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A review of methods to study hydration effects on cartilage friction
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ABSTRACT

The mechanical and tribological responses of cartilage depend strongly on its hydration
state, which is a function of the mechanical and tribological conditions of the contact. The
interdependencies between stresses and water content make controlled studies of cartilage
function difficult. This paper reviews some of the experimental challenges in cartilage tribology
and the methods we have used to help address them. For example, we demonstrate a simple
method to eliminate the frictional errors associated with sample curvature in the migrating
contact area and show how in situ measurements can be used to assess hydration and its
effect on friction. Finally, we demonstrate a new explant testing configuration, the convergent
stationary contact area (cSCA), in which cartilage loses, maintains and recovers interstitial
water in response to loading and sliding in a manner consistent with in vivo joint mechanics.
We propose that the cSCA provides an ideal test bed for studying cartilage tribology, while
maximising experimental control and physiological relevance.
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1. Introduction

The improbably low friction coefficients of diarthrodial
joints, which are consistently in the range of 0.005-0.025
over a wide range of mechanical and lubrication condi-
tions [1-5], are attributed to a combination of three pri-
mary lubrication phenomena. The first is the formation
of a fluid film that separates surfaces [6-8]. The second is
the formation of a solid or solid-like boundary film that
prevents direct contact by cartilage surfaces [3,9-11].
The last, which uses the near-surface hydration of the
tissue to reduce friction, is referred to by various names
including weeping [10], biphasic [12], interstitial [13],
hydration [14], aqueous [15] and polymer fluctuation
lubrication [16].

According to the interstitial lubrication theory, which
is the most widely accepted explanation of this hydra-
tion-based lubrication effect, cartilage is slippery because
its interstitial fluid, which accounts for 70 to 80% of the
tissue volume, preferentially supports the majority of
the applied load. McCutchen first, studied this hydra-
tion-based lubrication effect by sliding cartilage against
a larger glass flat at slow speeds in water to simultane-
ously eliminate effects from topography, hydrodynamics
and boundary lubrication [10]. He discovered that only
well-hydrated cartilage is inherently slippery and showed
that low friction eventually vanished as the tissue lost
its interstitial fluid during wring-out. This intimate link

between hydration and lubrication has been reinforced
by many subsequent experimental studies.

Theoretical studies by Ateshian and Wang were the
first to demonstrate that even heavily loaded cartilage
maintains hydration and lubrication if the contact area
moves relative to the cartilage surface faster than the
diffusive speed of the fluid within the permeable matrix
[17]. They reasoned that joints maintain interstitial
hydration and lubrication because the contact area
migrates across at least one cartilage surface. Caligaris
and Ateshian tested this hypothesis in 2008 and showed
that low friction was sustained indefinitely, as predicted,
when they slid a glass sphere against cartilage in what
they defined as the migrating contact area (MCA) [18].
Conversely, they observed increased friction over time
when they mated cartilage against a glass flat in what
they defined as the stationary contact area (SCA).

The discovery that low physiologically consistent
friction coefficients are achieved and maintained in
the MCA supports the hypothesis that joint lubrication
is governed primarily by interstitial lubrication [18].
However, there are equally strong experimental obser-
vations that support the hypothesis that boundary and
fluid film lubrication contribute meaningfully to friction
reduction in joints. For example, the friction of hydrated
cartilage in the SCA is ~2x greater in saline than in
synovial fluid [2,9,10,18,19]. Caligaris and Ateshian
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concluded that relative friction reducing contributions
from interstitial and boundary lubrication are 60x and
2x, respectively [18]. Walker et al. pre-equilibrated carti-
lage in the SCA (eliminating interstitial pressure) to iso-
late and study the effects of hydrodynamics on cartilage
friction [6]. They observed marked friction reductions
with increased sliding speeds and attributed the result to
a hydrodynamic transition toward fluid film lubrication.
Gleghorn and Bonassar used similar methods (cartilage
on glass) and concluded that friction reductions were
the result of a transition toward mixed-mode lubrication
[9]. Bonnevie et al. attributed similar trends of reduced
friction at increased speed to an effect described as elas-
to-viscous lubrication [20,21]. More recently, our group
has shown that sliding in a hydrodynamic environment
not only reduces friction, it rapidly restores tissue hydra-
tion, particularly at the frictional interface [22-24]. It
is well-established that hydrodynamic pressure has an
important role in joint lubrication, but there remains
debate about whether it acts primarily to drive fluid into
(rehydration) or between surfaces (fluid film).

