8
-2.9
1.8
1.8
1.8
0.6

372.0
2.6
2.5
4.0
3.3
3.3
3.3

351.0
351.0
360.0
355.5
355.5
355.5

5.7
5.7
3.2
4.4
4.4
4.4

A/P location of
max. pressure
(mm)

M/L location
of max.
pressure (mm)

5.6

17.6

5.1
5.4
5.4
5.4
5.4
5.4

16.9
16.4
16.2
16.1
16.1
16.1

-3.0

18.9

1.4
1.6
1.6
1.6
1.6
1.6

19.7
19.5
19.5
19.5
19.5
19.5

Error (%)

2.4
0.9
1.0
0.9
0.9
0.7

4.1
3.7
3.7
3.7
3.7
3.7

Fig. 5. RMSNE for the transverse ligament and deep medial collateral
liagment as parameter values approach zero.

isotropic, linearly elastic, homogeneous constitutive
relation for the meniscal tissue provided a RMSNE as
low as 5.4% between the ﬁnite element solution and the
experimentally determined contact variables. A second
key ﬁnding was that the model was successfully
independently validated using optimized values for both
material parameters and attachments. A third key
ﬁnding was that the contact variables of the tibial
plateau are most sensitive to the circumferential
modulus, axial/radial modulus, and the total horn
stiffness. The contact variables were relatively insensitive to the other six parameters that were examined. A
ﬁnal key ﬁnding was that for an axial/radial modulus
greater than or equal to 20 MPa, many combinations of
the circumferential modulus and total horn stiffness are
possible to maintain the contact pressure distribution to
within 10% (RMSNE) of the normal knee. Before these
ﬁndings are discussed further, several methodological
issues should be examined because of their possible
inﬂuence on the interpretation of results.

4. Discussion

4.1. Methodological issues

The purpose of this study was to establish a set of
criteria to aid in the design and/or selection of meniscal
replacements. To fulﬁll this purpose, a ﬁnite element
model of a single cadaveric knee was used in a sensitivity
analysis to identify both material and attachment
parameters that are the most important determinants
of the contact pressure distribution and therefore would
inﬂuence the long-term success of the replacement. One
key ﬁnding of this study was that a transversely

