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Abstract—During creep or stress relaxation, articular cartilage exhibits a time-dependent friction coefficient which
has been shown to reach an equilibrium value, ., as the tissue deformation equilibrates. This study investigates
the frictional properties of articular cartilage explants under steady frictional shear and constant compressive
strain after the tissue reaches stress-relaxation equilibrium. The two parameters measured are the normal force and
frictional torque, from which the friction coefficient was then calculated. It is shown in this experimental study that:
(1) Under a prescribed infinitesimal compressive strain, cartilage supports higher compressive normal stress under
steady shear than it does in the absence of frictional shear. Furthermore, the normal stress increases with increasing
sliding velocity, resulting in a velocity-dependent value of u .. The observed normal stress effectively increases the
compressive stiffness of cartilage by a factor up to 3.1. (2) Under a prescribed steady frictional shear both the
normal stress and frictional shear stress increase, though not proportionally, with increasing compressive strain,
producing a decreasing friction coefficient. (3) This velocity-dependent normal stress effect is also shown to result,
at least partly, from intrinsic properties of cartilage. The normal stress effect has not been previously reported for
articular cartilage, and represents an intriguing mechanical response not commonly encountered in solids, though

common in non-Newtonian fluids. © 1997 Elsevier Science Ltd
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INTRODUCTION

Articular cartilage constitutes the bearing material of
diarthrodial joints and exhibits low friction coefficients
and excellent wear properties. Numerous experiments
have been conducted to characterize the frictional prop-
erties of entire joints, or of cartilage explants rubbed
against various materials. From these studies, it has been
observed that the friction coefficient of cartilage is load-
dependent (Linn, 1968), velocity-dependent (Linn, 1968),
and time-dependent (Forster and Fisher, 1996; Longfield
et al., 1969; McCutchen, 1962; Malcom, 1976; Walker
et al. 1968). In particular, under a constant creep load, the
friction coefficient of articular cartilage has been shown
to increase with time until reaching an equilibrium value,
Heq> as the tissue creep subsides (Longfield et al., 1969;
McCutchen, 1962; Malcom, 1976; Walker er al. 1968).
Many investigators who performed experimental stud-
ies have proposed that friction in diarthrodial joints
occurs, at least partly, under conditions of boundary
lubrication (e.g., Charnley, 1959; Hills, 1989; McCutchen,
1966; Radin et al, 1970; Swann et al, 1984; 1985;
Williams et al., 1983). Alternative lubrication theories
suggest that a relatively thick synovial fluid film (on the
order of microns) separates the surfaces under transient
or dynamic loading conditions (e.g. Dowson, 1967; Fein,
1967; Medley et al., 1984). Because the equilibrium state
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of the friction coefficient is achieved after a long duration
of steady loading (e.g., several hundred or thousand sec-
onds), it is assumed in this study that the conditions
under which g, is measured represent a state of bound-
ary lubrication. In a recently proposed theoretical model,
we have suggested that the transient response of the
friction coefficient is partly dependent upon ., as well
as interstitial fluid pressurization (Ateshian, 1995, 1996).
In this model, the effective friction coeflicient, y¢, which
is a measure of the friction at any time during a given
loading configuration, is related to the equilibrium fric-
tion coefficient through

/N, (1)

where N is the normal force acting on the cartilage and
N¢ is that part of N which is supported by solid-to-solid
interactions; implicit in this relation is the fact that carti-
lage interstitial fluid may support a substantial portion
(e.g., 90%) of the applied load across the articular surfa-
ces, as suggested by theoretical contact studies (e.g.
Ateshian et al.,, 1994, 1995). Thus, N = N¢ + NP, where
NP is the load supported by the fluid, and the ratio N¢/N
may be much smaller than unity when cartilage
interstitial fluid 1s pressurized, leading to a substantial
reduction in per even when g, is not particularly small.
A similar model has been recently proposed by Forster
and Fisher (1966); these models are mathematical em-
bodiements and extensions of concepts proposed by
McCutchen (1962) and later by Malcom (1976) and
others. Consequently, though the measurement of g,
occurs after a duration which typically far exceeds
physiological loading times, it remains that proper know-
ledge of u., may be essential for a better understanding of
friction in diarthrodial joints.

