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Abstract—The friction coefficient between wet articular
cartilage surfaces was measured using a pin-on-disk tribometer
adopting different testing configurations: cartilage-on-pin vs.
alumina-on-disk (CA); cartilage-on-pin vs. cartilage-on-disk
(CC); and alumina-on-pin vs. cartilage-on-disk (AC). Several
substances were dissolved in the phosphate buffered saline
(PBS) solution to act as lubricants: 10,000 molecular weight
(MW) polyethylene glycol (PEG), 100,000 MW PEG, and
chondroitin sulfate (CS), all at 100 mg/mL concentration.
Scanning electron microscopy photographs of the cartilage
specimens revealed limited wear due to the experiment.
Conducting the experiments in PBS solutions we provide
evidence according to which a commercial pin-on-disk
tribometer allows us to assess different lubrication mecha-
nisms active in cartilage. Specifically, we find that the
measured friction coefficient strongly depends on the testing
configuration. Our results show that the friction coefficient
measured under CC and AC testing configurations remains
very low as the sliding distance increases, probably because
during the pin displacement the pores present in the cartilage
replenish with PBS solution. Under such conditions the fluid
phase supports a large load fraction for long times. By
systematically altering the composition of the PBS solution
we demonstrate the importance of solution viscosity in
determining the measured friction coefficient. Although the
friction coefficient remains low under the AC testing config-
uration in PBS, 100 mg/mL solutions of both CS and
100,000 MW PEG in PBS further reduce the friction
coefficient by ~40%. Relating the measured friction coeffi-
cient to the Hersey number, our results are consistent with a
Stribeck curve, confirming that the friction coefficient of
cartilage under the AC testing configuration depends on a
combination of hydrodynamic, boundary, and weep bearing
lubrication mechanisms.

Keywords—Articular cartilage, Friction coefficient, Testing
configuration, Pin-on-disk tribometer.

Address correspondence to Alberto Striolo, School of Chemical,
Biological and Materials Engineering, The University of Oklahoma,
Norman, OK 73019, USA. Electronic mail: astriolo@ou.edu

0090-6964/11/0100-0132/0 © 2010 Biomedical Engineering Society

132

INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disease
characterized by four main anatomical lesions:
degenerative cartilage lesion (ulcerations tending ulti-
mately to nude bone), proliferative lesion of the peri-
osteum (bone osteophytes), degenerative bone lesion
(subchondral bone sclerosis and subchondral bone
lysis), and inflammatory lesion of the articular soft
tissues (synovial effusion, edema, and progressive
periarticular fibrosis). It affects nearly 5% of the gen-
eral population and 80% of people over the age of
65,°* with 27 million patients in the US alone.”
Because one of the principal functions of cartilage is to
provide support in diarthrodial joints, transmitting
loads with minimum friction and wear,'" it is likely
that understanding the Ilubrication mechanism in
healthy cartilage will lead to therapeutic strategies to
relieve mild symptomatic OA, and possibly to improve
the efficacy and expected lifetime of prosthetic im-
plants. For this reason understanding the frictional
properties of cartilage continues to be of enormous
interest.

Although a number of experimental investigations
report extremely low friction coefficients for cartilage,
sometimes as low as ~0.01,'* the physiological mech-
anism responsible for such low friction coefficients is
not completely understood. A number of hypotheses
have been proposed, including fluid film lubrication
mechanisms in the flavors of hydrodynamic,** elasto-
hydrodynamic,'® squeeze-film,*”*'* weeping,*”** and
boosted mechanisms,®’ boundary lubrication,!”-3%46:62
and biphasic self-generating lubrication,' >13:41:44.52.53.58

Among many factors that affect the friction
coefficient for cartilage, such as sliding velocity,
duration of load, loading rate, interfacial contact
area, wear and so on, the presence of lubricants
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appears to be essential to normal functioning of
the joints.67+20:21:36.38-40.42.49.54.56.57.59.61.66 Hyalyronic
acid (HA),”'"° phospholipids,'®*"** chondroitin
sulfate (CS),%>* lubricin'*'**—the major compo-
nents of natural synovial fluid (SF)—and polyethyl-
ene glycol (PEG)® are reported to reduce the friction
coefficient of articular cartilage. Although to explain
these observations the boundary lubrication mecha-
nism is often invoked, the mechanism by which each
component present in SF facilitates lubrication, by
itself or in combination with others, is not com-
pletely understood. Gleghorn and Bonassar®* showed
that friction coefficients measured under various
experimental conditions fall within a universal Stri-
beck curve, which satisfactorily relates the friction
coefficient with shaft rotation rate and normal load.
In the classic Stribeck curve, the measured friction
coefficient is a function of the Hersey number, nu/N,
where # is the dynamic viscosity of the lubricant
solution, v the sliding velocity, and N is the normal
load.’® We are not aware of any systematic study in
which the Hersey number is varied by changing the
viscosity of the solution in which the experiments
are conducted, while keeping all other parameters
constant. Some literature reports have however
addressed the effect of viscosity on the measured
friction coefficients, and somewhat controversial
results have been reported. For example, Mori
et al>® found that very viscous HA lubricant solu-
tions decrease the measured friction coefficient.
Others found that the measured friction coefficient
does not depend on the solution viscosity.® Benz
et al® reported that the viscosity of a fluid film
containing HA is lower near the cartilage surface
than in the bulk, suggesting that HA may not
actually adsorb on the cartilage surface. One source
of uncertainty may be related to the fact that most
fluids in which the friction coefficient for cartilage is
measured (e.g., the SF) are non-Newtonian. Thus,
the viscosity used for calculating the Hersey number
could be either the viscosity at a certain shear rate,
or the zero-shear-rate viscosity.®>°

