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. Introduction

Articular Cartilage (AC) is a connective tissue able to grant a
ow friction coefficient [1] and the smoothness in the transmis-
ion of load between diarthrodial joints. AC inhomogeneous, highly
nisotropic and non-linear properties are strictly related to its
tructure, which is in turn determined by the molecular and ultra-
tructural organization of its components [2].

The solid phase of AC is constituted mainly by a dense net-
ork of collagen fibrils and interspersed proteoglycans (PGs) with
sparse population of chondrocytes; the interstitial fluid phase,
hat saturates the solid matrix, is composed by water and free ions
s Na+, K+, Ca+ [3]. Since the superficial layer of AC is crucial for
oth its mechanical function and in damage initiation, there is a

∗ Corresponding author at: Department of Chemistry, Materials and Chemical
ngineering, Laboratory of Biological Structure Mechanics (LaBS), Politecnico di
ilano, Italy. Tel.: +39 0223994236; fax: +39 0223994220.

E-mail address: pasquale.vena@polimi.it (P. Vena).
major interest in investigating the properties of the top 20% of the
overall tissue thickness. The superficial layers present the higher
water content, almost 80% of its wet weight, and collagen density,
up to 50–75% of its dry weight. The viscoelastic properties, which
are dependent on the molecular structure and its evolution under
stress, and the extrinsic properties, which are dependent on the
fluid flow through the porous solid matrix, exhibit mutual interac-
tion.

In this work we are interested in the extrinsic time dependent
properties of the AC tissue, governed by the fluid flow through its
porous microstructure, i.e., in AC poroelasticity. Terzaghi [4] first
introduced the poroelastic model for soils, assuming that both the
solid and fluid phases fill homogeneously the volume, and Biot [5]
extended it to a tridimensional anisotropic case; moreover, Rice and
Cleary [6] highlighted the limit conditions described by drained (at
equilibrium) and undrained (short term) moduli. A comprehensive

description of the physics of fluid saturated solids is also available in
Coussy [7]. The problem of compression of disks with anisotropic
poroelasticity was solved analytically in Cowin and Doty [8]; the
application of the poroelastic theory to cartilage can be found in

http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2014.03.008&domain=pdf
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depths up to 30 �m with a resolution of 0.1 nm.
Two spherical tips with different radii are used, R400 = 400 �m

and R25 = 25 �m in the case of cartilage, and R100 = 100 �m and
any papers including those by Armstrong et al. [9] and Cohen et
l. [10]. The biphasic (or triphasic) models consider, instead, the
ifferent cartilage components separately [11].

At the macroscopic scale, a wide range of studies on AC
ehavior have been conducted using confined and unconfined
ompression tests and shear tests. Schinagl et al. [12] performed
tress-relaxation confined compression tests on bovine carti-
age indentifying heterogeneous elastic properties of the tissue.
ewborn bovine patellofemoral groove AC was studied by Fick-

in et al. [13] identifying strain dependent AC permeability. A
ide spectrum of cartilage moduli from tension to compres-

ion was reported in the work of Chahine et al. [14] who
erformed unconfined compression and tensile tests. The com-
ressive modulus was found nearly constant independently from
he direction of load and increasing with the depth, whereas the
ensile modulus was strongly affected by both load direction and
epth.

The main disadvantages of the tests at macroscale is that the
xperimental setup can significantly affect the results through
isalignments, non-ideal contact conditions between tissue and

ample holder and boundary effects which can result in a under- or
verestimation of the tissue elastic properties. Nanoindentation is
widely used experimental technique for the analysis of biological

issues in physiological conditions [15,16] with a relatively simple
xperimental set up. The technique is able to probe small amounts
f material with respect to the sample size far from the sample
oundaries; therefore, material properties of intact tissue can be
btained.

