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Unconfined Compression of
Articular Cartilage: Nonlinear
Behavior and Comparison With a
Fibril-Reinforced Biphasic Model
Mechanical behavior of articular cartilage was characterized in unconfined compres
to delineate regimes of linear and nonlinear behavior, to investigate the ability o
fibril-reinforced biphasic model to describe measurements, and to test the predicti
biphasic and poroelastic models that tissue dimensions alter tissue stiffness thro
specific scaling law for time and frequency. Disks of full-thickness adult articular ca
lage from bovine humeral heads were subjected to successive applications of
amplitude ramp compressions cumulating to a 10 percent compression offset wh
series of sinusoidal and ramp compression and ramp release displacements were
posed. We found all equilibrium behavior (up to 10 percent axial compression offse
be linear, while most nonequilibrium behavior was nonlinear, with the exception of sm
amplitude ramp compressions applied from the same compression offset. Observe
linear behavior included compression-offset-dependent stiffening of the transient res
to ramp compression, nonlinear maintenance of compressive stress during release
prescribed offset, and a nonlinear reduction in dynamic stiffness with increasing am
tudes of sinusoidal compression. The fibril-reinforced biphasic model was able to
scribe stress relaxation response to ramp compression, including the high ratio of pe
equilibrium load. However, compression offset-dependent stiffening appeared to su
strain-dependent parameters involving strain-dependent fibril network stiffness
strain-dependent hydraulic permeability. Finally, testing of disks of different diame
and rescaling of the frequency according to the rule prescribed by current biphasic
poroelastic models (rescaling with respect to the sample’s radius squared) reaso
confirmed the validity of that scaling rule. The overall results of this study support sev
aspects of current theoretical models of articular cartilage mechanical behavior, moti
further experimental characterization, and suggest the inclusion of specific nonli
behaviors to models.@S0148-0731~00!00702-0#

Keywords: Cartilage, Biomechanics, Unconfined-Compression, Poroelasticity, Biph
Model, Viscoelasticity
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Introduction
As one of the primary load-bearing tissues in diarthrodial join

articular cartilage has been the object of a large number of th
retical and experimental studies to elucidate its material beha
and to provide tissue and molecular level mechanisms respon
for this behavior. The configuration most commonly used for
ticular cartilage testing has been confined compression, whe
porous filter contacts the articular surface to impose displacem
or forces@1,2#. Confined compression is widely used; howev
some technical issues regarding the porous interface@3# have en-
couraged the use of other configurations. One such alternativ
unconfined compression, where a tissue disk is compressed
tween two smooth impermeable surfaces. This geometry has
widely used for the study of the biological effects of load@4#;
however, investigators have hesitated in applying it for mecha
cal analyses since the biphasic model provided a rather poo
scription of the material response in this case@5,6#. Recently,
however, incorporation into the biphasic model of anisotropy@7#
or of a composite solid phase made up of fibrillar and nonfibri
components@8#, has resulted in a good agreement between the
and experiments.

Contributed by the Bioengineering Division for publication in the JOURNAL OF
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Div
sion October 1, 1998; revised manuscript received October 18, 1999. Asso
Technical Editor: L. J. Soslowsky.
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One principle of cartilage mechanics which is gaining acc
tance is the dominating aspect of relative fluid-solid motion, co
comitant viscous drag and the resulting large contribution of fl
pressurization to measured tissue stiffness@1,9,10#. Two conse-
quences of this phenomenon, predicted by biphasic or poroela
models, are:~1! that pressure gradients are proportional to t
stiffness of the solid matrix in the direction of fluid flow, so that
stiffer solid phase can generate more fluid pressurization~see Eqs.
~a! and~g! in Table 1 of Soulhat et al.@8# and Eqs.~19! and~24!
in Armstrong et al.@5#!; and~2! that tissue dimensions determin
a path length across which the fluid pressure falls from a ma
mum ~center! to a minimum~edge! and so reducing this length
beyond a critical value can reduce fluid pressurization and ther
measured stiffness. The first consequence is the main facto
sponsible for the success of anisotropic and composite model
unconfined compression where appropriate constitutive cho
can stiffen the transient response without significantly affect
the equilibrium response. The latter consequence could be se
a sine qua non for biphasic or poroelastic behavior, that is
dependence of specimen dynamic stiffness~load normalized to
area! on specimen dimension@11,12#.

