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Quantifying Cartilage Contact
Modulus, Tension Modulus, and
Permeability With Hertzian
Biphasic Creep
This paper describes a new method, based on a recent analytical model (Hertzian bipha-
sic theory (HBT)), to simultaneously quantify cartilage contact modulus, tension modu-
lus, and permeability. Standard Hertzian creep measurements were performed on 13
osteochondral samples from three mature bovine stifles. Each creep dataset was fit for
material properties using HBT. A subset of the dataset (N¼ 4) was also fit using Oyen’s
method and FEBio, an open-source finite element package designed for soft tissue
mechanics. The HBT method demonstrated statistically significant sensitivity to differen-
ces between cartilage from the tibial plateau and cartilage from the femoral condyle.
Based on the four samples used for comparison, no statistically significant differences
were detected between properties from the HBT and FEBio methods. While the finite ele-
ment method is considered the gold standard for analyzing this type of contact, the exper-
tise and time required to setup and solve can be prohibitive, especially for large datasets.
The HBT method agreed quantitatively with FEBio but also offers ease of use by nonex-
perts, rapid solutions, and exceptional fit quality (R2¼ 0.9996 0.001, N¼ 13).
[DOI: 10.1115/1.4032917]
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Introduction

Quantifying the material properties of cartilage, which is non-
linear, anisotropic, heterogeneous, and viscoelastic, has been
historically challenging. Early studies used indentation measure-
ments to study the elastic properties of cartilage [1–7], but two
problems with this approach emerged. First, because cartilage is a
thin layer attached to a stiff substrate, it is difficult to know the
extent to which the underlying bone contributes to the deforma-
tion response. Second, the tissue creeps over time. Kempson et al.
addressed the substrate problem by experimentally determining a
layer correction factor [1,2], which Hayes et al. later solved for
theoretically [8]. The time-dependence problem was initially
addressed by defining different moduli at different times after
loading (e.g., instantaneous modulus [7] and two-second creep
modulus [2]).

McCutchen demonstrated that the time-dependence of the me-
chanical response was due to the exudation of interstitial fluid,
which constitutes approximately 80% of the cartilage. His weep-
ing lubrication theory explained creep and low friction of cartilage
simultaneously [9,10]. Armstrong et al. and Mow et al. used linear
mixture theory, a continuum mechanics-based approach, to solve
for the biphasic (solid and fluid phase) response to unconfined and
confined compression [11,12]. However, the simplifying assump-
tions that make these configurations theoretically attractive are
impossible to achieve experimentally: (1) samples are not flat or
parallel, (2) flow occurs between the cartilage and the imperme-
able boundary, and (3) removal of the cartilage from the bone fun-
damentally changes the collagen structure, and therefore tissue
properties. In an effort to overcome some of these experimental
challenges, Mak et al. developed a linear mixture theory solution
to creep indentation of a porous plane-ended cylinder into a carti-
lage layer to enable in situ characterization of the compression

modulus and permeability [13]. A follow-up paper describing the
experimental procedure required to use the solution has since
become the gold standard for quantifying biphasic compressive
properties of cartilage [14].

The use of a plane-ended indenter was motivated by the theo-
retical benefits of a constant contact area. However, the edge of
the plane-ended indenter is a stress concentrator. Spherical inden-
ters, which eliminate the stress concentration and better represent
physiological contacts, are experimentally favorable for quantify-
ing material and tribological properties [15–18]. Spherical inden-
tation of a linearly elastic half-space was first solved by Hertz
[19] and later by Agbezuge and Deresiewicz for a linearly elastic
biphasic half-space [20]. Oyen digitized their master curve, fit the
points to an analytical function, and used that function to develop
a method of quantifying Poisson’s ratio, permeability, and shear
modulus from Hertzian creep measurements [21].

Ling recognized the importance of mechanical nonlinearity
(cartilage is much stiffer in tension than in compression) and, to
the best of our knowledge, was the first to develop a nonlinear
mixture model of cartilage mechanics and tribology [22]. Whereas
linear mixture theories are known to underpredict interstitial pres-
sure and the resulting stress-shielding and lubrication effects [11],
Soltz and Ateshian [23] showed that a nonlinear mixture model
accurately predicts the experimentally measured response, i.e.,
they showed that the stiff tension modulus effectively confines the
tissue, thus providing the resistance against which interstitial pres-
sure builds. The tension modulus is as important as the compres-
sion modulus and permeability to cartilage mechanics and
tribology.

