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The sliding experiments of articular cartilage were conducted by applying an optimized digital image corre-
lation (DIC) technique and the depth-dependent normal strain and friction force were analyzed for cartilage.
It is found that the friction forces of cartilage increase firstly and then decrease slowly with the slide of slider
and increase with increasing compressive strain. The normal strain values of different layers increase obvi-
ously with sliding time with compressive strain of 35.2%. The normal strain values of superficial layer and
middle layer appear in an increasing trend however little change of normal strain in deep layer is observed
with sliding time with compressive strains of 18.9% and 11.2%. The depth-dependent normal strain values de-
crease along depth direction with constant compressive strain and the normal strain values of different nor-
malized depth increase with increasing compressive strain. The friction forces and depth-dependent normal
strain values of cartilage decrease slightly with increasing sliding rates. It is noted that the first sliding friction
forces are the largest and then the friction forces decrease with increasing sliding numbers. The normal strain
value increases with increasing sliding numbers and the increasing amplitude of normal strain during the for-
mer two sliding is significant. The fitting relationship of normal strain and normalized depth was obtained
considering the effects of compressive strain and sliding rate and the fitting curves agree with the experimen-
tal data for cartilage with different compressive levels and sliding rates very well.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Articular cartilage serves as the load-bearing and avascular tissue
with excellent friction, lubrication and wear characteristics [1]. It
covers the surfaces of subchondral bones in diarthrodial joints to
transmit loads, absorb shock and sustain daily loading histories gen-
erating time-varying, spatial distributions of stresses and strains.
The cartilage is exposed to a wide range of loads up to 10 times the
body weight and is subjected to both static and dynamic loads includ-
ing sliding and rolling motions in activities of daily living. So it is sig-
nificant to investigate the mechanical behavior of articular cartilage
under these physiological loads considering the importance of carti-
lage in maintaining the mobility and quality of life of individuals. In
this study, the optimized digital image correlation (DIC) technique
was applied to investigate the depth-dependent mechanical behavior
for articular cartilage under sliding load for the first time.

Many studies have been made on the friction properties of carti-
lage under sliding load [2–11]. Katta et al. [7] investigated the friction
properties of cartilage against cartilage at different contact stress
levels under static and dynamic load conditions and it was found
that the increasing contact stress reduced the friction levels. Forster
and Fisher [8] found that the friction coefficients of the initial and
).
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repeat tests were both dependent on the loading time by the recipro-
cating friction tests of cartilage-on-metal contact. Li et al. [9] studied
the friction behavior of cartilage-on-PVA hydrogel contact, cartilage-
on-cartilage contact and cartilage-on-stainless steel contact under
static load and cyclic load. It was concluded that the friction coeffi-
cient of cartilage-on-cartilage contact maintained far lower value
than other contacts. Caligaris [10] reported that migrating contact
area, which delivers re-swelling periods to the tissue, significantly
promoted the sustainability of the interstitial fluid pressurization
mechanism and consequent low friction coefficient. Pawaskar [11] in-
troduced the sliding motion into a biphasic FE model and remarked
the importance of migrating contact area for sustainability of the bi-
phasic lubrication. However the effect of material structure has not
been sufficiently evaluated for sliding motion.