Herf = Heg
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The only extensive study which has explicitly meas-
ured the equilibrium friction coefficient in cartilage is
that of Malcom (1976), who found that ., decreases with
increasing sliding speed when testing cartilage in saline;
however, a similar result can be implicitly construed from
the data of Swann et al. (1984, 1985). Malcom (1976) also
found that p., decreases at first, then increases with
increasing normal load. These experiments were all con-
ducted under prescribed normal loads; conversely, no
studies of cartilage friction have been performed where
the cartilage specimen is loaded with a prescribed normal
compressive strain.

It is hypothesized in this study that during steady
frictional shear under prescribed infinitesimal compres-
sive strain: (1) cartilage will exhibit a compressive normal
stress which increases with increasing sliding speed and
exceeds that which occurs under static loading. (2) This
normal stress effect derives from intrinsic properties of
the tissue rather than exclusively from the properties of
a boundary lubricant (Hills, 1989; Hills and Butter, 1984;
Swann et al., 1984, 1985; Williams et al., 1993) that may
have adsorbed to the surface. (3) Under steady shear, the
friction coefficient depends on the prescribed compres-
sive strain. The specific aim of the present study is thus to
measure the normal stress and equilibrium friction coef-
ficient in bovine cartilage plugs under steady frictional
shear, as a function of sliding velocity and compressive
strain. Furthermore, to test the hypothesis that the nor-
mal stress and p., depend on intrinsic properties of the
tissue, frictional measurements are performed on the
same cartilage specimens after microtoming of the sur-
face zone.

The significance of these hypotheses is that the fric-
tional behavior of articular cartilage under equilibrium
conditions is governed by mechanisms beyond those
suggested by classical boundary lubrication theories (e.g.,
Charnley, 1959; Hills, 1989; Hills and Butter, 1984;
McCutchen, 1966; Radin et al., 1970; Swann et al. 1984,
1985). The complex cartilage response suggested in these
hypotheses would necessitate further investigations and
modeling of cartilage friction in particular, and cartilage
mechanics in general.

MATERIALS AND METHODS

Specimen preparation

Five fresh healthy bovine calf shoulder joints (2-4
month old) were obtained from a local abattoir and
stored at —20°C until specimen preparation. The joints
were thawed at 4°C overnight before being used. Cylin-
drical cartilage-bone plugs were harvested perpendicular
to the cartilage surface from the edge of the glenoid
surface with a 15.9 mm hollow drill mounted on a slowly
rotating drill press. The bony side of the plug was immer-
sed in decalcifying solution (Daxter, Scientific Products,
D1208) for 4 h to soften the bone. After the bone was cut
away from the cartilage with a scalpel, the cartilage
sample was reduced to a 6.35mm plug using a core
punch. The plug was placed on a freezing-stage (Hacker
Instruments, Fairfield, NJ, U.S.A.) mounted on a sledge
microtome (Model 1400; Leitz, Rockleigh, NJ, U.S.A),
with the cartilage surface facing away from, and parallel

H. Wang and G. A. Ateshian

to the blade. The subchondral bone side (deep zone) of
cartilage was microtomed to make it parallel to the
cartilage surface. This procedure produced a cartilage
plug approximately 2 mm thick. Finally, a Smm core
punch (BRI Stainless, Germany) was used to cut a cylin-
drical cartilage specimen from the plug. A total of eight
cylindrical cartilage plugs (radius ry, = 2.5 mm, thickness
2.2 + 0.3 mm) were prepared in this way, with one to
three of the eight specimens taken from each bovine joint
(see Fig. 1).