There are relatively few studies in which the compression mod-
ulus, tension modulus, and permeability have been determined for
a single sample. Soltz and Ateshian [23] used a combination of
unconfined compression, confined compression, and shear testing.
Huang et al. [24] used a combination of tension testing and uncon-
fined compression while Setton et al. [25] used a combination of
tension testing and porous plane-ended indentation. In each of
these studies, cartilage samples were removed from the bone and
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properties quantified with multiple testing modalities, each requir-
ing significant test time. We recently described a method with
which contact modulus, tension modulus, and permeability can be
quantified using Hertzian indentation measurements on any osteo-
chondral surface [26]; however, the fact that each indent repre-
sents a single data point limits the number of flow conditions that
can be probed. This paper develops a creep-based method to quan-
tify the best-fit contact modulus, tension modulus, and permeabil-
ity properties for all possible flow rate conditions. The goal of this
paper is to describe the method, apply it to a representative collec-
tion of cartilage samples, probe its limitations, and compare its
output against the solutions from Oyen [21], a common biphasic
characterization method, and FEBio, an open-source finite ele-
ment package that is considered the current gold standard for soft
tissue mechanics modeling [27].

Methods

Materials and Equipment. Thirteen osteochondral cores were
removed from three mature bovine stifles: ten samples came from
the femoral condyle and three came from the tibial plateau. Unless
noted otherwise, each sample had a diameter of 12.7mm. Samples
were stored at 2 �C in 0.15M phosphate buffered saline (PBS) and
tested within 2 days of removal. The thickness of each cartilage
sample was measured before the test with a calibrated optical
microscope. The thickness was defined as the mean of four
equally spaced measurements, which typically varied by less than
0.1mm. The thickness values ranged from 0.89 to 2.34mm. The
custom indentation rig shown in Fig. 1 was used to perform creep
indentation experiments. A single smooth and impermeable boro-
silicate glass sphere was used to indent each sample; the radius
was R¼ 3.175mm. After mounting the sample in the indenter, a
two-axis tilt stage was used to orient the sample normally with
respect to the loading Z-axis; an X–Y translation stage was then
used to locate the sample under the indenter. The sample was then
submerged in PBS for the duration of the test. For repeat testing,
the sample was left submerged for 20mins to equilibrate before
subsequent testing.

A displacement controlled piezoelectric stage (Physik Instru-
mente P-628, 0–8006 0.0018 lm) was used to control each inden-
tation. A custom load cell consisted of a calibrated cantilevered
beam (0.9266 0.0012mN/lm) and a capacitance sensor
(0–1506 0.014lm) used to measure beam deflection. The contact
force was calculated by multiplying the beam deflection by the
spring constant. The indentation depth of the sphere into cartilage
was calculated as the difference between the stage displacement
and the beam deflection.

Two tests were used: (1) creep and (2) creep relaxation. The
creep test, which is used as the standard given its prevalence in
the literature, applies a constant force. A custom LABVIEW program
was written to achieve load control by updating the Z-stage
position based on the difference between the target load and the
measured load. Creep relaxation was used to: (1) demonstrate
generality of the results for different testing modalities and (2) to
provide an experimentally simpler alternative to constant load
testing. For creep relaxation, an open-loop voltage was applied to
the stage. In this case, the load decreases as the sample deforms
with a ratio equal to the spring constant of the loading beam.

Prior to each indentation test, the vertical stage approached the
surface until the measured force exceeded zero by three times the
standard error. The probe was then retracted 3lm above the sur-
face before driving the probe into the sample to achieve the target
load; the target load was reached within 0.7 s for each measure-
ment. Equilibration was defined when the indentation rate fell
below 0.3lm/min, which corresponds to less than 5 Pa/min for
the samples in this study [18,28].

HBT Method. The method implemented here was based on the
analytical model from Moore and Burris [29], which we refer to

as HBT. The model assumes: no adhesion, isotropic, homogene-
ous, linearly elasticity in compression, linearly elasticity in ten-
sion (different compression and tension moduli), a Poisson’s ratio
of zero, and biphasic with strain-dependent permeability. The first
advantage to this method is that it provides an analytical frame-
work for estimating properties.