Microscopically, articular cartilage shows inhomogeneity and an-
isotropy in its structure and composition. The structure of cartilage is
described in three distinct zones along the depth direction: superficial,
middle and deep [12–15]. In superficial zone, collagen fibrils are orient-
ed parallel to the articular surface and concentration of proteoglycan
content is lowest within three zones. In the middle zone, orientation
of fibrils tends to be vertical to the articular surface and proteoglycan
content increases. In the deep zone, collagen fibrils are perpendicular
to the articular surface. Other properties of cartilage, such as density
of collagen fibrils, water content, fixed charge density, morphology of
cells, etc., vary along depth direction [16–22]. Consequently, the tissue's
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mechanical properties vary through the depth of cartilage. Wang et al.
[23] found that the depth-dependent elastic modulus and Poisson's
ratio of cartilagewere the smallest at the articular surface and increased
with depth under unconfined compression. Gao et al. [24] investigated
the depth-dependent relaxation behavior and Young's modulus under
unconfined compression and it was found that the inhomogeneous re-
laxation modulus which is the ratio of the stress at certain relaxation
time point to the depth-dependent strain increased obviously with car-
tilage depth and the nearly five times differences between the surface
zone and deep zone were observed for different relaxation time under
given strain levels. The Young's modulus increased with depth and
both the magnitude and the variation of the Young's modulus were af-
fected by increasing strain rates. Sakai [25] found that the local com-
pressive strain varied through the depth of cartilage by compressive
test. However there are few researches on depth-dependent mechani-
cal behaviors of articular cartilage under sliding load.

In this study, the depth-dependent mechanical behavior of articular
cartilage under sliding loadwas investigated by applying the optimized
digital image correlation (DIC) technique. The depth-dependent normal
strain distributions were obtained with different compressive levels
and sliding rates. Simultaneously the effects of compressive level, slid-
ing rate and sliding number on the friction force of cartilage have also
been analyzed.

2. Materials and methods

2.1. Materials

Articular cartilage from the trochlea site of about 8-month-old pig
knee joint was obtained 4–6 h post-mortem from a local slaughter-
house. A steel trephine was used to harvest cartilage-bone plugs
with the trephine core axis perpendicular to the articular surface.
Then twenty-seven full-thickness cartilage samples with subchondral
bone taken from four joints were made in dimension of about 6 mm
in length, 4 mm in width, 2 mm in thickness and were separated
into nine groups. Before conducting the experiment all samples
were soaked in saline so as to maintain the humidity of the cartilage.

2.2. Experimental apparatus

The friction test of articular cartilage under sliding load was
performed on a MTF-100 testing machine (Center of Mechanical Ex-
periment in Shanghai University, China). The machine mainly con-
sists of image acquisition system, mechanical loading system,
computer control system and image processing software. The pro-
gressive scan CCD camera is applied and the 1376×1035, 8 bit images
Fig. 1. Experimental setup for articu
can be obtained for the image acquisition system. The loading rate of
mechanical loading system is 0.01 mm/min-100 mm/min and the
load capacity is 100 N. The captured sequential images were analyzed
using the image processing software to generate the displacement
fields and the strain fields. Fig. 1 shows the experimental setup
under sliding load.

Cartilage specimen was fixed in the center of the test chamber
with saline solution as shown in Fig. 1. The cylindrical slider with
35 mm diameter and a surface roughness of Ra and 0.05 was driven
by a ball screw and a servomotor and was in the horizontally recipro-
cating sliding state on the surface of the cartilage sample. The friction
force was measured with a uniaxial load cell mounted on the transla-
tion stage and the sliding displacement of the platen was monitored
by displacement sensor. The microscope was focused on the cross
section of cartilage sample and all images captured contained the
whole thickness of the cross section. The strain fields of cartilage sam-
ple were obtained by processing the captured sequential images.
2.3. Methods

An optimized digital image correlation technique was applied to
measure the two-dimensional deformation fields in the cartilage
samples under sliding load. The essence of this technique is to auto-
matically measure displacements by tracking the change in position
of points on digitized images of the object's surface. The optimized
digital image correlation requires a random pattern on the sample
surface that can be readily identified in sequential images. This ran-
dom pattern enables us to perform digital image correlation of se-
quential images that record the deformation of the sample. In this
study the iron oxide nanoparticles, which were scattered and embed-
ded in the cartilage sample profile, were used as fiducial markers for
cartilage sample and the relative position of these nanoparticles gave
rise to a random pattern on the sample surface. Fig. 2 shows micro-
scopic images of a section of cartilage sample before and after loading.
Considering a point of interest A in the image of the reference config-
uration the corresponding point A′ was obtained in the image of the
deformed configuration. The normal deformation (along cartilage
depth direction) is observed as shown in Fig. 2 and the normal strain
can be determined by the following relationship.

