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Experimental Verification of the
Roles of Intrinsic Matrix
Viscoelasticity and Tension-
Compression Nonlinearity in the
Biphasic Response of Cartilage
A biphasic-CLE-QLV model proposed in our recent study [2001, J. Biomech. Eng.,123,
pp. 410–417] extended the biphasic theory of Mow et al. [1980, J. Biomech. Eng.,102,
pp. 73–84] to include both tension-compression nonlinearity and intrinsic viscoelasti
of the cartilage solid matrix by incorporating it with the conewise linear elasticity (CL
model [1995, J. Elasticity,37, pp. 1–38] and the quasi-linear viscoelasticity (QLV) mod
[Biomechanics: Its foundations and objectives, Prentice Hall, Englewood Cliffs, 19
This model demonstrates that a simultaneous prediction of compression and tensi
periments of articular cartilage, under stress-relaxation and dynamic loading, can
achieved when properly taking into account both flow-dependent and flow-indepe
viscoelastic effects, as well as tension-compression nonlinearity. The objective o
study is to directly test this biphasic-CLE-QLV model against experimental data
unconfined compression stress-relaxation tests at slow and fast strain rates as w
dynamic loading. Twelve full-thickness cartilage cylindrical plugs were harvested from
bovine glenohumeral joints and multiple confined and unconfined compression s
relaxation tests were performed on each specimen. The material properties of spec
were determined by curve-fitting the experimental results from the confined and u
fined compression stress relaxation tests. The findings of this study demonstrate th
biphasic-CLE-QLV model is able to describe the strain-rate-dependent mechanica
haviors of articular cartilage in unconfined compression as attested by good agreem
between experimental and theoretical curvefits~r 250.96660.032 for testing at slow
strain rate; r250.99860.002 for testing at fast strain rate) and predictions of the d
namic response~r 250.9160.06!. This experimental study also provides supporting e
dence for the hypothesis that both tension-compression nonlinearity and intrinsic
coelasticity of the solid matrix of cartilage are necessary for modeling the transient
equilibrium responses of this tissue in tension and compression. Furthermore
biphasic-CLE-QLV model can produce better predictions of the dynamic modulus o
tilage in unconfined dynamic compression than the biphasic-CLE and biphasic por
coelastic models, indicating that intrinsic viscoelasticity and tension-compression no
earity of articular cartilage may play important roles in the load-support mechanism
cartilage under physiologic loading.@DOI: 10.1115/1.1531656#
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Introduction

Connective tissues such as articular cartilage exhibit marke
different material properties in tension and compression. T
tension-compression nonlinearity in the tissue response is dict
by the collagen content and its microstructural architecture, wh
govern primarily the tissue’s tensile properties, and the proteo
can content and its molecular organization as well as water c
tent, which govern its compressive properties. In recent stu
@1,2#, it has been shown that the incorporation of tensio
compression nonlinearity in biphasic@3# constitutive models of
articular cartilage can considerably improve the prediction of
tissue’s response to unconfined compression. The incorporatio
intrinsic viscoelasticity of the solid matrix of biphasic cartilage@4#

1Corresponding Author Gerard A. Ateshian, Associate Professor, Columbia
versity, Department of Mechanical Engineering, 500 West 120th Street, MC 4
New York, NY 10027 Phone: 212-854-8602 Fax: 212-854-3304 e-m
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has also been shown to improve the prediction of experime
response in unconfined compression@5#, raising the question as to
which of these models is more comprehensive for describin
variety of articular cartilage mechanical behavior.

Many constitutive models of articular cartilage have captu
one or more of the observed experimental responses of artic
cartilage to various testing modalities. The most commonly e
ployed constitutive models of cartilage include the linear isotro
biphasic theory of Mow et al.@3# and its extensions to nonlinea
permeability@6#, finite deformation@7,8#, and transverse isotropy
@9#; the biphasic poroviscoelastic theory of Mak@4# which com-
bines the linear biphasic theory with the quasi-linear viscoelas
ity theory of Fung@10#; the electromechanical theory of Frank an
Grodzinsky@11# which incorporates electrokinetic effects in th
modeling of the mechanical behavior of cartilage; and the trip
sic and multiphasic theories@12–14# which account for the flow
of ions as well as mechano-electrochemical effects. Recently,
models have also been proposed for cartilage which accoun
the tension-compression nonlinearity within the context of a
roelastic@1# or biphasic@2# model. Other models have focused o
the microstructural response of the tissue@15–17#.
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Previous studies have verified some of these models ag
experiments under different loading configurations including:~1!
confined compression creep, stress-relaxation, and dynamic
ing of a cylindrical plug of articular cartilage using linear an
nonlinear biphasic@3,6,7,18–21#, electromechanical@11#, and bi-
phasic poroviscoelastic models@22,32#; ~2! unconfined compres
sion stress-relaxation and dynamic loading of a cylindrical p
using isotropic@23,24# and transversely isotropic biphasic@9,21#,
electromechanical@25#, biphasic poroviscoelastic@5#, and tension-
compression nonlinearity models@1,2,26#; ~3! indentation of ar-
ticular layers on their bony substrate using a flat or spherical
denter, using the linear isotropic biphasic@27–30#, the linear
transversely isotropic biphasic@9,31#, and the biphasic porovis
coelastic@32# theories; and~4! uniaxial tensile tests which emplo
the quasi-linear viscoelasticity theory@33#.