At equilibrium, interstitial fluid pressure falls to zero and the in-
dentation depth is only a function of the effective contact modulus
(Ec0). The effective contact modulus can be determined directly
from Hertz’s theory using the equilibrium indentation depth

Ec0 ¼
3

4
F � R�0:5 � d�1:5

eq (1)

where deq is the indentation depth at equilibrium, R is the radius
of the indenter, and F is the applied force. Because Eq. (1)
assumes a semi-infinite half-space, the “effective” contact modu-
lus includes contributions from the substrate. The corrected con-
tact modulus (Ec) of the cartilage is a function of Ec0, R, deq, and
cartilage thickness, t [30]
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The initial indentation depth only depends on the contact and ten-
sion moduli; therefore, the tension modulus (Eyþ) can be deter-
mined directly from the initial indentation depth

Eyþ ¼
3

4
F � R�0:5 � d�1:5

init � Ec (3)

where the subscript init denotes the initial response to an instanta-
neously applied load.

Lai et al. showed that the intrinsic permeability (k) is not a ma-
terial property; it is a function of tissue dilatation according to the
function: k ¼ k0 � e

�M�e [31,32], where e is the trace of the strain
tensor, k0 is the unstrained permeability constant, and M is the
nonlinear flow-limiting constant. Because fluid cannot flow
instantaneously, the volume change is zero initially and k0 can be
determined using the initial deformation rate ð _dÞ and indentation
depth

k0 ¼
4

3

R � dinitð Þ1:5

F� 4=3 � Ec � R0:5 � d1:5init

� _dinit (4)

Fig. 1 Spherical indentation rig. A capacitance sensor meas-
ures beam deflection, which is proportional to force through
the spring constant. As the cartilage exudes fluid and deforms
the Z-stage piezo-actuates to maintain a constant load.
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The intrinsic permeability can be determined analytically by
replacing initial conditions in Eq. (4) with those at any other point;
thus, M can also be determined analytically. However, a least
squares regression is performed to determine the best-fit to the
entire dataset. A downloadable template and user guide for the
HBT method are available at the website,2 to help other researchers
obtain material properties after inserting experimental creep data.

Uncertainty analyses were performed to quantify the propaga-
tion of individual measurement uncertainties into each
measured property [33]. The input measurement uncertainties
were: u(time)¼ 0.3 s, u(F)¼ 0.5mN, u(d)¼ 1 lm, u(R)¼ 3lm,
and u(t)¼ 100 lm. Because the method involves numerical opti-
mization, Monte Carlo simulations were performed to simulate
the propagation of error. The Monte Carlo procedure involved: (1)
perturbing the measured data by a random amount based on the
appropriate uncertainties and (2) using 20 random simulated data-
sets with the HBT method to determine 20 unique combinations
of material properties. The uncertainty in our reported measure-
ments represents the standard deviation from those simulations.

Finally, it is important to point out some inherent limitations of
the model. The anisotropic and heterogeneous nature of cartilage
means that the properties depend on the material volume probed
in the measurement. The Hertzian contact confines the stress field
(primarily) to a hemispherical volume of the same radius as the
contact; this fact provides a degree of control over the zones of
the cartilage probed (e.g., the superficial zone extends from the
surface to approximately 100 lm below the surface and is struc-
turally distinct from the middle and deep zones). In addition, the
flow model assumes semicircular flow streamlines, which theoret-
ically holds as long as the contact radius is less than the cartilage
thickness and half the radius of the cylindrical sample.

Comparison Studies. A subset of the measurements was fit
with two accepted biphasic creep models to determine if they
extract different properties from the same datasets. The first,
FEBio, is an open-source finite element software package for
computational tissue mechanics studies [27]. FEBio has been vali-
dated against several closed-form solutions and is considered the
gold standard for the purposes of this study. FEBio was used
to solve for the contact between a rigid sphere and a
tension–compression nonlinear biphasic layer of cartilage bonded
to a rigid substrate. The constitutive relationship assumed for
articular cartilage consists of a neo-Hookean ground matrix rein-
forced with a spherical fiber distribution [34,35]. The FEBio algo-
rithm adjusted compressive modulus (Ey�¼Ec), fiber modulus
(n), and permeability (k) to minimize the sum-squared error
between the finite element-calculated force and the experimental
force at each time step.

The second is Oyen’s method, another established method of
characterizing biphasic properties from Hertzian creep measure-
ments; the method is described in detail elsewhere [21]. The
method assumes linear elasticity, constant permeability, and a
semi-infinite layer; we correct for the substrate effect here using
Eq. (2). The Oyen method outputs contact modulus, permeability,
and Poisson’s ratio. A template for this procedure can be found on
a separate tab of the HBT template.

