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Abstract

The objective of this study was to compare micro- and macroscale friction coefficients of bovine articular cartilage. Microscale
measurements were performed using standard atomic force microscopy (AFM) techniques, using a 5um spherical probe tip.
Twenty-four cylindrical osteochondral plugs were harvested in pairs from adjacent positions in six fresh bovine humeral heads
(4-6 months old), and divided into two groups for AFM and macroscopic friction measurements. AFM measurements of friction
were observed to be time-independent, whereas macroscale measurements demonstrated the well-documented time-dependent
increase from a minimum to an equilibrium value. The microscale AFM friction coefficient (papy, 0.152+0.079) and macroscale
equilibrium friction coefficient (4, 0.138+0.036) exhibited no statistical differences (p=0.50), while the macroscale minimum
friction coefficient (i,,;,, 0.004+0.001) was significantly smaller than p., and pspy (p<0.0001). Variations in articular surface
roughness (Rq = 4624216 nm) did not correlate significantly with gapm, feq OF tmin. The effective compressive modulus determined
from AFM indentation tests using a Hertz contact analysis was E* =45.8+ 18.8 kPa. The main finding of this study is that gapy is
more representative of the macroscale equilibrium friction coefficient, which represents the frictional response in the absence of
cartilage interstitial fluid pressurization. These results suggest that AFM measurements may be highly suited for exploring the role
of boundary lubricants in diarthrodial joint lubrication independently of the confounding effect of fluid pressurization to provide

greater insight into articular cartilage lubrication.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Atomic force microscopy (AFM) techniques are
increasingly used for tribological studies of engineering
and biological surfaces at nanoscale and microscale
levels (Bhushan, 1995b; Kumar et al., 2001). Microscale
tribological and mechanical material properties such
as surface roughness, wear, friction, elastic modulus,
and boundary lubrication have been studied on en-
gineering and biological surfaces by AFM (Bhushan
and Koinkar, 1996; Du et al., 2001). However, the
tribological and mechanical material properties of
articular cartilage have not yet been well characterized
at microscale levels, neither have the relationships
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between microscale properties or between micro- and
macroscale properties. In this study we report surface
roughness (R,), effective modulus (E™), micro- and
macroscale frictional coefficients, and their relation-
ships, in bovine humeral head articular cartilage using
AFM techniques.

According to previous AFM studies of microscale
structure, the surface of articular cartilage exhibits a
fibrillar structure, an amorphous structure, and a mix of
these two structures (Jurvelin et al., 1996; Kumar et al.,
2001; Moa-Anderson et al., 2003). In addition, the
surface roughness (R,) of immature bovine humeral
head articular cartilage, scanned over a 100 x 100 um
area, has been determined from AFM to be ~0.5um
(Moa-Anderson et al., 2003). With regard to microscale
mechanical properties of soft materials, AFM indenta-
tion testing has been widely used to calculate Young’s
modulus (Ey) from Hertz contact models (A-Hassan
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et al., 1998; Costa and Yin, 1999; Heinz and Hoh, 1999;
Mathur et al., 2000, 2001). However there is limited
AFM data for articular cartilage; Young’s modulus (Ey)
of rabbit jaw condylar articular cartilage has been
compared between neonatal (~0.9-1 MPa) and adult
tissue (~1-2MPa) (Hu et al., 2001; Patel and Mao,
2003). Many AFM studies have used a small and sharp
AFM probe for indentation testing. Dimitriadis and co-
workers have shown that spherical AFM cantilever
probes can reduce the nonlinearity of soft materials
compared to sharp cantilever probes (Tymiak et al.,
2001; Dimitriadis et al., 2002).