Despite the success of these constitutive models in predic
the experimental response of articular cartilage in certain tes
configurations, no single constitutive law has successfully
scribed the transient and equilibrium uniaxial tensile and comp
sive responses of cartilage simultaneously. In our recent s
@34#, it was demonstrated from a theoretical analysis that a c
stitutive model which could achieve this goal had to combine
features of several of the previously proposed models in the
erature. In particular, it was demonstrated that the biphasic th
of Mow et al. @3# could be extended to incorporate both tensio
compression nonlinearity as well as intrinsic viscoelasticity of
solid matrix of cartilage. The biphasic-conewise linear elastic
~CLE! model was proposed by Soltz and Ateshian@2# to account
for tension-compression nonlinearity of cartilage based on the
modular stress-strain CLE constitutive law introduced by Curn
et al. @35#. The biphasic poroviscoelastic model of Mak@4# em-
ploys the quasi-linear viscoelasticity~QLV! model of Fung@10# to
describe intrinsic viscoelasticity of the solid matrix of cartilag
Both models were combined in a single constitutive model
analyze the response of cartilage to standard testing config
tions. Results were compared to experimental data from the lit
ture and it was found that a simultaneous prediction of comp
sion and tension experiments of articular cartilage, under str
relaxation and dynamic loading, can be achieved when prop
taking into account both flow-dependent and flow-independ
viscoelastic effects, as well as tension-compression nonlinea
The objective of the current study is to directly test this biphas
CLE-QLV model against experimental data from unconfined co
pression tests under stress-relaxation at slow and fast strain r
as well as dynamic loading. The hypothesis is that experime
measurements from these tests can be simultaneously mo
only if the tension-compression nonlinearity and the intrinsic m
trix viscoelasticity are ~both! incorporated into the biphasi
theory.

Materials and Methods

Experiments. Twelve full-thickness cartilage cylindrica
plugs (diameter54.78 mm) were harvested from six old bovin
glenohumeral joints~6–10 months old! and stored in physiologi-
cal buffered saline~PBS! solution at220°C until the day of test-
ing. Multiple confined and unconfined compression stre
relaxation tests were performed on each specimen, on
consecutive days, as outlined next. On the first day of testing,
specimen was thawed then microtomed by;200 microns in the
deep zone to remove subchondral bone. The specimen thick
was then measured using a micrometer device sensing the el
cal conductivity of the cartilage (h51.0460.15 mm). All com-
pression tests of cartilage plugs were conducted on a custom
ing device described previously@2#, which consists of a computer
controlled stepper micrometer~Model 18515, Oriel Instruments
Stratford, CT! driving a loading platen or porous indenter, a line
variable differential transformer~LVDT ! for measuring specimen
deformation~HR 100, Schaevitz Sensors, Hampton, VA!, a load
cell for monitoring the load response~Sensotec, model 31, Co
Journal of Biomechanical Engineering
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lumbus, OH!, and testing chambers for confined and unconfin
compression, affixed on a two-axis translation stage for alignm
All tests were performed with the chamber filled with PBS so
tion. For the confined compression tests, the specimen was fit
a confining chamber~4.78 mm diameter! and loaded using a
porous-permeable loading platen~4.76 mm diameter, 50% poros
ity, 45–53mm pore size!. For the unconfined compression tes
the specimen was compressed between two impermeable
smooth platens. For each experiment, after mounting the sp
men, a tare load of 0.89 N was first applied on the specimen
maintained~using load control via a feedback control algorithm!
until equilibrium was achieved~;3,000 s!. The criterion for de-
termining equilibrium was that the change in load or displacem
falls below the resolution of the load cell~0.02 N! or the LVDT ~1
mm! over a period of at least 300 sec. On day one of testi
following tare loading, a confined compression stress-relaxa
test~CCS! was performed by applying 5% strain on the specim
at a constant strain rate of 1.2531024 sec21, then holding the
strain at that level until an equilibrium load response was achie
~;5,000 s!. Afterward the specimen was unloaded and allowed
recover in PBS solution for an hour; following another tare lo
application, an unconfined compression stress-relaxation test
also performed, using the same applied strain rate and equilibr
strain magnitude~UCS!. On the other testing day, following tar
loading, an unconfined compression stress-relaxation test was
formed with an applied equilibrium strain of 5%, at a fast ram
displacement rate of 1 mm/s~averaging a strain rate of;0.96
sec21! ~UCF!; for six of the specimens, without unloading th
tissue, theUCF test was followed by seven consecutive dynam
unconfined compression tests~UCD! with a sinusoidal displace-
ment amplitude of 8mm and frequencies of 1, 0.5, and 0.1 Hz~10
cycles each!, and 0.05, 0.01, 0.005, and 0.001 Hz~5 cycles each!.
Between consecutiveUCD tests, the specimen was allowed
recover until the load returned to its value at the start of the fi
UCD test. The testing protocol of theUCF and UCD tests is
shown in Fig. 1. For all load-control~tare loading! and
displacement-control~CCS, UCS, UCF, UCD! tests, the steppe
micrometer was driven by a program created using the LabV
data acquisition and control software~National Instruments, Aus-
tin, TX!. The order of testing (CCS1UCS versus UCF
1UCD) was randomized over the two consecutive days. Si
larly, the order ofCCSandUCStests was randomized over spec
mens; however the order ofUCF andUCD tests was not change
since theUCD test started from the equilibrium state of theUCF
test in order to prevent lift-off of the loading platen. After finish
ing the tests of day one, specimens were allowed to recove
PBS solution for an hour and then frozen at220°C overnight.
Pilot tests demonstrated that there was no significant advers
fect in cartilage mechanical response between unconfined c
pression tests performed on the same specimen before and
freezing overnight at220°C. Though biochemical degradatio

