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Abstract—Articular cartilage function relies on its unique
mechanical behavior. Cartilage mechanics have been de-
scribed by several analytic models, whose parameters are
usually estimated by fitting their constitutive equations to
stress-relaxation data. This procedure can be long and is
prone to experimental and fitting errors. Τhis study describes
a novel methodology for estimating the biomechanical
properties of cartilage samples based on their linearized
frequency response, derived by applying a series of small-
amplitude harmonic displacements superimposed to a bias
strain. The proposed methodology, denoted as linearized
frequency-domain method (LFM), was demonstrated by
quantifying the effects of collagenase and hyaluronidase on
cartilage, where it provided robust cartilage parameter
estimates that overall agreed well with estimates obtained
by stress-relaxation analysis. LFM was also applied to unveil
the strain-dependent nature of porcine cartilage biomechan-
ical parameters. Results showed that increasing the bias
strain from 5% to 15% caused a significant decrease in
cartilage permeability but did not have significant effect on
the compression modulus and the Poisson’s ratio. Apart
from cartilage, LFM can potentially quantify the strain-
dependent nature of tissues and biomaterials, thereby
enhance tissue-level understanding on organ physiology
and pathology, lead to better computational tissue models,
and guide tissue engineering research.

Keywords—Viscoelasticity, Biomechanics, Frequency

response, Extracellular matrix, Cartilage.

INTRODUCTION

Articular cartilage is a specialized connective tissue
that covers the ends of joints, bears significant loads,
and provides the lubricated surfaces required for
articulation. Its function relies on its unique mechani-
cal behavior that originates from its dense extracellular
matrix (ECM), which consists mainly of collagen II
fibers and proteoglycans.20,32 Imposed mechanical
loads and interactions with neighboring tissues expose
chondrocytes to a diverse set of chemical, biological,
and mechanical stimuli that regulate their metabolism,
behavior, and gene expression.9,26 Chondrocyte re-
sponse can be classified as anabolic (ECM synthesis) or
catabolic (ECM degradation). Normally, chondrocytes
maintain cartilage ECM homeostasis by a dynamic
equilibrium of anabolism and catabolism. However, in
several pathological conditions this equilibrium is dis-
rupted in favor of catabolism.9 For example, in
osteoarthritis decreased aggrecan expression and
abnormal collagen expression lead to a vicious cycle of
altered cartilage ECM, altered mechanical properties,
altered mechanical stimuli to chondrocytes, and fur-
ther catabolic shift of chondrocytes.10,19

Several models attempted to describe the complex
mechanics of cartilage in physiology and pathology.
The original biphasic model for confined and uncon-
fined compression assumed that cartilage consists of a
linear elastic solid phase and an incompressible non-
dissipative fluid phase, where energy dissipation was
attributed to friction at their interface.1,21 The biphasic
model has been evaluated and utilized extensively,3,29

and has been extended in several ways. The biphasic
poroviscoelastic (BPVE) model incorporated the
intrinsic viscoelasticity of the solid matrix to the
biphasic model.18 The hyperelastic biphasic model
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addressed the assumption of isotropic solid matrix.2

The transversely isotropic biphasic (TIB) model con-
sidered tension–compression nonlinearity.4,5 The
biphasic Conewise Linear Elasticity (CLE) model
considered tension–compression nonlinearity in the
solid phase by employing the Conewise Linear Elas-
ticity theory.6,30 The biphasic-CLE-QLV (Quasi-Lin-
ear Viscoelastic) model added the viscoelasticity of
the solid phase.8,11,30 Finally, the triphasic model
added an ion phase that considered the role of
charged proteoglycans.15 The Generalized Maxwell
model is an alternative way to model cartilage vis-
coelasticity using combinations of springs and dash-
pots. Its simplest version, the Standard Linear Solid
(SLS) model, consists of a spring parallel to a Max-
well element.

Cartilage mechanical properties are studied experi-
mentally by several mechanical testing methods of
ex vivo samples including unconfined compression,
confined compression, and indentation. Based on the
temporal profile of the applied load, experimental
methods can be classified as time-domain (stress-re-
laxation, creep) or frequency-domain. Estimation of
cartilage properties based on time-domain methods
has been widely applied, yet this approach suffers from
several limitations: first, a considerable amount of time
is required for a cartilage sample to reach equilibrium
due to its low fluid permeability. Second, fitting the
multi-exponential constitutive equations of analytical
models to stress-relaxation data is sensitive to noise
and implementation. On the other hand, frequency-
domain methods quantify cartilage response to har-
monic compressive loads.22,25,34 Although cartilage
response to harmonic loads has been reported by sev-
eral studies, to the best of our knowledge no prior
study has suggested a way to analyze such data in
order to get insight on cartilage biomechanical prop-
erties.

This study describes a novel linearized frequency-
domain methodology (LFM) that exploits recent ad-
vances in instrumentation to analyze the response of
cartilage samples to small-amplitude harmonic excita-
tions and eventually provide robust estimates of car-
tilage biomechanical parameters. LFM was evaluated
by quantifying the effects of two digestion enzymes on
porcine cartilage, a simple model for cartilage degen-
eration that mimics disease state. This study demon-
strated that LFM provided cartilage parameter
estimates that generally agree with estimates obtained
by the established method of analyzing stress-relax-
ation data. LFM was also utilized to quantify the
strain-dependent nature of permeability in porcine
cartilage. Applications of LFM are not limited to
cartilage but can be extended to several areas of soft
tissue biomechanics, biomaterials, and tissue engi-

neering where the complex biomechanical behavior of
samples needs to be analyzed.