In addition to the complex behavior generated by the prese
of fluid and solid phases, charged species in both phases, a
globally heterogeneous and anisotropic structure, tissue non
earities implying nonlinearities of constituents or of interactio
between constituents are yet another aspect of cartilage mech

-
ciate
000 by ASME APRIL 2000, Vol. 122 Õ 189
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requiring more investigation. In confined compression, equi
rium stiffness is constant up to;20 percent compression@13# but
can be nonlinear thereafter@14#, while nonequilibrium tests in-
cluding dynamic sinusoidal, ramp compression, and ramp rele
all displayed distinctly nonlinear characteristics@3#. Recently, an-
isotropic stress distribution has been detected in confined c
pression@15#. Very few data are available to determine wh
cartilage is linear versus nonlinear in unconfined compress
although a wealth of other information has been presented
discussed@5,6,12,16–18#.

The motivation for the current study was to investigate the p
dictions and validity of a recently developed linear biphasic mo
containing a composite fibril-reinforced solid phase@8# and to
provide fundamental information independent of these model
dictions concerning nonlinear stress responses and the dim
sional dependence of observed tissue stiffness in unconfined
pression. The objectives of the study may be specifically class
as follows:~1! to ascertain the ability of the published model
describe the stress response to ramp compression and dyn
sinusoidal tests;~2! to investigate the extent of linear versus no
linear stress responses to dynamic sinusoidal, ramp compre
and ramp release tests;~3! to test a fundamental element of a
biphasic models, that is their dependence on tissue dimension
scaling factor for time and frequency. The results, taken in con
with the work of previous investigators described above, supp
the view of the mixture models and the role of fluid pressuri
tion, but suggest that fibril reinforcement and certain constitu
nonlinearities need to be considered to understand tissue s
response under physiological loads.

Materials and Methods

Mechanical Testing. Full thickness articular cartilage disk
were produced from the humeral head of 1–2-year-old steer
punching the central articular surface with a 6-mm-dia derm
biopsy punch and slicing along the cartilage/bone interface wi
razor blade. Disks were stored at 4°C in a humidified chambre
at most 6 hours prior to testing; thus tested disks were fresh w
out having been frozen. Two groups of cartilage disks were tes
In the first group (N59) each disk was tested at one fixed dia
eter, either 2.8 mm (N56) or 1.7 mm (N53). Eight disks had
mean thickness in the range 1.02–1.09 mm~measured with a
current sensing micrometer! while one had a mean thickness
1.70 mm~overall mean 1.08 mm, standard deviation 0.24 mm!.
Thickness variation within a disk was625 mm. In the second
group (N55) each disk was tested in a sequence of decrea
diameters from 3.6 to 2.7 to 1.7 mm. For this group mean thi
ness varied from 0.87 to 1.25 mm~overall mean 1.06 mm, stan
dard deviation 0.16 mm!.

Mechanical behaviors of disks were tested using a comme
mechanical testing device for small materials~Mach1 from Bio-
Syntech, Laval, Quebec, Canada!. Each sample was compresse
between two parallel polished stainless steel platens in unia
unconfined geometry in a testing chamber filled with PBS~0.15 M
NaCl, pH57.4!. After achieving a contact tare load of 4–8
various ramp and sinusoidal displacements were applied to
sample while digitizing the load and position every 0.2 secon
Initially, about twenty 5mm ramp displacements were applie
with a velocity of 1mm/s. The exact number of ramps was chos
to produce a total strain of 10 percent. After each ramp appl
tion, stress relaxation was allowed to continue until the time r
of change of the load was smaller than 0.1 g/min, the criter
used to assess equilibrium. After the last ramp compression
samples were maintained at the 10 percent compression offse
sinusoidal displacements of 5, 10, and 15mm ~resulting incremen-
tal strains are 0.51, 1.03, and 1.54 percent using 0.972 mm a
average reference compressed thickness, at 10 percent offset
pression! were applied in the frequency range 0.001–1.0 Hz
five of the 2.8 mm disks. The 1.7-mm-thick disk was not includ
in this analysis because its thickness was vastly different from
190 Õ Vol. 122, APRIL 2000
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of the other disks. Discrete Fourier transforms of load and po
tion data were used to obtain the dynamic stiffness. The fun
mental component of load was normalized to original area and
fundamental component of position was normalized to curr
thickness~taking into account the 10 percent compression offs!.
By dividing these two numbers, the dynamic stiffness was
tained. Total harmonic distortion of load and position was cal
lated using seven harmonics. Finally, for the first group of dis
tested at constant diameter, ramp compressions and releases
applied at the 10 percent offset compression. All ramps ha
duration of 5 s, and amplitudes of 5, 10, and 15mm were applied.
Equilibrium was attained before ramp application as descri
above. For data presentation, the equilibrium stress at the s
offset compression was subtracted from the measured st
which was then normalized to the stress increment at equilibr
~the change in stress between two successive equilibrium po!
due to the ramp compression or release. For the second grou
disks tested at different diameters, each disk was tested up to
end of the dynamic sinusoidal tests, after which disk diameter
reduced from 3.6 to 2.7 mm and the disk retested, and then
diameter was further reduced to 1.7 mm for the last test seque
Total test time per disk in the first group was;4 hours, and for
the second group was;6 hours.