Fig. 1 Schematic of the testing protocol of the UCF and UCD
tests
FEBRUARY 2003, Vol. 125 Õ 85
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was not assessed in this study, it was assumed that any pote
matrix degradation had a reasonably negligible impact on
measured biomechanical responses.

Apparatus Compliance. The fast strain rate experiments an
the dynamic experiments~UCF and UCD! typically produced
peak reaction forces on the order of 15 N~Fig. 2b!. To account for
apparatus compliance at these loads, load-deformation cu
were obtained in the absence of a cartilage specimen, i.e.,
opposing loading surfaces in direct contact. A linear appara
compliance curve was observed (r 250.999), with a slope ofa
51.1mm/N. This compliance curve was used to correct the
perimentally measured specimen deformation forUCF andUCD,
by subtracting the apparatus compliance deformation from the
tal LVDT measurement. All subsequent data analyses were
formed on the compliance-adjusted specimen data.

Data Analysis. For unconfined compression, the closed-fo
solution for the biphasic-CLE-QLV model has been described
our recent study@34# and is summarized in Appendix A. Th
governing equations of the biphasic-CLE-QLV model represen
combination of the biphasic equations of Mow et al.@3#, the
quasi-linear viscoelasticity theory of Fung@4,10# and the octant-
wise orthotropic conewise linear elasticity model of Curnier et

Fig. 2 Typical experimental responses and theoretical curve-
fits of the biphasic-CLE-QLV model for unconfined compres-
sion stress-relaxation with „a… slow „UCS…, and „b… fast „UCF…
strain rates
86 Õ Vol. 125, FEBRUARY 2003
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@2,35#. In the current implementation of this model, it is assum
that the material exhibits cubic symmetry, that the intrinsic v
coelasticity is the same in bulk and shear deformation as well a
tension and compression@4#, and that the tissue properties a
homogeneous. The material parameters for this model areH2A ,
H1A , l2 , m, kr , kz , c, t1 , t2 ; H2A is the equilibrium confined
compression modulus of the tissue~the ‘‘aggregate’’ modulus! and
H1A is the equivalent modulus in tension;l2 is the ‘‘off-
diagonal’’ modulus which could be determined from the equil
rium ratio of radial stress to axial strain in confined compress
~the radial stress being measurable on the side wall, e.g., se
experiments of Khalsa and Eisenberg@36#!; m is the equilibrium
shear modulus;kr andkz are the constant tissue permeabilities
the radial and axial directions, respectively;@1/t2,1/t1# represents
the frequency range over which most of the intrinsic solid mat
viscoelastic energy dissipation occurs under dynamic loading;
c is a dimensionless constant with (11c ln t2 /t1) representing the
factor by which the instantaneous modulus under sudden loa
in unconfined compression or uniaxial tension is increased ab
the value it would assume in the absence of intrinsic solid ma
viscoelasticity. The elastic constantsH2A , H1A , l2 can be re-
arranged to provide an alternative set of familiar material para
eters: the equilibrium unconfined compression~Young’s! modu-
lus, E2Y ; the equilibrium unconfined compression Poisson ra
n2 ; and the equilibrium uniaxial tensile modulus,E1Y @2#. The
special case of the biphasic-CLE model can be achieved by le
c50, whereas the special case of the biphasic poroviscoela
model can be obtained by lettingH1A5H2A[HA and l25HA
22m.

From the outset, it was recognized that the shear modulus d
not independently regulate the response of the tissue to confi
and unconfined compression, thus it could not be extracted f
these experiments~it is also readily obtainable from torsiona
shear experiments@2#!; hence, eight physically well defined an
measurable material constants were sought in the current s
The confined compression aggregate modulus,H2A , was ob-
tained directly from the equilibrium response of the confined co
pression stress-relaxation experiment~CCS!. The remaining six
parameters were obtained from the slow and fast strain rate
confined compression stress-relaxation experiments~UCS and
UCF! as follows. Given,H2A , initial estimates ofH1A , l2 , and
kr were first obtained by curve-fitting the experimental load
sponse of theUCS test to the biphasic-CLE-QLV equations fo
unconfined compression stress-relaxation@see Eq.~A1! in Appen-
dix A# with c50 ~no intrinsic viscoelasticity effect!, in the time
domain. Curve-fitting was performed with the quasi-Newton o
timization method for minimizing a function with simple bound
using a finite-difference gradient~IMSL Fortran Numerical Li-
braries, Visual Numerics, Houston, TX!, with the objective func-
tion given by the root-mean-square of the residual error betw
the experimentally measured and theoretically predicted l
response,