To rationalize these observations it helps remem-
bering that articular cartilage is a complex tissue.
Cartilage shows a heterogeneous structure divided in
four layers that differ in biochemical composition and
molecular organization. The structural integrity of
cartilage is probably responsible for its mechanical
properties. In a simplistic description, cartilage can be
pictured as a sponge in which a solid, highly charged
phase provides support and confines a fluid phase
within small cavities.® When a load is applied to
cartilage the fluid is pumped out of the pores.
McCutchen®® provided evidence suggesting that,
while inside the pores, the interstitial fluid contributes

to maintain low friction coefficients in cartilage.
Hlavacek reported that the fluid escaping the pores
yields a film on cartilage that quickly depletes, leaving
the bearing surfaces into contact.”® ** When the fluid
film is incomplete, lubrication is provided by the
interstitial fluid. When the fluid film is intact lubrica-
tion is provided by fluid-film hydrodynamics. Ateshian
et al. related the time-dependent friction coefficient to

the interstitial fluid pressurization>*':

pa) = 1= -0 O )

In Eq. (1), W(7) is the applied load and W”(7) is the
load supported by the interstitial fluid, hence W”(7)/
W(t) is the fraction of the load supported by the
interstitial fluid; ¢ is the fraction of the cartilage sur-
face that is solid and provides contact between two
sliding surfaces; pep(?) is the time-dependent friction
coefficient; peq is the friction coefficient at ‘steady-
states,” achieved after the two surfaces slide on each
other for a long time. The interstitial fluid can support
90% or more of the total normal load (W”(z)/W(1)),
depending on the solicitation. This support can reduce
to zero under prolonged static loading, at ‘steady-
states’ conditions.

During activities such as walking and running the
loading environment in the lower limbs is cyclical,
allowing the SF to support large loads for short
intervals and to replenish the cartilage before the load
applies again on any contact area.”*® McCutchen®®
reported that allowing a cartilage sample to replenish
with SF for a few seconds was sufficient to restore low
friction coefficients. Despite this, many available
experimental data are collected under continuous static
loads. One exception was reported recently by Calig-
aris and Ateshian,'> who built a special tribometer
with which they proved that when the contact area
between two sliding cartilage surface moves (i.e.,
‘migrating’ contact area), a constant, very low friction
coefficient is observed. Measuring friction coefficients
under conditions in which the contact area between the
cartilage samples migrates is likely to mimic physio-
logical conditions. Custom-made instruments, such as
that designed by Caligaris and Ateshian, are suitable
for such experiments, but it is possible that commercial
pin-on-disk tribometers can provide the desired
experimental conditions under appropriate testing
configurations.

The objectives of the this study are (I) to assess
whether a commercial pin-on-disk tribometer could be
used to assess various lubrication mechanisms in
articular cartilage; specifically, we seek to determine
whether by changing the experimental set-up it is
possible to establish experimental conditions under
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which the contact area, the area on which the external
load is applied, migrates on the cartilage substrate; (II)
to determine the effect of solution viscosity toward
reducing the measured friction coefficient; to this effect
we dissolve different polymers in phosphate buffered
saline (PBS) solutions; and (III) to interpret our
experimental results invoking the interstitial fluid
support (time-dependent friction coefficients) and the
Stribeck curve (steady-states friction coefficients).

Although it is known that SF is an efficient
lubricant, this fluid is not used in this study because it
was preferred to control the solution composition by
carefully measuring the concentration of two com-
pounds (PEG and CS) within PBS solutions. These
compounds change the solution viscosity. The effect on
the measured friction coefficient of compounds such as
lubricin and phospholipids, present in natural SF, will
be considered in future studies.

Our results demonstrate that a commercial pin-on-
disk tribometer can be used to measure the friction
coefficient for articular cartilage over time under the
precise control of sliding velocity and applied load. By
controlling the experimental set-up, we propose a facile
method to systematically probe different lubrication
mechanisms. Mature bovine knee cartilage samples
can be placed on the pin and/or on the disk, thus our
technique is suitable for measuring friction coefficients
for cartilage-on-pin vs. alumina-on-disk (CA), carti-
lage-on-pin vs. cartilage-on-disk (CC), and alumina-
on-pin vs. cartilage-on-disk (AC) testing configura-
tions. In the latter two testing configurations the con-
tact area migrates on the cartilage surfaces, whereas
the contact area remains constantly loaded in the CA
testing configuration. Because configurations with
migrating contact areas mimic the physiological carti-
lage behavior, they should yield low friction coeffi-
cients even when the experiments last for long times. In
the second part of the article, using the AC testing
configuration we demonstrate the importance of solu-
tion viscosity in determining the measured friction
coefficient for articular cartilage.

MATERIALS AND METHODS
Cartilage Specimen Preparation

Bovine knees of age 15-30 months were purchased
from Animal Technologies Inc. They were delivered
within 3 days after slaughter. The knees were never
frozen but stored at ~4 °C until dissection. Although
cartilage degrades after slaughtering, scanning electron
microscope (SEM) images show smooth surface
structures, suggesting little, if any, surface cartilage
degradation before testing. Full-depth osteochondral

plugs (¥ = 12 mm) were harvested from lateral and
medial femoral condyles using a scalpel and 12 mm
biopsy punches. The osteochondral plugs were trim-
med to maintain a constant thickness (1.3 4+ 0.2 mm)
by removing the deep zone tissues with a sledge
microtome (Leica SM2000 R), leaving the specimen
surface intact. After preparation, the specimens were
stored at —20 °C in PBS solution (pH = 7.4, buffer
strength = 150 mM). To maintain uniformity in our
experiments, the osteochondral plugs were further
cored out using biopsy punches to reduce the cylin-
drical cross section to @ = 10 mm or @ = 2 mm. The
@ = 10 mm specimens were glued to the disk and
those with @ = 2 mm were glued to the pins (details
below) to perform lubrication experiments.

Lubricants Preparation

Articular joints are naturally immersed in SF. This
fluid is a complex mixture containing HA, lubricin,
phospholipids, and other compounds that contribute
to lubrication, as well as to other biological functions.
When our experiments in the AC testing configuration
are conducted for cartilage immersed in natural SF,
steady-states friction coefficients of 0.040 + 0.004 are
obtained under experimental conditions similar to
those considered in this study (sliding speed of 1 mm/s
and applied normal load of 2 N). These results are not
discussed herein because, in an attempt to better
understand the mechanism responsible for the low
friction coefficients typically observed in cartilage, the
lubricant composition is controlled as closely as pos-
sible, as described below.