Nanoindentation can be applied using different sizes for the
ndenter, opening the possibility to investigate the structure from
he whole tissue to the single components. In the work of Jin and
ewis [17], the estimation of the Poisson’s ratio was performed
sing information extracted by two indentations with different
ip sizes; in the work of Hu et al. [18], dimensionless relaxation
unction were introduced from the results of indentation tests car-
ied out with different tips. Oyen et al. [21] have studied the size
ffect introduced through indentation tests on hydrated tissues as
one and cartilage. They proposed an effective fitting procedure to

dentify poroelastic and viscoelastic parameters from creep (and
elaxation) master curves, and provided a physical interpretation
f these parameters with special reference to bone. Park et al. [19]
ound an effective modulus increasing from 60 kPa to 160 kPa for
p to 600 nm of probed depth using a sharp conical tip of radius
nd opening angle of 50 �m and 35◦, respectively. The same depth
s investigated with a spherical tip with radius of 2.5 �m, obtaining
modulus that increases from 20 kPa to 40 kPa. Galli et al. [20] used

he nano- and microindentation techniques to characterize hydro-
els in the time domain as well as in the frequency domain and
iscussed the time dependence induced by the extrinsic fluid-flow
echanisms in view of the length-scale effects related to the use

f different probe sizes.
The aim of this paper is to provide a framework for the quan-

itative interpretation of the poroelastic response of AC subjected
o a multiload spherical indentation test coupled with creep tests.
he effect of the probed length and of the tissue strain on the
oroelastic tissue response is investigated in detail. Assuming that
he dissipation mechanism during creep nanoindentation experi-

ent is primarily of extrinsic nature (i.e., poroelastic), the response
t equilibrium, the short term response, and the permeability
re investigated through experiments with different tip radii to
ighlight the dependence on strain. It will be shown that the
xperimental response is consistent with the above assumption.
o this purpose, nanoindentation creep experiments have been also
arried out on polydimethylsiloxane (PDMS) samples in dry envi-

onment, which are expected to have a time-dependent response
f intrinsic nature (i.e., viscoelasticity).
2. Method

2.1. Nanoindentation testing

2.1.1. Samples preparation and instrumentation
AC samples are obtained from lateral and medial condyles of a

knee of mature bovine. Three AC samples extracted from neigh-
boring areas of the same bovine knee have been used for testing,
one for each of the three test types. Samples harvesting is per-
formed through a biopsy punch with inner diameter of 10 mm.
Each explanted plug consisted of a full-thickness AC fragment with
its underlying subchondral bone. The plugs are transferred in PBS
(2.6 mM NaH2PO4, 3 mM Na2HPO4, 155 mM NaCl, 0.01% NaN3 w/v,
pH 7.0) supplemented with 20 �g/ml of gentamycin (Invitrogen,
Carlsbad, CA, USA,) and a protease inhibitor cocktail (P8340, Sigma,
St. Louis, MO, USA) and kept frozen at temperature of −80 ◦C until
measurement; it is assumed the freezing does not affect the behav-
ior of the tissue as described by Kiefer et al. [22].

PDMS disks are obtained mixing viscous components and curing
agents with a ratio of 10:1 by weight using the commercial Sylgard
184 Elastomer Kit (Dow Corning, Midland, Michigan, USA). After
mixing the two components for at least 5 min, cycles of applied
vacuum and rest were carried out to remove all air bubbles. The
mixture was then poured in a cylindrical mold of 15 cm of diameter
and 0.5 cm of thickness and the PDMS samples were allowed to
solidify at 65 ◦C for 45 min. A biopsy punch with inner diameter of
10 mm was then used to core smaller PDMS samples.

All experiments presented in this work are performed using a
NanoTest Indenter (Micro-Materials Ltd., Wrexham, UK) equipped
with a liquid cell able to keep samples in a hydrated and fully sat-
urated state (Fig. 1). A 500 mN load cell with a force resolution of
30 nN has been used; the displacement sensor detects penetration
Fig. 1. Sketch of the experimental set-up adopted for the nanoindentation test.



Table 1
Parameters for the experiments carried out on the AC samples.

Sample Tip radius (�m) Loading rate (mN/s) Hold phase (s) Total load (mN) Load steps Repetitions
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C(R400, v1) 400 1
C(R400, v10) 400 10
C(R25, v1) 25 1

25 = 25 �m in the case of PDMS. The same experimental protocol
as been used for all tips.

.1.2. Multiload creep indentation experiments
All cartilage samples were first thawed in a thermal bath at 37 ◦C

or 45 min; then, cyanoacrylate glue was applied to the subchon-
ral bone underlying the AC sample to bond the specimen to the
upporting stub and inserted into the liquid cell. The sample was
hen covered by saline solution (NaCl 0.9% in mass concentration)
n order to simulate the realistic conditions of hydration and kept
t rest to allow for temperature and swelling equilibrium. Temper-
ture was held at 28 ◦C for the whole experiment duration. During
he experiment, the amount of water is monitored and water refill is
erformed as necessary to ensure an approximately constant saline
oncentration in the solution bath.