Comparison to Fibril-Reinforced Biphasic Model. The pre-
dictions of a nonhomogeneous composite biphasic model@8# were
compared to experimental measurements. The model consis
the traditional biphasic description@5# reinforced with a fibril net-
work that resists tension only. The parameters needed to des
cartilage in this model are those of the Armstrong model~however
now describing the nonfibrillar part of the matrix! and one addi-
tional parameter,Ef , describing the tensile stiffness of the rein
forcing fibril network ~its compressive stiffness is nil!. The sub-
script ‘‘m’’ for matrix indicates elastic coefficients of the
nonfibrillar component,Em , the Young’s modulus, andnm , the
matrix Poisson’s ratio. The hydraulic permeability isk. To imple-
ment this model in the current study,nm is fixed at zero~as in
Soulhat et al.@8#; however this condition was relaxed in Li et a
@19# when incorporating nonlinear stiffening of the fibril ne
work!, which rendersEm the equilibrium modulus in unconfined
compression, and therefore directly found from the equilibriu
load. The other two parameters were estimated by curve-fitting
system function after transformation of stress and strain~and after
subtracting the equilibrium values present at the beginning of e
ramp! to the Laplace domain@18# in the frequency range 0.0001
0.01 Hz using a least squares algorithm. Using this procedure
successive ramps in the 0–10 percent sequence, the variatio
best fit model parameters with compression offset was found.
nally, the fibril reinforced model, as well as other noncompos
biphasic or poroelastic models~but not those including viscoelas
tic effects, i.e., poroviscoelastic! in unconfined compression, pre
dicts that rescaling the frequency by multiplying by the diame
squared should produce identical dynamic stiffness for the s
material tested at different diameters. For example, the isotro
model of Armstrong et al.~@15#, Eq. ~19!! scales time according
to t̂5HAkt /r 2, while the composite model of Soulhat et al.@8#
~Eq. ~a!, Table 1! uses a similar scaling factor with the aggrega
modulusHA replaced by the transverse plane modulusS11. Thus
for the same disk tested at three different diameters~3.6 mm, 2.7
mm, and 1.7 mm! frequencies were rescaled according
frequency~rescaled! 5 frequency~original! 3 ~diameter/3.6 mm!2,
thus shifting stiffness curves to lower frequencies after cutt
disks to smaller diameters. This frequency rescaling was car
out for the stiffness in the Laplace domain, after numerical tra
formation of stress relaxation to the real axis~see above!, and
after Fourier analysis of dynamic sinusoidal tests.

Results
Compression-offset-dependent stiffening of articular cartila

in unconfined compression was observed as an increasing am
Transactions of the ASME
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tude of the transient response to successive 5mm ramp compres-
sions ~example in Fig. 1!. The fitting procedure executed in th
Laplace domain for each ramp response from each disk prod
a reasonable description of temporal data~Fig. 2!. In particular,
the ratio of peak to equilibrium load~up to 15:1! was captured by
the model with the fit parameters. The best fit parameters
played certain tendencies as a function of compression offset~Fig.
3!. The matrix modulus, found as simply the equilibrium modu
under the constraint thatnm50, was relatively constant not dis
playing any dependence on compression-offset present at th
ginning of the ramp (p50.85 when performing a Student’st test
comparing the data at 1 and 9 percent compression offset!. How-
ever, the increase in transient amplitude, which corresponds
compression-offset-dependent stiffening of the tissue trans
stiffness, was interpreted by the model as a significant increas
fibril network tensile stiffness~active in the radial direction only!
accompanied by a significant decrease in permeability~Fig. 3!.