The cartilage tribology community has attempted to
isolate specific lubrication modes for controlled studies
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of cartilage and joint lubrication, but it has generally
lacked the tools necessary to conduct well-controlled
studies of potentially complex interactions between
(1) hydrodynamic flows and pressure fields, (2) inter-
stitial flows and pressure fields and (3) interstitial and
boundary lubrication by the soft hydrated polymer
networks at the surface [16,25-27]. To date, these rela-
tionships remain unclear and largely untested. This
paper reviews some of the methods we have found
most useful for studying and interpreting the lubrica-
tion of this complex tribological system, particularly
in situations, where two or more lubrication modes
might interact.

2. Effect of contact configuration

The two fundamentally distinct contact configurations
for cartilage tribology testing are the SCA and the
MCA: see Figure 1. The SCA, which is by far the most
prevalent experimental configuration in the cartilage
tribology literature [9,10,23,28-33], is achieved when
the contact area remains fixed relative to the cartilage
surface. The most typical configuration involves cartilage

(B) migrating contact area (MCA)
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Figure 1. (A) In-situ tribometer designed for SCA studies. Speeds as high as 80 mm/s, track lengths up to 20 mm and loads as high
as 17 N. In the SCA configuration, the contact area remains stationary on the cartilage surface (top). (B) In-situ micro-tribometer
designed for MCA studies. Speeds as high as 15 mm/s, track lengths up to 3 mm and loads as high as 0.5 N. In the MCA configuration,
the contact area migrates across the cartilage surface (top). Images are adapted with permission from Refs. [23,38].
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reciprocating against a larger glass flat [10,23,30,34] as  to be in the range of 0.2-0.3 in saline and about half that
shown in Figure 1(A), but can include self-mated car-  value in synovial fluid [10,18,19].

tilage (e.g. thrust washer configuration [31,35]). The In the MCA, the low initial friction coefficient is sus-
MCA, which has been less used in the cartilage tribology ~ tained throughout the sliding experiment despite hav-
literature, is achieved if the contact area moves relative  ing, in this case, only ~1% the contact area of the SCA
to at least one cartilage sample [17,18,32,36,37]. Thisis  experiment (~20 mm? in SCA, ~0.26 mm?* in MCA).
arguably the better physiological surrogate since diar-  According to theory, the effective friction coefficient
throdial joints are also MCAs by definition. The most (i g) from interstitial lubrication is:

typical configuration involves cartilage reciprocating

against a hard and impermeable sphere (Figure 1(B)), He = Heq e/ €eq = Heq* (1-F) (1)
typically glass [18,36-38]. Although self-mated cartilage

(gemini contact [39]) is more physiologically consistent ~ where ¢ is strain, F'is the fluid load fraction [29] and the

[1-3,18,28,32], cartilage against glass improves experi-  subscripts eff and eq represent the effective and equilib-
mental control without altering the essential mechanics ~ rium (zero interstitial pressure) conditions, respectively.
of the tribological contact (Figure 2(B)) [18]. An exam-  Low friction is maintained because interstitial hydration
ple of an instrument we use to study cartilage in the = and pressure are retained during sliding in the MCA.
MCA is shown in Figure 1(B). At 5 mm/s, the steady-state friction coeflicient in the

