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Abstract

Articular cartilage exhibits complex mechanical properties such as anisotropy, inhomogeneity and tension—compression
nonlinearity. This study proposes and demonstrates that the application of compressive loading in the presence of osmotic swelling
can be used to acquire a spectrum of incremental cartilage moduli (Ey;) and Poisson’s ratios (v;) from tension to compression.
Furthermore, the anisotropy of the tissue can be characterized in both tension and compression by conducting these experiments
along three mutually perpendicular loading directions: parallel to split-line (1-direction), perpendicular to split-line (2-direction) and
along the depth direction (3-direction, perpendicular to articular surface), accounting for tissue inhomogeneity between the surface
and deep layers in the latter direction. Tensile moduli were found to be strain-dependent while compressive moduli were nearly
constant. The peak tensile (+) Young’s moduli in 0.15M NaCl were E,y; =3.1+2.3, E,y; = 1.3+0.3, ES“'f‘lce 0.65+0.29
and Efey? = 2.1+1.2MPa. The corresponding compressive (—) Young’s moduli were E_y; = 0.234+0.07, E y2 = 0.2240.07,
ESuface — () 18+0.07 and E%SP = 0.3540.11 MPa. Peak tensile Poisson’s ratios were v, 1, = 0.22+0.06, v,2; = 0.13+0.07, vuface —
0. 10+0 03 and v?ii’ = 0.204+0.05 while compressive Poisson’s ratios were v_j» = 0.027+0.012, v_5; = 0.0174+0.007, vﬁ“rf““ =
0.034+0.009 and v_35;" = 0.06540.024 . Similar measurements were also performed at 0.015M and 2M NaCl, showing strong
variations with ionic strength. Results indicate that (a) a smooth transition occurs in the stress—strain and modulus—strain responses
between the tensile and compressive regimes, and (b) cartilage exhibits orthotropic symmetry within the framework of tension—
compression nonlinearity. The strain-softening behavior of cartilage (the initial decrease in Ey; with increasing compressive strain)
can be interpreted in the context of osmotic swelling and tension—compression nonlinearity.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Articular cartilage is a multiphasic material composed
of a solid phase, containing chondrocytes, proteoglycans
(PG) and type II collagen, a fluid phase of water and a
mobile ionic phase (Maroudas, 1979; Mow and Rat-
cliffe, 1997). The presence of negatively charged PGs
attracts water molecules into the tissue causing it to
swell when equilibrated in a physiological solution
containing dissolved electrolytes. The imbalance of ions
between the interstitial and extra-tissue volumes gives
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rise to an osmotic pressure that is balanced by tension in
the collagen fibrils (Fry and Robertson, 1967; Setton
et al., 1998). This swelling pressure, reported to vary
from 0.02 to 0.2 MPa (Maroudas, 1979; Basser et al.,
1998; Narmoneva et al., 1999), induces a tensile state of
stress, known as prestress (Fry and Robertson, 1967,
Setton et al., 1998). The small associated swelling strains
(Maroudas and Venn, 1977; Setton et al., 1998) are
consistent with the high tensile stiffness of the solid
matrix (Kempson et al., 1973; Woo et al., 1976). Indeed
the tensile properties of cartilage have been measured
using osmotic swelling experiments, when the free-
swelling equilibrium state is taken to be the reference
configuration for subsequent deformations (Basser et al.,
1998; Narmoneva et al., 1999).

Articular cartilage behaves differently when loaded in
tension and compression, a phenomenon known as



1252 N.O. Chahine et al. | Journal of Biomechanics 37 (2004) 1251-1261

tension—compression nonlinearity. For decades, it has
been documented that articular cartilage behaves non-
linearly and possesses a higher stiffness in tension
(Kempson et al., 1968; Roth and Mow, 1980; Akizuki
et al., 1986), while its compressive stiffness is smaller and
stress—strain response is generally linear (Mow et al.,
1980; Armstrong and Mow, 1982). Furthermore, studies
have shown that Poisson’s ratio under uniaxial tension,
generally between 0.5 and 2 (Woo et al., 1979; Elliott
et al.,, 2002), can be considerably larger than the
equilibrium compressive Poisson’s ratio which ranges
from 0.02 to 0.4 (Jurvelin et al., 1997; Wong et al., 2000;
Wang et al., 2002, 2003). To date, this disparity between
the tensile and compressive behavior has mostly been
identified in separate experiments testing the tensile or
the compressive properties on samples of different
geometries and on tissue obtained from different areas
of the joint surface. Recent experimental studies have
confirmed the presence of tension—compression non-
linearity in adjacent samples of cartilage (Huang et al.,
1999), and in tissue loaded perpendicular to the articular
surface (Laasanen et al., 2003).