The dynamic stiffness of the tissue measured at a 10 per
compression offset decreased and the total harmonic disto
~THD! of the stress response increased with increasing sinuso
amplitude~Fig. 4!. A MANOVA procedure@21# performed with
frequencies of 0.833 and 0.01 Hz showed that the differences
sinusoid amplitudes were statistically significant for dynam
stiffness amplitude (p50.072) and phase (p50.059) and for
THD (p50.034). Since the dynamic stiffness decreases w
amplitude increases, this behavior is a weakening nonlinear
sponse to sinusoidal displacements. The occurrence of liftoff~loss
of contact between tissue sample and compressive platen! was
determined when the load was reduced to zero during the rel
phase of the sine wave. Occasionally, a small liftoff was obser
at frequencies higher than 0.1 Hz for the 15mm amplitude sinu-
soidal displacement only.

After normalization to the equilibrium stress increment, t
stress-relaxation curves in compression and in release with am
tudes of 5, 10, and 15mm were compared. The normalized r
sponse to release was smaller than the normalized respon
compression~Fig. 5!. This difference between compression a

Fig. 1 Load and position as a function of time for a series of
ramp displacements for one of the samples
Journal of Biomechanical Engineering
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Fig. 2 Comparison of the fit of a composite biphasic model
and the corresponding experimental data for two disks under-
going a 5 s ramp displa cement of 5 mm amplitude at 4 and 9
percent compression offset. The matrix Poisson’s ratio nmÄ0
for all fits. With the 0.0001–0.01 Hz fitting interval, the model
parameter values for the first sample were:
Em„matrix modulus …Ä0.73 MPa, Ef„fibril network modulus …Ä5.7
MPa and k „matrix permeability …Ä3.4Ã10À15 m4Õ„N-s… at 4 per-
cent compression offset „A… and EmÄ0.68 MPa, EfÄ9.1 MPa
and kÄ1.2Ã10À15 m4Õ„N-s… at 9 percent compression offset „C….
For the second sample, the parameter values were:
Em„matrix modulus …Ä0.65 MPa, Ef„fibril network modulus …Ä6.6
MPa, and k „matrix permeability …Ä3.2Ã10À15 m4Õ„N-s… at 4 per-
cent compression offset „B… and EmÄ0.66 MPa, EfÄ18.7 MPa,
and kÄ0.63Ã10À15 m4Õ„N-s… at 9 percent compression offset
„D….

Fig. 3 Ef , fibril network modulus „A…, Em , the matrix modulus
„A… and k, the permeability „B… versus axial compression offset
strain at the beginning of each step assuming matrix Poisson’s
ratio nmÄ0, as obtained by fitting the linear fibril-reinforced
isotropic biphasic model to each of the stress relaxation pro-
files „examples in Fig. 2 …. The mean and standard error are
shown.
APRIL 2000, Vol. 122 Õ 191
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release responses increased with strain amplitude and a Hote
T test with the data at time 5, 15, and 35 seconds revealed
those differences were also statistically significant (p50.010,
0.015, and 0.021 for the 5, 10, and 15mm amplitudes, respec
tively!. Furthermore, the amplitude of normalized release str
relaxation curves decreased significantly with increasing rele
displacement amplitude~Fig. 6!. A MANOVA procedure with
data taken at the times mentioned above revealed that ther
weakly statistically significant differences between releases of
ferent amplitudes (p50.070) but not between compressions
different amplitudes (p50.29). Building confidence intervals us
ing a Bonferroni approach@21# showed that the observed diffe
ences were not caused by the data at a particular time but by
entire stress-relaxation curve. There was no liftoff present du
ramp releases. Furthermore, the normalization factors~equilib-
rium stress increment! used to obtain Figs. 5 and 6 demonstrat
close to linear behavior~Table 1!.