εZ ¼ z′−z
� �

=h ð1Þ

Where εZ is the normal strain and h is the thickness of cartilage.
lar cartilage under sliding load.
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2.4. Experimental description

The continuous sliding tests were conducted with given compres-
sive strain values of 11.2, 18.9 and 35.2% and at different sliding rates
of 0.33, 0.83 and 1.67 mm/s for nine sets of independent cartilage
specimens respectively. The slider was reciprocated 10 times over
the cartilage samples with a distance of 6 mm in each test. For each
condition three samples were tested considering random error.

Prior to any sliding load the initial thickness of each sample was
measured microscopically and the image of the sample in its
load-free reference state was first acquired. The samples were also
imaged during the whole sliding process and the images were ana-
lyzed using the optimized DIC technique to generate the displace-
ment fields and the strain fields. The friction force and sliding
displacement were measured and recorded by the testing machine.

2.5. Fitting model

Based on the experimental data of cartilage samples with different
compressive strains and sliding rates the relation of the normal strain
and normalized depth considering the effects of compressive strain
and sliding rate was fitted as the following.

εZ ¼ ε1 þ ε2⋅ exp aZð Þ ð2Þ

ε1 ¼ −0:4054ε20−0:1372ε0−0:0199 ð3Þ

ε2 ¼ 1:1184ε20 þ 0:8158ε0 þ 0:0463 ð4Þ

a ¼ 0:0376V2−0:2352V−1:2143 ð5Þ

Where εZ is the normal strain, ε0 is the applied compressive strain,
ε1 and ε2 are the parameters related with the ε0, a is related with the
sliding rate V. Z is the normalized depth and Z=0 corresponds to the
cartilage surface.

3. Statistical analysis

A one-way analysis of variance (ANOVA) with repeated measures
was performed to detect the differences among the experimentally
measured values of friction force in three sliding tests. Similarly, the
ANOVA with repeated measures was applied to detect differences
among the normal strain values in three sliding tests. Statistical sig-
nificance was accepted for pb0.05. Data points shown in the figures
of the next section represent mean values, whereas error bars indi-
cate the standard errors above and below corresponding mean
values.
Fig. 2. Microscopic images of a section of articul
4. Results

4.1. Effect of compressive strain value on friction force of articular
cartilage

The effect of compressive strain value on friction force of articular
cartilage was investigated by sliding tests and Fig. 3 shows the rela-
tionship of friction force and sliding displacement with different com-
pressive strain values at a constant sliding rate. It is noted that the
friction forces of the cartilage increase firstly and then decrease slow-
ly with the slide of the slider and the friction forces increase with in-
creasing compressive strain values.

4.2. Effect of compressive strain value on normal strain of articular
cartilage

The normal strains of different layers for cartilage were investigat-
ed with sliding time and the effect of compressive strain value on nor-
mal strain was analyzed as shown in Fig. 4. It is found that the normal
strain values of different layers increase obviously with sliding time
with compressive strain of 35.2%. The normal strain values of the su-
perficial layer and middle layer appear in an increasing trend howev-
er little change of normal strain in deep layer is observed with sliding
time with compressive strain of 18.9% and 11.2%. The normal strain
values of different layers for cartilage increase with increasing com-
pressive strain.

Fig. 5 shows the distributions of normal strain through cartilage
depth with different compressive strain values at sliding rate of
0.33 mm/s in order to display the effect of compressive strain on
depth-dependent normal strain of cartilage more clearly. It is shown
that the normal strain value decreases along the cartilage depth
with constant compressive strain. The normal strain values of differ-
ent normalized depth for cartilage increase with increasing compres-
sive strain and the increasing amplitude of normal strain is the largest
in the superficial layer. The distributions of normal strain through car-
tilage depth with different compressive strains were fitted by the ex-
pressions (2), (3), (4) and (5) and the fitting curves agree with the
experimental data very well as shown in the Fig. 5.