In the simplest case, our experiments are conducted
with the sliding surfaces immersed in PBS. To test the
ability of different lubricants to reduce the friction
coefficient for articular cartilage when dissolved in
PBS, four different aqueous solution groups were
prepared. Before testing cartilage samples were
immersed in the corresponding solution for 12 h at
4 °C after thawing. The control solution was PBS. The
other three solutions were obtained by dissolving
‘lubricants’ in PBS. The lubricant solutions contained
100 mg/mL PEG of 10,000 molecular weight (MW)
(Polymer Source, Inc., Dorval, QC, Canada), 100 mg/
mL PEG of 100,000 MW (Sigma-Aldrich, St. Louis,
MO, USA), and 100 mg/mL CS from shark cartilage
(Sigma-Aldrich; CS molecular weight is not known).
The ‘lubricants’ were used as-received. A SR5000
stress-controlled rheometer from Rheometric Scientific
was used to measure the steady shear rate viscosity of
each lubricant solution. The viscosity from each PBS
solution was found to be constant over the shear rate
range of 10-3000 s ', indicating that the viscosity
reached the zero-shear-rate limit. The zero-shear-rate
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viscosity of PBS, 10,000 MW PEG, 100,000 MW
PEG, and CS solutions at room temperature were
found to be 0.88, 3.5, 37.2, and 36 cP, respectively. The
estimated shear rate during the lubrication experiments
is always in the range of 200-5000 s ', calculated by
assuming that the distance between two sliding carti-
lages in 1 um, which corresponds to the surface
roughness of cartilage.”® The sliding speed of our
lubrication experiments is in the range of 0.2-5 mm/s.

Experimental Protocol: Friction Coefficient
Experiments

The friction coefficient under a continuous static
normal load of 2 N (corresponding to a nominal
contact pressure of 0.63 MPa) was measured using a
pin-on-disk tribometer (CSM, model S/N 18-312). The
contact stress is within the physiological range during
human walking activities.”’ A schematic of the exper-
imental set-up is shown in Fig. 1. All the tests began
5 s after applying the load. The samples were immersed
in a liquid bath during the test. The disk rotated with a
constant sliding velocity of 0.2, 0.5, 1, and 5 mm/s,
depending on the experiment.

Friction coefficients were measured in the CA, CC,
and AC testing configurations. A schematic of the

three testing configurations is shown in the bottom
panel of Fig. 1. The alumina disk was aluminum, while
the pin was ceramic alumina. All the experiments with
lubricants dissolved in PBS were performed under
the AC testing configuration, which, according to our
results, better mimics physiological conditions com-
pared to the CA testing configuration.

The friction coefficient between the contact surfaces
was monitored continuously by measuring the deflec-
tion of the elastic arm that holds the pin. The data were
collected as a function of time using the CSM ModelX
software with an acquisition frequency of 10 Hz. All
tests were performed by placing the pin-on-disk at a
distance r = 3 £ 0.05 mm from the center of the
rotating plate. The experiments performed in PBS for
AC, CC, and AC testing configurations were termi-
nated after 100 laps with a constant sliding speed of
1 mm/s, corresponding to a traveled distance of
1885 mm. The tests conducted with lubricants (PEG or
CS) dissolved in PBS were terminated after 20 laps,
corresponding to a traveled distance of 377 mm (our
results reveal that the friction coefficient does not
change after 20 laps under the AC testing configura-
tion). During one lap the friction coefficient shows a
cyclic variation, which is due in part to the unevenness
of the prepared sample, and, in large part, to intrinsic
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FIGURE 1. Schematic diagram of the pin-on-disk tribometer used in this study (top). The samples were immersed in PBS solu-
tions during the experiment. The disk, together with the liquid bath, rotates with a constant velocity. The friction coefficient
between pin and disk is monitored continuously by measuring the deflection of the elastic arm. On the bottom panel three testing

configurations are represented: (a) CA; (b) CC; (c) AC.
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vibrations experienced by the instrument elastic arm
during the operation. The average friction coefficient
in each lap is reported in what follows. All experiments
were performed at room conditions. For each test
the data reported herein are the average from ten
independent measurements conducted at the same
conditions.

We measured the contact area in the AC testing
configuration by dying the pin (alumina sphere) and
then measuring the colored trace on the cartilage glued
on the disk. The contact area was found to have an
average width of ~2 mm. To keep the contact area
consistent when experiments are performed on the
various testing configurations of Fig. 1, we cut the
cartilages glued on the pin (alumina sphere) into plugs
of diameter 2 mm. Because the size of the contact
interface, ~2 mm, is much smaller than the size of the
spherical support on the pin, which has a diameter of
8 mm, we can reasonably assume that the contact
interfaces are flat for all the cases considered herein.
Etsion and coworkers'®* developed a theoretical
model to study the effect of dwell time on the junction
growth of a creeping polymer sphere in contact with a
rigid flat surface, which may represent a spherical
cartilage surface pressed onto a flat metal surface.
According to Etsion et al. model, the contact interface
does not change during our experiment, because of the
low applied pressures.’’ We also conducted one test
experiment under the CA testing configuration in
which the cartilage sample was glued on a flat pin.
Results did not differ qualitatively from those obtained
using a spherical support on the pin.

Cartilage Surface Characterization

Following examples from literature,?**"-¢*5 SEM
has been used to characterize articular cartilage sur-
faces. Specimens were fixed in 2% glutaraldehyde and
0.1 M PBS for 24 h, following by further fixation in
1% osmium tetroxide for 1.5 h. Specimens were
dehydrated using ethanol and critical-point dried with
a Tousimis autosamdri-814 critical point drier. Then
the Hummer VI sputtering system (Anatech Ltd.) was
used to coat the cartilage specimen with 8 nm of gold.
SEM images were obtained using a JEOL JSM-840A
instrument before and after conducting our friction-
coefficient experiments to visualize and quantify wear.