The three methods (HBT, FEBio, and Oyen) provide different
outputs; only the contact modulus is common among them. To
compare methods, outputs were transformed into comparable
parameters. The FEBio and Oyen methods provide a single effec-
tive permeability based on the best curve fit. To provide a consist-
ent measure of permeability from HBT, a second fit is performed in
which the permeability is assumed constant (i.e., M is set to zero);
this has no effect on the elastic constants Ec and Eyþ. The Oyen
method assumes linear elasticity; as a result, the tensile modulus is
set equal to the contact modulus. Since the FEBio method solves
for the fiber modulus n, the tension modulus is taken as the slope of

the stress–strain curve at 0% strain in a simulated tensile test using
the optimized material properties from indentation.

Solutions were obtained for all three methods using each of
four independent creep tests. Paired t-tests were conducted to
determine whether Ec, Eyþ, and k from HBT and Oyen methods
were statistically different from those of FEBio with p< 0.05.

Results

HBT Method and Limitations. Three repeat creep curves are
shown in Fig. 2(a) to illustrate a representative creep response and
the extent to which that creep response is reproducible. The line
represents the best-fit from HBT for curve #1 a (the worst fit of
the three) and clearly represents the dataset well with R2¼ 0.9995.
The means and standard deviations from these repeat measure-
ments, which are shown in Fig. 2(b), were: Ec¼ 0.596 0.01MPa,
Eyþ¼ 7.86 0.2MPa, M¼ 7.46 1.1, and k0¼ 2.206 0.24� 10�3

mm4/Ns. The experimental uncertainties were: u(Ec)¼ 0.02MPa,
u(Eyþ)¼ 0.3MPa, u(M)¼ 0.3, and u(k0)¼ 0.06� 10�3 mm4/Ns;
the fact that the standard deviations were consistent with the
accompanying experimental uncertainties suggests that the scatter
in repeat measurements was driven at least as much by measure-
ment uncertainty as they are by changes in the response of the car-
tilage itself. This demonstrates that the response is a consistent
function of material constants regardless of the extent to which
interstitial fluid is lost during each creep test.

In theory, the flow model is valid until the contact radius
exceeds the thickness or half the sample radius. Additional indents
were performed to test for these effects. Figure 3(a) illustrates the
effect of creep load (35, 50, and 120mN) on material properties.
Increased loads sampled increased depths, which tended to
increase Ec and Eyþ and decrease k0; these changes are consistent
with known depth dependences of cartilage [36,37]. The increase
in Ec reflects increased solid content in the deeper zones [36,37],
while the increase in Eyþ reflects the fact that tensile modulus
increases with increased tensile strain due to fiber uncrimping
[37]. The contact radius never exceeded 55% of the thickness so
apparent changes in permeability with load most likely reflect
actual differences between the effective depths sampled [36,37].

To evaluate the potential effects of sample size on the infinite
biphasic layer assumption, a third sample was tested after trim-
ming from Ø 19 ! 12.7 ! 6.35 ! 4.8mm; the results are shown
in Fig. 3(b). Unlike the variable load test, this test effectively
eliminates the confounding effect of variable sampling depth. As
Fig. 3(b) demonstrates, the method was insensitive to variations in
sample size down to 3.5� the contact diameter.

A third test of method generality was conducted by comparing
results from two different loading cases: creep and creep relaxa-
tion. As Fig. 4 illustrates, the creep relaxation simultaneously
involves creep and stress relaxation. There are several noteworthy
features. First, the predictability (R2) of the HBT method is
equally good for both tests. Second, the material constants are
insensitive to the experimental method. The permeability
decreased by nearly 50% in creep relaxation, which is consistent
with the fact that a higher initial load probes a deeper zone with
lower permeability (consistent with Fig. 3(a)). Whereas the prop-
erties clearly depend on the volume being sampled, these results
suggest that the HBT method is insensitive to the nature of the test
itself.

Finally, measurements were performed on two different popula-
tions of cartilage: one from the tibial plateau and the other from
the femoral condyle to test for sensitivity to differences between
populations. The results of these measurements are shown in
Fig. 5. The mean and standard deviation in the coefficient of
determination for all 13 fits was R2¼ 0.9996 0.001, which dem-
onstrates that all samples were well fit by the method, despite
obvious differences between sample populations [38]. On visual
inspection, the tibial plateau appears to have smaller moduli and
greater permeability, which is the expected result; interestingly,2http://research.me.udel.edu/�dlburris/publicationsOther.html
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there is no obvious effect of joint surface on M, which varies by
less than a factor of four for all samples tested. Student t-tests
detected statistically significant differences in moduli only, which
is reasonable considering the relatively small sample size from the
tibial plateau (n¼ 3).