4.3. Effect of sliding rate on friction force and normal strain of articular
cartilage

The effect of sliding rate on friction force and normal strain of ar-
ticular cartilage was investigated by sliding tests and Fig. 6 shows the
relationship of friction force and sliding displacement at different
sliding rates with constant compressive strain value. It is noted that
the friction forces of cartilage decrease slightly with increasing sliding
ar cartilage before (a) and after loading (b).

image of Fig.�2


Fig. 4. Normal strain values of different layers for cartilage with sliding time with dif-
ferent compressive strain values and sliding rate of 0.33 mm/s. (a) superficial; (b) mid-
dle; (c) deep.

Fig. 3. Friction force–sliding displacement curves for cartilage with different compres-
sive strain values at 0.33 mm/s.
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rates and the friction forces at given sliding rate increase firstly and
then decrease slowly with the slide of slider.

Fig. 7 shows the distributions of normal strain through cartilage
depth at different sliding rates and with compressive strain of
18.9%. It is noted that the normal strain values through cartilage
depth decrease slightly with increasing sliding rates. For the
depth-dependent normal strains at different sliding rates the fitting
curves by the expressions (2), (3), (4) and (5) agree with the exper-
imental data very well.

4.4. Effect of sliding number on friction force and normal strain of artic-
ular cartilage

Fig. 8 shows the relation of friction force and slidingdisplacement for
cartilagewith different sliding numbers at sliding rate of 0.33 mm/s. It is
shown that the first sliding friction forces are the largest and the friction
forces decrease with increasing sliding numbers.

Fig. 9 shows the effect of sliding number on the normal strain of
cartilage at sliding rate of 0.33 mm/s. It is found that the normal
strain value increases with increasing sliding numbers and the in-
creasing amplitude of normal strain between the first and second
slide is significant.

5. Discussion

The results of many researchers [26–29] show that the friction co-
efficient of cartilage under constant load increases with sliding time,
which means the friction force under constant load increases as the
sliding time evolves. In this study the constant compressive strain is
applied over the cartilage sample and the compressive force over
the cartilage sample decreases as the sliding time evolves due to the
viscoelastic characteristics of cartilage. Thus the friction forces of car-
tilage increase firstly due to the increase of friction coefficient and
then decrease slowly due to the relaxation of compressive force
with sliding time as shown in Fig. 3. The friction forces of the cartilage
increase with increasing compressive strain (Fig. 3), which is in good
agreement with the results of Naka et al. [30].

The friction force of cartilage depends not only on the compressive
force but also on the sliding rate. The friction forces decrease slightly
with increasing sliding rates as shown in Fig. 6. While the sliding rate
increases from 0.33 to 1.67 mm/s, the maximum friction force de-
creases from 10.46 to 8.6 N. Articular cartilage has strain lag

image of Fig.�4
image of Fig.�3


Fig. 5. Distributions of normal strain through cartilage depth with different compres-
sive strain values at sliding rate of 0.33 mm/s.

Fig. 7. Distributions of normal strain through cartilage depth at different sliding rates.
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properties under stress due to its viscoelastic characteristics. Also, the
friction force of the cartilage is larger when the cartilage deformed
more because of the increased contact area between the friction
counterparts. At high sliding rate, the contact area of the friction
counterpart is smaller because the slider has passed the deformation
region of the cartilage before the deformation region forms. Thus the
deformation of cartilage is smaller and the friction force is smaller.
Contrarily, as the deformation of cartilage is larger, so is the friction
force of cartilage at low sliding rate. This result is in good agreement
with the result of Pan et al. who investigated the friction properties of
poly (viny1 alcohol) hydrogel as articular cartilage against titanium
alloy [31].

The continuous sliding test under constant load was performed by
Li et al. and it is found that the friction coefficient (or friction force) of
cartilage-on-stainless steel contact increases gradually with increas-
ing sliding numbers [9]. However the friction force of cartilage
under constant compressive strain decreases with increasing sliding
numbers in the present study. The reason is that the compressive
Fig. 6. Friction force–sliding displacement curves for cartilage at different sliding rates.
force applied on the cartilage decreases due to its viscoelastic
characteristics.