MATERIALS AND METHODS

This section describes the experimental setup (in-
strument, enzymatic treatments, mechanical loading),
the analytic models of cartilage viscoelasticity consid-
ered, and data analysis. Further details are provided in
the supplementary material. Examples of MATLAB
code that implements LFM are available at https://
github.com/biolabntua/LFM.

Methodology Outline

The methodology consisted of three steps, Fig. 1a.
First, a series of small-amplitude harmonic displace-
ment profiles of increasing angular frequency ωi

superimposed to a bias strain were applied to a carti-
lage sample. Second, the acquired data were processed
to calculate the frequency response function H(jωi),
and a transfer function H(s) was fitted to H(jωi). Third,
cartilage material parameters were estimated based on
analytic expressions of H(s) derived from published
cartilage models.

Experimental Methods

Instrumentation Description

Cartilage sample testing took place in an Elec-
troForce 3100 instrument (Bose, Framingham MA)
running WinTest 4.0 software, equipped with a high-
resolution force transducer (2.5 N max force, 1 mN
resolution) and a LVDT position sensor (1 μm reso-
lution). The instrument ran in closed loop position
control configuration that provided 1.5 μm control-
lable peak-to-peak displacement.

Cartilage Sample Preparation

Joints from a 6-month-old healthy porcine were
received from a local abattoir. Upon arrival, articular
cartilage surfaces were exposed and rinsed with phos-
phate buffered saline (PBS). Thin slices of cartilage
were harvested from lateral and medial condyle with-
out subchondral bone, and were incubated for 24 h in a
humidified incubator (37 °C, 5% CO2) in PBS sup-
plemented with penicillin and streptomycin (PBS + P/
S). Cartilage disk samples (approximately 1.4 mm
thick, Table S1) were cut using a r = 3 mm diameter
biopsy punch. Consistent sample preparation is crucial
for studies of cartilage biomechanics.27 In the pro-
posed methodology, firm and homogenous contact of
indenter faces with cartilage sample faces was required
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during sample mechanical loading. In order to over-
come the limitations of manual sample preparation, a
custom instrument was designed to cut the bottom face
of cartilage disk samples (remove material from the
deep zone without affecting the superficial zone) in
order to generate samples of consistent thickness and
improved surface parallelism.

The height of each sample was measured using the
ElectroForce press. The indenter was slowly lowered
until a small load of 0.1 N registered the position x1 of
press bottom surface. Then, the indenter returned to its
initial position and the cartilage specimen was placed
on the press so that its surfaces were parallel to the
plate surface. The indenter was slowly lowered again
until a load measurement of 0.3 N registered the
position x2 of the sample top surface. The height of
each cartilage specimen was calculated as h = x1 − x2.
Samples were then stored at −80 °C until use.

Enzymatic Treatment

Samples were thawed in a 37 °C water bath fol-
lowing published guidelines,33 transferred in a sterile
35 mm petri dish, and immersed in 0.5 mL solution:
either PBS + P/S (control group), or 20 U/mL
(0.1 mg/ml) type II collagenase (MP Biomedicals) in
PBS + P/S, or 20 U/mL (0.035 mg/ml) hyaluronidase

grade I (Applichem) in PBS + P/S following previous
protocols.12,23 All groups contained n = 6 samples.
After 24 h of incubation (37 °C, 5% CO2), each sample
was rinsed twice with PBS + P/S. Before mechanical
testing, the thickness of each sample was measured
again to identify enzyme-induced dimension alter-
ations. No statistically significant difference in sample
height was identified in all three groups, Table S1.

Sample Loading Protocol

Each cartilage sample was carefully positioned so
that its bottom surface (bone side) made firm contact
with the dish surface. The sample top surface (cartilage
surface) faced the indenter. Initially, the press indenter
moved slowly towards the sample until a load of 0.3 N
indicated contact with the sample top surface. Then, a
ramp displacement was applied to compress the spec-
imen to the desired bias strain (5, 10 or 15%) at a rate
of 0.05%/sec, and the specimen was equilibrated for
30 min. Then, a series of sinusoidal strains of 0.5%
amplitude were superimposed to the bias strain at eight
different frequencies for a defined number of cycles,
Table 1 and Fig. 3a. The duration of the loading profile
was 2 h and 40 min. During loading the indenter made
firm contact with the top surface of the sample. The

FIGURE 1. Outline of the proposed methodology (LFM) for quantifying cartilage viscoelasticity. (a) The methodology consists of
three steps: (1) Apply a series of small-amplitude harmonic loads of increasing angular frequency superimposed to a bias strain.
(2) Calculate the experimentally derived Bode plot and fit a simple transfer function. (3) Estimate cartilage material parameters
based on published cartilage models converted in the frequency domain. (b) The viscoelastic behavior of a cartilage sample is
modeled as a linear system described by a transfer function H(s) that describes the input–output relationship between applied
strain ɛ(t) and the resulting engineering stress σ(t).
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position of the indenter and the force applied to the
sample were sampled at 70 kHz.

Analytic Modeling of Cartilage Viscoelasticity

Three models were used to describe cartilage vis-
coelasticity: two analytic models of cartilage (the
biphasic model1 and the transversely isotropic biphasic
(TIB) model5), and the SLS model. The biphasic model
was chosen due to its widespread use. The TIB model
was chosen because it is reported to model cartilage
much better than the biphasic model, and because of
its tractable analytic complexity. The SLS model was
utilized as a generic way to model a viscoelastic
material. Table 2 provides analytic expressions for the
response of the mean stress σ(t) to an unit ramp strain ɛ
(t). The expressions for the biphasic and TIB models
were derived by considering only the first order of the
analytic response. Table 2 also provides the corre-
sponding transfer function HðsÞ ¼ rðsÞ

eðsÞ that describes
the input–output relationship of a cartilage sample
treated as a system whose input is the applied strain ɛ(t)
and whose output is the resulting stress response σ(t),
Fig. 1b.