Figure 2 illustrates the effect of contact configuration =~ MCA was ~10% that of the SCA, which implies that
on the frictional response of mature bovine cartilage.  interstitial fluid supported ~90% of the load at steady
The friction coeflicient of cartilage against saline-lubri-  state [13,17]. The Péclet number is the dimensionless
cated glass is low initially (0.005-0.03) for the SCA and  factor that governs the loss and retention of interstitial
MCA, which reflects the fact that the configuration has  fluid during MCA testing. For a rigid sphere sliding on
no inherent effect on interstitial lubrication. In the SCA,  cartilage, the Péclet number is defined as:
the time-dependent loss of interstitial fluid and pressure
under the applied load is accompanied by a proportional Pe=V-a/(E, k) (2)
loss of interstitial lubrication; this contact situation is
analogous to unconfined compression in which thetime ~ where V is the sliding speed, a is contact radius, EeCI is
constant for wring-out is proportional to the contactarea  the equilibrium compression modulus and k is the per-
and inversely proportional to the permeability (k) and  meability [17,18,36,43]. When Pe >> 1, interstitial fluid
equilibrium compression modulus (Eeq) [40,41]. SCA  and lubrication are maintained; when Pe << 1, intersti-
measurements of this type are typically used to quantify  tial fluid and interstitial lubrication are lost over time
the initial and equilibrium friction coefficients, which [17,18,36,43].
characterise the limiting responses under fully hydrated Quantifying a friction coeflicient during MCA test-
and fully equilibrated conditions [42], respectively. The  ing can be challenging due to the natural curvature of
equilibrium friction coefficient of cartilage tends to  the cartilage samples. Based on a curvature radius of
increase with speed (N = 5) as shown in Figure 2(B). = ~20 mm, a 2 mm long-wear track produces ~25 pm of
Typically, equilibrium friction coeflicients are reported  elevation change. This small angle has a negligible effect
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Figure 2. (A) The temporal response of friction coefficient for the SCA and MCA contacts. (B) The effect of sliding velocity on the
steady-state friction coefficient for the SCA, MCA and gemini contacts. Samples were run in a pre-defined random order (5, 0.2, 0.05,
2,0.5and 0.02 mm/s for SCA and MCA and 1, 0.1, 5, 0.5, 0.05, 2, 0.25 and 0.2 mm/s for gemini contacts), demonstrating that friction
was a function of speed and not an artefact of a monotonic speed sweep. Steady state was identified when the change in friction
was <1073 y/min. Each data point represents the mean of N = 5 independent samples; error bars represent the standard deviation
of the mean.



on normal force (F,), 0.03%, but the measurement error
in friction coefficient (i) is ~150% (F /F ) [44]. To cor-
rect for this known error source, Caligaris and Ateshian
used closed-loop operation to control load and to meas-
ure the local slope [18]. Topography data were used in
real time to transform raw load cell measurements (F_
and F)) into appropriate components of friction (F,) and
normal force (F,). This clever but challenging experi-
mental approach to eliminating topography effects has
likely discouraged the more wide-spread adoption of the
more physiologically relevant MCA testing configura-
tion by other cartilage lubrication researchers.
Fortunately, there is a simpler method for eliminating
the confounding effects of topography on friction coefhi-
cient measurements without load control or knowledge
of local topography. To illustrate the method, a 3.2 mm
radius probe was indented into cartilage. The initial
static loading led to the exudation of interstitial fluid
and local dehydration of the contact. Following exuda-
tion, the sphere was slid across the divot as illustrated in
Figure 3(A). Because the sphere is attached to a cantile-
ver spring (5 mN/um), changes in normal force reflect
sample topography; the variation in normal force on the
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first sliding cycle after equilibration (Figure 3(B)) reveals
clear evidence of a divot, which was ~16 pm deep based
on the 5mN/um stiffness of that particular cantilever.
Because the ‘friction loop’ for the first cycle in Figure
3(C) reflects a convolution of effects from topography
and hydration, it is difficult to even estimate a friction
coefficient from F /F, alone. Ata given location, however,
the actual friction coefficient is equal to half the width of
the friction loop (W) [45]; this ‘reversal method’ effec-
tively separates the friction effect from the topography
effect without the need for the corrective measurement
and transformation schemes that would be necessary
otherwise [18]. The true friction coefficient, based on
this reversal method (Figure 3(D)) reveals the strong link
between hydration and friction. In this case, friction has
clearly been increased due to local dehydration within
the divot. The size of the elevated friction zone, £350 um,
is consistent with the predicted contact radius (357 pm)
from Hertzian analysis based on the known load, geom-
etry and modulus. Friction was maximal (¢ = 0.07) at
the centre of indentation where strain and fluid wring-
out were greatest, and minimal (¢ = 0.02) just outside
the indentation zone. By cycle 20, the indentation zone
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Figure 3. (A) Schematic illustration of a spherical probe sliding across an indented cartilage at a location, where the load cell axes are
misaligned relative to the normal (F,) and frictional (F,) directions of the interface. (B) Normal force is plotted vs. track position for
the 1st and 20th cycle following indentation wring-out. An indentation divot is apparent on cycle 1 but disappears by cycle 20 due to
the sliding-induced redistribution/recovery of interstitial fluid in the contact area. (C) F /F, is the typical means for measuring friction
coefficient; however, irregular topography makes the friction coefficient difficult to interpret without additional analysis. (D) The true
friction coefficient (F/F,), which is half the width of the friction loop (C), plotted vs. position. The reversal’ method eliminates the
effect of topography without load control or any knowledge about the local topography and load cell alignment [2,45]. The blue
regions in the central £50 um of the wear track represent the region of interest for tracking temporal responses.
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recovered interstitial fluid and lubrication as evident by
the recovery of a convex shape (Figure 3(B)) and a low
uniform friction coefficient (Figure 3(D)).