UCSob j

5A(
i

$@Ftheory~ t i !2Fexperiment~ t i !#/H2A«0pr 0
2%2/nUCS

(1)

where the summation was taken over all time steps,nUCS. Next,
given H2A and these estimates ofH1A , l2 , andkr , initial esti-
mates ofc, t1 andt2 were obtained by curve-fitting the dynam
modulus derived from the experimental response of theUCF test
@see Eq.~B5! in Appendix B# to the theoretical modulus predicte
by the biphasic-CLE-QLV theory@the ratio ofF̄(s)/pr 0

2 and«̄(s)
in Eq. ~A1!#. This curve-fitting was performed in the frequenc
domain, with the objective function given by
Transactions of the ASME
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The summation was taken overnUCF5500 values ofv i sampled
uniformly on a base-10 logarithmic scale, withv i /2p ranging
from 1023 Hz to 3 Hz. Then, the values ofH1A , l2 , kr , c, t1
and t2 were refined by simultaneously curve-fitting the expe
mental responses of theUCSandUCF tests to the biphasic-CLE
QLV model, with the objective function given by the sum
UCSob j and UCFob j in Eqs. ~1! and ~2!, respectively. Given
H2A , c, t1 and t2 , the constant tissue permeability in the ax
direction, kz , was determined by curve-fitting the transient r
sponse of theCCStest using the formulation reported in the stu
of Mak @4#.

The amplitude and phase angle of the dynamic stiffness w
determined from the experimental results of theUCD tests using
the discrete Fourier transform~DFT!. These results were used t
verify that the transformation from the time domain to the fr
quency domain performed on the data from theUCF test was
consistent with theUCD results, by comparing the experiment
dynamic modulus from theUCD tests against the dynamic modu
lus obtained from theUCF test as described in Appendix B. Fo
all tests, the quality of curve-fitting or predictions was asses
using the coefficient of determinationr 2 @37#:

r 2512
( ~y2yt!

2

( ~y2 ȳ!2

(3)

where y and yt represent the experimental and theoretical va
ables, respectively, andȳ is the mean value ofy.

Finally, the curve-fitting process described above was repe
for the case of the biphasic-CLE model and the biphasic poro
coelastic model as well, to determine the extent to which eac
these subset theories could predict the experimental respons

Results
The conversion ofUCF data from the time domain to the fre

quency domain is shown in Fig. 3 for a typical specimen. In
frequency domain plot, the experimental data from theUCD test
is also presented in the same figure; the coefficient of determ
tion between the two data sets was found to ber 250.955
60.037 over six samples, confirming that good agreement
found between the time domain and frequency domain respo
irrespective of the choice of a constitutive model. This result j
tifies the use of the frequency domain response of theUCF test for
the curve-fitting of material properties and suggests that the
coelasticity of cartilage is nearly linear, in the range of compr
sive strains employed in this study.

Representative theoretical curve-fits and experimental resul
the UCS and UCF tests are presented in Fig. 2 for the biphas
CLE-QLV theory and in Fig. 4 for the BPVE model. A represe
tative curve-fit of the experimentalCCSresponse is also presente
in Fig. 5 for the biphasic-CLE-QLV model. GivenH2A , c, t1 and
t2 , all curve-fits of theCCSusing the BPVE model for the deter
mination of kz failed to converge, despite increasing the upp
bound limit onkz to unrealistically high values. Mean and sta
dard deviation of all material properties obtained from curv
fitting of the experimental results of the confined and unconfin
compression tests are summarized in Table 1 for each of the t
constitutive models ~biphasic-CLE-QLV, biphasic-CLE, and
BPVE!. In addition, for consistency with our earlier study@2#,
biphasic-CLE properties derived from theUCS and CCS tests
only are also presented in Table 1. According to a Student’s p
wise, two-tailedt-test analysis (a50.05), there were no differ-
Journal of Biomechanical Engineering
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ences in the elastic and permeability properties between
biphasic-CLE-QLV and the biphasic-CLE~UCS and CCS tests
only! models, with p50.068 forH1A , p50.26 for l2 , p50.54
for kr , and p50.25 for kz . For the biphasic-CLE-QLV and
the biphasic-CLE models, a pairedt-test analysis found tha
H1A.H2A (p,0.0001), confirming tension-compressio
nonlinearity.

Nonlinear coefficients of determinationr 2 for the curve-fits of
experimental data are given in Table 2 for each of the constitu
models. A one-way analysis of variance with repeated measu
at a confidence level ofa50.05, found a significant difference
among the coefficients of determination of the three constitu
models, for both theUCS(p,0.0001) andUCF (p50.001) tests.
Using a Student-Newman-Keuls post-hoc test on the mean
was found that all three constitutive models differed from o
another, with the highest coefficients of determination observe
the biphasic-CLE-QLV theory, followed by the BPVE and the
the biphasic-CLE theory, forUCS and UCF. Since the BPVE

Fig. 3 Conversion of the UCF experimental data from the time
domain to the frequency domain, using the procedure outlined
in Appendix B. The corresponding UCD experimental data is
also presented for the same typical specimen: „a… amplitude
and „b… phase angle of the dynamic modulus.
FEBRUARY 2003, Vol. 125 Õ 87
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model could not fit the response of theCCStest,kz andr 2 for the
BPVE model are not reported in Tables 1 and 2, respectively

Given all the material properties curve-fitted from theCCS,
UCS, andUCF experiments, it was possible to predict theUCD
experimental response by substituting these material prope
into the theory. Average results for the dynamic modulus~ampli-
tude and phase angle!, obtained from theUCD tests on a subset o
six specimens, are presented in Fig. 6, together with the theo
cal prediction from the biphasic-CLE-QLV model using the me
values of the material properties evaluated over the correspon
six specimens. The agreement between the experimental dat
the theoretical prediction, as assessed from the coefficient of
termination, wasr 250.9160.06.