At microscale levels, AFM friction studies have been
reported on many biological surfaces such as hydrogels,
phospholipid co-adsorbed layers onto hydrophobic and
hydrophilic solid supports, dentin, enamel, dentino—
enamel junction, and human hair with various surface
modifications (Gong et al., 1999; Habelitz et al., 2001;
Kim et al., 2001; McMullen and Kelty, 2001; Grant and
Tiberg, 2002; Kim et al., 2002). Frictional forces consist
mainly of adhesion forces, elastic forces from elastic
deformation, and plowing forces from inelastic defor-
mation. Plowing forces should be reduced in order to
obtain a constant frictional coefficient without being
influenced by the amount of applied normal loads (Suh
and Sin, 1981). Habelitz et al., have used a relatively
large spherical cantilever probe (10um radius) with
the amount of applied normal loads in the range of
~50-600 UN to minimize plowing forces from plastic
deformation, and found that frictional coefficients of
intertubular dentin and enamel were ~0.31 and ~0.14,
respectively (Habelitz et al., 2001). Many studies of the
frictional coefficient of articular cartilage have been
reported at the macroscale level (Mow and Ateshian,
1997), but to the best of our knowledge, the frictional
coefficient of articular cartilage has not been reported at
the microscale. Some investigators have proposed that
articular cartilage can achieve very low frictional
coefficients at macroscale levels because its interstitial
water can support most of the applied load upon initial
load application; however, under a constant applied
load, the interstitial fluid pressure will slowly subside,
resulting in a concomitant time-dependent increase in
the friction coefficient, eventually reaching an equili-
brium value (McCutchen, 1962; Forster and Fisher,
1996; Ateshian, 1997; Ateshian et al., 1998; Krishnan
et al., 2003). Measurements of the frictional response of
articular cartilage at the microscale may yield valuable
insight into the frictional response of the tissue and the
mechanisms responsible for its remarkable tribological
properties. The objective of the present study was to
compare micro- and macroscale frictional coefficients of
bovine articular cartilage by using a relatively large
AFM spherical probe tip and applying previously
reported methodologies (Ruan and Bhushan, 1994;
Bhushan, 1995a).

2. Materials and methods
2.1. Sample preparation

Twenty-four cylindrical osteochondral plugs were
harvested in pairs from adjacent locations in six fresh
bovine humeral heads (4-6 months old), and divided
into two groups for AFM (8 mm, 4=1.58+0.17 mm)
and macroscopic (¢ 4.78 mm, 4= 1.66+0.24 mm) mea-
surements. Using a sledge microtome (Model 1400; Leiz,
Rockleigh, NJ), approximately 1 mm of the tissue for
AFM and 0.5mm of the tissue for macroscale friction
measurements were removed from the deep zone to
remove remnants of subchondral bone and vascularized
tissue and produce a surface parallel to the articular
side, leaving the articular surface intact. All samples
were refrigerated at 4°C and tested within 3 days, but
never frozen.

2.2. AFM measurements

Samples in the AFM group were glued on the bony
side to 35mm polystyrene petri dishes using a small
amount of cyanoacrylate glue. Frictional signal (trace
and retrace) imaging and height imaging were conducted
with samples entirely submerged in physiological-
buffered saline (PBS) on a Bioscope AFM (Digital
Instruments, Santa Barbara, CA) with an extended
Z-range of 12 um. Custom silicon-nitride AFM probes
with polystyrene (J5Spm spherical tips (Novascan
Technologies, Ames, IA) having a nominal spring
constants of k=0.32N/m were used. The mounted
probe was submerged in PBS for at least 20 min prior to
imaging to allow for thermal equilibration at room
temperature.

Friction was measured under a constant load using a
90° scan angle (Meyer and Amer, 1990); the sample was
moved in the direction perpendicular to the cantilever
long axis, at a velocity of 200 um/s in a raster scan mode
to cover a 100 x 100 um area (128 x 128 pixels) over
128 s. The friction voltage signal was averaged over the
scanned area for both trace and retrace scans, using the
Nanoscope III software shipped with the microscope
(Digital Instruments, Santa Barbara, CA) (Fig. 1). Half
of the difference between tracing and retracing voltage
signals was calculated, which represents a measure
of the pure friction signal; this voltage was converted
to units of force using a conversion factor based on a
calibration test performed on platinum, following
published methods (Ruan and Bhushan, 1994; Bhushan,
1995a). Friction measurements were repeated for
five incremental values of normal force in the range of
25-100nN, obtained by altering the set-point voltage
in five consecutive scans. Ascending or descending
force increments were randomly selected for each test
location.
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Fig. 1. (A) Typical profile of the frictional voltage signal, as a sample
is scanned back and forth in the direction perpendicular to the
cantilever beam. Trace (B) and retrace (C) frictional voltage signal over
the 100 x 100 um test area (vertical range = 10V) showing the fibrillar
structure of articular cartilage.

The normal force was determined from the net
normal deflection voltage of the cantilever probe, which
was converted to units of force using the AFM
deflection sensitivity determined in PBS on glass and &
of the cantilever beam.