Methods Comparisons. The converted values from each
method are given in Table 1 for N¼ 4 samples. It is worth noting
that the effective permeability from HBT is typically less than half
k0 due to the decrease in permeability with strain. Figure 6 com-
pares the percent differences from the FEBio standard. The HBT
method differed from FEBio byþ 3%,þ 7%, and �33% for Ec,
Eyþ, and k, respectively. The Oyen method differed from FEBio by
�11%, �88%, and �37% for Ec, Eyþ, and k, respectively. Differ-
ences in both moduli from the Oyen method were statistically sig-
nificant; no differences were detected between HBT and FEBio.

Discussion

This study developed and illustrated a simple method of deter-
mining the contact modulus, tension modulus, and permeability
properties of cartilage using a single Hertzian creep test. The key
questions are whether or not the creep response is actually a func-
tion of material constants and whether or not the material con-
stants from the model reflect actual constants of the tissue. The
results of this study help build the case that the creep response
does reflect material constants and that the values output by HBT
reflect actual values based on direct comparisons against the finite
element method and indirect comparisons against values reported
in the literature.

Fig. 2 (a) Creep deformation versus time for sample 1 at a constant load of 120mN. Sample
#1a was the first test and #1c was the last repeat; each repeat was conducted after 20mins of
free swelling. (b) Comparisons of Ec, Ey1, M, and k0 for sample 1. Error bars represent the
standard deviation of repeat measurements and fits.

Fig. 3 Additional tests were conducted to evaluate the HBT method. (a) Three differ-
ent creep loads (35, 50, and 120mN) were applied to the same location on sample 2 to
determine the effect of creep load on tissue properties. (b) Sample 3 was used to test
the assumption of an infinite biphasic layer. The sample was evaluated after sequen-
tially reducing its diameter from 19 to 4.8mm.

Fig. 4 Comparison of results from HBT fits to creep and creep
relaxation. Creep relaxation is a hybrid of creep and stress
relaxation.
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First, the creep response was repeatable in three subsequent
measurements, which suggest that it is a function of material con-
stants independent of the fact that previous experiments cause sig-
nificant exudation of the interstitial fluid. Thus, the method can be
used to determine the material constants directly prior to tribologi-
cal testing, for example.

Second, the properties output by the method were independent
of variations in applied load, sample size, and test configuration
(creep versus creep relaxation) when the contact radius was less
than 55% the cartilage thickness and less than 28% the radius of
the cylindrical plug. In cases for which the interaction depth did
change (variable load and creep relaxation), the stiffness increased
and permeability decreased as expected based on known changes
in structure and properties with depth [36,37].

Third, the HBT method fit to each dataset well regardless of the
test configuration (creep versus creep relaxation) and sample
population tested (femoral versus tibial); the coefficient of deter-
mination for the 13 sample dataset was R2¼ 0.99906 0.001. The
fact that the tibial plateau tended to be softer and more permeable
than the femoral condyle is also consistent with the published
literature [38].

Fourth, direct comparison against FEBio revealed no statisti-
cally significant differences. On average, the HBT method dif-
fered from FEBio by þ3%, þ7%, and �33% for Ec, Eyþ, and k,
respectively. Although none of the differences were statistically

significant, the variations in effective permeability do stand out.
However, these differences appear less significant when consid-
ered in the context of strain-dependent permeability. For example,
the intrinsic permeability of the sample from Fig. 2(a) decreased
from 2.0� 10�3 mm4/Ns during initial contact to 0.5� 10�3

mm4/Ns at the end of the test. The 33% mean difference in effec-
tive permeability between FEBio and HBT is actually relatively
small compared to the 300% variation in intrinsic permeability
that was typical of these experiments.

Fig. 5 Material properties for 13 samples from three bovine stifles as determined by HBT.
Samples are grouped by their respective cartilage surface, femoral surface (light gray), or tibial
surface (dark gray). Tibial samples were only obtained from joint 1. Femoral surfaces from dif-
ferent joints (1, 2, and 3) are shaded differently to highlight their differences. Error bars repre-
sent experimental uncertainty.

Table 1 Converted values of Ec, Ey1, and k from the FEBio,
HBT, and Oyen methods

Method Ec (MPa) Eyþ (MPa) k� 10�3 (mm4/Ns)

FEBio 0.736 0.39 6.56 3.6 2.26 2.3
HBT 0.766 0.41 7.16 4.4 1.06 0.8
Oyen 0.666 0.36 0.76 0.4 1.46 1.8

Values are given as the mean6 standard deviation for N¼ 4 samples.