Discussion
Prior to discussing differences among the various constitu

models of cartilage employed in this study, the first observation
be made relates to the validity of using the transient-to-harmo
transformation of the stress-relaxation response employed fo
purpose of curve-fitting theUCF data. Buschmann@38# proposed
using this type of transformation but cautioned that it is valid o
for material responses governed by linear differential equatio
since linearity is assumed in the use of the Laplace transforma

Fig. 4 Typical experimental responses and theoretical curve-
fits of the BPVE model for unconfined compression stress-
relaxation with „a… slow „UCS…, and „b… fast „UCF… strain rates
88 Õ Vol. 125, FEBRUARY 2003
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from the time to the frequency domain. The typical result p
sented in Fig. 3 and the highr 2 value reported above between th
UCD results and theUCF results transformed into the frequenc
domain suggest that the transformation is valid for these exp
ments. There are two practical reasons for using this transfor
tion ~as opposed to curve-fitting theUCF response in the time
domain, as is done for theUCS test!: 1! Because the high strain
rate response produces significant apparatus compliance,
specimen axial deformation, after being corrected for complian
no longer follows an idealized linear ramp-and-hold response;
result, the function«̄(s) in Eq. ~A1! does not have the simple form
given in Eq.~A3! and its precise formulation is test-dependent.!
The high strain-rate test requires sampling the response at
small times; small values of the time variablet correspond to large
values of the Laplace transform variables, resulting in longer
computational times for the numerical Laplace inversion routi
which considerably slows down~and sometimes prevents compl
tion of! the curve-fitting procedure. Both of these problems a
completely alleviated by the use of the transient-to-harmo
transformation.

With regard to the hypothesis of this study, the experimen
findings demonstrate that the biphasic-CLE-QLV model is inde
best able to describe the strain-rate-dependent mechanica
sponse of articular cartilage in unconfined compression as atte
by the highr 2 values at slow and fast strain rates. Interesting
the BPVE model also appears at first to produce encouraging
sults, with r 2 values statistically different but only moderate
smaller than for the biphasic-CLE-QLV model; the biphasic-CL
is clearly less successful in modeling both theUCS and UCF
experiments simultaneously. Because of the similarity in the qu
ity of curve-fits of the biphasic-CLE-QLV and the BPVE model
a closer scrutiny of the material properties derived from b
models is necessary~Table 1!. It is found that, in essence, th
largest differences in material constants occur with the ten
modulus (H1A), and the intrinsic viscoelasticity parametersc and
the ratiot2 /t1 . Physically, these differences can be explained
follows: In unconfined compression, a cartilage cylindrical plug
subjected to compression along its axial direction, and tens
along its radial and circumferential~transverse! directions; given
that cartilage exhibits different properties in tension and comp
sion, as is copiously attested in the literature, rapid loading
unconfined compression will be resisted by very high tensile
dial and hoop stresses, producing a much larger interstitial fl
pressurization, reaction force, and instantaneous modulus
could be predicted with a linear model alone@1,2,9,23,24,25,39#;
if however the solid matrix also exhibits intrinsic viscoelasticit
the instantaneous modulus will be even higher because the r
loading also produces further tissue stiffening. In the biphas
CLE-QLV model, both of these effects are taken into account a
are found to be significant, withH1A significantly greater than
H2A and 11c ln t2 /t1 significantly greater than one. In the BPV
model, only the intrinsic viscoelasticity is modeled, sinceH1A
5H2A ; consequently, in order to achieve a high peak respo
under rapid loading, higher values of the constantc or the ratio
t2 /t1 are required as observed in this study. Indeed, accordin
theory, the instantaneous modulus in unconfined compressio

given by E2Y
01

5(11c ln t2 /t1)(H2A23l2/21H1A/2) for the
biphasic-CLE-QLV model, which averages to 16.6 MPa for t

properties in Table 1, andE2Y
01

53(11c ln t2 /t1)(H2A2l2)/2 for
the BPVE model, which averages to 20.1 MPa; both of th
values are of the same order of magnitude, confirming that b
models are able to predict a large and realistic instantane
modulus in unconfined compression~Figs. 2 and 4!. However, this
study also showed that there was no agreement between the
fined compression stress-relaxation results and the prediction
the BPVE model, when usingc, t1 and t2 as determined from
unconfined compression tests. Since the cartilage response in
fined compression is independent of tension-compression no
Transactions of the ASME
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Fig. 5 Typical confined compression stress-relaxation „CCS… experimental response
and theoretical curve-fit using the biphasic-CLE-QLV model
s

i

u
n

by
ion
f the
of

on-
he
ll as

sen-
ted
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r
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earity, the BPVE model may indeed have overestimated the Q
parameters during the curve-fitting of the experimental result
unconfined compression.