Analysis of Frequency-Domain Data

Derivation of Experimental Frequency Response Function

The ith harmonic component ɛi(t) of the applied
strain ɛ(t) = x(t)/h can be described as:

eiðtÞ ¼ e0isinðxitþ ueiÞ
where ωi is the angular frequency of the ith harmonic,
Fig. 1b. The resulting mean stress profile σ(t) = F(t)/

(πr2) consisted of the homogenous and the specific re-
sponse, Fig. 2b. The specific response included sinu-
soidal components σi(t) response to ɛi(t).

riðTÞ ¼ r0isinðxitþ uriÞ

For each one of the eight applied frequencies ωi,
σi(t) was extracted from σ(t) via digital filtering. The
parameters ɛ0i, φɛi, σ0i and φσi were calculated by fitting
a sinusoidal function to ɛi(t) and σi(t). Then, the com-
plex frequency response function H(jωi) was obtained
by calculating its magnitude Mi ¼ r0i

e0i
and phase

ϑi = φσi − φɛi. H(jω) was visualized via a Bode plot,
which consists of a plot of 20 log 10(Mi) (in units of dB)
and a plot of ϑi, both plotted as a function of log10(ω).
The eight pairs (Mi, ϑi) comprised H(jωi), a discrete
sampling of the system’s H(jω) at ωi.

Transfer Function Fit to the Frequency Response Function

The following single-pole single-zero transfer func-
tion was then fitted to the pairs (Mi, ϑi):

HðsÞ ¼ rðsÞ
eðsÞ ¼ K

s� z

s� p

where K, z, and p are the gain, zero and pole of H(s).
This simple transfer function can describe various
cartilage models, including the SLS model, the bipha-
sic model of order one, and the TIB model of order
one. The values x̂h ¼ K̂ ẑ p̂

� �T
of H(s) parameters

xh ¼ K; z; p½ �T that fitted H(jωi) were calculated by
nonlinear least-squares implemented in MATLAB
(Mathworks, Natick MA) that minimized the mean
squared error (MSE) MSEfðxhÞmetric, where MSEfðxÞ
was defined as:

TABLE 2. Analytic relations that describe cartilage response in time and frequency domains based on three published models.

Model Response σ(t) to a unit ramp strain ɛ(t) Transfer function HðsÞ ¼ r̂ðsÞ
êðsÞ ¼ K ðs � zÞðs � pÞ�1

SLS E0 t þ g1
E0

1� e
�E1

g1
t

� �� �
ðE0 þ E1Þðs þ E0E1

g1ðE0þE1ÞÞðs þ E1

g1
Þ�1

Biphasic ES t þ a2

HAk
1
8
ð1�vÞð1�2vÞ

ð1þvÞ � A1

a2
1

e�a2
1
HAkt

a2

� 	� �
ESð1þ A1Þðs þ a2

1
HAk

a2ð1þA1ÞÞðs þ a2
1
HAk

a2 Þ�1

TIB E3 t þ E1

E3

a2

C11k
D3

1
8 � 1

a2
1

D2
2a

2
1
� D1

1þv21ð Þ


 � e�a2
1
C11kt

a2

8
<
:

9
=
;

8
<
:

9
=
; E3ð1þ c1Þðs þ a2

1
C11k

a2ð1þc1ÞÞðs þ a2
1
C11k

a2 Þ�1

For each model, the transfer function H(s) that describes cartilage viscoelasticity (right column) is derived from published analytic expressions

of stress response σ(t) of cartilage to a step displacement stimulation.

TABLE 1. Frequencies and number of cycles for the applied harmonic displacement profile.

Frequency (Hz) 0.002 0.005 0.009 0.02 0.04 0.1 0.5 1

Angular frequency (rad/s) 0.0126 0.0314 0.0565 0.125 0.251 0.628 3.14 6.28

Number of cycles 5 5 10 10 25 40 210 420
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MSEfðxÞ ¼ 1

Nh

XNh

i¼1

ðHðjxiÞ � Ĥðjxi; xÞÞ2
where Nh is the number of frequencies, H(jω) is
experimentally sampled, HðjxiÞ ¼ Mi � ej�#i is the
experimentally-derived frequency response function,

FIGURE 2. Experimental derivation of the frequency response function H(jωi) and the corresponding transfer function H(s) that
best describes the linearized viscoelastic behavior of control porcine cartilage samples. (a) Representative time profiles of the
displacement profile applied to cartilage tissue samples, and the resulting measured force. The final bias displacement corre-
sponds to a 10% strain, while superimposed harmonics correspond to 0.5% strain amplitude around the bias. The plot highlights
the parts of the response used for the frequency response analysis and for stress-relaxation analysis. (b) Zoom in one of the
harmonics of image A highlights the phase difference between them due to cartilage viscoelasticity. (c) Bode plot of the mean
transfer function �HðsÞ superimposed to experimental sampling of H(jωi) (‘x’) from n = 6 control cartilage samples. (d) Sensitivity
analysis for the estimation of H(s) parameters (gain, zero, pole) for a representative cartilage sample. Contour plots of the
normalized fitting error MSEf ðxhÞ=MSEf ðx̂hÞ in the proximity of estimated H(s) parameter values x̂h , which are denoted with a “+”.
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and Ĥðjxi; xÞ ¼ M̂iðxÞ � ej�#̂iðxÞ is the analytic expression
ofH(jω) predicted by themodel given parameters x. The
robustness of x̂h estimates was evaluated by calculating
MSEfðxhÞ in the 3-dimensional space xh around x̂h:

Estimation of Cartilage Material Parameters

Based on H(s) parameters, x̂h; cartilage material
properties were estimated for each model by utilizing
the corresponding analytic expressions of H(s) shown
in Table 2. The SLS model and the biphasic model
contain 3 parameters each, which were calculated di-
rectly from x̂h: The TIB model contains five parame-
ters (E1, E3, v21, v31, k), where only E3 could be
calculated directly from x̂h: The remaining parameters
were derived as functions of ratios e = E1/E3 and
n = v21/v31, after solving the following equation for v21:

c1ðv21; e; nÞ ¼ p̂

ẑ
� 1 ð1Þ

This equation provides meaningful solutions
(0 ≤ v21 ≤ 0.5) when ratios e, n take values within a
data-dependent region (ẑ; p̂ were derived from experi-
mental data). Therefore, the remaining parameters of
the TIB model were calculated assuming reasonable
values of ratios e and n within the region of meaningful
solutions. The robustness of TIB model parameter
estimates x̂TIB was evaluated by calculating the
MSEfðxTIBÞ metric in the proximity of x̂TIB:

Analysis of Stress-Relaxation Data

The stress response σ(t) to the ramp strain dis-
placement applied to cartilage samples in the begin-
ning of the loading profile (before the onset of
harmonic loads, Fig. 2a) was utilized to estimate
cartilage parameters by the standard method of fitting
analytic models to stress-relaxation data. Analytical
expressions of stress response, Table S1, were fitted to
σ(t) measurement in MATLAB using either nonlinear
least-squares (fitting the SLS model) or interior-point
constrained nonlinear optimization (fitting the
biphasic or TIB models). Cartilage material parame-
ter estimates x̂ minimized the following MSEtðxÞ
metric:

MSEtðxÞ ¼ 1

Nt

XNt

i¼1

ðrðtiÞ � r̂ðti; xÞÞ2

where x is the parameter vector of each model, σ(ti) is
the measured stress at time point ti, Nt is the number of
time points, and r̂ðti; xÞ is the analytic expression of
the stress response predicted by the model given
parameter vector x. The robustness of the resulting
estimates x̂ was evaluated by calculating MSEtðxÞ in
the parameter space around x̂:

Statistical Analysis

Experimental data and estimated parameters pre-
sented are expressed as mean ± standard error of the
mean. Statistical significance of parameter differences
of enzyme-treated sample groups compared to the
untreated group was assessed by pair-wise two-sided t
tests. Statistical significance of the effect of bias strain
on TIB model estimates was assessed by single-factor
ANOVA.

RESULTS

Estimation of Cartilage Material Parameters from the
Linearized Frequency Response

Figure 2a shows representative experimental results
(applied displacement x(t), resulting force F(t)) of
unconfined compression experiments in control por-
cine cartilage samples. The resulting force F(t) lagged
the applied displacement x(t), Fig. 2b, in a frequency-
dependent way. A closer look on x(t) and F(t)
demonstrated the smoothness of measured data,
Fig. S3. The experimentally derived H(jωi) at each ωi

was calculated based on the magnitude and phase of
the harmonic components ɛi(t), σi(t) of strain and stress
respectively, shown in Fig. 2c.

The validity of the linearization assumption was
evaluated by applying sinusoidal strains of increasing
amplitude (0.5, 1, 3%) and deriving H(jωi). The H(jωi)
obtained by harmonic strain amplitudes of 0.5 and 1%
were indistinguishable, Fig. S5, in agreement with the
key property of linear systems that H(jω) is indepen-
dent of excitation amplitude.

Based on H(jωi), the optimal parameters
x̂h ¼ K̂ ẑ p̂

� �T
of a single-zero single-pole transfer

function H(s) were identified by fitting to H(jωi) for
each sample. Preliminary calculations suggested that
such a simple H(s) can approximate well the frequency
response function H(jω) of cartilage samples since the
responses of biphasic and the TIB models are domi-
nated by their first order, Fig. S11. The average of x̂h
parameters from 6 cartilage samples, Table 3, were
utilized as the parameters of a mean transfer function
�HðsÞ that described the viscoelasticity of the control
porcine cartilage group. The Bode plot of �HðsÞ;
Fig. 2c, matched well the magnitude and showed rea-
sonable agreement with the phase of measured H(jωi),
although the phase peak at ω = 0.055 rad/s was not
clear in H(jωi). The shape of fitting error MSEf sug-
gested that x̂h were estimated robustly (MSEf increases
rapidly away from x̂h) in the K–z and K–p planes,
Fig. 2d. The shape of MSEf on the z–p plane suggested
that the ratio p̂=ẑ was estimated with higher confidence
compared to the values of p̂ and ẑ; Fig. 2d and Table 3.
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Finally, cartilage material parameters were esti-
mated from the parameters x̂h of H(s) by utilizing the
analytic expressions for H(s) shown in Table 2. The
resulting parameter estimates are shown in Tables 4
and S3. SLS model parameters were directly calculated
from x̂h as E0 = 7.82 ± 1.22 MPa, E1 = 13.19 ±