Careful consideration was given to the procedures
used for validating the ﬁnite element model solution.
One important procedural aspect was that a single
cadaveric specimen was used to create the ﬁnite element
model, and the contact pressure distribution was
measured in this same specimen. Using a single knee
enabled direct comparison of experimental measurements of the contact variables to the contact variables
determined from the ﬁnite element solution for a given
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knee. Inasmuch as there is great variability in the
contact variables between knees (Ahmed and Burke,
1983), this provided a stronger validation than constructing a model and then validating it by comparison
to contact variables reported in the literature.
A second important procedural aspect was the
similarity in the compressive loading and boundary
conditions between the model and the experiments.
In the previous work (Haut Donahue et al., 2002),
the authors demonstrated that the contact solution of
the ﬁnite element model is strongly inﬂuenced by the
rotational constraints, with differences in contact variables as large as 19% when rotations other than ﬂexion/
extension are constrained. Considering that the load
application system applied the compressive load while
constraining the ﬂexion angle but allowing freedom of
motion in the other two rotations, the model was
constrained similarly to insure that the model solution
was as relevant to the experiments as possible.
The time of loading during the experiments allowed
for an elastic solution to the ﬁnite element model. From
biphasic theory, the viscoelastic time constant of
cartilage is approximately 1500 s (Mow et al., 1991),
whereas the joint was compressed in less than 1 s in the
experiment. Because ﬂuid does not have time to move
for these short loading times, the elastic solution does
not deviate from the biphasic solution (Garcia et al.,
1998). Therefore, the cartilage can be assumed to behave
as an elastic material for the purposes of contact
pressure computations (Donzelli et al., 1999). Similarly,
the meniscal tissue has a large time constant, on the
order of 3300 s (Mow et al., 1991), and can also
be treated as an elastic material for compression of the
joint during the time of interest.
The anterior and posterior bundles of the deep medial
collateral ligament were assumed to have the same
values for nonlinear stiffness and reference strain. While
others have modeled these bundles with different values
of these parameters (Blankevoort et al., 1991; Li et al.,
1999; Pandy et al., 1997; Wismans et al., 1980), each of
these bundles was assigned the same values to reduce
the number of parameters in the optimization. Since the
contact variables were not sensitive to either the
nonlinear stiffness parameter or the reference strain,
this assumption is unlikely to have affected the results.
The value of the in-plane Poisson’s ratio was only
varied to an upper limit of 0.4. Theoretically, with a
transversely isotropic constitutive relation, this value
can be as large as 1.0. However, given that little or no
sensitivity was evident up to 0.4, it was assumed that
increasing the range to the theoretical upper limit of 1.0
would not change the results. In addition, it is important
to note that the ranges for the Poisson’s ratios used
during the optimization did not enforce the nearly
incompressible behavior of the meniscal tissue at all
iterations, that can be expected for short loading times.
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However, the values for the Poisson’s ratios that
resulted from the optimization maintain the near
incompressible criterion for the transversely isotropic
meniscal tissue.
Because the ﬁnite element solution was compared to
experimental results, the procedural aspects surrounding
the experimental measurement of the contact pressure
distribution also merit critical examination. Pressuresensitive ﬁlm was used to measure the contact pressure
distribution of the tibial plateau. Because this transducer
is sensitive to humidity (Ateshian et al., 1994; Martens
et al., 1997), temperature (Ateshian et al., 1994), and
shear artifact (Ateshian et al., 1994), care was taken to
ensure that these sources of error were controlled during
the experiment. All of the compression tests were
conducted on the same day to control for temperature
and humidity. In addition, the joint was distracted to
avoid shear artifacts when placing the ﬁlm into the joint.
Despite these efforts, an error ranging from 1.7% to
26% is inherent in the measurement of contact pressure
using pressure sensitive ﬁlm depending on joint geometry, loading, and mechanical properties of the cartilage