The mechanical properties of articular cartilage under physiologi-
cal loads vary through the depth of cartilage. The depth-dependent
strain, elastic modulus and Poisson's ratio of cartilage were investi-
gated in unconfined compression [23–25,32]. However there is not
any knowledge about the depth-dependent strain of cartilage under
sliding load.

In this study, an optimized digital image correlation technique
was applied to investigate the depth-dependent normal strain of ar-
ticular cartilage under sliding load. This technique relies on the ability
to reveal sufficiently random patterns on microscopy images of carti-
lage surfaces and the surface displacement and strain field can be
obtained. The unconfined compression study [23,24] performed on
cartilage specimens capitalizes on the usefulness of this methodology
in characterizing two-dimensional strain fields. The depth-dependent
normal strain distributions of cartilage under sliding load were
obtained as shown in Figs. 4, 5 and 7. The normal strain values of dif-
ferent layers increase obviously with sliding time with compressive
Fig. 8. Friction force–sliding displacement curves for cartilage with different sliding
numbers.
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Fig. 9. Normal strain values of cartilage with sliding time with different sliding
numbers.
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strain of 35.2%. The normal strain values of superficial layer and mid-
dle layer appear in an increasing trend however little change of nor-
mal strain in deep layer is observed with sliding time with
compressive strain of 18.9% and 11.2%. The normal strain value de-
creases along cartilage depth with constant compressive strain and
the depth-dependent normal strain value increases with increasing
compressive strain (Fig. 5), which agree with the results of Erne et
al. and Gao et al. in unconfined compression [32,24]. The normal
strain values through cartilage depth decrease slightly with increas-
ing sliding rates because the contact time of cartilage and slider de-
creases at the larger sliding rate and moreover the deformation of
cartilage reduces.

Naka et al. [28] proposed that it occurred for the exudation of the
water in the cartilage when it underwent a sustained loading and the
exudation of water when the cartilage was applied by sliding load
was considered as the most important factor for the increase of the
friction coefficient. Li et al. [9] found that the increasing amplitude
of the friction coefficient for cartilage-on-stainless steel contact is
larger during the initial sliding process by continuous sliding test.
The results of Naka et al. and Li et al. indicate that a great deal of
water in cartilage under sliding load outflows during the initial slid-
ing process. This conclusion can be used to explain the results of the
present study which the normal strain value increases with increas-
ing sliding numbers and the increasing amplitude of normal strain
during the former two sliding is significant (Fig. 9) due to the outflow
of a great deal of water during the initial sliding process.

6. Conclusions

The optimized digital image correlation technique was applied to
investigate the depth-dependent normal strain and friction force of
articular cartilage under sliding load. The results show that the fric-
tion forces of cartilage increase firstly and then decrease slowly
with the slide of slider and increase with increasing compressive
strain values. The normal strain values of different layers increase ob-
viously with sliding time with compressive strain of 35.2%. The nor-
mal strain values of superficial layer and middle layer appear the
increasing trend and however little change of normal strain in deep
layer is observed with sliding time with compressive strain of 18.9%
and 11.2%. The depth-dependent normal strain values decrease
along depth direction with constant compressive strain and the nor-
mal strain values of different normalized depth increase with increas-
ing compressive strain. With increasing sliding rates the friction
forces and depth-dependent normal strain values of cartilage de-
crease slightly. It is found that the first sliding friction force is the larg-
est and then the friction force decreases with increasing sliding
numbers. The normal strain value increases with increasing sliding
numbers and the increasing amplitude of normal strain during the
former two sliding is significant. The distributions of normal strain
through cartilage depth considering the effects of compressive strain
and sliding rate were fitted and the fitting curves agree with the ex-
perimental data with different compressive levels and sliding rates
very well.
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