Articular cartilage is an inhomogenous tissue whose
varying biochemical composition and structure with
depth (Maroudas, 1979; Mow and Ratcliffe, 1997) result
in depth-dependent mechanical properties (Kempson
et al., 1968; Akizuki et al., 1986; Schinagl et al., 1997;
Wang et al., 2002, 2003). Cartilage has also been shown
to be anisotropic in tension, with the tensile stiffness
exhibiting a higher value parallel to the split line
direction, the preferred orientation of collagen fibrils
in the superficial zone, than perpendicular to it
(Kempson et al., 1968; Akizuki et al., 1986). Further-
more, our recent studies have demonstrated that
cartilage exhibits material properties consistent with
orthotropic symmetry when taking into account its
tension—compression nonlinearity and inhomogeneity
(Wang et al., 2003), with the planes of symmetry defined
locally by the direction parallel to the local split lines
(1-direction), perpendicular to the split lines (2-direc-
tion), and normal to the articular surface (3-direction).

The existence of complex mechanical properties such
as tension—compression nonlinearity, anisotropy and
inhomogeneity, bestow a specialized load-bearing capa-
city on articular cartilage. The higher stiffness in tension
versus compression allows cartilage to resist radial
expansion under axial compressive loading and results
in increased fluid pressurization and dynamic stiftness
(Cohen et al., 1998; Soulhat et al., 1999; Fortin et al.,
2000; Soltz and Ateshian, 2000; Huang et al., 2001).

Strain-softening of articular cartilage, a decrease in
stiffness with increasing compressive strain, has been
observed in a few studies at small strains (Schinagl et al.,
1997; Bursac et al., 1999; Wang et al., 2003). Micro-
structural models have physically interpreted this
phenomenon as a release of tension and buckling of

collagen fibers during compression, as the applied
compressive stress overcomes the osmotic swelling
pressure (Lanir, 1987; Schwartz et al., 1994; Bursac
et al., 2000).

In the current study, we confirm from theory that the
strain-softening effect can be interpreted in the context
of tension—compression nonlinearity and osmotic swel-
ling. We propose that the application of compressive
loading in the presence of osmotic swelling can be used
to acquire a spectrum of cartilage moduli from tension
to compression, with the peak tensile strain achieved
under hypotonic free swelling. Furthermore, the aniso-
tropy of the tissue is characterized in both tension and
compression by conducting these experiments along
various loading directions. An examination of the
stress—strain response over a range of tensile to
compressive strains will provide evidence to whether
an abrupt change in slope exists in the transition from
tension to compression. Since tissue swelling and the
strain-softening behavior occur over a small range of
strains, we employ a microscopic technique with
optimized digital image correlation (Wang et al., 2002)
to examine the transition from tension to compression in
the response to osmotic and compressive loading of
articular cartilage.

2. Materials and experimental methods
2.1. Specimen preparation

Full-thickness osteochondral plugs ((J 4mm) were
harvested from the humeral head of five healthy 3-4
month-old immature bovine glenohumeral joints. Fol-
lowing harvest, the plugs were rinsed with a solution of
phosphate-buffered saline (PBS) and protease inhibitors
(PI, Complete protease inhibitor cocktail tablets, Roche
Applied Science, IN) and stored at —80°C. On the day
of testing, each plug was immersed in freshly prepared
PBS+PI and all subchondral bone and blood vessels
were removed using a sledge microtome (Model 1400;
Leitz, Rockleigh, NJ, USA) equipped with a freezing
stage (Hacker Instruments, Fairfield, NJ, USA). Next,
the articular surface was lightly punctured with a round-
tip needle and examined under a 10X lens (Olympus
America, Melville, NY, USA) of a microscope in order
to determine the split-line direction (1-direction). The
split-line direction was marked with a parallel cut on the
periphery of the cartilage plug (Fig. la). A cubic
specimen (0.9 mm x 0.9 mm X thickness) was sharply
excised relative to the split-line direction using a custom
cutting device equipped with orthogonal blades
(Fig. 1b). One face of the cube, defined by the split-
line direction (1-direction) and the depth direction
(3-direction), was marked using Trypan Blue dye
(0.4% in PBS; Sigma, St. Louis, MO, USA). During
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Fig. 1. (a) Specimen preparation relative to the split line direction; (b) cubic sample of cartilage; (c¢) uniaxial unconfined compression loading device.
Cubic samples are loaded between two glass platens while visualized using an inverted microscope.

all subsequent testing, specimen orientation was deter-
mined using this marked face and the easily discernible
articular surface. The dimensions of each specimen were
optically measured using a calibrated 4X objective
(UPlan 4X; Olympus) with a resolution of 1.66 pm/
pixel. The remainder of the cartilage plug was stored at
—20°C for biochemical analysis to determine the water
content and fixed charge density of the tissue.