Measurement of the frictional force was repeated for
the five step increments of normal load at a given
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Fig. 2. Typical plot of AFM frictional force versus normal load over
five load increments, with the slope yielding pipppy-

location. The friction versus normal force response was
fitted with a straight line whose slope is the frictional
coefficient (uppy, Fig. 2). The surface roughness (R,)
was measured over the same 100 x 100 pm test area from
the height image obtained simultaneously. The applied
stress and effective modulus were also estimated, from
an additional indentation test at the same location,
using a Hertz contact model. Each series of friction and
indentation measurements was repeated at three differ-
ent surface locations on each cartilage sample
(n=3x 12=136).

2.3. Macroscopic measurements

Macroscopic frictional measurements were performed
on the paired cartilage samples using a custom friction
device (Krishnan et al., 2003). Sliding motion (200 um/s)
was provided by a computer-controlled translation stage
(Model PM500-1L, Newport Corporation, Irvine, CA).
Normal loads (3.6 N, 200 kPa) were prescribed via a
voice-coil force actuator (Model LA17-28-000A; BEI
Kimco Magnetics Division, San Marcos, CA) connected
in series with an LVDT for displacement measurements
(Model PR812-200, Schaeviz Sensors, Hamptons, VA).
The voice-coil force actuator, connected to a power
supply (Model PST-040-13-DP, Copley Controls Corp.,
Canton, MA) and controller box (Model TA115, Trust
Automation INC., San Luis Obispo, CA) was controlled
via a force feedback loop using a desktop computer, via
LabView software (National Instruments, Austin, TX).
All loads were measured with a multiaxial load cell
mounted on the translation stage (Model 20E12A-
M25B, JR3 Inc., Woodland, CA). Specimens were
loaded using a polystyrene platen (same material as
the AFM probe tip). From the measured time-depen-
dent normal and frictional force, the minimum (p;,)
and equilibrium () frictional coefficient were calcu-
lated (Fig. 3).
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Fig. 3. Typical time-dependent response of the macroscopic friction
coefficient, showing piy, and fiq.

2.4. Analysis of surface roughness measurement and
indentation test

Surface topography measurements were acquired with
the same AFM probe (Fig. 4). Surface roughness (R,)
was calculated from the topography, using Nanoscope
III software, by root mean square averaging of height
deviations over the 100 x 100 um scan area (128 x 128

pixels) at each location, with Ry = />N | Z2/N, where
Z; is the height deviation from the mean plane and N is
the number of pixels over the scanned area. In order to
estimate the mean applied stress (p,) and effective
modulus (E*) using Hertz contact analysis, the ap-
proach signals from indentation tests were converted to
indentation depth (D=Z-h) versus indentation load
curves, where Z is the sample position height, and 4 is
the cantilever deflection (Fig. 5).

The applied normal load (F) of AFM friction
measurements ranged from 29.5+3.1 to 98.4+3.1 nN.
For the measurement of the elastic modulus using a
Hertz contact analysis, indentation loads were applied
up to 41.6nN (=13nm/div x 10div x 0.32nN/nm)
(Fig. 5A). The indentation depth versus normal load
data were fitted to the Hertz contact formula F =
(4/3)E*R'?D*? with R=2.5um (Fig. 5B) (Johnson,
1985; Radmacher, 2002). The effective modulus (E™),
which relates to Young’s modulus (Ey) and Poisson’s
ratio (v) through E* = Ey /(1 —v?), was then evaluated
from this relation and the applied mean stress (p.,)
obtained from py, = (2/3)(6FE*2/n3R%)!/3,

These normal force measurements were also used to
estimate adhesion forces between the AFM probe’s
polystyrene spherical tip and the cartilage surface.
Adhesion forces were more evident during probe
retraction (Fig. 5A), where they can be identified as
the dip below the baseline deflection in the non-contact
regime. Using linear regression on the baseline signal to