Measurement of friction coefficient

All friction tests were performed with a mechanical
spectrometer (Rheometrics, model RMS-800) using
a plate-on-plate geometry, Fig. 2 (adapted from Zhu
et al., 1993). The specimen bottom surface was glued onto
the bottom plate using a very thin film of cyanoacrylate
cement (Power Glue 240, Permabond International, NJ,
U.S.A). Since this cyanoacrylate cement is capable of
setting in a wet environment, the specimen was immersed
in saline within 5s of this step, to avoid the effects of
specimen drying. The articular surface faced the top
stainless-steel plate. The specimen and plate were sub-
merged in a small Plexiglas chamber of inner diameter
2.75 cm, containing 0.15 M saline. Prior to the beginning
of the experiment, a tare load of approximately 0.02 N
was applied through a prescribed compressive strain of
~1%.

Calf Glenoid

Cartilage Specimen

S5mm

Fig. 1. Tissue preparation. Specimens were harvested from bovine calf
glenoid surfaces.
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Fig. 2. The major components of the mechanical spectrometer for the
friction test (adapted from Zhu et al., 1993).
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In study I, the dependence of y., on the angular velo-
city, w, of the bottom plate was determined, at a pre-
scribed compressive strain. First, the tissue compressive
strain was rapidly ramped up to approximately 4.5%,
and the specimen was allowed to stress-relax to an equi-
librium state for a period of 3600 s. During this phase of
the experiment, the bottom plate was kept stationary
since the transient response of the friction coefficient was
not sought. Uniform contact between the specimen and
loading platen was verified visually by shining a light
beam perpendicularly to the loading direction and ob-
serving complete obstruction of the beam at the speci-
men-platen interface. After achieving stress-relaxation
equilibrium, a steady-state angular velocity sweep was
applied to the bottom plate, with an initial value of
@ = 0.004 rads™! and a final value of @ =20rads™ !,
using 38 logarithmic increments. At each velocity in-
crement, 300s were allowed before the computer re-
corded the specimen normal load, N, and frictional
torque, T, to avoid transient effects that might result
from a sudden increase in ®.

In study II, the compressive strain dependence of the
equilibrium friction coefficient was determined at a pre-
scribed angular velocity. Starting from the tare loading
configuration, a 3% normal compressive strain was ap-
plied and maintained for 3600 s to allow stress relaxation
of the specimen to its equilibrium state, while a constant
angular velocity of w =5rads™! was applied to the
bottom plate. The strain was then increased by increments
of 0.5%, until it reached 5%. At each increment, the
specimen was allowed 1200 s to reach stress-relaxation
equilibrium, following which N and T were recorded and
used to calculate p,.

In study III, the role of the articular surface zone was
investigated by repeating study I after microtoming the
specimen plugs. At the completion of study 11, the speci-
men was carefully separated from the bottom plate with
a scalpel. Its surface zone was then microtomed by
50-150 um, and the specimen was tested again, accord-
ing to the protocol of study I. Study I1I was performed at
a later date than studies I and II; hence, the specimens
had undergone an additional freeze-thaw cycle in this
last study.

For all three studies, the equilibrium friction coefficient
was calculated from the equilibrium values of the normal
load, N, and frictional torque, T, by assuming that the
unknown frictional shear distribution at the specimen
surface varies linearly along the radial direction of the
cylindrical plug, starting from zero at the center. This
assumption yields an average frictional force F =
4T /3r,. The friction coefficient is then given by u, = F/N.
Similarly, an average sliding speed V can be derived from
this relation by noting that FV = Tw, or V = 3rqw/4.
Hence, the average sliding speeds for these experiments
were in the range 0.0075-37.5 mm/s, which spans most of
the physiological range of articular sliding speeds in
diarthrodial joints.

RESULTS

Figure 3 describes a typical velocity-dependent re-
sponse of the equilibrium normal force N, frictional force
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Fig. 3. The normal force N, the frictional shear force F, and the
equilibrium friction coefficient p., as a function of steady angular
velocity o, for a typical specimen (study ).