Data Interpretation

We applied the interstitial fluid pressurization
model as proposed by Ateshian and coworkers to ana-
lyze our results for the measured time-dependent friction

coefficient po; under different testing configurations.
Although immature bovine specimens were used
to derive Eq. (1), it should be remembered that
McCutchen®® used mature shoulder leg pig cartilage
samples when he originally demonstrated the importance
of interstitial fluid support (weeping fluid lubrication).
Our hypothesis is that the model can be applied to
the friction coefficient measurement for healthy mature
bovine cartilage specimens. Following Torzilli,*” ¢ was
considered equal to 0.1, corresponding to the solid con-
tent of the superficial zone of immature bovine articular
cartilage. The model of Eq. (1) was proposed to analyze
the friction coefficient measured in a friction device with
intermittent linear sliding between the surfaces, under
constant applied load. This testing configuration is sim-
ilar to the CA testing configuration shown in Fig. 1. In
this study we assume the model of Eq. (1) suitable to
interpret the friction results obtained using not only the
CA but also the CC and AC testing configurations. The
accuracy of this assumption is assessed by comparing our
experimental results to model fits.

All quantities in Eq. (1) are function of time, except
Meg- Our experimental set-up allows us to measure
Uerr(?) as a function of constant load W. Unfortunately,
we have no access to W”(t), the load supported by the
interstitial fluid. However, we observe that according
to Eq. (1) the measured friction coefficient increases
as the load supported by the interstitial fluid W’
decreases. When W7’ = 0, ur = Ueq- We assume that
Ueq Obtained at the end of the CA testing configuration
experiment corresponds to 4 also for the experiments
conducted in the CC and AC testing configurations.
Knowing this value, we can calculate W’ (¢) by Eq. (1)
when the experimental p.q(¢) is known. This procedure
seems reasonable for the AC testing configuration, but
Ueq 1 expected to be somewhat lower in the CC con-
figuration because two cartilage surfaces slide on each
other.

Statistical Analysis

The mean and standard deviation were calculated
and the statistical significance of the differences in
friction coefficient was determined. A two-way analysis
of variance (ANOVA) with Tukey’s HSD post hoc test
was used to compare the initial and steady-states fric-
tion coefficient values among different testing config-
urations. The effect of lubricant type and applied speed
on the friction coefficient of cartilage was determined
by a two-way ANOVA with Tukey’s HSD post hoc
test. All statistical analyses were carried out using
PASW Statistics 18 (SPSS Inc., Chicago, IL, USA); «
was set to be 0.05 and the statistical significance was
accepted for P < 0.05.
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RESULTS

SEM Images

We used SEM to characterize the cartilage surfaces
before and after the friction experiment. Figures 2a
and 2b show the 40° tilt and top view SEM images of
an intact articular cartilage surface, respectively. The
images show a smooth cartilage surface with some
underlying chondrocytes, indicating a healthy and flat
sample. Figure 2c is the top view of a cartilage sample
after one experiment conducted in the AC testing
configuration. Visual analysis reveals an abrasion on
the surface due to the continuous sliding of the alu-
mina ball onto the cartilage sample for 100 laps. The
width of the abrasion (~2 mm) is consistent with our
early estimation (see “‘Experimental protocol: friction
coefficient experiments” section). Figure 2d is 40° tilt
view SEM image at the intact-worn cartilage interface.
The left side of this image is the intact cartilage, while
the abrasion lies on the right of the broken line. The
abrasion visualized by SEM is very shallow, suggesting
that our experiments only produce minor wear on the
cartilage samples probably because of the small
applied load. All cartilage samples used for our studies
appear smooth and healthy, suggesting that limited, if
any, degradation has occurred before testing. The
extent of wear due to conducting our experiments

appears limited. This could be further reduced if
smooth alumina balls were used for the experiment.
Because no experimental observation is available in the
literature for cartilage wear under the experimental
conditions considered herein, in particular when the
AC testing configuration is implemented in a pin-on-
disk tribometer, comparison regarding wear results is
not possible. For completeness, we point out that when
the experiments are conducted for longer times, the
extent of wear increases. The cartilage samples even-
tually degrade if the experiments are conducted for 1 h
or longer. These latter results are strongly dependent
on the sample used. Statistical analysis of such results
is beyond the scopes of this study.

To test the effect of unavoidable wear on the friction
coefficient measured for cartilage during the experi-
ment, we measured the friction coefficient for each
cartilage plug twice under the same testing configura-
tion. In-between the two experiments the cartilage
plugs were allowed to relax in PBS solution for 2 h
without applied load. The slight wear on the surface
during the experiment shown by our SEM results
shown in Fig. 2 was found to have limited effect on the
measured friction coefficient. In very rare cases the
friction coefficient measured in two experiments on
the same cartilage sample showed large deviations.
Data are presented here only if the measured friction

FIGURE 2. SEM images of intact and worn articular cartilage surfaces. (a) 40° tilt view of untreated cartilage; (b) top view of
untreated cartilage; (c) top view of the worn area of cartilage after 100 laps; (d) 40° tilt view of the intact-worn interface of cartilage

after 100 laps (the intact surface is on the left of the broken line).
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coefficients from the two experiments are consistent
(£10%).

Testing Configuration Effects
CA Testing Configuration

The experimental results for the friction coefficient
and the corresponding fraction of load supported by
the interstitial fluid in the CA testing configuration are
shown in Fig. 3. The friction coefficient was found to
increase with time from a minimum of ~0.099 + 0.014
to a plateau value of ~0.271 £ 0.015. The plateau is
reached within ~750 s after starting the experiment.
According to the biphasic lubrication model of Eq. (1),
as the measured friction coefficient increases the frac-
tion of load supported by the interstitial fluid decreases
from ~71% at the beginning of the experiment to ~0 at
the end of it.