0.81 MPa, and η1 = 321 ± 97 MPa · s. The parameters
of the biphasic model were also directly calculated as
Es = 7.82 ± 1.22 MPa, v = 0 ± 0, and k ¼ 6:33�
2:6� 10�15m4=N � s: The locus of e, n where the TIB
model provided meaningful estimates for the average
control porcine cartilage sample is shown in Fig. 3b.
Plots of c1(v21, e, n) suggest that e had stronger effect
compared to ratio n, Fig. 3a. The locus shown in
Fig. 3b indicates that ratio e is upper bounded, e.g.,
assuming n ≈ 1 (v21 ≈ v31, a commonly used assump-
tion) then E1/E3 < 4.49. Assuming e = 2.22 and n = 1
(chosen so v21 = v31 ≈ 0.25, the mean of published
results, Fig. S11) TIB model parameters were esti-
mated as E3 = 7.82 ± 1.22 MPa,
E1 = 17.36 ± 2.71 MPa, v21 = 0.25 ± 0.03, and
k ¼ 1:05� 0:33� 10�15 m4=N � s: The assumed values
of e, n affected more v21, v31, E1 estimation and less k
estimation, Table S3. Finally, the normalized MSEf in
the E3–v21–k space increases rapidly away from esti-
mated values, suggesting robust estimation of TIB
model parameters, Fig. 3c.

Estimation of Cartilage Material Properties from Stress-
Relaxation Experiments

Cartilage parameter estimates obtained by LFM
were compared against estimates obtained by analyz-
ing stress-relaxation data. Figure 4a shows the result-
ing fits of the analytic stress expressions predicted by
the biphasic and the TIB models, Table S2, to the
stress response σ(t) of porcine cartilage samples,
Fig. 2a. Both models fitted well the equilibrium re-
sponse and fitted poorly the transient peak stress.
Fitting the biphasic model provided ES = 1.98 ±

0.47 MPa, v = 0 ± 0 and k ¼ 1:15� 0:21� 10�15m4=
N � s: Fitting the TIB model provided E1 = 5.93 ±

1.26 MPa, E3 = 1.89 ± 0.47 MPa, v21 ≈ v31 =

0.08 ± 0.02, and k ¼ 0:7� 0:17� 10�15 m4=N � s: The
shallow non-steep shape of the fitting error MSEt

around parameter estimates was an indication of poor
estimation robustness, particularly for Poisson’s ratio v
estimates, Fig. 4b.

Effect of Enzyme Digestion on Linearized Cartilage
Frequency Response

The effect of collagenase and hyaluronidase treat-
ment on cartilage viscoelasticity was quantified by the
proposed LFM and by stress-relaxation analysis. Fig-

TABLE 4. Estimated cartilage material parameters for the three cartilage sample groups (control, collagenase-treated, hyalur-
onidase-treated) estimated by LFM or by the established stress-relaxation method based on the biphasic model and the TIB model.

Method Parameter Control Collagenase Hyaluronidase

Frequency domain E3 (MPa) 7.82 ± 1.22 0.51 ± 0.19*** 7.09 ± 1.51

E1 (MPa) 17.36 ± 2.71 1.13 ± 0.42*** 15.74 ± 3.34

v21 0.25 ± 0.034 0.37 ± 0.001** 0.26 ± 0.02

v31 0.25 ± 0.034 0.37 ± 0.001** 0.26 ± 0.02

k (10−15 m4/N · s) 1.05 ± 0.33 6.01 ± 1.33** 5.98 ± 3.16

Stress relaxation E3 (MPa) 1.89 ± 0.47 0.14 ± 0.06** 0.89 ± 0.25*

E1 (MPa) 5.93 ± 1.26 1.16 ± 0.52** 4.95 ± 0.85

v21 0.08 ± 0.02 0.21 ± 0.01*** 0.05 ± 0.01

v31 0.08 ± 0.02 0.19 ± 0.03** 0.05 ± 0.01

k (10−15 m4/N · s) 0.70 ± 0.17 7.17 ± 0.92*** 0.68 ± 0.11

Results are expressed as mean ± SEM. Statistically significance of parameter estimate differences of enzyme-treated samples compared to

control samples was determined by a two-tail t test: * p < 0.1; ** p < 0.05; *** p < 0.01.

TABLE 3. Statistics of the three parameters (gain, zero, pole) of the transfer function that describe the viscoelasticity of the three
cartilage groups considered in this study, as well as the resulting pole/zero ratio.

Control Collagenase Hyaluronidase

Gain K̂ 21.02 ± 1.64 7.85 ± 1.58*** 19.40 ± 3.07

Pole p̂ −0.057 ± 0.017 −0.196 ± 0.047** −0.214 ± 0.085

Zero ẑ −0.019 ± 0.004 −0.011 ± 0.003 −0.074 ± 0.03

p̂=ẑ ratio 2.88 ± 0.26 19.4 ± 2.68*** 2.91 ± 0.26

Results are expressed as mean ± SEM. Statistically significance of parameter estimate differences of enzyme-treated samples compared to

control samples was determined by a t test: * p < 0.1; ** p < 0.05; *** p < 0.01.
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ure 5a shows the experimentally-derived H(jωi) for the
three sample groups. Collagenase treatment reduced
significantly the magnitude |H(jωi)|, increased signifi-
cantly phase ∢H(jωi), and shifted the peak of ∢H(jωi)
towards larger ω. The mean |H(jωi)| of hyaluronidase-
treated samples was less (but not significantly signifi-
cant) compared to control samples. The resulting H(s)
parameter estimates for each sample group are shown
in Table 3. Collagenase treatment decreased signifi-
cantly the gain K̂; shifted pole p̂ towards faster re-
sponse, but did not have a statistically significant effect
on zero ẑ: Collagenase had also a significant effect on
the p̂=ẑ ratio, a parameter that affects the estimation of
Poisson’s ratio. On the other hand, hyaluronidase
treatment resulted in non-statistically significant in-
crease in pole and zero magnitude.