Cartilage behavior measured by dynamic sinusoids and r
compression and predicted by the fibril-reinforced biphasic mo
were directly compared~Fig. 7!. The stress response to ramp com
pression was transformed to the dynamic stiffness using a num
cal procedure based on polynomial interpolation@20#. The results
of this transformation appeared in agreement with the dyna

Fig. 4 Dynamic stiffness „normalized to Em for each disk …,
phase and total harmonic distortion for five disks „mean and
standard error … tested with sinusoids of 5, 10, and 15 mm am-
plitude at frequencies from 0.001 to 1 Hz. MANOVA performed
with frequencies of 0.833 and 0.01 Hz showed that dynamic
stiffness amplitude and phase and total harmonic distortion
differed with amplitude „pÄ0.07, 0.06, and 0.03, respectively ….
192 Õ Vol. 122, APRIL 2000
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stiffness obtained experimentally, except at higher frequen
~Fig. 7!. However, a one-way MANOVA on the frequencie
0.001, 0.01, and 0.1 Hz showed that the magnitude of the stiffn
functions could not be considered equal over the three frequen
(p50.0014) but that their phase could be (p50.42). Also, the
model predictions found using the best fit parameters for the ra
response in the region 0.0001–0.01 Hz corresponded reason
well to the experimental data at low frequency but diverged fr
the experimental measurements at higher frequencies~.0.01 Hz!,
in particular failing to capture the continually increasing stiffne
as frequency is increased~Fig. 7!. It is interesting to note that
model agreement with stress relaxation data appears better i
time domain~Fig. 2~B!! than in the frequency domain~Fig. 7!.

Fig. 5 Stress relaxation responses to ramp compression and
ramp release displacements of 5, 10, and 15 mm amplitude and
constant ramp time o f 5 s i mposed at a 10 percent strain offset.
The stress relaxation profiles minus the equilibrium value at 10
percent offset were normalized to the equilibrium stress incre-
ment Em«0 where «0 was the imposed surface-to-surface
strain. The mean values and standard errors from five disks are
shown. The response to release is smaller than the response to
compression „pÄ0.01, 0.015, and 0.021 for amplitudes of 5, 10,
and 15 mm….
Transactions of the ASME
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The prediction of biphasic models pertaining to the depende
of tissue stiffness on disk radius was largely borne out by exp
mental measurements. When rescaling frequency for differen
ameters as described in Methods, and after normalizing all cu
to Em of each particular disk, the stiffness functions found fro
ramp responses transformed to the Laplace domain~Fig. 8! and
dynamic stiffness measured with sinusoidal displacements~Fig. 9!
superposed fairly well. The normalization toEm was performed to
reduce intersample variation before averaging curves obta
from different samples. There were slight disagreements in
shifted curves at higher frequencies for the 4 mm disk in
Laplace domain~Fig. 8~B!! and for the 2 mm disk in the Fourie
domain ~Fig. 9~B!!. The normalization factors (Em , the equilib-
rium stiffness! for individual disks did not vary significantly with

Fig. 6 Data of Fig. 5 grouped into release and compression
tests to investigate differences within each group. The re-
sponse to compression was similar for the three amplitudes
„pÄ0.29… but differed with amplitude for release „pÄ0.07….

Table 1 Normalized equilibrium stress increment after apply-
ing a release or compression ramp of 5, 10, or 15 mm amplitude
lasting 5 seconds at constant velocity on the five 2.8 mm car-
tilage disks compressed at a 10 percent strain offset. Values for
individual disks are normalized to the added stress for a 5 mm
release. A perfectly linear tissue response would show values
of 1, 2, and 3 for 5, 10, and 15 mm releases and the same values
with negative signs for the compression. The unnormalized val-
ues were used to normalize the stress relaxation profiles of
Figs. 4 and 5.

Disk 1 Disk 2 Disk 3 Disk 4 Disk 5 Average

5 mm compr. 21.32 21.32 21.33 21.12 21.17 21.25
5 mm rel. 1.00 1.00 1.00 1.00 1.00 1.00
10 mm compr. 22.02 22.10 21.94 21.97 21.33 21.87
10 mm rel. 1.53 2.10 1.81 1.97 1.50 1.78
15 mm compr. 23.22 22.74 22.78 22.42 21.83 22.60
15 mm rel. 3.39 3.06 2.50 2.58 1.83 2.67
Journal of Biomechanical Engineering
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disk diameter~Table 2!. A statistical analysis of the curves befor
and after frequency rescaling was performed using the MANO
procedure and simultaneous confidence intervals building@21# us-
ing the data at frequencies of 1024, 1023, 1022, and 1021 Hz for
the stiffness on the real axis of the Laplace domain~Fig. 8! and
1022, 1021.5, 1021, and 1020.5 for the dynamic stiffness~Fig. 9!.
Before rescaling of the frequency axis, the stiffness function in
Laplace domain and the amplitude and phase of the stiffness f
tion in the Fourier domain were statistically different for differe
diameters~with p values from the MANOVA of 0.0021, 0.0027
and 0.082, respectively!. Confidence interval building with the
different frequencies revealed that the stiffness functions in
Laplace domain were most different at 1023 and 1022 Hz; how-
ever, no frequency could be isolated as a relatively more imp
tant cause of difference for the stiffness functions in the Fou
domain. After frequency rescaling, the stiffness functions in
Laplace domain and the amplitude and phase of the stiffness f
tion in the Fourier domain became statistically indifferent~with p
values of, respectively, 0.27, 0.53, and 0.40 using the previ
statistical test!.