3. Directin situ measurements of cartilage
tribomechanics

3.1. Indentation method

According to Equation (1), the friction coeflicient from
interstitial lubrication can be determined if the equilib-
rium modulus and the strain or fluid load fraction are
known. One approach we have used in the MCA to deter-
mine the fluid load fraction in real time is illustrated in
Figure 4(A) [43]. The measurement uses the micro-tri-
bometer in Figure 1(B) and begins with a surface detec-
tion step, illustrated in Figure 4(A). Following initial
contact, the z-stage is driven down to a target displace-
ment dz, which comprises the sample penetration () and
bending deflection of the cantilever beam whose spring
constant (k = 2.56 mN/um) is known based on previous
calibration with indentation against a rigid substrate. The
penetration depth at any time of interest is given by:

(A)
datum
K
z stage
R I dz
kt
N probe
cartilage ‘é—/ o ﬂ
S
approach contact penetration
(C)
80
F,———
60 - 3:
B g
= S
e reflects matrix load share %
S 40 4 contributing to friction S
E s
= g
20 &6 — o ¢
T T T T T 1
0~ o 1 2 3 4 5

sliding speed (mm/s)

6, =dz —Fy/k (3)

The normal force (F,) response of a representative
sample subjected to a fixed dz =49 pm is shown in Figure
4(B). During static loading conditions, the contact equil-
ibrated at a load of 26 mN; based on the pre-calibrated
spring constant, the corresponding penetration was
39 um. In previous studies, we showed that the inden-
tation response of cartilage is remarkably consistent
with Hertzian contact mechanics (F 551‘5 ) [46,47];
if we accept that the contact is Hertzian in nature, we
can readily determine the approximate contact radius
(a), contact pressure (P) and contact modulus (E) at
equilibrium: a = 4/R - 6, = 357 um, P = F,/A = 65 kPa
andE_=3-F, - R/(4-a’) = 1.36 MPa. Sliding at 5 mm/s
causes fluid recovery, increased loads and decreased
penetration depths as shown in Figure 4(B); at dynamic
equilibrium, the contact radius decreased to 247 pm,
the contact pressure increased to 393 kPa and the effec-
tive contact modulus increased to 11.9 MPa based only
on real-time measurements of load and penetration
depth. The normal force and penetration depth during

B
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Figure 4. Penetration depth measurements to determine contact radius, contact pressure, contact modulus and fluid load fraction
in real time during sliding. (A) Diagram depicting the method and measured variables: probe radius (R), spring constant (kt), surface
offset (Z,), cartilage penetration (6), stage position () and normal force (F,). (B) Normal force and penetration depth from the
central 50 pm of the wear track during indentation, relaxation and sliding at 5 mm/s following relaxation. Increased normal force and
decrease penetration depth reflect the redistribution and resorption of interstitial fluid into the centre of contact. (C) F,,and 6. as a
function of sliding speed. (D) The measured friction coefficient (u) and fluid load fraction (F) as a function of sliding speed. The blue
line represents the best fit to permeability: 0.0026 mm*/Ns. The red line represents the best fit to the equilibrium friction coefficient:

0.4.Image is adapted with permission from Ref. [43].



steady-state sliding in the MCA are shown as functions
of speed in Figure 4(C).