In the multiload indentation test, the sample is loaded at a pre-
cribed rate until the force value corresponding to the first step
s reached; after a holding phase in which a continuous measure
f the indentation depth is carried out (creep test), the sample is
oaded further to reach the subsequent load level.

The parameters set for the each test are reported in Table 1. The
xperiments with R25 were run using a loading rate of 1 mN/s; the
xperiments with R400 were run with two different loading rates
1 mN/s and 10 mN/s) in order to assess the influence of this exper-
mental parameter on the measured properties. Ten load level and
n holding duration of 120 s were considered.

For the case of PDMS, the experiments have been performed in
ry conditions with the setup reported in Table 2.

All tests were conducted by an automatic procedure on a pres-
lected spatial grid. Each spot of the grid defines a repetition (one
ultiload cycle). Due to surface defects, the surface detection pro-

edure may in same cases fail; data of these experiments were
iscarded and the number of acceptable repetitions has been listed

n each table: a lower limit of 10 repetitions have been consid-
red large enough to have significant statistics. On PDMS samples,
grid of 10 repetitions was scheduled as no surface detection errors
ccurred.

.2. 1-D interpolation function for the indentation test

As in the work of Hu et al. [18] in which 1-D phenomenologi-
al interpolation functions are proposed to fit force history data
f relaxation nanoindentation tests, a 1-D interpolation function is
roposed in this work for the multiload creep tests. The selection
f the fitting function is made on the basis of the solution to the
roblem of the surface settlement of a poroelastic material layer

esting on a stiff impermeable base subjected to constant surface
oading, also regarded as consolidation problem. Indeed, no closed
orm solutions are available for spherical poroelastic nanoindenta-
ion problems; Mak et al. [23] proposed a numerical solution for the

able 2
arameters for the experiments carried out on the PDMS samples.

Sample Tip radius (�m) Loading rate (mN/s) Hold p

P(R25, v1) 25 1 120
P(R100, v1) 100 1 120
1 10 50
1 10 28
1 10 10

flat punch indentation which is obtained by using double Laplace
and Hankel transform.

According to the solution proposed by Biot [24] and extended
to the case of finite ramp time [25], using the notation as in Cowin
and Doty [8], the vertical displacement of the top surface of the
poroelastic layer u(t) in a consolidation problem, can be written as:

u(t) = uu(0) + ut(t) = uu(0) + P1g(�) (1)

with

g(�) = 1 −
∞∑

m=0

8

(1 + 2m)4�4�R

[e−(1+2m)2�2(�−�R) − e−(1+2m)2�2�] (2)

where the parameter P1 depends on the elastic properties of the
material. A dimensionless time parameter � can be introduced;
for confined compression tests, Galli and Oyen [25] use � = (ct)/4L2

where t is the physical time and c is a diffusivity parameter which
is proportional to the tissue permeability and stiffness. Parameter
�R is the dimensionless time at t = tR where tR is the duration of the
loading ramp.

Eq. (1) is recast in the multiload nanoindentation problem to
obtain the displacement history during creep at the jth load level
hj(�) by means of the two parameters fitting function:

hj(�) = hj(0) + Pj
1[g(�j)] (3)

where hj(0) is the indentation depth at the beginning of the creep
phase of the j-th load level. Moreover, a new dimensionless time �
is defined for any of the load levels in analogy to that introduced
by Oyen et al. [21]:

�j = Pj
2t

ˇ2a2
= Pj

2t

ˇ2Rhj(t)
(4)

in which two characteristic lengths for spherical indentation have
been introduced: the radius of the spherical indenter, R, and the

displacement during the hold phase hj(t), with Pj
1 and Pj

2 the two
fitting parameters. In Eq. (3), the characteristic fluid path length
ā = ˇa, proportional to the contact radius (a∼ 2

√
Rhj(t)) is used;

ˇ = 2.86 is identified as shown in the Supplementary Material. The

parameter Pj
1(h) (nm) is the difference between the displacement

in the drained (t → ∞) and that in the undrained (t → 0) condition.