1.00

0.90

0.80

Heq

0.70

0.60 J-

0.50

3.0 3.5 4.0 4.5 5.0
compressive strain (%)

Fig. 4. The mean + standard estimate of the mean (n = 8) values for
the equilibrium friction coefficient g as a function of normal compres-
sive strains, for 0 = Srads™! (study ID).

F, and friction coefficient y., observed consistently in all
eight specimens in study 1. Note that the normal force
N increased monotonically, and very substantially, with
increasing sliding velocity, even though the tissue com-
pressive strain was maintained constant during the entire
velocity-dependence experiment. Similarly, F increased
rapidly at first, under very low rotation speeds, and then
decreased steadily after reaching its peak value. The
responses of N and F combined to produce values of p,
which increased sharply at first, then decreased gradually
with further increase in .

From the strain-dependence friction tests performed at
w = Srads”! (study II), the normal force (stress) was
found to increase, on average, by 0.045 N (2.3 kPa) per
0.5% strain increment, while the frictional force (stress)
increased by 0.022 N (1.1 kPa) per 0.5% strain increment;
hence, the friction coefficient was found to decrease with
increasing compressive strain (Fig. 4). Using linear re-
gression, it was found that the negative slope of the
average value of p., over all specimens, as a function of
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compressive strain, was significant at p < 0.01 (with a lin-
ear correlation coefficient r* = 0.924). It was also ob-
served that the stress—strain curve was linear in this range
of strains, with a linear correlation coefficient of
r* = 0.997 on average.

The average applied strain was 4.6 + 0.7% for speci-
mens with a surface zone (study I), and 3.9 + 1.3% after
microtoming (study III). The same trends for N, F, and
Meq Were observed for normal and microtomed speci-
mens, though the magnitudes of these quantities differed
in both cases. Figure 5 shows the mean and standard
deviation of p., and N(w)/ N (0) as a function of w over all
specimens, for the results of study I, while Fig. 6 shows
similar data for the resuits of study III. The normal force
N(w) is normalized by N(0), i.e. the equilibrium normal
force in the absence of sliding, to emphasize the normal
stress effect. For all values of @ = w, (wo = 0.25rads ™!
for intact surface and wy = 0.63 rads ™! for microtomed
surface), the null hypothesis HO: N(w) = N(0) was rejec-
ted at a significance level of o = 0.05, using a one-tailed
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Fig. 5. The mean + standard deviation of y, and N{(w)/N(0) as a func-
tion of w, for all specimens in study L.
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Fig. 6. The mean + standard deviation of g, and N{(w)/N(0) as a func-
tion of w, for all specimens in study III.
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paired t-test (the alternative hypothesis being HI:
N(w) > N(0)). The increase in normal force with sliding
speed was very significant for both intact and micro-
tomed specimens, though somewhat smaller in the latter
(up to 210% average increase at w = 20 rads™ ! for in-
tact, versus 146% increase for microtomed).

DISCUSSION

The results of study I confirm the first hypothesis of
this study, namely that articular cartilage exhibits a nor-
mal stress above and beyond that which is generated by
a prescribed normal compressive strain, when its articu-
lar surface is subjected to a steady frictional shear. The
statistical test of this hypothesis is that N{w) > N(0) for
most values of w. Furthermore, this normal stress is
observed to increase with increasing sliding speed (Figs 3
and 5). The results of study II indicate that the nor-
mal stress and frictional shear stress do not increase
proportionally with increasing compressive strain, in
contradiction with Coulomb’s classical friction theory for
boundary lubrication. Finally, the results of study III
confirm the second hypothesis of this study, that this
normal stress effect results, at least partly, from intrinsic
properties of the tissue rather than exclusively from
boundary lubricant properties at the surface, since the
normal stress effect persists after removal of the surface
zone (i.e. statistically, N(w) > N(0) for study I1I as well).
The observed increase in the normal load N under steady
sliding speeds, while the compressive strain is kept con-
stant, is an intriguing result which is not commonly
encountered in solids (Figs 3, 5 and 6). In effect, cartilage
becomes stiffer in compression as it undergoes steady
frictional shear, by up to a factor of 3.1 (Fig. 5) for the
given experimental conditions of this study. This phe-
nomenon would not have been apparent had the tests
been conducted under a prescribed compressive load
(e.g., Charnley, 1959; Linn, 1968; Longfield et al., 1969;
McCutchen, 1962; Malcom, 1976; Radin et al., 1970,
Swann et al., 1984, 1985; Walker et al., 1968), unless the
tissue compressive strain was simultaneously monitored.