These data can be used to determine the fluid load
fraction, which governs the contribution from intersti-
tial lubrication to friction reduction (Equation (1)). By
definition, the fluid load fraction is the ratio of the load
supported by interstitial pressure to the total applied
load [29,46,48]. To determine the numerator, we must
determine the solid load component based on the meas-
ured penetration depth and the equilibrium modulus;
this value is then subtracted from the total applied force
to obtain the force supported by interstitial pressure. The
penetration depth, probe radius and constants drop out
leaving an expression based only on the effective and
equilibrium contact moduli, E; and Eeq, respectively
[46]:

F' = (Ey—E,)/Eq= (119 = 136) / 119 = 88%
(4)

The measured friction coeflicient and calculated fluid
load fraction (based on measurements of force and pene-
tration depth) are plotted as functions of speed in Figure
4(D). The trends are in remarkably good agreement with
expectations (Equation (1)) given the assumption of
Hertzian conditions and suggest that changes in fric-
tion with speed are largely attributable to changes in
interstitial pressure. However, while the theoretical fit to
the fluid load fraction typically has a coefficient of deter-
mination of R? > 0.99, the measured friction coefficient
is consistently higher than expected at low speeds and
consistently lower than expected at low speeds.

3.2. Optical method

The systematic differences we consistently observe
between the measured and predicted friction coefficients
(Figure 4(D)) may be due to a number of factors including
ploughing, departures from Hertzian contact mechan-
ics, and speed-dependent lubrication effects unrelated to
interstitial hydration such as hydrodynamics. We have
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used in situ optical observations of the buried contact
area to test for some of these effects. The micro-tri-
bometer in Figure 1(B) was placed beneath an optical
microscope for this purpose. The back side of the glass
sphere was polished into a lens that was mounted into
a custom holder as shown in Figure 5(A). Because car-
tilage is mostly water, optical detection of contact edges
required the use of a visual aid; in this case, we used a
dye exclusion assay to illuminate the region of intimate
contact as shown in Figure 5(B) [49].

The contact area is shown as a function of speed in
Figure 6(A). The first noteworthy observation is that
the intimate contact condition remained at all speeds;
in other words, the dye never impeded our ability to
observe the area of intimate contact. The second is
that the contact area becomes elliptical during sliding.
The third is the reduction in contact area at increased
speed. This is qualitatively consistent with the results of
the indentation method and migration theory, which
states that the tissue becomes effectively stiffened at
high speeds because there is insufficient time for inter-
stitial fluid flow [17]. The fourth is that the contact area
becomes more symmetric (front-back) at increased slid-
ing speeds, which can also be attributed to the fact that
high-speed sliding provides less time for fluid flow. This
result is similar to that seen in viscoelastic contacts [50];
however, the fundamental mechanism is quite different
(i.e. fluid exudation vs. relaxation of polymer chains).

The optical contact area is plotted as a function of
sliding speed in Figure 6(B) alongside the calculated con-
tact area based on Hertzian analysis of results from the
indentation method. The differences between the opti-
cal and calculated contact areas are statistically indistin-
guishable under high-speed conditions for which fluid
exudation is minimal. Despite the many ways in which
these contacts violate the assumptions of Hertzian analy-
sis, it appears the MCA is surprisingly well-described by
Hertzian contact mechanics. However, the indentation
method systematically under-predicts contact area in
low-speed sliding situations involving significant fluid
exudation; at the slowest speed, the measured contact

contact area

Figure 5. (A) In-situ optical tribometry setup. A polished hemispherical glass lens is loaded against cartilage. The setup is placed
beneath an optical microscope. (B) An example of the contact area obtained during static contact with a representative cartilage
sample. India ink was added to the bath solution to create contrast between the contact area (bright) and the bath fluid.
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Figure 6. (A) Optical images during in situ optical tribometry with the micro-tribometer. (B) Contact area (A) is plotted as a function of
sliding speed (open circles). The Hertzian prediction (blue filled circles) based on indentation depth is shown for comparison. Values
are given as the mean = standard deviation of N = 5 samples. Asterisks (*) indicate significant differences (p < 0.05) between the

measured and predicted contact area. (C) The equilibrium friction coefficients (u