2.2. Loading protocol

The cubic specimens were loaded in unconfined
compression using a custom loading device (Fig. Ic)
and a previously described protocol (Wang et al., 2002,
2003). Briefly, uniaxial compressive deformation was
manually applied using a micrometer with 1 pm resolu-
tion (MRO Industrial Supplies, Manville, NJ, USA),
and the resultant compressive equilibrium load was
recorded using a load transducer (Model 31; Sensotec
Inc, Columbus, OH, USA, 0-50g). The sample was
positioned between two parallel glass-loading platens
(Fig. 1c) and was surrounded by NaCl + PI solution in
an immersion chamber. The device was positioned on a
motorized stage (ProScan H128 Series; Prior Scientific,
Rockland, MA, USA) of an inverted microscope
(Olympus IX70; Olympus) and aligned so that the
platens were perpendicular to the moving axis of the
stage. The optical path of the microscope was adjusted
through the immersion chamber, and the face of the
cubic specimen between the platens was visualized.
Images were acquired using a digital camera (MicroMax
5MHz; Princeton Instruments, Trenton, NJ USA) and
stored for further analysis (Wang et al., 2002).

Twenty-four cubic specimens were equally divided
into three groups, with group i specifically used to study
the bathing concentration effects on loading in the i-
direction (i=1-3). For each specimen, the loading
response was measured in the presence of three external
bathing solutions (0.015, 0.15 and 2M NaCl), tested in
random order with 0.15M considered the physiological
ionic level. In each trial, the specimen was equilibrated
in a bathing solution for 40min and an image was
acquired at its free-swelling state. Compression was then

applied in 2% increments relative to the uncompressed
tissue thickness, /4, along the desired loading direction.
After each compressive increment the specimen was
allowed to relax for 20min, a period sufficient for
equilibrium to be attained in these small samples, as was
determined in our previous study (Wang et al., 2003). At
equilibrium, an image of the entire visible face of the
cubic sample was acquired and the resultant load was
recorded. Deformation was incrementally applied until
strain reached 20% of /o, at which point the specimen
was allowed to recover for 40 min, the bathing solution
was changed to another concentration and the loading
protocol repeated. Despite the ~13h duration of a
typical test, biochemical measurements conducted in our
laboratory as part of other studies, on similar tissue,
have shown no significant loss of proteoglycan or
collagen content for incubation periods up to 18h in
PBS.

Strain analyses were performed across the entire
imaged face using an optimized digital image correlation
(DIC) technique as previously described (Wang et al.,
2002). Accurate axial (E£%) and lateral (E}) strains were
calculated from the tissue images, relative to the free-
swelling configuration, by automatically tracking and
quantifying the displacement fields within the tissue.
(The superscript a in Ej; denotes “applied” strain, which
is the strain relative to the free-swelling configuration,
see the Appendix.) The equilibrium normal stress (o;;)
was calculated from the measured load and cross-
sectional area; the effective incremental Young’s mod-
ulus (EST) along the i-direction and Poisson’s ratio (v;)
for loading in the i-direction and expansion in the
J-direction were evaluated from the slope of ¢;; versus E¥

and the slope of E}; versus E, respectively:
Eef»f — % Vi = — 8E‘]d]l (1)
" oEY Y OEY

2.3. Biochemical analyses

Each remainder of the cartilage plug was thawed at
room temperature; excess fluid was blotted, and tissue
was transferred to pre-weighed vials. The vials were
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sealed to minimize dehydration and the wet weight of
the tissue was measured using an analytical balance. The
samples were then lyophilized in a vacuum dessicator for
48 h and reweighed to determine the dry weight. The
porosity, or water content, was calculated as the
percentage difference between wet and dry weights.
Cartilage samples were then digested using papain (20 pl
per 100mg tissue; Sigma) at 60°C overnight. The
glycosaminoglycan (GAG) content was measured using
the 1,9 dimethylmethylene blue assay (Farndale et al.,
1982) with chondroitin-6-sulfate (CS; Sigma) as the
standard. The fixed charge density (cf) was calculated as
ey = zcscoac/Mcs; where cgac is mg of GAG per ml
of water, and Mcs and zcg are the molecular weight and
number of charges per CS disaccharide, respectively
(zcs = 2 charges/repeating unit; Mcs =513 g/repeating
unit) (Narmoneva et al., 1999).

2.4. Statistical analyses

Statistical analysis was performed on all experimental
results using two-way ANOVA for strain and bathing
concentration dependence, and a repeated measure
analysis was also used when testing the differences
between the surface and deep layers of loading in
3-direction. Tukey HSD post hoc test was applied with
p<0.05 considered statistically significant.