Pj
2(h) (nm2/s) = AkMd, having the same physical units of c, acts as

a diffusivity parameter which depends on the drained indentation
modulus Md, on the permeability k, and on the parameter A. For
isotropic poroelasticity and assuming an undrained Poisson’s ratio

�u = 0.5, A becomes A = (1 − �d)2/(1 − 2�d) [18] [21]. In the range
�d = [0.05 − 0.25] as identified by Oyen et al. [21], A varies in the
range [1.002–1.125], therefore, in this work it has been assumed
A = 1.

hase (s) Total load (mN) Load steps Repetitions

1 10 10
1 10 10



Fig. 2. (a) Force vs time: ten load steps from 0 mN to 1 mN have been applied with
load increments of 0.1 mN; (b) typical displacement in function of time data recorded
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Fig. 3. (a) A representative experimental result for the undrained (circle) and the
drained (square) response for C(R400, v1) and the best fitting lines using Eqs. (6–7).
(b) A representative experimental result for the undrained (circle) and the drained

Md
uring the whole experiment. Open circles indicate the end of the creep phase at
ach load level.

.3. Data analysis

The output data at each load level Fj
L of the experimental tests

re:

. The drained, hj
d
, and the undrained, hj

u, displacement. The
drained indentation depth is the indentation depth measured
at the end of the j-th creep phase hj

d
= hj(t = 120 s) and it

represents the tissue response in drained (equilibrium) condi-
tion. The undrained displacement is obtained as a summation of
undrained displacement increments �hk

u : hj
u =

∑j
k=1�hk

u(Fk
L ),

where �hk
u(Fk

L ) = hk(t = 0) − hk−1(t = 120 s).
. The time-domain data hj(t) which is the displacement history

measured for each j-th load level during the holding phase.

Following the theory of spherical indentation of a purely elastic
alf space, the static load-indentation (F − h) relationship is [26]
27]:

= 4
3

E∗ 2√
Rh3/2 (5)

here, E* is the indentation modulus of the deformable body and
is the radius of the indenter. Eq. (5) can be used to fit the

FL − hd) and (FL − hu) data points to identify the drained (Md) and
he undrained (Mu) indentation modulus as follows:

L = 4
3

Md
2√

Rhd
3/2 (6)

L = 4
3

Mu
2√

Rhu
3/2 (7)

The symbols FL, hd, and hu without superscript j indicate the
ectors that collect all the ten levels of force, drained displacement
nd undrained displacement of a single multiload test: FL = [Fj
L]

10

j=1,

d = [hj
d
]
10

j=1
and hu = [hj

u]
10
j=1. Fig. 2 shows a representative force

istory and displacement response for the R400 tip radius; Fig. 3
(square) response for C(R25, v1) and the best fitting lines using Eqs. (6–7).

shows a typical result for the drained and the undrained responses,
along with the relative best fittings (using Eqs. (6) and (7)), for
experiments performed with the R400 tip radius (Fig. 3(a)) and the
R25 tip radius (Fig. 3(b)); Fig. 4 shows the creep response for a
representative ten levels test for C(R400, v1). Under the assump-
tion that a steady state at the end of each load level is achieved,
creep curves are mutually independent, allowing to scale time in
the range 0–120 s for all load levels. The effect of the load ramp
is accounted for by the known parameter hj(0) for each creep
curve.

For PDMS samples, the modulus computed using data at the end
of the creep phases is the long term modulus Mlt = M(t → ∞).

Applying a best fitting procedure on the experimental curves
hj(t) using Eq. (3), the parameters P1 and P2 can be identified. By
using the definition of P2 a value for the depth-dependent perme-
ability can be estimated as

kj = Pj
2(h)

(8)
Fig. 4. Example of ten different creep curves related to the ten increasing loads in
the range 0.1–1 mN.



Table 3
Values of Md and Mu for AC samples reported as mean value and standard deviation.
Range of variation of goodness fit parameter R2 is also reported.

Sample Drained modulus Md (MPa) Undrained modulus Mu (MPa)

Mean Std dev R2 Mean Std dev R2
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Fig. 5. (a) Drained moduli for the cases of different tips and same loading rate. (b)

zontal lines indicate the maximum and minimum indentation
strain/contact radius achieved during the experiments. An
increasing indentation modulus with increasing representative
C(R400, v1) 0.50 0.15 0.97–0.99 40 8 0.97–0.99
C(R400, v10) 0.49 0.41 0.97–0.98 234 63 0.96–0.99
C(R25, v1) 1.74 0.41 0.93–0.98 25 1 0.95–0.99

The consolidation ratio is introduced to normalize the indenter
isplacement:

j = (hj(t) − hj
d
)

(hj
u − hj

d
)

(9)

According to the Herzian contact theory, the contact radius, ljc,
hich is an estimate of the characteristic length of the experiments

s

j
c = 2

√
2Rhj − hj2 (10)

An equivalent indentation strain, εj
eq, as proposed by Lin et al.