From our perspective, another limitation of the BPVE model,
with other constitutive models that assume the same modulu
tension and compression, is the inability to predict the trans
and equilibrium tensile response of the tissue as well as the
nificant fluid pressurization in unconfined compression. As w
shown in our recent study of the biphasic-CLE model@2#, the
tension-compression nonlinearity of cartilage acts to enhance
terstitial fluid load support in unconfined compression by prod
ing fluid pressures in very good agreement with experime
anical Engineering
LV
in

as
s in
ent
sig-
as

in-
c-
tal

measurements and far in excess of what may be predicted
constitutive models which employ the same modulus in tens
and compression. Furthermore, our recent theoretical study o
biphasic-CLE-QLV model demonstrated that incorporation
solid matrix intrinsic viscoelasticity and tension-compression n
linearity in the biphasic model improved the prediction of t
cartilage responses to dynamic unconfined compression as we
uniaxial tension. These observations are illustrated by a repre
tative uniaxial tensile test on a bovine cartilage strip harves
from one of the same joints used in the compression tests repo
above, as shown in Fig. 7a, where a strain of 2.5% is applied ove
a ramp time of 208s. Theoretical predictions of a uniaxial tens
Table 1 Mean and standard deviation of material properties for the biphasic-CLE-QLV, biphasic-CLE, and biphasic poroviscoelas-
tic models „12 specimens ….

Material
Properties Biphasic-CLE-QLV

Biphasic
Poroviscoelastic Biphasic-CLE

Biphasic-CLE
~UCSonly!

H2A ~MPa! 0.5160.18† 0.5160.18† 0.5160.18† 0.5160.18†

H1A ~MPa! 8.862.5 (0.5160.18)† 30.069.8 11.064.0
l2 ~MPa! 0.3060.13 0.2060.09 0.3660.21 0.3460.21

kr ~m4/N.s! 1.0760.46310215 0.7460.54310215 2.7660.57310215 0.9860.29310215

c 0.5160.23 5.9862.31 ~0!† ~0!†

t1 ~s! 0.7760.54 0.3860.39
t2 ~s! 162690 4486327

kz ~m4/N.s! 1.4460.89310215 no convergence 1.3261.00310215 1.3261.00310215

†All theories share the same value ofH2A . In the biphasic poroviscoelastic theory,H1A5H2A ; in the biphasic-CLE theory,c50 andt1 , t2 are not defined.

Table 2 Mean and standard deviation of the coefficients of determination, r 2, for theoretical curve-fits of experimental data from
UCS, UCF and CCS tests, for the biphasic-CLE-QLV, biphasic-CLE, and biphasic poroviscoelastic models „12 specimens ….

Test Biphasic-CLE-QLV
Biphasic

Poroviscoelastic Biphasic-CLE
Biphasic-CLE
~UCSonly!

UCS 0.96660.032 0.86460.106 0.45060.208 0.96460.028
UCF 0.99860.002 0.92960.079 0.87160.115
CCS 0.95160.035 no convergence 0.91860.046 0.91860.046
FEBRUARY 2003, Vol. 125 Õ 89
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test under the same loading conditions are shown for the bipha
CLE-QLV and the BPVE models in Fig. 7b using the average
properties listed in Table 1. The observed difference in the or
of magnitude of the responses indicates that only the bipha
CLE-QLV model shows more consistency with the experimen
tensile response over the given time period~2000 sec!. Similarly,
a representative experimental interstitial fluid pressure respo
reported in our earlier study@2# is shown in Fig. 8a. In that earlier
study, an unconfined compression stress-relaxation test was
formed on cylindrical bovine articular cartilage plugs~diam. 4.78
mm!, where a strain of 10% was applied over a ramp time of 2
and a peak fluid pressure of 0.42 MPa was measured at the c
of the articular surface~over a circular footprint, 1 mm in diam
eter!. Theoretical predictions from the biphasic-CLE-QLV and t
BPVE models, using the average properties in Table 1, are sh
in Fig. 8b, similarly demonstrating that the BPVE model is unab
to predict the high values of interstitial fluid pressure in this te
ing configuration.

Interestingly, though fitting the biphasic-CLE model to bo
UCSandUCF data produces unsatisfactory results~Table 2!, the
UCSdata alone can be very well curve-fitted with this model@2#

Fig. 6 Average results of „a… amplitude and „b… phase angle of
the dynamic modulus as measured from the UCD test, together
with the theoretical prediction from the biphasic-CLE-QLV
model using the mean values of the material properties curve-
fitted from the CCS, UCS and UCF tests „6 specimens …
90 Õ Vol. 125, FEBRUARY 2003
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producing elastic constants and permeabilities which are not
tistically different from their corresponding values from th
biphasic-CLE-QLV model. According to Table 1,H1A is overes-
timated by 25% andl2 by 13% on average when using th
biphasic-CLE model with the strain rates employed in this stu
for the UCS tests. Based on our understanding of the underly
mechanisms governing the tissue response, we estimate
slower strain rates may produce even better agreement in the
ues ofH1A , l2 and kr between the biphasic-CLE-QLV and th
biphasic-CLE models. This suggests that unconfined compres
experiments with a sufficiently slow ramp, as performed in o
earlier study@2#, can produce reasonable estimates of a subse
the material properties required to completely characterize
compressive behavior of the tissue. However, to model the
sponse of cartilage at higher loading frequencies, additional t
would be required to acquire the intrinsic viscoelasticity prop
ties as well~such as theUCF test employed here, or uniaxia
tensile tests!.