3. Results

Axial compression of articular cartilage in the 1- and
2-directions produced linear displacement fields along
the 2- and 1-directions, respectively, and thus uniform
strain fields across the entire imaged face. Loading along
the 3-direction resulted in nonlinear displacements from
the superficial to the deep zone as previously reported
(Guilak et al., 1995; Schinagl et al., 1997; Wang et al.,
2002, 2003), yielding inhomogeneous strain fields in the
axial direction; however the lateral strain field (normal
strain along the 1-direction) remained uniform through-
out the thickness. The homogenous strain components,
E}, and Ej,, were calculated using linear regression of
the displacement fields. The inhomogeneous strain Ej;
was approximated with a bilinear response, such that
the cartilage exhibits distinct strains in the top % and the
bottom % of the tissue thickness, consistently with our
earlier study (see Fig. 4 in Wang et al., 2003); therefore
distinct values of Ey; and v, are reported for each
layer. Under physiological bathing conditions, the tissue
deformed by 42.6+5.4% and 11.4+1.7% in the surface
and deep layers, respectively, when a 20% platen-to-
platen deformation was applied. In this study, we
present the results along the 3-direction for the deep
layer up to the point of maximum measured strain, and

the results of the surface layer are limited to the range of
small strain (i.e. <20%).

The average stress—strain response over all specimens,
for each of the three loading directions, is presented in
Fig. 2. The specimens initially demonstrated a nonlinear
stress—strain response, transitioning to a linear response
with increasing strain. The incremental Young’s moduli
along the three directions (Ey;), determined from the
slope of the stress—strain responses (using a backward
first-order finite difference scheme), are presented in
Fig. 3. These moduli also exhibited nonlinearity near the
free-swelling reference state, decreasing progressively
with applied strain until reaching a constant value. We
refer to the decrease in modulus with increasing
compression relative to the reference free-swelling state
as strain-softening. Stress magnitudes (Fig. 2) and
Young’s moduli (Fig. 3) were highest under hypotonic
conditions (0.015M NacCl), and decreased significantly
under isotonic (0.15 M; p<0.001) and hypertonic (2 M;
p<0.001) conditions.

The incremental Poisson’s ratios, shown in Fig. 4,
displayed a similar strain-dependent behavior along all
loading directions and at all bathing concentrations. The
average Poisson’s ratio was greatest at the free-swelling
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Fig. 2. Resultant stress measured for loading in 1-direction (n=38),
2-direction (n=8) and surface and deep layers of 3-direction (n=28) in
presence of three bathing concentrations.
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reference state and decreased nonlinearly to a near
constant value with increasing compression. Poisson
ratios were also highest under hypotonic conditions,
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Fig. 4. Incremental Poisson’s ratios for all loading groups: 1-direction
(n=38), 2-direction (n=8), surface and deep layers of 3-direction
(n=38), in the presence of three bathing solutions.
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decreasing significantly with increasing salt concentra-
tion (p<0.001).

The values of Ey; at the free-swelling reference state
and at the highest applied compressive strain are shown
in Fig. 5a and b, respectively (note the different scales).
For reasons further discussed below, the values at the
free-swelling reference state (i.e., zero applied strain) are
described as peak tensile moduli (E£,y;) whereas the
values at the highest applied strain are described as
compressive moduli (E_y;). The corresponding tensile
and compressive values of incremental Poisson’s ratios
are presented in Fig. 6a (v;;) and b (v_;), respectively
(note the different scales). Statistical differences among
the various loading directions are specified on these
figures.

The free-swelling normal strain along the ith direc-
tion, EY, which represents the tensile strain in the solid
matrix in the free-swelling reference state, was deter-
mined relative to the point where the solid matrix strain
is zero (see the Appendix). It was assumed that the solid
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Fig. 5. Summary of the (a) tensile and (b) compressive Young’s moduli for all loading groups and bathing concentrations. Note the different scales
along the ordinate. The tensile and compressive moduli were derived from the slope of the stress—strain curve at the point of zero strain and the
highest applied strain, respectively. (*p <0.03 between 1-direction and other groups as shown; {p <0.02 between surface layer of 3-direction and other
groups as shown; **p<0.001 between deep layer of 3-direction and other groups as shown; #p <0.0002 between surface and deep layer of
3-direction).
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Fig. 7. Swelling strain measured in the three loading directions and in
the presence of hypotonic, physiological and hypertonic bathing
solutions. The swelling decreased with increasing bathing concentra-
tion (*p<0.01) and a nonzero swelling was measured in hypertonic
conditions (p <0.0001).

matrix strain is zero at the transition point between the
linear stress—strain regime and the nonlinear stress—
strain regime (Fig. 2). Because of the uncertainty
inherent in the determination of this point in the
presence of noisy data, E) was calculated as the point
at which the stress—strain response deviated outside of
the 95% confidence interval determined from the
regression analysis of the linear region (Fig. 7). The
free-swelling strain under hypotonic conditions was
significantly greater than under isotonic (»p<0.001) and
hypertonic (p <0.0001) conditions.