) of cartilage as a function of sliding speed from

indirect MCA testing (open circles) and direct SCA testing (filled circles). Data are sqhown as the mean + standard deviation of N =5
samples. Asterisks (*) indicate significant differences (p < 0.05) between the measured and predicted equilibrium friction coefficient.

area is ~50% larger than predicted and may therefore
generate more friction than predicted as a result.

We have used Equation (1) with the measured fric-
tion coefficient and fluid load fraction (Equation (4)) to
determine the in situ equilibrium friction coefficient as
a function of speed in the MCA; in other words, we are
removing the interstitial lubrication effect. At low speed,
the equilibrium friction coefficient during MCA testing
is about twice the value obtained from direct SCA meas-
urements of the equilibrium friction coeflicient (Figure
6(C)). The fact that these higher-than-expected friction
coefficients in the MCA at low speeds accompanied larg-
er-than-expected contact areas and front-back asymme-
try suggests that both contact area growth and ploughing
contribute to increased friction during low-speed MCA
measurements [11,43,51-53]. At high speeds, the equi-
librium friction coefficient during MCA testing (0.1) was
only about 1/3 the value obtained from direct SCA test-
ing (0.3). This effect cannot be explained by ploughing,
an overestimation of the contact area, or underestima-
tion of the fluid load fraction. This reproducible trend
suggests other speed-dependent lubrication effects such
hydrodynamic pressurisation [6,8,23].

4. Interactions between hydrodynamic and
interstitial pressure fields

One of the best known and practically useful means
of hydrodynamic pressurisation is the sliding- or
rolling-induced entrainment of fluid into a converg-
ing physical wedge [54,55]. The magnitude of the

hydrodynamic pressure within the convergent wedge
depends on many variables, including sliding speed,
lubricant density, lubricant viscosity, wedge geometry
and the elastic properties of the mating surfaces [56]
(which can affect wedge geometry). These hydrody-
namic pressures can reduce friction by supporting a
fraction of the applied load, and in the limiting case,
hydrodynamic pressure supports the entire load; this
is full-film lubrication.

Unfortunately, these well-understood effects have
been difficult to predict for cartilage due to its exception-
ally low modulus, complex biphasic response and surface
permeability. Dowson and Jin modelled the elasto-hy-
drodynamic response of an articulating hip joint using
soft but impermeable bearing surfaces and predicted the
formation of a ~500 nm thick fluid film under physi-
ologically relevant conditions [8]. While this seminal
paper demonstrates clear evidence of significant hydro-
dynamic pressures, it remains unclear to what extent
the entrained fluid might flow into porous cartilage sur-
faces. Ling was among the first to theoretically consider
the interactions between external and interstitial pres-
sure and flow fields [57]. His work and those of others
demonstrate significant fluid flow from a pre-existing
squeeze film into the porous cartilage surface [58-61].
To our knowledge, there has been no attempt to model
the interactions between hydrodynamic and interstitial
pressure fields to date. Furthermore, as Ateshian points
out, there have been no direct experimental observa-
tions of fluid films in cartilage contacts [13]. This is
due, primarily, to an inability to use well-established



interferometric thin-film measurement techniques on
optically transparent surfaces composed primarily of
water.