Discussion
Articular cartilage material behavior was measured using ra

compression, ramp release, and dynamic sinusoidal displacem
in unconfined compression to test three hypotheses:~1! that a
fibril-reinforced biphasic model could describe the stress
sponses;~2! that some responses would be linear and others n
linear; and~3! that disk radius affects tissue stiffness as predic
by biphasic models. The results of the study demonstrate:~1! the
ability of the model to describe stress responses but with str

Fig. 7 Dynamic stiffness „normalized to Em… and phase ob-
tained directly from sinusoidal tests, from time-domain tests
followed by numerical conversion of stress-relaxation †20‡ and
from a fibril-reinforced biphasic model. The model parameters
used were those obtained by fitting the data from
stress-relaxation curves: nm„matrix Poisson’s ratio …Ä0,
Em„matrix modulus …Ä0.54 MPa, Ef„fibers modulus …Ä10.4 MPa,
and k „matrix permeability …Ä0.97Ã10À15 m4Õ„N-s…. The data
from sinusoidal tests is different from the one from time do-
main tests for the stiffness amplitude „pÄ0.0014… but it is equal
for the phase „pÄ0.42….
APRIL 2000, Vol. 122 Õ 193
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Fig. 8 Normalized system function in the Laplace domain
for five disks compressed by a 5 mm ramp achieved with
1 mmÕs at a 10 percent strain offset. The same disks were
punched to diameters of 3.6, 2.7, and 1.7 mm and tested at
each radius. The data is shown both before and after re-
scaling the frequency according to frequency „rescaled …

Äfrequency „original …Ã„diameter Õ3.6 mm …

2. Biphasic and po-
roelastic models predict perfect superposition of rescaled
curves in the lower panel. The curves of the upper panel are
statistically different „pÄ0.0021… but they become statistically
indifferent „pÄ0.27… after rescaling.

Fig. 9 Direct sinusoidal tests of the stiffness function before
„A, C… and after „B, D… frequency rescaling described in the
caption to Fig. 8. Current models predict superposition of
curves in panels B and D. The curves of panels A and C are
statistically different „pÄ0.0027 and 0.082 … but they become
statistically indifferent after rescaling of the frequency axis „p
Ä0.53 and 0.40 ….
194 Õ Vol. 122, APRIL 2000
dependent parameters;~2! a rich array of linear and nonlinea
behavior clearly dependent on the type of displacement impo
and ~3! a reasonable confirmation of the prediction of bipha
models relating tissue dimension to tissue stiffness.

The fibril-reinforced biphasic model was able to predict t
stress response to ramp compression when a sequence of s
amplitude ramps were sequentially applied to the cartilage dis
unconfined compression. The isotropic homogeneous biph
model cannot describe the rather large stress relaxation trans
where the ratio of peak to equilibrium load can be as high as 1
1, since the model is theoretically limited to a maximum ratio
1.5 to 1 for the peak to equilibrium load@5,6#. The reason for this
difference between the two models is that fibril reinforcemen
only effective in tension and thus only in the radial and not t
axial direction. Stiffening the solid in the radial direction increas
fluid pressurization, since that is the direction of fluid flow, wh
lack of stiffening in the axial direction ensures no stiffening of t
equilibrium response~if the Poisson’s ratio is zero!, thereby dra-
matically increasing the peak to equilibrium load ratio. The sa
mechanism is behind the success of anisotropic models@7#.