In Fig. 3 we also show the results obtained when a
flat pin was used to hold a cartilage sample. These
data, represented by the empty triangles, are consistent
with those obtained using a sphere to support the
cartilage (filled spheres). The only noticeable difference
is that the friction coefficient at steady-states is slightly
larger on the former than on the latter case. According
to results reported by Merkher ez al.,* this difference
is consistent with a slightly larger contact area when
the flat pin is used, despite the fact that a cartilage plug
of 2 mm diameter was used in both experiments.
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FIGURE 3. Time-dependent friction coefficient, uess, and the
portion of load supported by interstitial fluid, W*/W, obtained
in the CA testing configuration (see Fig. 1 for details). During
the friction experiment 1885 s correspond to a sliding dis-
tance of 1.885 m and 100 laps. Filled circles are for the mea-
sured friction coefficient; empty circles are for the fraction of
load supported by the interstitial fluid. Empty triangles are for
the friction coefficient measured when the cartilage was
supported by a flat pin. No estimation for the fraction of load
supported by the interstitial fluid was attempted in the latter
case. Error bars, not shown here for clarity, are included in
Table 1.

CC Testing Configuration

In Fig. 4 we report the measured friction coefficient,
as well as the estimated portion of load supported by
interstitial fluid, obtained in the CC testing configu-
ration. The shape of the friction coefficient curve is
similar to that obtained under the CA testing config-
uration. However, at steady-sates e (0.071 = 0.017)
is only ~15% larger than at the beginning of the
experiment, when pup ~0.062 + 0.021. The corre-
sponding fraction of load supported by the interstitial
fluid, obtained assuming that p.q is equal to that
measured in Fig. 3, remains high during the entire
experiment. It decays from ~86% at the beginning of
the experiment to ~82% in ~500 s, at steady states.

AC Testing Configuration

In Fig. 5 we report the measured friction coefficient,
together with the estimated portion of load supported
by the interstitial fluid, obtained in the AC testing
configuration. The effective friction coefficient remains
low during the whole experiment. The value reached
at steady-states, ~0.064 4+ 0.017, is similar to that
observed under the CC testing configuration (Fig. 4).
The main difference between the result shown in Fig. 5
and those shown in Figs. 3 and 4 consists in the shape
of the pegr vs. time curve. The measured friction coef-
ficient starts from a relatively high value at the begin-
ning of the experiment (~0.070 & 0.019) and decreases
with time to reach a plateau of ~0.064 + 0.017. Cor-
respondingly, the estimated fraction of load supported
by the interstitial fluid increases from ~82 to 85%.

In Table 1 we summarize the results presented in
Figs. 3, 4, and 5 by reporting the friction coefficient
measured at the beginning of each experiment, u;,ial,
as well as the one observed at steady-states, picq, for the
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FIGURE 4. Time-dependent friction coefficient, pes, and
portion of load supported by interstitial fluid, W*/W, measured
in the CC testing configuration. Filled circles are for the
measured friction coefficient; empty circles are for the frac-
tion of load supported by the interstitial fluid. Error bars, not
shown here for clarity, are included in Table 1.
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FIGURE 5. Time-dependent friction coefficient, pes, and
portion of load supported by interstitial fluid, W*/W, measured
in the AC testing configuration. Filled circles are for the
measured friction coefficient; empty circles are for the frac-
tion of load supported by the interstitial fluid. Error bars, not
shown here for clarity, are included in Table 1.

TABLE 1. |Initial and steady-states values for the measured

friction coefficient (gjniiay and peq, respectively) and for the

estimated fraction of load supported by the interstitial fluid in
the three testing configurations considered.

CA cC AC
Hinitial 0.099 + 0.0147 0.062 + 0.021* 0.070 + 0.019*
lleq 0.271 £ 0.015" 0.071 + 0.017** 0.064 + 0.017**
(W Winitiar 71%" 86%* 82%*
(WiW)eq 0% 82%** 85%**

*p < 0.01 for CA vs. CC or AC; ** p < 0.001 for CA vs. CC or
AC;  p < 0.001 for initial vs. steady states.

three testing configurations considered. We also
report the estimated fraction of load supported by the
interstitial fluid pressurization at the beginning of
the experiment, (W’/W)inisa, and at steady-states

(W' W)eq.

Lubricant and Sliding-Speed Effects

To understand the ability of different polymers
dissolved within PBS to reduce the measured friction
coefficient, we measured the friction coefficient of
cartilage lubricated with four solutions: (1) PBS, which
acts as control; (2) 100 mg/mL 10,000 MW PEG in
PBS; (3) 100 mg/mL 100,000 MW PEG in PBS; and
(4) 100 mg/mL CS in PBS. For these experiments we
only considered the AC testing configuration, in which
the alumina-on-pin slides on the cartilage-on-disk.

For brevity, we do not report each individual time-
dependent . obtained with the four solutions at
sliding speed of 1 mm/s and normal load of 2 N. All
the curves follow the features described in Fig. 5. per,
however, strongly depends on the lubricants. The

friction coefficients of cartilage Iubricated with
100 mg/mL 100,000 MW PEG and 100 mg/mL CS in
PBS are ~40% less than those measured in PBS both at
the beginning of the experiment and at steady-states.
Comparing the results obtained with PEG of different
molecular weights, it is found that the high-molecular-
weight PEG decreases the friction coefficient more
significantly than the low-molecular-weight one does.
This difference is due to the solution viscosity, which is
37.2 cP for the 100,000 MW PEG, but only 3.5 cP for
the 10,000 MW PEG. Although PEG is very different
than HA, it is interesting to point out that the
importance of solution viscosity found in our experi-
ments is consistent with the results reported by Mori
et al.’® Those researchers found that very viscous HA
lubricants can decrease the friction coefficient of car-
tilage.