Figure 5b shows representative stress-relaxation re-
sponses for the three sample groups. The stress re-
sponse of collagenase-treated samples reached
significantly less equilibrium stress, and displayed fas-
ter viscoelastic response. Rapid stress variations in the

beginning and the end of the strain ramp loading,
Fig. S10, complicated model fitting since their magni-
tude (around 20 mN) was on the same order of mag-
nitude as the force utilized to register indenter-sample
contact. Hyaluronidase treatment resulted in signifi-
cantly less equilibrium stress, despite the finding that H
(jωi) of hyaluronidase-treated samples was not signifi-
cantly distinct from the one of control samples,
Fig. 5a.

Figures 5c–5e and Table 4 summarize the resulting
estimates of TIB model parameters for the three sam-
ple groups. Regarding axial compressive modulus E3,
LFM suggested that only collagenase treatment caused
statistically significant decrease in E3. Stress-relaxation
analysis provided smaller E3 estimates than LFM, and
suggested that both collagenase and hyaluronidase
treatment caused statistically significant decrease in E3,
Fig. 5c. Regarding Poisson’s ratio estimates, both
methods suggested that only collagenase treatment
caused statistically significant increase in v21, Fig. 5d.
Stress-relaxation analysis provided smaller v21 esti-

FIGURE 3. Estimation of TIB model parameters by interpreting the parameters of the transfer function H(s) that fits the experi-
mentally-derived frequency response function H(jωi) of control cartilage samples. (a) Plots highlighting the effect of ratios e = E1/E3

and n = v21/v31 in the function c1(v21). (b) The region of ratios e and n where the function c1ðv21Þ ¼ p̂
ẑ
� 1 has meaningful solution. (c)

Sensitivity analysis for the estimation of TIB model cartilage material parameters for a representative cartilage sample assuming
e = 2.22, n = 1. Contour plots of the normalized fitting error MSEf ðxTIBÞ=MSEf ðx̂TIBÞ in the proximity of estimated model parameter
values x̂TIB; denoted with a “+”.
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mates compared to LFM. Finally, both methods sug-
gested that collagenase but not hyaluronidase treat-
ment caused statistically significant increase in tissue
permeability k, Fig. 5e.

Table S3 also shows the resulting estimations of
Biphasic model and SLS model parameters for the
three sample groups. Estimation of Biphasic model
parameters by both methods resulted in the trivial re-
sult v = 0 ± 0 for all three groups. LFM provided
larger estimates of ES and k compared to stress-relax-
ation analysis. Both methods suggested that ES is af-
fected only by collagenase. Estimation of SLS model
parameters by LFM provided larger estimates of E0

and E1 compared to stress-relaxation analysis. Finally,
both methods suggested that E0 and E1 are reduced by
collagenase, while E0 is also reduced by hyaluronidase.

Effect of Strain Bias on Linearized Cartilage Frequency
Response

In order to evaluate the effect of strain bias on the
linearized frequency response of cartilage samples,
LFM was applied to estimate the material parameters
of control porcine samples pre-strained at 5%
(n = 5), 10% (n = 6) or 15% (n = 5) bias before

applying the eight harmonic loads of Table 1. Results
suggested that larger bias resulted in significant de-
crease in phase ∢H(jωi) and had less clear effect on
magnitude |H(jωi)|, Fig. 6a. Figures 6b–6d show the
resulting estimates of TIB model parameters obtained
at each bias strain. Results show that the bias strain
did not have a statistically significant effect on E3

(panova = 0.19) or v21 (panova = 0.590), but had a
statistically significant effect on tissue permeability k
(panova = 0.023) that decreases significantly at larger
bias strains.

DISCUSSION

This paper describes a novel methodology for
acquiring the linearized frequency response H(jω) of
cartilage samples in unconfined compression and
interpreting it for estimating cartilage material
parameters. The proposed LFM differs from previous
frequency-domain studies of cartilage viscoelasticity in
two ways. First, it utilizes analytic models of cartilage
viscoelasticity to estimate cartilage material properties
based on the experimentally-derived H(jω). In contrast,
previous studies that reported cartilage storage E′ and

FIGURE 4. Estimation of cartilage parameters based on stress-relaxation data. (a) Representative results of estimating the
parameters of the biphasic model and the TIB model by fitting them to experimental stress-relaxation data. (b) Representative
sensitivity analysis plots for parameter estimates provided by fitting the TIB model to stress-relaxation data. Contour plots of the
normalized fitting error MSEt ðxÞ=MSEt ðx̂Þ in the proximity of estimated model parameter values x̂; which are denoted with a “+”.
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FIGURE 5. Effects of cartilage digestion enzymes on cartilage viscoelasticity as described by LFM and by stress-relaxation
analysis. (a) Bode plots of the frequency response function H(jωi) as measured in control (CON), collagenase-treated (COL) and
hyaluronidase-treated (HYAL) cartilage sample groups. (b) Representative stress-relaxation responses of the three sample groups
(CON, COL, HYAL). (c–e) Estimates of TIB model parameters for the three sample groups provided by LFM (assuming e = 2.22,
n= 1) and by stress-relaxation analysis. Data are presented as mean± SEM. The statistical significance of differences in parameter
estimates of enzyme-treated samples (COL, HYAL) compared to control CON samples was determined by a t test: *p < 0.1;
**p < 0.05; ***p < 0.01.
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loss modulus E″ (the real and imaginary part of H(jω))
did not proceed into analyzing their frequency depen-
dence in order to estimate cartilage material parame-
ters.22,25,34 Second, LFM exploits the capabilities of
state-of-the-art testing instrumentation to quantify the
response of cartilage samples to small-amplitude har-
monic strains (the instrument utilized here provided
≈1 μm position precision, and ≈1 mN force measure-
ment resolution). Applying such small displacements
ensures that the sample behaves like a linear system,
which simplifies data analysis. In contrast, most pre-
vious studies applied larger strains (around ±5%),
where cartilage does not behave linearly, complicating
data interpretation. The application of small harmonic
strains over a larger bias strain, Fig. 2a, ensured that