Fig. 4. AFM height images, acquired with spherical ¢§5um probe,
indicates that the fine surface structure of the bovine articular surface
may exhibit either amorphous (A) or fibrillar (B) structures, depending
on location. (Z scale=10pm. A: Ry=262nm and papm=0.280; B:
Ry=292nm and piapm =0.119)

identify a suitable reference for zero contact force, the
maximum adhesion force was estimated from the lowest
“dipping” point below the baseline. This force was
measured at 4.29+2.19nN for the retracting trace and
0.14+0.07nN for the approaching trace. In compar-
ison, the periodic fluctuation in the non-contact regime
(most likely due to laser interference) produced a noise
signal equivalent to ~0.19 nN. This result confirms that
there was negligible adhesion during approach, which
facilitates the interpretation of frictional measurements
and permits the use of a Hertz contact analysis.
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Fig. 5. Typical profile of approaching and retracting signals from
indentation tests (A) with corresponding conversion to indentation
depth (D=Z-h) versus indentation load (B). The periodic force
component in the non-contact regime in (A) is likely due to laser
interference.

2.5. Statistical analyses

One-way ANOVA with repeated measures was
performed to investigate statistical differences between
Honins Meq» a0d uapy (SAS Institute Inc., Cary, NC) with
an o=0.05. Post-hoc testing of means was performed
using Bonferroni adjustments.

2.6. Effect of scan area and sliding speed

Measurements were performed on an additional set of
three cartilage specimens to explore the influence of scan
area and sliding speed on the measurement of pppy. In
the first series of tests, the friction coefficient was
obtained for scan areas of 100 x 100, 50 x 50, and
25 x 25um at a constant sliding speed of 200 um/s at
nine locations on the cartilage samples. In the second
series of tests, uapy Was measured at sliding speeds of
100, 200, and 800 um/s over a 100 x 100 um scan area, at
nine locations on the same samples. One-way ANOVA
was used in each series of tests to analyze statistical
differences.

3. Results

The frictional response at the microscale was found
to remain nearly constant during the entire 128s scan,
as shown in a representative plot of the friction force
averaged over each of the 128 consecutive scan
lines (Fig. 6). Average+standard deviation values
of the microscale AFM frictional coefficient cal-
culated from the linear fit of friction versus normal
force was puapm =0.1524+0.079 with R*=0.9574+0.024
(n=3x12=36, Fig. 7). In contrast, the frictional
response at the macroscale was time-dependent, increas-
ing from a minimum value of uy,;;, =0.004+0.001 to an
equilibrium value of pq=0.138+0.036 (n=12, Fig. 7),
over a duration of 3433+615s (Fig. 3). papm and peq
exhibited no statistical differences (p=0.50), however
iy Was significantly smaller than p., (p<0.0001) and
Uapm (»<0.0001).
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Fig. 6. Typical variation in the frictional force F measured from AFM
over 128 consecutive raster scans covering a 128 x 128 pixel
(100 x 100 pm) region. Each data point represents the average friction
force over the scan and rescan of a 128 pixel (100 um) line.
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Fig. 7. Friction coefficients from microscale AFM (uapm) and
macroscale experiments (fmin and fi.q), for each specimen pair. AFM
results are presented as mean+standard deviation of measurements
performed at three locations on each sample.
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The surface roughness (Ry) was 462+216nm
(n=3x12=36) over the same 100 x 100 um region
where puapy was measured. There was no significant
correlation between Ry and i,,,;,, feg» OT Hapm (R*=0.03,
0.00, and 0.11, respectively).

The effective modulus determined by the Hertz
contact model (Fig. 5B) was E*=45.8+18.8kPa
(F versus D, R*=0.998+0.001, n=3x3x 12=108).
From the measured properties, the applied mean contact
stress during the AFM friction tests (pm,
n=3x3x12=108) was estimated to range from
8.0+2.1 to 12.1+3.2kPa across the five increments of
applied normal loads.

From measurements on a smaller set of three cartilage
specimens, no statistical difference was found in pppy
between the 100x 100pum  (0.165+0.025) and
50 x S0pm (0.14740.023) scan areas; however papm
was significantly smaller (» <0.001) when measured over
the 25x25um scan area (0.105+0.025). puapm Wwas
insensitive to changes in sliding speed (0.162+0.032 at
100 pm/s, 0.16540.025 at 200 um/s and 0.169 +0.024 at
800 um/s).

The friction force measured in AFM tests was in the
range of 3-20nN. To estimate whether hydrodynamic
drag on the spherical probe tip had an influence on these
measurements, we can use Stokes’ solution for laminar
flow around a sphere, since the Reynolds number is
very small, R.=pVD/n~103«1 (p=1000kg/m>,
V=200pm/s, D=5pum, n=10"" Pa.s). The resulting
hydrodynamic drag force, F = 6zn(D/2)V ~0.009 nN,
is found to be negligible.