Because several literature reports revealed that
friction coefficient for cartilage depends on sliding
speed, 7% we generated a mesh plot to investigate
the friction coefficient, g, of cartilage in the four
solutions just described over a range of sliding speeds
(0.2, 0.5, 1, and 5 mm/s). For these experiments we
only considered the AC testing configuration in which
an alumina sphere slides on the cartilage sample. The
results are described in the following sections.

Phosphate Buffered Saline

The friction coeflicient of cartilage in PBS over a
range of sliding speeds and lap number is reported in
Fig. 6a. At any sliding speed, u.; changes as the lap
number (traveled distance) increases, following the
trend discussed in Fig. 5, i.e., g starts from a high
value and decreases to a plateau within a few laps. The
friction coefficient decreases as the sliding speed
increases. The decrease in the measured peg is more
dramatic when the sliding speed increases from 0.2 to
I mmy/s, than in the high-speed range when the sliding
speed reaches 5 mm/s. p.pr decreases from the maxi-
mum of 0.095 + 0.020, obtained at the beginning of
the experiment performed at the slowest sliding speed,
0.2 mmy/s, to the minimum of 0.044 £ 0.016 at the end
of the experiment conducted at the highest sliding
speed, 5 mm/s.

100 mg/mL 10,000 MW PEG in PBS

The friction coefficient, u.g, of cartilage lubricated
with 100 mg/mL 10,000 MW PEG in PBS over a range
of sliding speeds and lap numbers is reported in
Fig. 6b. The shape of the plot is similar to that
observed in PBS (Fig. 6a). The friction coefficient of
cartilage in 10,000 MW PEG solution is not signifi-
cantly lower than that measured in PBS. p.s decreases
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FIGURE 6. Friction coefficient, ues;, measured in the AC testing configuration over a range of sliding speeds and laps. (a) for
cartilage lubricated with PBS; (b) for cartilage lubricated with 100 mg/mL 10,000 MW PEG in PBS; (c) for cartilage lubricated with
100 mg/mL 100,000 MW PEG in PBS; (d) for cartilage lubricated with 100 mg/mL CS in PBS. For clarity, error bars are not shown.

The statistical analysis is summarized in Fig. 7.

from 0.076 £ 0.028 at the beginning of the experiment
performed at the slowest sliding speed, 0.2 mm/s, to
the minimum of 0.043 £ 0.020 at the end of the
experiment conducted at the highest sliding speed,
5 mm/s.

100 mg/mL 100,000 MW PEG in PBS

The friction coefficient of cartilage lubricated with
100 mg/mL 100,000 MW PEG in PBS over a range of
sliding speeds and lap numbers is reported in Fig. 6c.
The plot follows the same trend observed from both
PBS and 10,000 MW PEG solutions, although g is
significantly lower than those reported above. pgr
decreases from the maximum of 0.053 + 0.012
obtained at the beginning of the experiment performed
at the slowest sliding speed, 0.2 mm/s, to the minimum
of 0.033 £ 0.010 at the end of the experiment con-
ducted at 5 mm/s.

100 mg/mL CS in PBS

The friction coefficient of cartilage lubricated with
100 mg/mL CS in PBS is reported in Fig. 6d. The plot
follows the trend discussed above. As the sliding speed
increases above 2 mm/s the measured friction coeffi-
cient decreases only slightly. u.;r decreases from the
maximum of 0.064 £+ 0.018 at the beginning of the
experiment performed at the slowest sliding speed,
0.2 mmy/s, to the minimum of 0.028 £ 0.003 at the end
of the experiment conducted at the highest sliding
speed, 5 mm/s.

DISCUSSION

Testing Configuration Effects

The first objective of our study is to assess test-
ing configuration effects on the measured friction
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coefficient for cartilage. A summary of our experi-
mental results is reported in Table 1. The results from
the CA testing configuration are consistent with pre-
vious results from McCutchen,*® Ateshian,”> and
Krishnan e al.*' These results confirm that the inter-
stitial fluid pressurization is a primary mechanism in
the regulation of the friction response of articular
cartilage at short times after a load is applied. As long
as the interstitial fluid pressure remains high, the
measured friction coefficient is low. When the pressure
sustained by the interstitial fluid reduces to zero, the
friction coefficient reaches its steady-states value.

We point out that the cartilage in our CA experi-
ments is supported on a sphere, not on a flat pin.
Although it is possible that as our experiment pro-
gresses the contact area changes due to deformation of
the supported cartilage, geometrical considerations
suggest that the contact area between cartilage on pin
and disk is almost flat. Experiments conducted for a
cartilage plug supported by a flat pin (see Fig. 3)
confirm that our interpretation does not depend on the
geometry of the pin.

More importantly, when the friction experiment is
performed under the CC and AC testing configura-
tions, the measured friction coefficient remains low
during the entire experiment. The friction coefficient at
steady-states (ueq) in these two configurations is ~25%
that measured in the CA configuration. One reason for
this low friction coefficient is the testing configuration
itself. The CC and AC configurations allow cyclical
loading on the cartilage. This type of loading, analo-
gous to the migrating contact area discussed by
Caligaris and Ateshian,'? reasonably mimics the
physiological conditions in diarthrodial joints, allow-
ing the PBS solution to diffuse back into the cartilage
before the load is applied again on the same contact
area. For completeness, it should be pointed out that
McCutchen® had also observed that allowing the
cartilage to ‘resoak’ for a few seconds in-between
friction experiments yields lower friction coefficients.
Our CC and AC testing configurations allow the var-
ious cartilage regions compressed by the load to resoak
before the load returns. Based on Eq. (1), the estimated
fluid load support remains above 80% during the
experiment in both CC and AC testing configurations.
This result is in contrast to what observed for the CA
testing configuration, in which case the friction coef-
ficient rises significantly with time. This happens
because in the CA configurations the constantly
applied load on the cartilage forces the interstitial fluid
to escape out of the cartilage matrix. As the loading
time increases the interstitial fluid support decreases
due to the lack of fluid phase.