(Liggins et al., 1992; Wu et al., 1998). With our
experimental technique however, we conservatively
estimate that the ﬁlm was accurate to approximately
5% which is comparable to the minimized value of the
RMSNE.
Following the procedures noted above, the model was
validated by demonstrating that the model contact
variables at a different load (i.e. 400 N) and ﬂexion angle
(151) than that for which optimized parameters were
determined (i.e. 1200 N and 0 degrees of ﬂexion) gave a
comparable RMSNE. This independent validation
allows the model to be used with conﬁdence in
applications beyond those of interest herein. Such
applications would include a sensitivity analysis to both
meniscal and bony geometry, as well as placement of the
anterior and posterior horns on the tibial plateau.
Notwithstanding that the present study used a single
cadaveric knee, the results should apply generally. The
overall meniscal width and depth in the transverse plane
as well as the cross-sectional dimensions vary between
specimens (Haut et al., 2000). Furthermore, the size and
shape of both the femur and tibia vary between
specimens as well (Elias et al., 1990; Kurosawa et al.,
1980; Mensch and Amstutz, 1975; Reostlund et al.,
1989). However, the fact that both the circumferential
modulus and the axial/radial modulus are two of the
three most important determinants of the contact
pressure distribution, and these moduli are intrinsic to
the material, they independent of geometry and would
not be expected to be any less sensitive for different knee
specimens. Also the horn stiffness is unrelated to the
anatomical variances within a knee specimen.
In evaluating the results of the sensitivity analysis, it
was assumed that an increase in the RMSNE of about
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5% above the minimum of 5.4% was an important
increase. However, to our knowledge no previous
research has determined what relative increase in
contact variables accelerates the rate of cartilage wear.
Nevertheless, some perspective can be gained by
recognizing that a 5% difference in contact variables
still represents a signiﬁcant reduction from the changes
in the contact variables seen for the meniscectomized
knee (Allen et al., 1984; Baratz et al., 1986; Bolano and
Grana, 1993; Kurosawa et al., 1980; Rangger et al.,
1995). Peak contact pressures on the lateral and medial
articular surfaces of the tibia increase over 300% in the
meniscectomized knee (Baratz et al., 1986; Kurosawa
et al., 1980; Paletta et al., 1997; Seedhom and
Hargreaves, 1979), and contact areas decrease by 50%
(Baratz et al., 1986; Fukubayashi and Kurosawa, 1980;
Kurosawa et al., 1980; Paletta et al., 1997). Thus it is
reasonable to assume that changes of only 5% above the
baseline minimum of 5.4% would reduce the rate of
cartilage wear relative to the rate of the meniscectomized
condition.
4.2. Significance of results
The optimization of the nine parameters resulted in a
minimization of the RMSNE to 5.4%. This result
indicates that a linearly elastic and transversely isotropic
constitutive relation of the meniscal tissue provides
normal contact pressure distributions and that an
orthotropic relation is not necessary. When a linearly
elastic and isotropic constitutive relation was used for
the meniscal tissue, the RMSNE was never below 32%.
Therefore, in future design of meniscal replacements, the
material behavior can be transversely isotropic, need not
be orthotropic, and should not be isotropic. While an
orthotropic material behavior may in fact result in a
lower RMSNE, the 5.4% error achieved with the
transversely isotropic behavior is sufﬁcient.
Based on the results of the sensitivity analysis, the
design and/or selection of meniscal replacements should
focus on two material parameters: the circumferential
modulus and the axial/radial modulus. Sensitivity of the
contact variables to the circumferential modulus was
expected based on previous research (Schreppers et al.,
1990; Spilker and Donzelli, 1992). However, the ﬁnding
that the radial/axial modulus is also important is new to
this study. Since the meniscus is compressed axially, as
well as stressed circumferentially, the sensitivity of the
contact pressure distribution to the modulus in the axial
direction is not surprising.
Implementing these results in the selection of meniscal
replacements will require some developments beyond
current practice. Currently, meniscal allografts are
selected by tissue banks based upon a geometric match
of tibial plateau measurements (L’Insalata et al., 1996),
and material parameters are not considered. To improve