samples made firm contact with press plates, and pre-
vented artifacts due to sample lift off.

The frequency response function H(jωi) provided by
LFM for control porcine cartilage samples, Fig. 2c,
was in reasonable agreement with previous reports of
cartilage response to harmonic loads (magnitude |H
(jωi)| reached a plateau for ω> 1 rad/s, phase∢H(jωi)
peaked at 35° around 0.02 rad/s).22,23,25,31,34

Estimation of cartilage material parameters from
the experimentally-derived H(jωi) utilized Laplace-
transformed constitutive equations of three analytic
cartilage models. The established biphasic model per-
formed poorly, in agreement with previous critique.1,3

Interpreting H(jωi) using the biphasic model provided
the trivial result v = 0 in all sample groups and bias

FIGURE 6. Effects of different bias strains on the frequency response of cartilage and on estimated cartilage material parameters.
(a) Bode plots of the frequency response function H(jωi) obtained at bias strains of 5, 10, and 15%. (b–d) TIB model parameter
estimates obtained by LFM at bias strains of 5, 10, and 15% (mean ± SEM).
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strains. Computational estimates of H(jω) obtained by
the biphasic model differed significantly from H(jωi)
measurements, Fig. S11C. On the contrary, interpret-
ing H(jωi) using the transversely isotropic biphasic
(TIB) model resulted in cartilage parameter estimates
that agreed well with previous estimates,
Table 4.3–5,21,29 Finally, interpreting H(jωi) via the SLS
model was implemented as a generic way to model
viscoelastic materials. Further analysis showed that the
TIB model provided meaningful parameter estimates
in porcine cartilage samples when tension–compression
anisotropy ratios E1/E3 and v21/v31 took values within a
specific region, Fig. 3b, suggesting that cartilage is less
anisotropic (E1/E3 ≤ 4.5) than previously estimated (E1/
E3 ≈ 10).5

LFM sensitivity was initially evaluated by quanti-
fying the effects of two degradation enzymes on carti-
lage material parameters. The effects of these enzymes
emulate ECM degradation during cartilage pathology.
Collagenase treatment had significant effects in H(jωi)
measurements and the resulting H(s) parameter esti-
mates, Table 3. Interpreting H(jωi) via the TIB model
suggested that collagenase treatment decreased the
axial compression modulus E3, and increased Poisson’s
ratios and tissue permeability k, Table 4. These effects
agree with the role of collagen in cartilage ECM, where
collagen fibrils provide tension stiffness and restrict
proteoglycans (PG) that provide compression stiff-
ness.23,33 Degradation of collagen network can lead to
reduced compression stiffness due to reduced PG
constraint by the surrounding collagen network. The
same rationale can also explain the increase in tissue
permeability, since less constrained PG can move more
easily. Previous studies have shown that collagen
content and network integrity are inversely correlated
to Poisson’s ratio.13,14 According to these studies,
disruption of collagen network would result in a
material that is more prone to swelling, since com-
pressive modulus is decreased. This finding could ex-
plain the estimated increase in Poisson’s ratio after
collagenase digestion. On the other hand, the applied
hyaluronidase treatment did not have strong effect on
the measured H(jωi), and increased slightly (not sta-
tistically significant) the magnitude of H(s) pole and
zero. Interpreting HðjxiÞ via the TIB model suggested
that hyaluronidase increased slightly (not statistically
significant) tissue permeability k but did not have sig-
nificant effects on other TIB model parameters, Ta-
ble 4. Hyaluronic acid interconnects PG molecules,
therefore its degradation should favor PG mobility and
therefore could increase tissue permeability. A previ-
ous study that probed hyaluronidase effects to carti-
lage viscoelasticity reported decreased equilibrium
modulus, and faster response.12 Although LFM did
not detect significant effects in equilibrium modulus,

the detected increase in permeability k corresponds to
faster response since the system’s time constants are
inversely analogous to k. Finally, interpreting H(jωi) by
the SLS model suggested that stiffness parameters E0,
E1 were decreased only by collagenase, while the
damping parameter η1 was decreased by both colla-
genase and slightly (not statistically significant) by
hyaluronidase, Table S3.