28] and verified by other authors [29,30], is here introduced:

j
eq = ljc

R
(11)

The above definition was introduced by Tabor [31] for metals,
ut the work of Lin et al. [28] suggests that it is applicable also to the

ndentation on soft biological tissues. Then, Eq. (11) defines a scalar
epresentative measure of the inhomogeneous strain distribution
eneath the indenter surface and it is correlated with the increase

n length of material fiber with respect to its undeformed length.
The commercial code MATLAB (MathWorks, Natick, MA, USA)

nd the constrained interior-point algorithm is used in a least
quare framework to find the optimum parameters.

. Results

.1. Articular cartilage

All the curves (FL − hd) and (FL − hu) measured for each of the
hree types of experiments (50, 28 and 10 repetitions, respectively)
ere subjected to a best fitting procedure using Eqs. (6) and (7) to

stimate the drained modulus Md and the undrained modulus Mu,
espectively. The mean values and the standard deviations com-
uted for these three cases are shown in Table 3 along with the
ange of variation of the goodness of fit parameter R2. The indenta-
ion modulus obtained with the 25 �m tip (1741 ± 41 kPa) is higher
han that obtained with the 400 �m indenter 500 kPa. They differ
n a non-parametric unpaired Mann–Whitney–Wilcoxon test at a
ignificance level ˛ < 0.01. No size dependence is observed in the
ndrained modulus which have no statistical difference for ˛ < 0.05.
o assess the effect of the loading rate, tests were carried out with
he larger tip (C(R400, v1) and C(R400, v10)) at two different rates:
mN/s and 10 mN/s. As expected, a significant effect is found on the
ndrained response whereas no statistical difference (˛ < 0.01) was
ound on the equilibrium (drained) response. In all cases, undrained

oduli are significantly higher than the drained ones.
The high values of the R2 found in all cases show that the

ypothesis of Hertzian contact is acceptable for both drained and
ndrained conditions [32], for which a purely elastic behavior can
e expected.
The bar graphs presented in Fig. 5 compare the data collected
n Table 3, by separating the effects of tip radius and loading rate.
ig. 5(a) presents the values of Md when the sample is tested at the
ame loading rate, but with different tip radii (samples C(R400, v1)
Undrained moduli for the cases of same tip and different loading rates. Mean and
standard deviation are presented.

and C(R25, v1)); in Fig. 5(b), instead, Mu is reported when the sample
is tested with the same tip radius, but at different loading rates
(samples C(R400, v1) and C(R400, v10)). The black bars indicate the
standard deviations.

Figs. 6 and 7 present, respectively, the drained and
undrained moduli as a function of the equivalent deformation
(Figs. 6(a) and 7(a)) and the contact radius (Figs. 6(b) and 7(b)).
Means and standard deviations are reported, and the hori-
Fig. 6. (a) Drained moduli vs the equivalent indentation strain. (b) Drained moduli
vs the contact radius. Mean (marker) standard deviation (solid line) are presented
as well as the range of both the parameters analyzed into a single multiload test (dot
line). Only tests carried out at the same loading rate are reported.



Fig. 7. (a) Undrained moduli vs to the equivalent indentation strain. (b) Undrained
moduli vs to the contact radius. Mean (marker) standard deviation (solid line) are
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Table 4
Values of Mlt for PDMS samples as mean value and standard deviation. Range of
variation of goodness fit parameter R2 is also reported.

Sample Long term modulus Mlt (MPa)

Mean Std dev R2

P(R25, v1) 3.77 0.08 0.96–0.99
P(R100, v1) 3.72 0.07 0.97–0.99
resented as well as the range of both the parameters analyzed into a single multi-
oad test (dot line). Only tests carried out with the same tip are reported.

ndentation strain is found, whereas a decreasing modulus is found
or an increasing characteristic length.