4. Discussion

The objective of this study was to compare micro- and
macroscale frictional coefficients of bovine articular
cartilage. Standard AFM techniques for measuring
friction and effective modulus at the microscale were
found to be successful with articular cartilage (Figs. 1
and 2). The primary finding is that, unlike the
macroscale response, the microscale frictional coefficient
remains essentially constant over time and that papy is
statistically comparable to jq. This result suggests that
the microscale AFM friction coefficient is a measure of
the macroscale equilibrium friction coefficient and not
the minimum friction coefficient. This conclusion is
reached while recognizing that different stress levels
were applied at the microscale (~8-12kPa) and
macroscale (200 kPa) levels.

At the macroscale, the time-dependent frictional
response is regulated by the pressurization of the
interstitial fluid of cartilage, as hypothesized by several
investigators (McCutchen, 1962; Malcom, 1976; Forster
and Fisher, 1996; Ateshian, 1997; Ateshian et al., 1998)
and confirmed experimentally in our recent studies

(Krishnan et al., 2003). Under a step applied load, the
interstitial fluid pressure initially supports the great
majority of the load at the contact interface (approach-
ing 100%) (Ateshian et al., 1994; Ateshian and Wang,
1995; Soltz and Ateshian, 1998, 2000a; Park et al.,
2003), considerably reducing the component of the
contact stress supported by the solid collagen—proteo-
glycan matrix of cartilage. Consequently, the frictional
force produced at the solid-to-solid contact interface is
initially very small. With increasing time however, the
interstitial fluid flows away from the contact region while
the pressure correspondingly subsides at a rate determined
primarily by the characteristic size of the contact area, as
well as the modulus and permeability of the tissue
(Ateshian et al., 1994; Kelkar and Ateshian, 1999). With
decreasing interstitial fluid load support, the component of
the contact stress supported by the solid matrix increases,
with a concomitant increase in the frictional force and
friction coefficient, as observed in the representative result
of Fig. 3. When the fluid pressure has reduced to zero, all
of the contact stress is supported by the solid matrix and
the friction coefficient reaches an equilibrium value.

From theoretical analyses based on the biphasic
theory for cartilage (Mow et al., 1980), the characteristic
time constant for the time-dependent decrease in
interstitial fluid load support is proportional to
@’/ Hak, where a is the characteristic size (e.g., radius)
of the contact area, Hp is the aggregate modulus of the
solid matrix (in tension), and k is its hydraulic
permeability (Armstrong et al., 1984; Ateshian et al.,
1994; Kelkar and Ateshian, 1999). Using representative
values of the material properties of immature bovine
cartilage from our recent study (Soltz and Ateshian,
2000b), Hxo=13MPa and k=0.6 x 10" m*/N.s, with
a=2.39mm (the radius of tissue samples in macroscale
friction experiments) yields a time constant of 730s,
consistent with the time-dependent response of the
macroscopic friction coefficient in Fig. 3. At the
microscale however, @ is on the order of 1 pm so that
the time constant is on the order of 0.1 ms. Conse-
quently, because of the very small size of the AFM
indenter tip, interstitial fluid pressurization will subside
very rapidly in AFM friction measurements. In light of
this explanation, it is not surprising to find that psgpy is
more representative of peq than g,