Though it is beyond the scope of this study to provide
a definitive explanation of this complex mechanism, cer-
tain alternative theories are discounted on the basis of
available evidence: (a) Assuming a shear modulus of
0.1 MPa for bovine cartilage under steady shear (Zhu
et al., 1993), it is estimated from the measured frictional
torque that the maximum engineering shear strain in the
tissue does not exceed 6%; thus, the observed increase in
the normal stress is unlikely to be attributable to finite
strain effects under torsion (e.g., Green and Zerna, 1968).
(b) If a thin fluid film develops between the cartilage
surface and the top stainless-steel plate, then it may seem
plausible that hydrodynamic lubrication is taking place,
possibly creating a normal load which would increase
with increasing speed. A verification of this point was
obtained by performing a test on a cartilage specimen
with and without immersion in a saline bath, and the
normal stress was found to persist in both cases with the
same magnitude. Furthermore, yet another indirect veri-
fication of this point was achieved by testing a rubber
cylindrical plug of approximately the same dimensions as
the cartilage specimens, using the protocol of study [; no
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shear-dependent normal stress effect was observed.
Hence, a hydrodynamic lubrication mechanism can be
discounted. (c) Synovial fluid may have deposited an
oligolamellar boundary lubricant on the surface (Hills,
1989). This boundary lubricant may possess properties of
macromolecular solutions which are known to demon-
strate normal stress effects, possibly explaining the ob-
served results of the present study. However, the results
of study III have demonstrated that the normal stress
effect is observed even after removal of the surface zone;
therefore, any boundary lubricant adsorbed to the sur-
face would have also been removed during microtoming,
and the role of boundary lubricant can be discounted in
this respect. Incidentally, it is possible to make these
conclusions partly because saline was used as the bathing
solution in these studies; saline behaves as a Newtonian
fluid which does not exhibit a normal stress effect. Had
synovial fluid been used instead, its non-Newtonian
rheological properties would have introduced an added
level of complexity in the interpretation of results, mak-
ing it harder to attribute the normal stress effect observed
in the current study to the intrinsic properties of carti-
lage.

The only tentative explanation which is advanced at
this juncture is that the normal stress effect may result
from the steady flow of fluid through the porous per-
meable solid matrix of cartilage, and possibly from the
charged nature of the tissue matrix. No existing consti-
tutive models of cartilage are known to predict the ob-
served shear-dependent compressive normal stress effect;
hence the results of this study suggest that modeling of
cartilage mechanics may need to be refined to account for
such tissue responses under configurations of steady fric-
tional shear, particularly if this effect remains significant
at higher, more physiologic loads.