The measured friction coefficient . increases with
time for both the CA and CC testing configurations,

while it slightly decreases over time in the AC testing
configuration. During the time in between when the
load is applied and when the experiment starts (5 s), a
certain amount of fluid escapes from the cartilage
glued on the disk. Thus, the high onset friction coef-
ficient in the AC testing configuration is likely due to
the depletion of fluid phase in the contact area of
cartilage on the disk. This possibility is consistent with
the results reported by Forster and Fisher.”® As the
sliding distance increases, the fluid phase diffuses back
to the pores present in the cartilage sample glued on
the disk during the migrating contact area displace-
ment, yielding lower steady-states friction coefficients.

Comparing CC and AC configurations, we propose
that the CC configuration should obey the interstitial
fluid pressurization mode, because it has a cartilage
plug glued on the top, similarly to the experimental set-
up of Krishnan’s work. In addition, according to
Hlavacek,”® 3* when the fluid is squeezed out of the
cartilage under the CC configuration, it can diffuse
back to both cartilage surfaces to perform its role as
load support. The lubrication mechanism under the
AC testing configuration may be different, because the
solid alumina does not have pores that contain inter-
stitial fluid. As the load is applied, the fluid squeezed
out of cartilage into the region between alumina pin
and the cartilage forms a temporary fluid film. Thus, it
is possible that the low friction obtained in the AC
testing configuration is in part to hydrodynamic
lubrication (further evidence for this mechanism is
provided in “Lubricant and sliding-speed effects”
section).

The experimental procedure discussed above could
be improved to extend results and methods to those
attainable under physiological conditions. First, to
limit the inevitable necrosis, the freshest cartilage
samples available should be used. And second, the
experiments could be conducted under a controlled
temperature environment mimicking body tempera-
ture. It is possible that trimming the osteochondral
plugs does not conserve structural integrity, leading to
changes of cartilage physical properties. However,
when large cartilage samples are trimmed and then
glued on the disk of pin-on-disk instruments, the sur-
face area subject to trimming tends to be far from that
tested during the friction experiment. Experiments
conducted under the AC testing configuration should
not be affected by this limitation.

The applicability of the interstitial fluid pressuriza-
tion model to interpret the results presented herein
implies that lubrication in articular joints can be
improved by increasing the load fraction supported by
the interstitial fluid pressurization. More interestingly,
our results indicate a different lubrication mechanism
of cartilage under the AC testing configuration from
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that of CA and CC testing configurations. The further
study of the lubrication mechanism of cartilage under
AC testing configuration could lead to Dbetter
understanding cartilage lubrication.

Lubricant and Sliding-Speed Effects

We investigated how the presence of lubricants
within the PBS solution, as well as changes in sliding
speed, affect the measured friction coefficient. The
comparison of initial and steady-states friction coeffi-
cients from different testing speeds and lubricants in
PBS are reported in Figs. 7a and 7b, respectively.
Because the AC configuration was used in all cases, the
interstitial fluid supports part of the load in all cases,
and the friction coefficients remain low. The initial
friction coefficient is larger than the steady-states
friction coefficient for all experiments, as discussed in
“Testing configuration effects” section.

Both the initial and steady-states friction coefficients
decrease as the sliding speed increases. This finding
agrees with other reports, although the typical testing
configuration adopted in those other reports was sim-
ilar to our CA.?>**7% This suggests that the effect of
the sliding speed on the measured friction coefficient
might be independent on the testing configuration.

Comparing the effects of lubricants, we find that
both 100,000 MW PEG and CS, when dissolved within
PBS, are very efficient lubricants for articular cartilage,
since they reduce both initial and steady-states friction
coefficients by ~40% (the effect appears stronger at
slower sliding speeds). The ability of 10,000 MW PEG
to reduce the friction coefficient is less pronounced.
Literature data agree in that CS lowers the friction
coefficient measured for cartilage.®”*" However, it
should be pointed out that these literature reports refer
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to experiments conducted under conditions, compa-
rable to the CA testing configuration, in which
boundary lubrication is expected. Our results for PEG
disagree in part with those reported by Basalo er al.,°
who observed that PEG solutions reduce the friction
coefficient for cartilage independently on their viscos-
ity. The difference between ours and Basalo et al.’s
findings could be due either to the difference of testing
configuration implemented, or to the molecular weight
of PEG used. Basalo et al. conducted their experiments
under a CA configuration, whereas our data are
obtained under the AC configuration. As we discussed
in “Testing configuration effects” section, these two
testing configurations could promote different lubri-
cation mechanisms. More important, however, is that
Basalo ef al.® changed the viscosity of the PBS solution
by dissolving different amounts of 20,000 MW PEG in
PBS. Consequently, the viscosities in Basalo er al.’s
work ranged from 16.7 cP (133 mg PEG/mL of solu-
tion) to 24.4 cP (170 mg/mL). By changing the PEG
molecular weight, we increased the PBS solutions vis-
cosity from 3.5cP (10,000 MW PEG) to 37.2 cP
(100,000 MW PEG). Although it is possible that the
PEG molecular weight affects the lubrication mecha-
nisms, it is likely that Basalo et al. did not observe
significant changes in the measured friction coefficient
because the viscosity of their solutions did not change
significantly.