Under physiological loading conditions it is not
expected that the friction coefficient will achieve its
equilibrium value because joint loading is typically
intermittent and the contact region in articular joints is
much greater than in the test samples used in this study.
(For example, a contact area of 4cm” in the patellofe-
moral joint corresponds to a~llmm and a time
constant of ~4.5h, whereas purely static loading
conditions rarely exceed a few minutes in vivo.) Conse-
quently, u.., is a more functional measure of the
frictional response of articular cartilage.
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Nevertheless, knowledge of i, (and hence pspy) can
be valuable because it represents the intrinsic frictional
coefficient of the solid matrix in the absence of
interstitial fluid pressurization. If certain components
of synovial fluid or articular cartilage, such as lubricin,
superficial zone protein, phospholipids, hyaluronan,
etc., are effective boundary lubricants (Swann et al.,
1985; Flannery et al., 1999; Schumacher et al., 1999;
Hills, 2000; Jay et al., 2001), it would be reasonable to
expect that they would help reduce the value of .
These findings suggest that AFM measurements of the
friction coefficient of articular cartilage may be ideal for
identifying the effectiveness of putative boundary
lubricants without the confounding effect of interstitial
fluid pressurization on the frictional response. Such
measurements may be achieved for example by coating
the AFM probe and/or cartilage surface with various
boundary lubricants to assess their effectiveness. The
ability to separately assess the contribution of interstitial
fluid pressurization and boundary lubricants in the
frictional response of articular cartilage would be
valuable, both from a basic science and from a clinical
perspective. For example, we currently believe that
interstitial fluid pressurization plays a much more
significant role in reducing friction at the surface of
contacting articular layers. Thus clinical treatment
modalities would need to focus on strategies that either
prevent or minimize loss of interstitial fluid pressuriza-
tion during normal physiological loading conditions in
cartilage. Alternatively, cartilage tissue engineering may
restore the integrity of the articular layers to promote
greater interstitial fluid pressurization. Conversely, if
boundary lubricants are found to be most effective, then
treatment modalities can focus on delivering such
lubricants onto the articular surfaces.

In addition to these findings, the surface roughness
measured in this study, Rq;~460nm, was essentially the
same as reported in our recent study of the surface
morphology of immature bovine articular cartilage by
AFM (Moa-Anderson et al., 2003) and comparable to
measurements with other methods (Forster and Fisher,
1999). No significant relationship between surface
roughness (R,) and the micro- or macroscale friction
coefficients (Uapwm» mins OF Hoq) Was observed, consistent
with studies in other materials (Bhushan, 1995a; Poon
and Bhushan, 1995). The fine surface structure of the
bovine articular cartilage presented in Fig. 4 was
observed to be either amorphous or fibrillar, also
consistent with previous findings performed at a higher
scanning resolution (Jurvelin et al., 1996; Kumar et al.,
2001; Moa-Anderson et al., 2003).

The effective compressive modulus of the topmost
superficial zone of immature bovine articular cartilage
was estimated from the AFM measurements of this
study at E* ~46 kPa. While this may seem at first to be a
relatively small value when compared to the average

equilibrium compressive modulus of bovine cartilage, it
is in fact in good agreement with measurements of the
inhomogeneous depth-dependent equilibrium modulus
by optical measurements methods and digital image
analysis (Schinagl et al., 1997; Wang et al., 2002). For
example, in our recent study of immature bovine
cartilage (Wang et al., 2002), we found Ey~100kPa
and v~ 0.05 within 5% of the full-thickness depth from
the articular surface, under an average tissue compres-
sive strain of 10%. Accounting for differences in testing
conditions, it seems reasonable to conclude that AFM
measurements of E* at the articular surface are
consistent with these prior findings.

No major limitations were encountered in this study,
as macroscopic measurements followed standard testing
protocols while AFM measurements produced re-
sponses consistent with other materials. A minor
limitation includes the use of the manufacturer’s value
for the AFM probe spring constant, although calibra-
tion studies conducted in house indicate no more than a
10% deviation from this rated value. Another minor
limitation is that the range of normal forces used in the
Hertz indentation analysis was a factor of two smaller
than the full range of indentation forces used in
the frictional measurements, though this has no
effect on the main conclusions of the study. It should
be noted that cartilage friction measurements with
AFM may be dependent on the size of the scan area
when it is below 50 x S0 um. It is also reasonable to
conclude that the measurement of friction force is not
influenced by hydrodynamic forces on the spherical
AFM probe tip.

In summary, the current study reports microscale
AFM measurements of the friction coefficient of
immature bovine articular cartilage in comparison with
measurements at the macroscale level. To the best of our
knowledge, these represent the first such measurements
on articular cartilage in the literature. The main finding
is that the AFM friction coefficient is more representa-
tive of the equilibrium friction coefficient reported at the
macroscale, which represents the frictional response in
the absence of cartilage interstitial fluid pressurization.
These results suggest that AFM friction measurements
may be highly suited for exploring the role of boundary
lubricants in diarthrodial joint lubrication indepen-
dently of the confounding effect of fluid pressurization.
Such measurements may provide greater insight into the
mechanism of articular cartilage lubrication.
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