The average porosities, or water content, were
determined to be 0.852+0.028, 0.84940.012 and
0.859+0.022 for the three loading groups, respectively,
with no significant differences among the groups
(p>0.5). Similarly no significant differences were found
in fixed charge densities among the three groups
(0.1324+0.024 mEq/ml for samples loaded in 1-direction,
0.1214+0.019mEq/ml for 2-direction and 0.121+
0.030 mEq/ml for 3-direction; p >0.4).

4. Discussion

The objective of this study was to acquire a spectrum
of cartilage moduli from tension to compression using
compressive loading in the presence of osmotic swelling,
and to investigate whether or not an abrupt change in
slope exists in the transition from tension to compres-
sion. Based on previous findings that the tissue is
orthotropic, these measurements were performed along

the three previously identified directions of material
symmetry.

A major finding of the current study is that the strain-
softening behavior of cartilage is much more significant
than previously observed (Schinagl et al., 1997; Bursac
et al., 1999; Wang et al., 2003), when sufficiently small
compressive strain increments are applied (Figs. 2 and
3). The application of microscopy techniques has
allowed for the examination of small strain levels
(<5%) in cartilage, without having to rely on the
measurement of distance between loading platens,
because strain is determined from the texture on the
face of the sample before and after load application. In
contrast, in most traditional compressive studies of
cartilage, including our own, the strain-softening beha-
vior was not typically observed, possibly because the
application of a tare load (a common experimental
procedure for setting the initial state of contact between
the tissue and loading platens) would produce a
compressive strain that typically surpasses the range of
strains over which softening occurs (~0% to 5% at
0.15M NadCl, Fig. 7). Beyond the small strain response
(e.g., >20%), it is well established that cartilage exhibits
nonlinear strain-stiffening (Kwan et al., 1990; Ateshian
et al., 1997; Schinagl et al., 1997).

The effective uniaxial unconfined modulus of the
tissue, varies over a wide range, decreasing for example
from 3.1+2.3MPa at the free-swelling state to
0.23+0.07 MPa at 20% compression under isotonic
conditions (0.15M NaCl), parallel to the split-line
direction (Fig. 5). This disparity is consistent with
literature measurements of equilibrium tensile properties
(Roth and Mow, 1980; Myers et al., 1984; Schmidt et al.,
1990) versus compressive properties (Wang et al., 2003)
of bovine articular cartilage along that direction.
Furthermore, this observation supports the hypothesis
that the strain-softening is a manifestation of osmotic
swelling, which places the collagen—proteoglycan matrix
under an initial state of tensile strain (Fig. 8) in the
presence of an osmotic load. When the applied
compressive strain is smaller than the swelling strain,
the solid matrix remains in a state of tension and the
slope of the stress—strain response represents the tensile
modulus. Conversely, when loading is initiated from a
reference compressive strain that exceeds the free-
swelling strain, the stress—strain response occurs entirely
over the compressive range and the slope represents the
compressive modulus (Fig. 8).

The strain-softening behavior observed in this study is
an inescapable consequence of matrix tension—compres-
sion nonlinearity in the presence of osmotic swelling, as
indicated from a straightforward theoretical analysis
(Appendix, Fig. 8). Since the osmotic pressure of
proteoglycans and tension—compression nonlinearity of
the solid matrix of cartilage are well established, this
study does not offer a new paradigm for cartilage
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mechanics but simply provides experimental data in
support of a predictable mechanism. In contrast to the
observation that E_y; remains nearly constant, E, y; is
strongly strain dependent over the range of strains
measured in this study. It is clearly evident from Figs. 2
and 3 that the transition from tension to compression
occurs smoothly, with no observable jump in the
modulus.

Further supporting this interpretation of the results is
the observed variation in the stress—strain and modulus—
strain responses under various bathing salt concentra-
tions. Since a hypotonic salt solution is known to
increase the osmotic pressure in articular cartilage
whereas a hypertonic solution decreases it (Maroudas,
1979; Basser et al., 1998; Narmoneva et al., 1999), the
reference free-swelling strain is expected to be greatest at
0.015M, decreasing progressively at 0.15M and 2 M.
Given that the tensile modulus is strongly strain
dependent, the modulus measured at the free-swelling
state in the hypotonic solution is higher, while that
measured at the hypertonic state is lower than in the
isotonic state (Figs. 3 and 5). For example, E, y; is equal
to 6.3+2.7, 3.1+2.3 and 1.7+1.2MPa at 0.015, 0.15
and 2 M, respectively.