Fig. 8(a) reports the values of permeability (mean and standard
eviation) computed as a function of equivalent deformation for all
he load levels; considering the experimental data obtained with
ame loading rate 1 mN/s and the different tip radii C(R400, v1)
nd C(R25, v1), this curve show the well-known strain-dependent

ehavior and it is fitted according to [36]

(ε) = k0e−k1ε (12)

ig. 8. (a) Permeability with respect to the indentation strains. (b) Fitting of strain-
ependent permeability using Eq. (12).

Fig. 9. (a) Consolidation ratio curves for representative 10 load levels for the exper-
iment C(R400, v1) in function of natural time. (b) Consolidation ratio curves for
representative 10 load levels for the experiment C(R25, v1) in function of natural
time. (c) Curves in (a) and (b) are plotted together. (d) Selected consolidation ratio
curves in dependence of normalized time for all the three cases analyzed for AC
samples.
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ig. 10. Normalized indentation depth plotted in dependence of natural time for
DMS samples. For the different tip radii and loading condition, only representative
urves are presented.

here k0 and k1 are two fitting parameters. Fig. 8(b) shows the
esult of the best fitting procedure, with k0 = 4.2 × 10−16 m4/Ns and
1 = 1.6.

.2. PDMS

Table 4 shows the values of the long term indentation moduli
alculated for the PDMS samples. No statistical differences at
< 0.01 are found between the results collected with the two tips

ndicating that the long term response for PDMS is independent of
he indenter radius.

.3. Time-dependent response of AC and PDMS samples under
anoindentation

Fig. 9(a) reports the consolidation ratio for ten representative
evels of load using the R400 tip. As expected for a fluid filled
olid under a constant load, the consolidation rate is greater for
maller characteristic sizes; i.e., for increasing load, the contact
rea increases and the time required to achieve a given consol-
dation ratio increases. The characteristic size of the indentation
an be changed by changing the tip radius. In Fig. 9(b), the con-
olidation ratio is reported for all load levels using the R25 tip.
he time response under multiload creep is qualitatively similar
o the response obtained with the large tip, but consolidation is
onsiderably faster for the smaller tip as shown in Fig. 9(c).

Following the theoretical solution of the consolidation problem,
f the normalized time, one for each load level, is considered (Eq.

4)), hj
F becomes independent of the characteristic size. R2 values

or all curves fitting the creep data range between 0.8 and 0.99 for
he large radius tip, and between 0.7 and 0.95 for the small radius
ip.

If consolidation curves are reported as a function of normalized
ime for all load levels and for all tip radii, no appreciable differ-
nce can be observed as shown in Fig. 9(d), where the consolidation
urves for all the studied cases overlap.

As a comparison, Fig. 10 shows representative curves of the
ime-dependent response to a constant indentation load for PDMS

n dry conditions: the normalized consolidation rate hj
F as a function

f time t overlaps within the experimental scattering for all charac-
eristic lengths; this shows that the time-dependent phenomenon
s independent on the contact radius of the experiments with PDMS
amples. This results indicates that indentation on PDMS in dry
ondition is mostly an intrinsically viscoelastic phenomenon.
. Discussions and conclusions

The behavior of the superficial layers of AC derives from the spa-
ial organization of its different constituents [33]. In this work, we
focused on the effects of the characteristic length of the nanoin-
dentation experiment on the time-dependent response of AC in
a physiological (i.e., liquid) environment. The analyses allowed
us at identifying drained and undrained indentation modulus, as
well as the tissue permeability. Effects of characteristic lengths
were investigated by performing indentation tests with spherical
tips with two different radii and different penetration depths by
setting a multiload procedure. The penetration depths achieved
in all experiments were lower than 25 �m, therefore it was
assumed independence of the results from through-the-thickness
inhomogeneity.

The value of drained modulus obtained with the small tip (R25)
is three times higher than that found with the large tip (R400). This
effect was also found in Simha et al. [34] where the drained inden-
tation modulus of bovine patellar cartilage decreased up to three
times (from 4.5 MPa to 1.5 MPa) with increasing indenter radius
from 0.1 mm to 1 mm. Simha attributed this result to the spatial het-
erogeneities as well as to the different amount of AC tissue probed
with different tips. The tests carried out with the small tip cover
a wide range of high equivalent deformations (εeq ∈ [0.61–0.96])
and small characteristic contact sizes (lc ∈ [15–23] �m). Vice versa,
those conducted with the large tip investigate a range of smaller
equivalent deformation (εeq ∈ [0.12–0.31]) with large contact sizes
(lc ∈ [50–125] �m). According to Fig. 6, the drained indentation
modulus increases with increasing applied equivalent deformation,
as seen at the macroscale with unconfined compression tests [35],
and decreases with increasing contact radius. These two results
suggest that the drained modulus increases if smaller volume of
tissue (i.e., smaller amount of AC collagen fibrils) are recruited and
loaded at high strain.