We have used in situ displacement-based methods
to observe the mechanics of fluid film formation and
collapse in this unusual system. These experiments
were performed using the tribometer in Figure 1(A). As
Walker et al. first demonstrated [6], large samples in the
SCA leave a convergent wedge at the leading edge of con-
tact, which enables hydrodynamic pressurisation (Figure
7(A)); we sub-classify this configuration as the conver-
gent SCA or cSCA. Drawing a thin, flexible, and imper-
meable polymer membrane taught across the cartilage
surface (Figure 7(A)) maintains the elastic response of
the cartilage but prevents the flow of entrained lubri-
cant into the porous surface; this film had no significant
effect on the fluid exudation/mechanical response of the
tissue [23] because the interstitial fluid was free to flow
around the impermeable tidemark (between the carti-
lage and bone) and into the porous subchondral bone.
Glycerol, which is 1000x more viscous than saline and
synovial fluid under physiological shear rates [62,63],
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was selected as the lubricant to amplify the thickness of
the fluid film for detection purposes.

The friction coefficient is plotted as a function of
speed in Figure 7(B). From 5 to 80 mm/s, the friction
coeflicient increased from 0.01 to 0.045; the friction
coeficient increased with speed to the % power over
this range of conditions, which is consistent with hydro-
dynamic and elasto-hydrodynamic fluid film lubrication
theory [64]. The deformation response of the sample
to intermittent sliding at 80 mm/s is shown in Figure
7(C). There is clear and repeatable evidence of the col-
lapse and formation of a fluid film at stops and starts,
respectively, superimposed over the otherwise typical
fluid exudation (deformation) response of the biphasic
sample. The thickness of this fluid film was quantified
by first subtracting the underlying exudation response
as illustrated in Figure 7(D). Under these conditions,
sliding generated an ~11 um thick fluid film. Given the
magnitude of this measurement, there is little doubt that
friction was due entirely to the shear of a full-fluid film;
in other words, the thin polymer film had no direct effect
on the friction response of the system. Using this film
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Figure 7. (A) In situ tribometer schematic demonstrating the application of an impermeable polymer membrane to prevent
sliding-induced fluid flux into cartilage. (B) The friction coefficient (mean + standard deviation) is plotted as a function of speed
for an impermeable cartilage interface lubricated by 99.9% pure glycerol. (C) A stop-start experiment for impermeable cartilage
lubricated by glycerol. The compression response to intermittent sliding is shown as a function of time. (D) Measuring film thickness
on a dynamically compressing sample requires the decoupling of the exudation response from film thickness. Subtracting the fit
exudation response from the measured response revealed the thickening and thinning responses of the film. Images are adapted

with permission from Refs. [23,24].
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thickness measurement with a measured friction coef-
ficient of 0.045, a measured contact stress of 250 kPa
and the imposed sliding speed of 80 mm/s gives an
experimental fluid film viscosity of # = 1.5 Pa™5, which
is approximately equal to the published value of 1.4 Pa™*
[65]. The results demonstrate that the cSCA geometry
supports the development of significant elasto-hydro-
dynamic pressures, which may have important conse-
quences for cartilage and joint tribology. Additionally,
while the experiment is artificial and far from any real-
istic physiological situation, it is the first direct observa-
tion of a full-fluid film in a tribological contact involving
cartilage that we are aware of.

The permeable membrane was removed and the
experiment was repeated in saline. The friction coef-
ficients from both experiments are plotted vs. a mod-
ified Sommerfeld Number, S =2+ V- a . 5/F [20], in
Figure 8(A). The results are consistent with the classi-
cal descriptions of hydrodynamic bearings and suggest
boundary conditions at § < 10~ [20], mixed-mode
lubrication from 10~ < § < 107 [6,20,42] and full-film
lubrication for S > 107°. However, the deformation
response of cartilage (permeable) to intermittent sliding
in saline (Figure 8(B)) reflects a more complex process.
The initial exudation response of the sample to load
was not affected by the presence of the membrane or
the viscosity of the bath. However, the response of the
samples clearly diverged at the first onset of sliding. In
the impermeable case, the exudation process continued
during sliding as expected. However, in the permeable
case, the sample recovered a portion of the fluid lost pre-
viously during static loading; we call this phenomenon
tribological rehydration [23]. Without the membrane,

hydrodynamic pressures near the leading edge of con-
tact exceeded interstitial pressures, which caused Darcy
flow into the porous surface to restore interstitial hydra-
tion, pressure and lubrication. Although hydrodynamic
forces are clearly the cause of reduced friction during
high-speed sliding of tribological contacts involving
cartilage, the results indicate that decreased friction of
cartilage during high-speed sliding is due, at least in part,
to rehydration, which automatically restores interstitial
lubrication.