It may seem at first that employing a constitutive relation w
eight material parameters is bound to produce good agreem
between theory and experiments, and that the successful outc
of the current study was a foregone conclusion. It should be no
in this respect that because of the large number of paramete
correspondingly large number of tests~CCS, UCS, UCF, UCD!
was conducted on the same specimen samples, averaging tw

Fig. 7 „a… A representative experimental response in uniaxial
tension from a single sample of bovine cartilage. „b… Theoreti-
cal responses of biphasic-CLE-QLV and BPVE models in
uniaxial tension using the average properties listed in Table 1.
Transactions of the ASME
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rameters per test. To our knowledge, this represents one o
more extensive series of tests, performed on the same samp
cartilage, reported in the literature. Based on theory@34#, the ex-
perimental response of each test is mainly governed by a subs
material parameters. The equilibrium state of theCCStest is de-
termined byH2A only. GivenH2A from theCCStest, the equi-
librium state~equilibrium Young’s modulus, i.e., Eq.~A5! of the
UCS test is only dependent onH1A and l2 , while the stress-
relaxation phase of theUCS test is also dependent onkr . Given
the elastic constants, the dynamic response of cartilage at
strain rate~UCF test! is primarily governed by the QLV param
eters ~c, t1 and t2). After obtaining H2A , c, t1 and t2 , the
transient response ofCCS is governed bykz only. Finally, given
all the material constants curve-fitted from theCCS, UCS and
UCF tests, the experimental data of theUCD test was predicted
successfully from the theory~Fig. 6!. The strategy employed in
this study for determining the eight material parameters of
theory from multiple tests may explain why our results are c
sistent with those reported in previous studies@2,22#. Neverthe-

Fig. 8 „a… A representative experimental response of intersti-
tial fluid pressure reported in our earlier study †2‡ for uncon-
fined compression stress-relaxation test on cylindrical bovine
articular cartilage plugs „diam. 4.78 mm …. Pressure was mea-
sured at the center of the articular surface, over a circular foot-
print 1 mm in diameter. „b… Theoretical predictions of interstitial
fluid pressure response responses in unconfined compression
stress-relaxation test from the biphasic-CLE-QLV and BPVE
models using the average properties listed in Table 1. The
BPVE model is unable to predict the elevated fluid pressures
observed experimentally.
Journal of Biomechanical Engineering
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less, some of the material parameters could be individually m
sured through more direct testing configurations. For exam
H1A could be determined from the equilibrium state of an ax
tensile test whilel2 could be determined from the equilibrium
ratio of radial stress to axial strain in confined compression@36#.
Similarly, permeation experiments could be used to determine
permeabilities more directly. Therefore, the parameters obta
in this study may need to be verified by more direct measu
ments. However, it should be noted that such alternative tes
configurations may require specimen geometries and orienta
which are incompatible among all the necessary tests, wherea
tests conducted in the current study could all be performed on
same cylindrical specimen plug harvested perpendicular to
articular surface.

In summary, this experimental study provides strong evide
for the hypothesis that both tension-compression nonlinearity
intrinsic viscoelasticity of the solid matrix of cartilage are nece
sary for modeling the transient and equilibrium responses of
tissue in tension and compression. This hypothesis was teste
curve-fitting experimental data to a biphasic-CLE-QLV mod
and simpler models subsumed by this more general framew
Whether the precise constitutive formulation employed here
optimal for articular cartilage remains to be verified against ad
tional experimental data, e.g., including uniaxial tensile, she
and torsion tests. For example, the assumption that the equ
rium response of cartilage is piecewise linear~linear in tension
and linear in compression, though with different slopes!, is a sim-
plification of the real behavior of cartilage. The assumption
linear viscoelasticity may also prove to be a simplification, thou
the good agreement found in this study between the experime
time domain and frequency domain responses, as attested b
linear Laplace transform methodology@38#, suggests that the lin-
ear viscoelasticity assumption may indeed be appropriate.
findings of this study help explain why seemingly competi
theories described in the literature, such as the BPVE,
biphasic-CLE, and other similar models, have been successf
predicting various unconfined compression experiments while
ploying different modeling assumptions regarding the solid ma
of the tissue. A more comprehensive model seems to require
incorporation of all of these previous modeling assumptions,
cluding the porous-permeable biphasic nature, the tens
compression nonlinearity and the intrinsic viscoelasticity of t
solid matrix.