Since the fixed charge densities measured in the three
groups of specimens were not statistically different, the
observed differences in material properties measured
among the groups resulted primarily from tissue aniso-
tropy. The current study confirms previous literature
findings (Kempson et al., 1968; Roth and Mow, 1980;
Akizuki et al., 1986) that the tensile modulus parallel to
the split line direction, E y, is significantly greater than
in the perpendicular direction E, y, (p<0.0005, Fig. 5).
Novel findings of the current study are that

Eiy1 > ESYSe (p<0.0002), E,yi>E>SY  (p<0.03),

Eyy>>E3%R® (p<0.02), as indicated in Fig. Sa.

The compressive Young’s moduli satisfied E_y;~
E_yy~ ESyfce < EPSP under hypotonic (p<0.003) and
isotonic conditions (p<0.0004). In hypertonic condi-
tions, this relationship was also observed (p<0.01)
along with ESJ§ <E_y, (p<0.002). These results are
consistent with our recent study of bovine cartilage
anisotropy in compression (Wang et al., 2003), with the
exception that E§u;§a°e was previously found to be
slightly (but statistically) smaller than E_y; and E_y;.
This distinction may be due to differing degrees of
inhomogeneity of the tissues, as the ratio of surface to
deep layer strains is ~3.8 in the current study
(compared to ~5.2 in Wang et al., 2003, Table 2).

This study bridges the independent experimental
measurements of Poisson’s ratio in tension and compres-
sion reported in the literature (Woo et al., 1979; Jurvelin
et al., 1997; Wong et al., 2000; Elliott et al., 2002; Wang
et al., 2002, 2003). The results of Figs. 4 and 6 indicate
that tensile Poisson’s ratios measured at the free-swelling
reference state are significantly greater in magnitude than
compressive Poisson’s ratios. For example, at 0.15M,
vi1p =0.21740.062 whereas v_;, =0.027+0.012 (Fig. 6),
with a smooth transition occurring from tension to
compression over a rather narrow range of strains
(Fig. 4). The smaller value in compression is consistent
with our recent measurements (Wang et al., 2002, 2003),
including the findings that v_jyx vy ~vSyface < PP
(p<0.001). In tension, recent studies have demonstrated
that v, 1, can range from 0.6 to 1.9 in human patellar and
glenohumeral joint cartilage (Huang et al., 1999; Elliott
et al., 2002), and tends to remain constant with increasing
tensile strain. The trend observed in Fig. 4 indicates that
Poisson’s ratio may increase above 0.3 with increasing
tensile strains, though literature results suggest that it
should eventually reach a constant value. Other novel
findings of this study are that v o ~v34fe <y, at all
bathing concentrations (Fig. 6a; p<0.03), and that the
tensile Poisson’s ratios decrease with increasing salt
concentration.

In principle the true value of the free-swelling strain
cannot be determined exactly from the experimental
results presented in this study, since it is calculated
assuming knowledge of the state when the solid matrix
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strain is zero. This study assumes that the solid matrix
response exhibits a strain-dependent modulus immedi-
ately upon undergoing tension, so that the zero-solid-
matrix-strain point may be deduced as the transition
from the linear to the nonlinear stress—strain regime.

Free-swelling strains exhibited the well-expected
decrease in magnitude with increasing ionic concentra-
tion (Fig. 7, p<0.01), due to the concomitant decrease
in osmotic pressure. However, unlike the tensile
modulus (Fig. 5a), they did not exhibit statistically
significant anisotropy, despite the expectation that
higher tensile stiffness should produce lower swelling
strain along the corresponding direction. One potential
explanation for this discrepancy is that the magnitude of
the swelling strain depends not only on the peak tensile
modulus in the free-swelling state, but also on the length
of the toe region in the nonlinear stress—strain response
in the tensile regime.

The swelling strain remained significantly greater than
zero under hypertonic conditions. This result is con-
sistent with the studies of Ehrlich and co-workers which
show that glycosaminoglycan solutions exhibit a non-
negligible osmotic pressure even under hypertonic
conditions, due to the entropic contribution to osmotic
pressure (Urban et al., 1979; Ehrlich et al., 1998).
The theoretical analysis presented in the Appendix
suggests that this osmotic pressure magnitude
may average as high as 0.016 MPa under hypertonic
conditions (Table 1).

It is evident from Figs. 2 and 3 that the transition
from tension to compression occurs smoothly, with no

Table 1

observable jump in the modulus. This smooth transition
is of great interest from a modeling perspective. In our
earlier studies (Soltz and Ateshian, 2000; Ateshian et al.,
2003b; Wang et al., 2003) we modeled the tension—
compression nonlinearity with a bilinear stress—strain
response, with a jump in the modulus at the strain
origin, according to the conewise linear elasticity model
(Curnier et al., 1995). For a material with orthotropic
symmetry, a jump in the modulus implies that there are
eight distinct orthotropic elasticity tensors at the strain
origin, based on which three normal strain components
are positive or negative. Satisfying the positive definite-
ness of all eight elasticity tensors posed a significant
modeling challenge, restricting the range of acceptable
material constants derived from fitting experimental
data (Wang et al., 2003). With a smooth transition, only
one orthotropic elasticity tensor is necessary for model-
ing the response at the strain origin, increasing the
modeling flexibility at the price of making the elasticity
tensor strain dependent in the tensile regime.