upon the technique for selecting meniscal allografts, so
that they more closely restore the contact variables of
the knee joint to normal, the circumferential and axial/
radial moduli should be matched as well. To enable this
match, techniques should be developed for measuring
these two moduli in vivo in the knee of the injured
patient. While techniques have been developed to
measure the in vivo stiffness of articular cartilage (Lyyra
et al., 1995), they have not been applied to measuring
the two moduli in a transversely isotropic meniscus. The
results of the current study suggest the need to develop
such a technique.
The ﬁnding that the contact pressure distribution
cannot be restored to normal using a linearly elastic and
isotropic constitutive relation for the meniscal material
leads to a useful requirement in the design and
fabrication of replacement menisci. Because an isotropic
material will not restore normal contact in the joint, the
material used to construct either synthetic or tissueengineered menisci needs to be transversely isotropic. In
view of this requirement, future design efforts should
focus on composite materials that exhibit a speciﬁed
transversely isotropic material response.
Not only were the contact variables sensitive to
material parameters, but they were also markedly
affected by the attachments, and most notably the
stiffness of the horn attachment. When the total stiffness
of the horn attachments was less than 2000 N/mm,
the RMSNE increased to more than 10% (Fig. 3,
Table 3). This conﬁrms previous experimental studies
that show attaching horns to the tibial plateau with
relatively low stiffness sutures instead of cemented bone
plugs causes large differences in contact pressures (Chen
et al., 1996). This result also has implications for
rehabilitation from meniscal replacement surgery. Because even bone plugs must be anchored by sutures until
they are incorporated biologically into the bone plug
tunnels, weight bearing of the knee joint should be
avoided until the bone plugs become incorporated into
the surrounding host bone. Early weight bearing before
complete healing of the bone plugs has occurred would
lead to potentially detrimental changes in the contact
pressure distribution of the knee as a result of lower
horn stiffness.
The contact variables were relatively insensitive to
both the transverse ligament and deep medial collateral
ligament as long as the stiffness of these structures was
greater than or equal to 12.5 N/mm for the transverse
ligament and 125 N for the medial collateral ligament
(Fig. 5). Therefore, the current data suggests that both
attachments should be established to restore the contact
pressure distribution as closely as possible to normal. In
fact, current surgical practice does attempt to restore the
boundary condition provided by the deep MCL by
suturing the perimeter of the meniscal transplant to the
joint capsule during replacement surgery (Miller and
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Harner, 1993; Siegel and Roberts, 1993; Stone and
Rosenberg, 1993; Veltri et al., 1994), and this study
conﬁrms the importance of this suturing. However, the
addition of peripheral sutures to cemented bone plugs
causes no signiﬁcant change in contact variables from
those with cemented bone plugs alone (Alhalki et al.,
1999). Thus, the efﬁcacy of the suturing procedure seems
questionable particularly at the time of implantation.
However, in vivo studies in both animal models and
humans have shown that suturing eventually allows
healing of the meniscal perimeter to the joint capsule
(Arnoczky et al., 1988; Arnoczky et al., 1990; Jackson
et al., 1992; Mikic et al., 1993; Milachowski et al., 1989)
which may increase the stiffness of the attachment,
hence better restoring the restraint provided by the deep
MCL.
On the other hand, current meniscal allograft surgery
does not attempt to restore the attachment of the
transverse ligament (Miller and Harner, 1993; Siegel and
Roberts, 1993; Stone and Rosenberg, 1993; Veltri et al.,
1994). The results of this study indicate that the
development of surgical techniques that restore this
attachment would be worthwhile. Because the stiffness
of the attachment need only approach 12.5 N/mm, there
is considerable ﬂexibility in the development of surgical
techniques to attach the transverse ligament because the
necessary stiffness is constrained by only a relatively low
bound.
As important as determining the parameters to which
the contact variables are sensitive, it is equally important
to determine the parameters to which the contact
variables are not sensitive. This knowledge will steer
future efforts towards controlling the important parameters rather than the unimportant parameters. Neither
the shear modulus nor the Poisson ratios were
important determinants of the contact pressure distribution for a meniscal replacement in this study. Therefore,
these parameters may not need to be as tightly
controlled in the design/selection of a meniscal replacement.
Additionally, acceptable ranges (i.e. tolerances) can
be identiﬁed on the three most sensitive parameters
(circumferential modulus, the axial/radial modulus, and
the horn stiffness). For an RMSNE below 10%, the
circumferential modulus can range from 100 to
200 MPa, the axial/radial modulus can range from 40
to 60 MPa, and the total horn stiffness must be greater
than or equal to 6000 N/mm. Some other combinations
of the two moduli and horn stiffness are also possible
(particularly the optimal combination) (Table 3). Since
17 of the 18 total combinations with RMSNE less than
10% have a horn stiffness greater than 2000 N/mm, the
utility of these results depends directly on the value of
the horn stiffness. To date, the horn stiffness has not
been measured and is unknown. Since this stiffness
needs to be known to properly use the results of the
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tolerance study, determining this stiffness would be
worthwhile.
In summary, the results of this study should advance
meniscal replacement surgery toward a more quantitatively controlled process. To improve the selection
of meniscal allografts so that they more closely restore
the normal contact pressure distribution of the knee
joint, both the circumferential and axial/radial moduli
should be matched as well as the geometry. Since
techniques do not exist for measuring these moduli
in vivo in injured patients, these techniques should be
developed. Furthermore, in the design of synthetic
replacements, the biological incorporation should
be of concern, as well as the values of the circumferential
and axial/radial moduli. With replacement by either
an allograft or a synthetic, the results from the current
study support the idea that meniscal replacement
surgery should attach the horns via a technique that
yields high stiffness (X2000 N/mm) and also attach
both the transverse and deep medial collateral ligaments
via techniques that yield stiffness values of 12.5 N/mm
and 125 N for the transverse ligament and medial
collateral ligament, respectively. These measures
will assure that the important determinants of the
contact variables from both materials and boundary
conditions standpoint are considered in replacement
surgery.
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Appendix A
Inasmuch as two ranges of ﬁlm were used to
experimentally measure the contact pressure distribution, the mean pressure was determined by combining
results from both ranges of ﬁlm. This required several
steps. In the ﬁrst step, the contact area (ASL ) was
determined for the super-low-range ﬁlm and both the
contact area (AL ) and mean pressure (PL ) were
determined for the low-range ﬁlm for each trial
(Fig. 6). In the second step, the contact pressure for
the region of the super-low-range ﬁlm corresponding to
that of the low-range ﬁlm was set to zero. Next, the
mean pressure (PD ) and the contact area (AD ) of the
remaining donut-shaped region of interest were calculated (Huang et al., 2002). In the ﬁnal step, the mean
pressure (P) for the composite image was calculated
from
P ¼ ½ððPD  AD Þ þ ðPL  AL ÞÞ=ðAL þ AD Þ:

ðA:1Þ
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Fig. 6. The technique used to calculate the mean pressure from two ranges of pressure sensitive ﬁlm.
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