The role of friction at the cartilage/platen interfaces has
ceived the attention of previous investigators. Spilker et al.@22#
demonstrated that adhesion at the cartilage/platen interface
creased peak loads and reduced relaxation time as observe
perimentally@6#. However, it was shown that the effect was on
significant~compared to experiments! when the aspect ratio wa
much smaller than that used experimentally. Furthermore, K
et al. @12# tested specimens of different aspect ratios and fou
that tissue stiffness actually increased with smaller diameters
therefore increased aspect ratio rather than decreased as wou
predicted by the homogeneous isotropic model with adhes
cartilage/platen interfaces. These observations combined
those using several lubricants@5#, the lack of adhesion seen m
croscopically@16,18#, and the success of anisotropic and nonh
mogeneous composite models would argue against friction as
ing predominant in determining the stress response in unconfi
compression. The mechanical effects of friction are however
lated to those introduced by fibril-reinforcement and anisotro
since friction restricts lateral expansion. For example, full ad
sion is identical to infinite lateral stiffness in the cartilage surfa
in contact with the platen. The success of the fibril-reinforc
model would appear to suggest that rather than infinitely stiff
ing the surfaces only, the entire cartilage structure is stiffened
the radial direction undergoing tension.

Several interesting linear and nonlinear behaviors were
served. First, all equilibrium behavior was linear for the range
tests we used, up to 10 percent axial compression and 5–15mm
displacements superimposed at the 10 percent offset. The
nonequilibrium behavior displaying linearity was small amplitu
ramp compressions superimposed at the 10 percent offset~Fig.
6~A!!. Three nonlinear behaviors were observed:~1! compression-
offset-dependent stiffening of the transient response~Fig. 1!; ~2!
nonlinear weakening under dynamic sinusoids~Fig. 4~A!!; and~3!
nonlinear maintenance of compressive stress during release~Fig.
6~B!!. These general linear and nonlinear characteristics were

Table 2 Equilibrium moduli obtained with a 5 mm amplitude
ramp compression at the 10 percent final compression offset.
Five cartilage disks were tested, each at three different diam-
eters. Equilibrium stiffness does not appear to depend on disk
diameter. The moduli were used in the normalization of the
curves of Fig. 9.

Diameter
~mm!

Disk 1
~MPa!

Disk 2
~MPa!

Disk 3
~MPa!

Disk 4
~MPa!

Disk 5
~MPa!

Average
~MPa!

1.7 0.47 0.73 0.61 0.87 N/A 0.67
2.7 0.48 0.76 0.63 0.88 0.37 0.62
3.6 N/A 0.84 0.61 0.90 0.39 0.69
Transactions of the ASME
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seen in confined compression@3#. Compression-offset depende
stiffening was interpreted by the fibril-reinforced biphasic mod
as strain-dependent fibril network stiffness and hydraulic per
ability ~Fig. 3!. Increased transient load for later ramps in t
sequence could be captured by increasing fibril network stiffn
providing that permeability decreased in order to maintain fa
constant relaxation times. These strain-dependent param
could provide clues to the origin of the other two nonlinearitie
The nonlinear maintenance of compressive stress to release r
to the observation that the transient response to release is less
proportional to release displacement~Fig. 6~B!! so that the com-
pressive stress present at the 10 percent offset is maintained
than would be the case if the release transient were linear.
nonlinear weakening under dynamic sinusoids of increasing
plitude could be due to the same phenomenon since the sinus
displacement is a mixture of compression and release phases
possible that a nonlinear model incorporating strain-dependen
rameters~i.e., as depicted in Fig. 3! could consistently describe a
of these observed linear and nonlinear behaviors.

The prediction of biphasic and poroelastic models that the
pendence of tissue stiffness on tissue dimension can be acco
for by rescaling or shifting frequencies was reasonably confirm
by our data using ramp compressions~Fig. 8! and dynamic sinu-
soidal tests~Fig. 9!. Although superposition was not perfect, w
were not able to detect statistically significant differences a
frequency shifting while these differences were clearly pres
before, in agreement with the work of previous investigators@12#.
The confirmation of this prediction of the models along with th
compatibility with tissue recoil observed microscopically@18# and
electrokinetic effects interpreted as fluid convection of mob
ions past the oppositely charged solid phase@2,12# strongly sup-
ports the material response mechanisms present in these
solid mixture theories. Further refinement of these types of mo
guided by the results of detailed experimental investigation
material responses, could enhance understanding of tissue b
ior and lead to diagnostic devices and therapeutic treatments
cartilage disease.
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