Fig. 6 The percentage difference between FEBio and the HBT
(light gray) and Oyen (dark gray) methods. Error bars represent
the standard deviation for N5 4. Asterisks (*) represent signifi-
cant differences from FEBio.
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Fifth, these large variations in intrinsic permeability are sup-
ported by the literature. The best resource for this analysis comes
from Mow et al. [12], who directly measured intrinsic permeabil-
ity under controlled external pressures and prestrains. For sample
1 (Fig. 2(a)), the peak interstitial pressure decreased from
�0.35MPa to �0MPa and the effective strain increased from
�0.05 to �0.2 during the creep test. Based on their results [12],
this change in pressure corresponds to a �65% reduction in per-
meability from 2.0 to 0.7� 10�3 mm4/Ns, while the change in
strain corresponds to an additional �35% reduction, bringing the
intrinsic permeability to 0.5� 10�3 mm4/Ns. It is purely coinci-
dental that our intrinsic permeability values perfectly match those
of the sample in their study; nonetheless, their results provide
direct experimental evidence that typical cartilage is expected to
exhibit approximately fourfold reductions in intrinsic permeability
under the conditions of these measurements. In this light, a single
effective permeability analysis of creep and stress relaxation
curves can be misleading, especially given that they largely reflect
conditions of large strain and small pressure while physiological
conditions typically involve small strains (�5% [39]) and large
pressures (1–5MPa [40]); we expect intrinsic permeability values
in the joint to be close to k0 (or a factor of �2–3 larger than the
effective permeability from a typical creep or stress relaxation
experiment).

Finally, the reported values from HBT and FEBio are consistent
with those of direct measurements from the literature (consistency
with the Oyen method is limited to contact modulus and perme-
ability). The tension modulus of articular cartilage is reported to
range from 3.5 to 14MPa [23,41–43]. The samples in this study
had means and standard deviations of: Eyþ¼ 6.56 3.6, 7.16 4.4,
and 0.76 0.4MPa, using FEBio, HBT, and Oyen fitting methods,
respectively. The results from FEBio and HBT were consistent
with those from the literature; the fact that they tended to fall on
the lower half of the spectrum likely reflects the fact that tensile
strains were small and the measurements effectively sampled
closer to the toe region of the stress–strain curve. The Oyen
method is unable to output a meaningful measurement of the ten-
sion modulus due to the assumption of linear elasticity. Effective
permeability values for cartilage from the literature range from
k¼ 0.4 to 3.6� 10�3 mm4/Ns [23,26,29,38,44]. The means and
standard deviations from FEBio, HBT, and Oyen were:
k¼ 2.26 2.3, 1.06 0.8, and 1.46 1.8� 10�3 mm4/Ns, respec-
tively. In each case, the effective permeability was consistent with
the previously reported results. Finally, aggregate moduli in the
literature range from Ha¼ 0.47 to 0.90MPa for a variety of joints,
species, and methods [23,26,29,38,44]. The contact moduli in this
study from FEBio, HBT, and Oyen were Ec¼ 0.736 0.39,
0.766 0.41, and 0.666 0.36MPa, respectively, and are consistent
with the compression and aggregate modulus measurements
reported in the literature (all three moduli are equal if Poisson’s
ratio is zero [23,45,46] and if fiber tension has no significant effect
on the contact modulus at equilibrium).

Conclusions

This paper develops and validates the HBT method of quantify-
ing contact modulus, tension modulus, and permeability from
Hertzian creep indentation. The method was demonstrated using
creep measurements from 13 independent mature bovine cartilage
samples. The results of repeat testing showed that the measured
creep response is a repeatable function of material constants. In
addition, any small changes in properties from variable creep
loads and loading profiles were consistent with the expected
effects of changes in the sampling depth. The HBT method fit
experimental data well (R2¼ 0.99886 0.0011), detected expected
differences between the tibial plateau and femoral condyle, and
agreed quantitatively with FEBio, the gold standard for compari-
son. Both HBT and FEBio produced properties that were consist-
ent with values in the literature obtained via more direct means.
The strain-dependent permeability properties from HBT also

agree well with those previously published through direct means.
The analysis of the results builds a strong case in favor of the
HBT method, which possesses notable advantages of experimen-
tal utility, time required, model fit quality, and consistency with
prior literature.
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