The value of the undrained modulus increases substantially
if the loading rate increases, as shown in Fig. 5(b) (results for
C(R400, v1)) (see also Table 3). At a given loading rate, the undrained
modulus is not dependent on the tip radius and on the equivalent
strain as no statistical difference was found between the 400 �m
and the 25 �m tip. This suggests that, unlike the drained response,
the short term tissue response is weakly related to the material
microstructure; it is rather owed to the fluid pressure increase upon
sudden loading.

Using the analytical solution for a 1-D consolidation problem,
an estimation of the tissue permeability at different equivalent
deformations can be carried out. As a result of the Finite Element
validation step, one single diffusivity parameter, able to simulate
creep data at all load levels for both spherical tip radii, has been
found. This is an indication that the 1-D fitting function is appro-
priate for this particular experiment and that the parameters are
correlated with indentation modulus and permeability, as stated in
Hu et al. [18].

Nia et al. [37] found an average permeability of 10−14 m4/Ns
on immature bovine cartilage samples by a dynamic atomic force
microscopy based nanoindentation; Chen et al. [38] found per-
meability, extrapolated at zero compressive strain, of 4.55 × 10−15

m4/Ns on superficial layers of adult bovine cartilage samples using
confined compression experiments. The tissue permeability pre-
dicted in this study (Fig. 8(b)) is lower than that found in [37,38]; the
permeability obtained with the larger sphere at the first load level
is about two times larger than that found by Oyen et al. [21] with
a spherical tip of radius 239 �m at an indentation depth of 3.4 �m
(lc ∼ 40 �m). This suggests that experimental conditions and tissue
sources should be carefully accounted for when making consis-
tent comparison between tissue permeability measures obtained
in different studies. Furthermore, Williamson et al. [39] have shown

that tissue permeability is strain-dependent (they found values in
the range 10−15–10−17 m4/Ns for compressive strains ranging from
0.15 to 0.45) as well as age-dependent, finding decreasing perme-
ability with tissue age, especially at large strains.



d
r
i
e
(
i
i
a
c
m
s
t
h
r
t
p
r
w
e
w
e
e
e
f
a
m

b
a
t
t
f
m
(
fi
t

b
e
s
m
o
e

t
a
i
d
p
v
m
d

a
g
fl
(
s
p
a
a
c
i
i
fl

Critical issues for this model and potential limitations are briefly
iscussed in the following. The time-dependent response has been
ecorded over a time span of 120 s. The choice of 120 s as hold-
ng time is a compromise between the total duration of the whole
xperiment and the need to achieve an equilibrium configuration
total dissipation of the excessive pore pressure). Indeed, the test-
ng apparatus is not suited for longer holding time because of the
ncreasing effect of thermal drift with the experiment duration
nd the fixed number of sampling points recordable during the
reep phases. A short creep phase could overestimate the drained
odulus. Nevertheless, in order to check the achievement of a

teady state configuration with a good accuracy, the numerical
ime derivative of the creep displacement as a function of time
as been computed on average creep curves for each indenter
adius and each loading level. The worst condition was found for
he case C(R400, v1) at the 10th load level, for which a creep dis-
lacement rate of 4 nm/s was computed. Considering that the creep
ate decreases with time, the additional creep displacement that
ould be accumulated for t > 120 s is expected to be below the

xperimental variability. The additional creep displacement that
ould be accumulated during the load levels from 1st to 9th is

ven lower because lower creep rates are measured for those lev-
ls. As expected, creep rates at 120 s calculated for the 25 �m tip
xperiments are lower than that found for the 400 �m tip; there-
ore, the underestimation of the long term creep displacement has
very limited effect on the estimation of the drained indentation
odulus found for the 25 �m tip.
The creep tests carried out in this work can be partially affected

y the finite duration of the loading ramp, i.e., no step loading is
pplied. This issue has been accounted for in the estimation of the
issue permeability by using the fitting Eq. (2), which is similar to
hat used in Galli and Oyen [25]. The function (2) explicitly accounts
or the duration of the loading ramp. The tissue permeability esti-

ated with the R400 tip and two different loading rates is the same
see Fig. 8a), to within the experimental variability, except of the
rst load level (Fig. 8a): this is a clear indication that the effect of
he loading ramp has been correctly accounted for.