To further analyze our results, in Fig. 8§ we plot the
steady-states friction coefficient, p.q in Fig. 7b, as a
function of the Hersey number, #u/N. In this analysis #
is the zero-shear-rate viscosity of the corresponding
lubricant PBS solution; v the sliding velocity; N the
static normal load. The fact that all experimental data
collapse into a single curve demonstrates the impor-
tance of solution viscosity, normal load, and sliding
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FIGURE 7. Comparison of the friction coefficient measured in the AC testing configuration when cartilage was lubricated with
four different PBS solutions. Maroon represents PBS; orange represents 100 mg/mL 10,000 MW PEG in PBS; yellow represents
100 mg/mL 100,000 MW PEG in PBS; green represents 100 mg/mL CS in PBS. (a) initial friction coefficient, piniial; (b) steady-states
friction coefficient, ueq. p<0.05 for 0.2 mm/s vs. other speed; p<0.05 for PBS vs. other lubricants.
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FIGURE 8. Stribeck curve obtained plotting the steady-
states friction coefficient, u.q, measured in the AC testing
configuration, as a function of the Hersey number (yu/N).
Filled circles are for experiments conducted in PBS; empty
circles are data obtained when 100 mg/mL 10,000 MW PEG is
dissolved in PBS; filled inverted triangles are for 100 mg/mL
100,000 MW PEG in PBS; empty triangles are for 100 mg/mL
CS in PBS. Only representative error bars are shown for
clarity.

speed in determining cartilage lubrication. The curve in
Fig. 8 can be divided in two parts. In the first part, pcq
decreases as the Hersey number increases, indicating a
‘mixed lubrication region” where boundary and fluid
film lubrication mechanisms act simultaneously. At
these conditions lubrication depends on both surface
chemistry (boundary lubrication) and fluid hydrody-
namics. In the second part, u.q does not change much
as the Hersey number increases, indicating that,
although both hydrodynamics and boundary lubrica-
tion mechanisms act simultaneously, hydrodynamics
effects become more important.

The plot of Fig. 8 is consistent with the classical
Stribeck curve, except that even at very low speeds
(0.2 mmy/s) and solution viscosities (0.88 cP for PBS),
i.e., at very low Hersey numbers, our curve does not
show a ‘boundary-mode region’ in which u is invariant
as the Hersey number changes. This observation pro-
vides further evidence to support our early discussion
according to which a fluid film probably exists under
the AC testing configuration at all conditions consid-
ered herein. Because a fluid film may prevent the direct
interaction of the two surfaces, no boundary lubrica-
tion region is observed in Fig. 8. Gleghorn and
Bonassar’® reported a boundary region in their find-
ings. This disagreement is due to the different testing
configurations employed and the different lubrication
mechanisms that prevail under the various testing
configurations. The data of Gleghorn and Bonassar®
were collected at steady-states using a CA configura-
tion. It is likely that Gleghorn and Bonassar’® data
show a boundary region in the Stribeck plot because
the CA configuration leads to direct contact between

cartilage and disk when the interstitial fluid is dissi-
pated at steady-states. In our work, at steady-states the
cartilage glued on the disk always contains enough
fluid to maintain a fluid film at the migrating contact
area and no boundary region is observed. Our results
suggest that experiments conducted in the AC testing
configuration (this study) provide a complementary
understanding of cartilage lubrication when combined
with experiments conducted in configurations consis-
tent with the CA testing configuration (e.g., the con-
tribution by Gleghorn and Bonassar®?) It is however
possible that changing the Hersey number by increas-
ing the normal load (not attempted herein) could
trigger to a larger extent the boundary lubrication
mechanism, which is not evident from our results.
Another difference between the curve in Fig. 8 and the
classical Stribeck curve is that the friction coefficient in
our experiments does not increase slowly as Hersey
number reaches very high values, as expected should
hydrodynamic lubrication be the only acting mecha-
nism. This suggests that, within the experimental
conditions tested herein, the fluid hydrodynamics
under the AC configuration never determine the
lubrication mechanism of articular cartilage by itself.

CONCLUSIONS

The friction coefficient between cartilage surfaces
was measured using a pin-on-disk tribometer at con-
stant load of 2 N at room conditions. No significant
damage of the articular cartilage was observed from
SEM images. Friction coefficients from different test-
ing configurations (CA, CC, AC) and solutions (PBS;
10,000 MW PEG in PBS; 100,000 MW PEG in PBS;
CS in PBS) were compared. Fitting of our experi-
mental data obtained in CA and CC testing configu-
rations is possible using a model that accounts for the
support provided by the interstitial fluid.

The measured friction coefficient strongly depends
on the testing configuration, suggesting that using a
commercial pin-on-disk tribometer and by controlling
the experimental set-up different lubrication mecha-
nisms can be assessed. The most interesting conclusion
is that the friction coefficient measured when cartilage
is glued on the disk remains very low as the experiment
proceeds, probably because as the pin moves on the
cartilage surface (migrating contact area) the pores
present in cartilage, although depleted of PBS solution
when the load is applied, replenish before the load is
applied again on the same area. As a consequence the
fluid phase supports a large fraction of the applied
load, and the friction coefficient remains low. These
results suggest that the AC testing configuration could
be used to assess wear-and-tear characteristics of
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materials used in prosthetic devices (which should be
supported on the pin), as well as possible implants
designed to improve lubrication in articular joints.
Based on our analysis, it is expected that when the AC
testing configuration is implemented lubrication is
provided, in part, by hydrodynamics fluid film and by
interstitial fluid support mechanisms.

The measured friction coefficients, obtained under
the AC testing configuration, strongly depend on
sliding speed and solution viscosity. We found that
100 mg/mL of either CS or 100,000 MW PEG dis-
solved in PBS can reduce the friction coefficient of
articular cartilage by ~40% compared to results
obtained in PBS. These results suggest that high-
molecular-weight polymers of low or no toxicity (e.g.,
PEO) could be used to aid the lubrication of prosthetic
joints.

When the steady-states friction coefficient obtained
in the AC testing configuration are plotted as a func-
tion of the Hersey number, our results are consistent
with a Stribeck curve, indicating that the friction
coefficient of cartilage depends on the solution zero-
shear viscosity, #, sliding velocity, v, and normal load,
N. Because of the testing configuration implemented,
at all conditions the Ilubricant solution, partially
adsorbed within the cartilage pores, supports part of
the applied load, leading to low friction coefficients.
Comparing our data with available literature reports,
we identify experimental conditions under which var-
ious mechanisms (hydrodynamic, boundary, fluid film)
dominate cartilage lubrication. However, even at very
high Hersey numbers we do not observe evidence
supporting hydrodynamics-only lubrication, suggest-
ing that multiple lubrication modes are always simul-
taneously responsible for the low friction coefficient
observed for articular cartilage under the conditions
assessed in our experiments.
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