Other specific results of this study may be compared
to existing data from the literature. For example, it
was observed that p., varies with increasing sliding
velocity and tissue compressive strain, demonstrating an
initial rapid increase at low sliding speeds up to
1.5-1.9 mms !, followed by a slow decrease as the slid-
ing speed increases (Figs 5 and 6). Malcom (1976), who
measured the equilibrium frictional stress between two
counterrotating cartilage surfaces under a constant nor-
mal load, observed a monotonically decreasing frictional
shear stress for sliding speeds between 0.2 and
500 mms !, when using a saline bath. Swann et al. (1984,
1985) tested cartilage on glass for sliding speeds of
1-40 mms ™}, and found an increase in the friction coef-
ficient up to approximately 10 mms™!, followed by
a slow decrease, when using Veronal buffer solution. [In
their studies, Swann et al. (1984, 1985) did not character-
ize their frictional coefficient to be an equilibrium coeffic-
ient, though this characterization may be inferred from
their experimental protocol.] Hence, considering that
cartilage was rubbed against different surfaces in those
studies and the present, there is a reasonable agreement
in the behavior of the equilibrium friction coefficient as
a function of sliding speed.

Furthermore, this study demonstrated that the equilib-
rium friction coefficient decreases with increasing tissue
compressive strain, under a prescribed sliding speed
(Fig. 4). Since the compressive load increases with com-
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pressive strain, the results of study II may also be inter-
preted to mean that p., decreases with increasing load.
The range of compressive strains tested in this study was
small (3—-5%) because of the limited normal load range
allowable in the biaxial load transducer of the apparatus
(max. normal load = 0.98 N). Hence, for a specimen area
of 19.6 mm?, the compressive stress could not exceed
0.05 MPa. In contrast, using buffered saline, Malcom
(1976) observed an increase in the equilibrium frictional
shear stress (and presumably, in p.q, under a prescribed
normal stress) with increasing compressive stresses from
0.1 to 0.5 MPa, though his data do show a slight decrease
from 0.05 to 0.1 MPa. Hence, there does not appear to be
a contradiction between his results and the present study,
as these ranges of compressive loading are complement-
ary.

In study III, microtoming of the cartilage plugs result-
ed in a reduction of the measured frictional coefficient
Hq Telative to the results of study I, possibly as a result of
creating a smoother cartilage surface (Fig. 6); another
possible explanation is the additional freeze-thaw cycle
undergone by the specimens in study III. It should be
emphasized that the protocol of this study does not call
for study I to serve as a control for study III. In both
studies, each specimen serves as its own control since the
normal force at any w is compared to the normal force in
the absence of frictional shear (w = 0 rads™ ). Compared
to cartilage-against-cartilage or cartilage-against-glass
experiments (e.g., McCutchen, 1962; Malcom, 1976), it is
believed that the relatively large average values of y., ob-
served in this study (0.16 < pq < 0.95) result from rub-
bing cartilage against a relatively rough stainless-steel
surface (centerline average roughness of R, ~ 2 um), with
only saline as a lubricant. In comparison, Forster and
Fisher [8] observed an average friction coefficient of 0.3
for cartilage against metal (R, ~ 0.01 pum) in saline, after
45 min of loading, though their results are shy of fully
equilibrated conditions possibly due to the use of larger
loads which require longer equilibration times. Wright
and Dowson (1976) reported a friction coefficient of 0.6 in
the hip, using saline, after only 7 min of loading, while
McCutchen (1962) reported a friction coefficient of 0.2
after 30 min of loading between cartilage and glass, using
water.

Some of the limitations of this study include the possi-
bility that imperfect contact occurred at the carti-
lage-platen interface, which may interfere with the
boundary lubrication mode presumed to prevail in these
experiments. Though such an effect cannot be entirely
ruled out, the light-beam obstruction test and the lin-
earity of the stress—strain curve from study II strongly
suggest that this effect was at most minimal. Another
potential difficulty is the possibility that specimen wear
may affect the repeatability of these measurements; how-
ever, the loads used in this study were relatively small as
discussed above, thus minimizing the likelihood of de-
tectable wear. This was confirmed in preliminary studies
where w was first increased as in the protocol of studies
I and III, then decreased in a similar fashion, with no
statistical differences observed in the measured values of
Heq OF N(w)/N(0) between the two runs. Finally, the
testing configuration employed in this study, whereby
a cylindrical plug rotates against a loading platen,