Finally, the peak dynamic unconfined compression modu
measured from theUCD tests averages 14 MPa at the frequen
of 1 Hz ~Fig. 6!; this result is comparable with previous studi
reporting a range of 12–20 MPa@25,26,39#. It explains how ar-
ticular cartilage can routinely sustain physiological stress lev
from 3 to 6 MPa while its collagen-proteoglycan matrix exhibits
compressive modulus as low as 0.51 MPa as was observed in
study. Thus, intrinsic viscoelasticity and tension-compression n
linearity of articular cartilage do play important roles in the loa
support mechanism of cartilage under physiologic loading.
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Appendix A: Biphasic-CLE-QLV Model

Unconfined Compression. The reduction of the general bi
phasic equations to the configuration of unconfined compres
with frictionless platens and axisymmetric conditions has be
described previously for the linear isotropic biphasic model@23#,
the biphasic poroviscoelastic model@40#, and the biphasic-CLE
model@2#. As is typical for this type of problems, the closed-for
solution for the biphasic-CLE-QLV model is given in Laplac
transform space@34#:
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H1Akr S 11c ln
11t2s
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In these equations,« is the axial strain,F is the total axial force
across the specimen,r 0 is the specimen radius,l2 is the ‘‘off-
diagonal’’ modulus,kr is the radial permeability, andc, t1 andt2
are the QLV parameters!. I 0(.) and I 1(.) are modified Besse
functions of the first kind, of order 0 and 1, respectively. Overb
indicate Laplace transformation from the time domain ands is the
Laplace transform variable. The aggregate moduli in tension
compression are given byH1A andH2A .

These solutions are valid for a variety of loading conditions
the strain is ramped over a ramp time oft0 and subsequently kep
constant at a magnitude of«0 , use

«̄~s!52~12e2st0!«0 /s2t0 . (A3)

Then, inverse Laplace transformation into the time domain can
performed numerically, using the INLAP routine from the IMS
library ~Visual Numerics Inc., Houston, TX!. For the steady-state
solution to a sinusoidal axial load or strain, it suffices to substit
s5 j v into the solutions of Eqs.~A1!–~A2!, wherev is the angu-
lar frequency of the applied load or strain andj 5A21, to derive
the frequency-dependent amplitude and phase response of th
responding parameter. The dynamic modulusḠ(s) of this
biphasic-CLE-QLV material can be derived from the ratio
F̄(s)/pr 0

2 and «̄(s) in Eq. ~A1!. To determine the material’s ‘‘in-
stantaneous’’ unconfined compression modulus~or the unconfined
compression modulus in the limit of loading at high frequenc!,

denoted byE2Y
01

, it suffices to take the limit of the resulting ex
pression ass→` which corresponds to the real time limit oft
→01:

E2y
01

5S 11c ln
t2

t1
D S H2A2

3

2
l21

H1A

2 D . (A4)

Similarly, the unconfined compression modulus at equilibrium~or
in the limit of loading at very low frequency!, E2Y , can be ob-
tained by taking the limit of the dynamic modulus ass→0,

E2Y5H2A2
2l2

2

H1A1l2
. (A5)

Appendix B: Conversion of Experimental Response
From Time Domain to Frequency Domain

In recent publications, Buschmann and co-workers@38,39# pro-
posed a methodology for converting creep or stress-relaxa
data from the time domain into the frequency domain, there
extracting the steady-state frequency response of the dyn
modulus from a transient experiment. This methodology w
adapted in the current study as follows: Experimental meas
ments of the axial displacementu(t) and reaction forceF(t) were
acquired at discrete time incrementst i , in the range 0<t i<teq
where equilibrium conditions prevailed at the last time stepteq ;
the axial strain was calculated from«(t i)5u(t i)/h[« i whereas
the axial stress was calculated froms(t i)5F(t i)/pr 0

2[s i . Lin-
ear interpolation was assumed between two consecutive
steps,t i and t i 11 , e.g., for the strain,
92 Õ Vol. 125, FEBRUARY 2003
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whereH(t) is the Heaviside step function. The general Lapla
transform of this equation is

«̄~s!5
« i 112« i

s2~ t i 112t i !
~e2sti2e2sti 11!1

« ie
2sti

s

2
« i 11e2sti 11

s
when t i<t,t i 11 . (B2)

For t>teq , the axial strain can be taken to behave as«(t)
5«eqH(t2teq), whose Laplace transform is«̄(s)5«eqe

2steq/s,
whereas fort50 it can be assumed that«(0)50. Combining
these results with those of Eq.~B2! by taking a summation ove
all time steps produces a function valid for 0<t,`,

«̄~s!5(
i 51

n21
« i 112« i

s2~ t i 112t i !
~e2sti2e2sti 11!, (B3)

where n is the number of time increments. By an identic
process,

s̄~s!5(
i 51

n21
s i 112s i

s2~ t i 112t i !
~e2sti2e2sti 11!, (B4)

and thus the dynamic modulus is given by

Ḡ~s!5

( i 51
n21

s i 112s i

~ t i 112t i !
~e2sti2e2sti 11!

( i 51
n21

« i 112« i

~ t i 112t i !
~e2sti2e2sti 11!

. (B5)

This complex function can be evaluated for any desireds5 j v to
provide the steady-state frequency response of the dynamic m
lus. In practice, depending on the frequency content of the exp
mental data, there exists an upper bound onv above which this
evaluation produces invalid results. For a stress-relaxation
with a ramp time oft0 , a rule of thumb may be that the frequenc
content cannot be greater than 1/t0 (v,2p/t0); for theUCF tests
of the current study, an upper bound of 3 Hz was employed for
specimens.
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