In summary, this study demonstrates that the
application of mechanical loading in the presence of
osmotic swelling can be used effectively to extract tensile
and compressive material properties from a single
sample of articular cartilage, yielding a comprehensive
set of strain-dependent Young’s moduli and Poisson’s
ratios under various ionic conditions. The results
indicate that the compressive modulus remains nearly
constant with increasing compression (up to 20%)
whereas the tensile modulus is very strongly strain
dependent, with a smooth transition occurring between

Mean and standard deviation of material constants for the constitutive model of Eq. (A.10) from curvefitting of the experimental uniaxial stress—
strain data along each loading direction, along with the corresponding coefficient of determination for the nonlinear curvefit

H, (MPa) In(D4T) n 7{0} (MPa) R
1-Direction
0.015M 0.464 + 0.086 23.37 + 3.69 4.50 + 1.57 0.118 + 0.038 0.996 + 0.0038
0.15M 0.236 + 0.059 20.56 + 2.94 3.21 + 0.94 0.043 + 0.020 0.995 + 0.0037
2M 0.098 + 0.044 19.44 + 2.19 2.61 + 0.46 0.015 + 0.007 0.994 + 0.0041
2-Direction
0.015M 0.373 + 0.121 18.01 + 3.16 2.76 + 1.31 0.086 + 0.045 0.998 + 0.0007
0.15M 0.215 + 0.061 17.15 + 1.11 2.38 + 0.42 0.039 + 0.013 0.999 + 0.0009
2M 0.086 + 0.021 18.69 + 3.67 2.82 + 1.35 0.013 + 0.004 0.995 + 0.0034
3-Direction surface
0.015M 0.419 + 0.175 17.73 + 3.93 2.50 + 141 0.085 + 0.044 0.994 + 0.0053
0.15M 0.185 + 0.075 17.41 + 2.85 2.55 + 0.74 0.021 + 0.013 0.997 + 0.0042
2M 0.054 + 0.025 17.76 + 2.87 2.75 + 0.46 0.005 + 0.003 0.995 + 0.0051
3-Direction deep
0.015M 1.180 + 0.629 17.50 + 1.19 2.11 + 0.32 0.130 + 0.070 0.997 + 0.0026
0.15M 0.583 + 0.209 16.76 + 1.12 2.12 + 0.30 0.056 + 0.027 0.995 + 0.0031
2M 0.187 + 0.072 16.95 + 0.84 2.06 + 0.17 0.016 + 0.007 0.991 + 0.0045

{0} is obtained from Eq. (A.11). The material coefficient Df{r has a lognormal distribution; therefore mean and standard deviation of ln(D;”) are
reported. Taking the exponential of the reported mean value of ln(Df{f) yields the median value of Df{f (in units of Pa).
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the tensile and compressive regimes. Furthermore, we
have confirmed the orthotropy of articular cartilage in
both tension and compression. These results can be used
to enhance theoretical models of articular cartilage, and
provide greater insight into the structure—function
relationships and physical environment of the chondro-
cytes in this tissue. The ability to capture the complex
behavior of articular cartilage from one cubic sample of
tissue using the technique described herein may also help
in establishing standards for achieving a mechanically
successful engineered replacement tissue.
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Appendix. A

A theoretical analysis of the equilibrium response of
cartilage is provided, using the framework of the
triphasic theory of Lai et al. (1991), extended to account
for a nonlinear strain-dependent response (Ateshian
et al., 2003a,b). For simplicity, a one-dimensional
analysis is performed which is strictly applicable to
confined compression experiments (the full treatment of
unconfined compression of an orthotropic triphasic
material with tension—compression nonlinearity will be
addressed in a future study). The purpose of this
analysis is to demonstrate from theory that the
experimental results of this study are consistent with
the combined effects of tension—compression nonlinear-
ity and osmotic swelling, and to explain how the free-
swelling strain can be determined from the transition
from a nonlinear to a linear regime in the stress—strain
response.