The repeatability of the loss and recovery process
illustrated by Figure 8(B) has interesting physiological
implications. During standing, joint spaces thin due to
the loss of interstitial fluid over timescales on the order
of several hours [66]. Since interstitial fluid is integral to
the tribological [2,10,13,18,19,23,28,29,37,67], mechan-
ical [10,13,40,47,68,69] and biological [70-74] functions
of the tissue, this exudation process would be disastrous
without some mechanism to reverse it. It is widely
believed that cartilage primarily recovers fluid through
osmotic effects once the tissue is exposed to the bath dur-
ing joint articulation (contact migration) [2,10,28,75].
Figure 8(B) demonstrates that sliding (articulation) is
a powerful and previously unanticipated driver of this
essential recovery process, even without exposing the
contact to the bath to promote osmotic swelling. We
propose that sliding/articulation during physical activity
is important for reversing the adverse effects of inactiv-
ity on the essential mechanical (load support, stiffness,
matrix stress-shielding [10,13,37,69,76-78]), tribolog-
ical (friction and wear reduction [13,18,19,28,37,38])
and biological (cellular stimulation, solute transport
[22,51,70,79-81]) functions of the tissue.
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Figure 8. (A) Friction coefficient is plotted as a function of sliding speed for an impermeable (glycerol-lubricated) and permeable
(saline-lubricated) cartilage sample. The x-axis is given in terms of sliding velocity (top) and the Sommerfeld Number (bottom)
for glycerol (red) and saline (blue)-lubricated contacts. (B) Compression for intermittent sliding experiments. The same sample of
cartilage was used for both experiments. Note that the initial deformation response is unaffected by the membrane or lubricant
condition. Also note that the time scales for the formation and collapse of fluid films (impermeable glycerol-lubricated) are many
orders of magnitude shorter than the time scale for tribological rehydration (permeable saline-lubricated). Image is adapted with

permission from Ref. [23].



5. Closing remarks

Cartilage is subjected to contact stresses that exceed
its compressive modulus, while maintaining negligible
friction coefficients and wear rates under a wide range
of static and dynamic conditions. The mechanical and
tribological responses of the tissue depend strongly on its
hydration state and its hydration state depends strongly
on the mechanical and tribological conditions; the inter-
dependencies between stresses and water content can
make controlled studies and data interpretation difficult.
This paper reviews some of the experimental challenges
of cartilage tribology measurements and the methods we
have used to address them. In particular, it is important
to understand the effects of configuration on the tribo-
mechanics of cartilage. The SCA, MCA and c¢SCA have
unique attributes and limitations, particularly when con-
ducted without the benefit of in situ deformation meas-
urements to help monitor hydration effects in real time.
The addition of commercially available displacement
sensors to existing tribometry equipment is a straight-
forward way to improve the interpretability of cartilage
tribology data. Cartilage friction measurements in the
MCA configuration are especially sensitive to misalign-
ment errors. The reversal method, which is easily imple-
mented with standard equipment and testing protocols,
eliminates these inherent misalignment errors and facili-
tates measurements of especially low friction coefficients.
In-situ methods reveal that changes in friction coeffi-
cient with speed in the MCA are primarily attributable
to the predictable effect of speed on hydration, which
governs cartilage lubrication. Nonetheless, there are sub-
tle quantitative differences between the measured and
predicted MCA friction responses to sliding. Higher-
than-expected friction at very low speeds appears to be
related to the emergence of ploughing and deviations
from Hertzian behaviour. Finally, we demonstrate that
the dramatic friction reductions typical of cartilage dur-
ing high-speed sliding in the ¢SCA can be attributed
to hydrodynamic-pressure-induced flow of entrained
lubricant into the porous surface and the consequent
recovery of interstitial pressure and lubrication. Thus, for
permeable bearing surfaces like cartilage, ‘stribeck-like’
frictional characteristics should not be interpreted as
experimental evidence of fluid film lubrication without
additional supporting measurements.
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