For comparison purposes, the same experimental protocol has
een applied on PDMS samples in dry conditions which are
xpected to be homogeneous and intrinsically viscoelastic. Fig. 10
hows that PDMS has a prevalent viscoelastic behavior. Indeed, nor-
alized creep curves (normalized displacement vs. natural time)

btained at different indentation loads overlap, i.e., they do not
xhibit size dependence [40].

Unlike PDMS, the time response of cartilage can be explained
hrough the poroelastic dissipation mechanism. Fig. 9 suggests that,
t least at the time scales investigated in this study, poroelasticity
s the main phenomenon governing AC superficial zone. The size
ependence observed using two different tip radii and different
enetration depths is shown by plotting normalized displacement
s. time. If the normalized displacement is plotted against the nor-
alized time (Eq. (7)), all curves overlap, i.e., the size dependence

isappears.
Both viscoelasticity and poroelasticity have to be taken into

ccount when hydrated tissues with fibril networks are investi-
ated at macroscopic characteristic lengths since both interstitial
uid flow and collagen fibril bending affect the overall response
i.e., under confined compression tests [41]). Although macro-
copic indentation testing is suitable to investigate poroviscoelastic
arameters, Galli et al. [42] showed that analyzing the data by
ssuming linear poroelasticity leads to an overestimate of perme-
bility. Our finding on AC is corroborated by Gupta et al. [43] who

onfirmed that viscoelasticity of the fibers plays an important role
n the macroscopic tensile response of articular cartilage, but it was
gnored in their nanoindentation experiments, since the effect of
uid pressurization prevails when compression is the dominant
mode of deformation [44]. Besides, Oyen et al. [21] suggested that
a poroviscoelastic theory would be more suitable if AC is investi-
gated at characteristic lengths larger than ∼220 �m, that is twice
the maximum characteristic length analyzed in this work.

It can be expected that the intrinsic viscoelastic behavior of
collagen fibrils as well as of the other molecular components of car-
tilage solid matrix may also play a role. However, as the typical fibril
diameter is 20–80 nm, viscous dissipation should be detectable for
characteristic lengths much smaller than those investigated in this
work and on larger time scales. It can be speculated that AFM-based
indentation using a sharp tip radius and low applied loads may be
more suitable to probe the viscoelastic response of cartilage fibrillar
component.

Anisotropy is also an important issue on cartilage mechanics.
However, the aim of this work is to characterize tissue stiffness
through the indentation modulus and no specific reference has
been made to the single components of the elastic tensor and
their relationship with the indentation modulus [45,46]. Limiting
to the case of a transversely isotropic material subjected to an
axisymmetric indentation, the indentation modulus along the axis
of symmetry (direction 3 in the following equation) can be analyt-
ically written as [46]

Mt = 2
2

√
C2

31 − C2
13

C11

(
1

C44
+ 2

C31 + C13

)−1
(13)

where C11 = C1111, C13 = C1133 = C3311, C44 = C2323 = C1313, C33 = C3333

and C31 = 2
√

C11C33. Cijhk is the generic coefficient of the material
fourth order stiffness tensor, where i,j,h,k = [1–3].

Our study introduces two significant innovations. (i) We probed
different characteristic lengths at the same spot of the tissue, thus
allowing to circumvent the uncertainties due to the intrinsic spa-
tial variability of the tissue; (ii) we used fitting functions derived
from the analytical solution of a poroelastic problem, although with
different boundary conditions, and validated them through finite
element analyses; the specific boundary conditions involved in the
spherical indentation problem have been partially accounted for
by introducing the geometrical parameter ˇ estimated through the
FEM simulation. Two potential applications with clinical relevance
can be envisioned. Multiload nanoindentation tests on human
physiologic and pathologic samples would allow to quantitatively
assess microscopic tissue stiffness and permeability at different
pathology stages. Furthermore, the proposed method can be used
to quantify the biomechanical compatibility of engineered tissue
substitutes before implantation.
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