Only equilibrium conditions are considered in the
current analysis, in analogy to the experiments described
above. In this case the total axial normal stress in
cartilage, which is also the applied stress, is given by

6= —nit o (A.1)

where 7 is the osmotic pressure in the interstitial fluid
and ¢° is the effective axial normal stress resulting from
axial normal strain in the matrix. Let this solid matrix
strain (the “‘true” strain relative to a reference config-
uration of zero strain) be given by E and let the
(triphasic) aggregate modulus Ha be strain dependent
under general conditions, so that a general constitutive
relation for ¢° is given by ¢° = Hp{E}E. In addition,
since the osmotic pressure is a function of proteoglycan
fixed-charge density and since this fixed-charge density is

a function of the solid matrix strain (Lai et al., 1991),
Eq. (A.1) can be rewritten as

o{E} = —n{E} + H\{E}E. (A.2)

The dependence of 7 (and potentially Ha) on the ionic
environment is implicit in this relation. When there is no
applied stress on the tissue (¢ = 0), the osmotic pressure
7 will place the tissue in an initial state of tensile free-
swelling solid matrix strain E° given by the solution to
the (generally nonlinear) equation

0=—n{E"} + HA{E"} E°. (A.3)

The experimental protocol of this study measures the
applied strain E? relative to this free-swelling config-
uration, where

E*=E - E°. (A.4)

The applied strain is therefore equal to zero under free-
swelling conditions when the “true” solid matrix strain
is equal to E°. This distinction is important in the
interpretation of results, which present ¢ versus E?*
(Fig. 2). Eq. (A.2) can be differentiated with respect to E
(or equivalently E?* since dE =dE?) to yield the
measured effective (biphasic) modulus (the slope of the
stress—strain curve)

off de do
HE) = 35 =
— [I{E} + HA{E} + H)(E}E, (A.5)

where IT = —dn/dE = —dn/dE?®, the rate of change
of osmotic pressure with strain, is the contribution
of fixed-charged density to the cartilage stiffness
(Ateshian et al., 2003a). Based on the experimental
results of Fig. 3, Hf\ff{E} is nearly constant in the range
of compressive solid matrix strains so that it is reason-
able to assume

II'{E}~ H\{E} ~0 when E<0. (A.6)

However, unlike Ha {E} which depends on the collagen
matrix and increases rapidly with tensile strain, IT
depends only on fixed charge density and its strain-
dependence in tension should be no different than in
compression (under small strains). Based on Eq. (A.6), it
can be concluded that IT is approximately constant for
both tensile and compressive strains, in the range of
small strains; equivalently, n{E} ~7n{0} — I E from a
Taylor series expansion. Using this result into Eq. (A.2)
yields

o{E}~ — {0} + (Il + HA{E})E. (A.7)

This relationship implies that this study’s experiments
can only yield IT + Hp{E}, but not IT or Hp{E} on their
own. In principle however, IT may be obtained from the
knowledge of the fixed charge density as addressed in
our upcoming study (Chahine et al., 2003, 2004).

Based on the experimental data of Figs. 2 and 3, the
following constitutive relation is proposed:
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1T+ HA{E HeL E<0, 2
- 2 2
+ Ha{E} BT 4 DR B0, n
(A.8)
or equivalently,
HE, E<O,
o{E}~ — {0} + nx=2,
HY\E + DY'E", E>0,
(A9)

where H, DT and n are material coefficients
independent of strain, Hifg is the biphasic aggregate
modulus in compression as measured in numerous
studies. Alternatively, this relation can also be formu-

lated in terms of ¢ {E?} versus E® using Eq. (A.4),
o{E"}
z{ HE B DY (EY)',
HE 4 D[ (E - E°) (),
(A.10)

where it is recognized that since ¢ = 0 when £* = 0 (no
applied stress under free-swelling conditions),

n{0} = H*\ E® + DT (E°)". (A.11)

Clearly both Egs. (A.9) and (A.10) are a representation
of the same underlying phenomenon, namely that the
modulus of cartilage remains constant under compres-
sive matrix strains but rises rapidly with tensile matrix
strains. Both equations are plotted in Fig. 8, with
Fig. 8a (6{E?*} versus E*) being representative of the
experimental response shown in Fig. 2. Fig. 8b
(6{E} + n{0} ~6®{E} versus E) provides a more con-
ventional representation of the tension—compression
nonlinearity of the solid matrix, showing a linear
response when the true matrix strain is compressive
and a nonlinear response when the true matrix strain is
tensile. Values of HT Df\ff and »n obtained from
curvefitting the experimental stress—strain responses of
this study are presented in Table 1.

Whether the tensile matrix strain results from osmotic
swelling or from an applied tensile traction does not
affect this one-dimensional analysis. The strain depen-
dent modulus is given by the slope of the stress—strain
response, or

do{E*}
dE®
HY, E'< — E°,
= nx=2.
HE* 4+ nDS (B + B0 '= HSW (B, E*> - E°,
(A.12)

This constitutive model assumes that the transition from
compression to tension (E =0 or equivalently
E* = —E% occurs at the point where a nonlinear
response is observed and based on this assumption it
is possible to identify the magnitude of the swelling

strain E° by increasing the applied compressive strain
until the stress—strain response transitions from a
nonlinear to a linear response. While it may seem
paradoxical at first that the free-swelling strain is
determined by compressing the tissue, Egs. (A.10) and
(A.12) clarify the rationale for this approach.
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