Since this study introduces LFM as a novel way to
estimate cartilage parameter estimates, it was of
interest to compare LFM estimates against the ones
provided by the established stress-relaxation analysis.
Overall, LFM provided similar trends but larger esti-
mates of compression moduli and Poisson’s ratios, and
similar estimates of tissue permeability, Figs. 5c–5e.4,5

Both methods suggested that collagenase treatment
decreased E3, and increased v21 and k, Fig. 5c–5e.
Stress-relaxation analysis suggested that hyaluronidase
treatment decreased E3, Fig. 5c, while LFM suggested
that hyaluronidase treatment had no effect on E3 and
caused a non-statistically significant increase in k. The
difference in parameter estimates provided by the two
methods may be attributed to the effect of lineariza-
tion: LFM quantifies cartilage viscoelasticity within a
narrow range of strain around the bias strain, while
stress-relaxation experiments quantify cartilage vis-
coelasticity over a much larger range of strain values.
For example, a stiffness parameter (e.g., E3) quantified
by LFM corresponds to the slope of the corresponding
stress–strain curve at the bias strain, while the estimate
of the same parameter obtained by stress-relaxation
corresponds to some kind of “average” slope of the
curve over the measured strain range.

A key feature of LFM is that by quantifying H(jωi)
at different bias strains it is possible to estimate car-
tilage parameters at different strains, thereby uncover
their strain-dependent nature. Very few reports of
strain-dependent estimation of cartilage parameters
by stress-relaxation analysis have been reported,
possibly due to experimental limitations that induce
estimation error (described in the following para-
graph). Indeed, experimental results suggested that
cartilage permeability k decreased at larger bias
strains, Fig. 6d, in agreement with previous reports.16

Decreased permeability at larger strains could origi-
nate from the increased resistance that fluid needs to
overcome in order to flow through the more densely
packed compressed matrix. Not all cartilage param-
eters were found to be strongly strain-dependent, as
no significant effect of bias strain was observed on E3

and v21, Figs. 6b and 6c.
LFM offers several advantages compared to stress-

relaxation analysis. First, linearizing cartilage vis-
coelasticity enables utilizing the available toolkit of
linear systems analysis. Second, H(jωi) and H(s)
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parameters can be used as descriptors of cartilage
viscoelasticity in a model-independent way. Third, it
provided more robust cartilage parameter estimates
compared to stress-relaxation analysis (as judged by
the shape of the fitting MSE in the proximity of
parameter estimates, Figs. 3c and 4b) due to several
favorable features: it avoids multi-exponential curve
fitting to experimental data, it utilizes linear models to
fit a linearized system, and it does not suffer from fit-
ting errors caused by stress discontinuities (Fig. S10) or
sensor drift (e.g., due to solvent evaporation, Fig. S4)
sometimes present in stress-relaxation data. Finally,
the application of small-magnitude harmonic dis-
placements did not affect cartilage samples over at
least 12 h, Fig. S5, enabling applying multiple har-
monic load cycles over long periods and monitoring
time-dependent phenomena.

The experimental implementation of LFM pre-
sented in this study can be improved in several ways.
First, the duration of the applied loading profile was
quite long (2 h 40 min) mostly due to the sequential
application of several slow harmonic excitations (re-
quired for quantifying the information-rich region of H
(jω)), Fig. 2c. The duration of the loading profile can
be shortened by utilizing linear systems theory tools to
optimize the loading profile in order to (i) reduce the
time required for the sample to settle at bias strain, and
(ii) utilize superposition to simultaneously quantify
multiple harmonic components. Second, estimation of
TIB model parameters required to assume reasonable
values for ratios E1/E3 and v21/v31. Estimating all TIB
model parameters without relying on such assumptions
could be achieved by utilizing an analytic TIB model of
order n = 2, as long as estimating the five parameters
of its H(s) from H(jωi) data is robust. Third, LFM
accuracy can be significantly enhanced by improving
the consistency and accuracy of cartilage sample
preparation. Improving the flatness and parallelism of
the two surfaces of cylindrical samples will enable the
methodology to be applied reliably at smaller bias
strains. Harvesting samples from a consistent region of
cartilage can result in more repeatable results as dif-
ferent cartilage regions have different ECM architec-
ture and therefore different biomechanical behavior.27

Despite our efforts (“Materials and Methods”) there is
room for improvement, particularly regarding har-
vesting samples from more consistent cartilage regions.
Finally, interpreting and validating LFM findings can
be greatly enhanced by biochemical or histological
characterization of the measured cartilage samples,
which was not conducted here as this study focused on
experimental and algorithmic development. Future
work should systematically utilize histology to validate
cartilage digestion by enzymes, and correlate estimated

alterations on parameter estimates with observed
alterations in cartilage ECM architecture.

Quantifying the biomechanical properties of tissues
is essential for understanding the role of mechanical
loads and extracellular matrix architecture on tissue
development, physiology and pathology.7,24,28 In this
paper we presented LFM, a novel experimental alter-
native to the established stress-relaxation analysis for
estimating the biomechanical parameters of tissues and
biomaterials. Compared to stress-relaxation analysis,
LFM is based on very small (0.5%) harmonic dis-
placements and thus the properties of the samples are
measured at an almost constant strain (termed the
bias). Given that such tiny harmonic displacements can
be applied continuously, LFM can provide real time
estimates (every 1–3 h) of tissue properties. Real time
monitoring of tissue permeability can provide a better
alternative to standard stress-relaxation techniques
that are usually prone to errors and large variance. The
ability of LFM to provide estimates of biomechanical
parameters at precise strain level can lead to better
understanding of tissue and organ function, and can be
utilized to improve the biological relevance and pre-
dictive power of tissue-level and organ-level compu-
tational models. Combined with new emerging multi-
sample testing instrument designs17 LFM can provide
novel monitoring tools of tissue biomechanics. In
conclusion, LFM is an alternative method for quanti-
fying soft tissue biomechanics that can shed light on
the biomechanical behavior of biomaterials, soft tis-
sues, and tissue engineering constructs.
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