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Stick-slip friction and wear of articular joints
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Stick-slip friction was observed in articular cartilage under certain
loading and sliding conditions and systematically studied. Using
the Surface Forces Apparatus, we show that stick-slip friction can
induce permanent morphological changes (a change in the rough-
ness indicative of wear/damage) in cartilage surfaces, even under
mild loading and sliding conditions. The different load and speed
regimes can be represented by friction maps—separating regimes
of smooth and stick-slip sliding; damage generally occurs within
the stick-slip regimes. Prolonged exposure of cartilage surfaces to
stick-slip sliding resulted in a significant increase of surface rough-
ness, indicative of severe morphological changes of the cartilage
superficial zone. To further investigate the factors that are condu-
cive to stick-slip and wear, we selectively digested essential com-
ponents of cartilage: type Il collagen, hyaluronic acid (HA), and
glycosaminoglycans (GAGs). Compared with the normal cartilage,
HA and GAG digestions modified the stick-slip behavior and in-
creased surface roughness (wear) during sliding, whereas collagen
digestion decreased the surface roughness. Importantly, friction
forces increased up to 2, 10, and 5 times after HA, GAGs, and
collagen digestion, respectively. Also, each digestion altered the
friction map in different ways. Our results show that (/) wear is not
directly related to the friction coefficient but (ii)) more directly re-
lated to stick-slip sliding, even when present at small amplitudes,
and that (iii) the different molecular components of joints work
synergistically to prevent wear. Our results also suggest potential
noninvasive diagnostic tools for sensing stick-slip in joints.
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steoarthritis (OA) is widely present in the elderly (1, 2) as

well as people with obesity (3). Despite the prevalence of
OA, the physical and biological events that trigger articular
cartilage damage are still poorly understood, especially at the
molecular and submicron levels; so far, no model has been
successful in describing the mechanistic cascade that leads to
cartilage wear and irreversible loss (4). There are no available
techniques to detect the onset of joint diseases, and tracking the
progression of these diseases remains a major challenge (5).

One of the key challenges for establishing a model that can
successfully track the cause and progression of joint diseases is in
the fact that articular joints are designed to function under an
extremely large range of mechanical, dynamic, and environ-
mental conditions, under any of which a priori damage can oc-
cur. Many scientists have, therefore, focused their efforts on
specific physiological regimes under which joints would be se-
verely subjected to mechanical damage caused by a failure of the
lubrication mechanism at the submicron level.

The most important and also least understood physiological
regime associated with damage is referred to as the boundary
lubrication (BL) regime, where two sliding surfaces and the
molecular species that are attached to them are in intimate
contact during most of the motion. It is now well-known that, in
the BL regime, wear of soft surfaces, especially cartilage, can
easily and quickly propagate as long as the surfaces are subjected
to a high enough normal load (typically above several Newtons
corresponding to normal pressures ranging from 1 to 10 MPa)
and sliding speeds (typically above millimeters per second) (6).
Under these conditions, the rheological (viscous) properties of
the lubricating fluid do not contribute significantly to the lubri-
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cation of the surfaces, and it is the macromolecules that are
present in the interstitial gap separating the surfaces that lubri-
cate and ultimately, protect the surfaces from wear. Boundary
lubrication can be achieved in many ways and is not limited to
high loads or prolonged sliding; it can also be achieved under
mild loading conditions (typically by applying a load in the range
of several milliNewtons corresponding to a normal pressure of
~0.1 MPa) as long as the sliding speed is low enough (or zero
under quasistatic conditions such as sitting or standing) to avoid
elastohydrodynamic deformations of the surfaces and the de-
velopment of a thick lubricating fluid between the surfaces. Wear
of articular surfaces has never been studied under such mild
conditions, and therefore, no mechanism has been proposed to
describe its occurrence.

In this study, we show that, under mild sliding conditions cor-
responding to conditions of a human being at rest, stable inter-
mittent sliding between two articular surfaces can be observed.
Together with stiction spike (7, 8), stick-slip sliding is commonly
at the origin of irreversible transformations of surfaces and in
this study, cartilage topography—a hallmark of all cartilage wear
processes. By selectively digesting specific components [collagen,
hyaluronic acid (HA), and glycosaminoglycans (GAGs)] of the
cartilage surfaces, we aimed to establish correlations between
structural changes of joint components and their subsequent
impact on the frictional map of the articular joint as they occur
during OA.

Many different experimental setups have been proposed for
measuring frictional forces between cartilage surfaces (9-12).
Most of these setups can be schematically represented by a me-
chanical equivalent depicted in Fig. 14. When characterizing
complex frictional behaviors like stick-slip, one can readily see
that the measured average friction force is not the only impor-
tant or even the most important parameter defining the system
when intermittent friction is present (including other transient
effects, such as stiction). The inertia of the moving parts, the
system resonance frequencies, the mass (m), and the stiffness (K)
are also key experimental parameters.

Significance

The goal of this study was to use the Surface Forces Apparatus
to examine the effects of slip-stick friction on cartilage surface
morphology under different loading and sliding conditions.
Different load and speed regimes were represented using
friction maps that separated regimes of smooth and stick-slip
sliding. The finding of this work is that damage generally
occurs within the stick-slip regimes and is not directly related to
the friction coefficient. Prolonged exposure of cartilage surfa-
ces to stick-slip sliding resulted in a significant increase of
surface roughness, indicative of severe morphological changes
(damage) of the cartilage surfaces.
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Fig. 1. (A) Schematic of the principle of SFA used for measuring normal load, L, and friction force, f, between two surfaces in contact with area A under back
and forth shearing motion of peak-to-peak amplitude D ~100 pm and driving velocity, v. The friction force, f, is measured as f = K(Ax — AD), where Ax and AD
are the displacement of the drive and the stage, respectively, and K is the stiffness of the measuring spring. (B) Evolution of friction forces with time measured
between two cartilage surfaces in synovial fluid at a driving speed of v = 10 um/s. Right after loading and applying shear motion, the friction force increases
rapidly and evolves to stick-slip or irregular stick-slip sliding motion (B Insets). After sliding for 3 min, the friction force gradually decreases to a steady-state

value, and sliding phase becomes smooth. Four distinct sliding behaviors are
stick-slip, (E) smooth sliding with stiction, and (F) purely smooth sliding.

As can be seen in Fig. 14, the applied force f by the spring
coupling the drive to the stage and the speed v of the drive are
different from the true interfacial friction force, f;, and sliding
speed, viy. Starting from rest, the stage will move when the ap-
plied force f reaches the friction force, f. If the static friction
(also known as the stiction) force, fy, is greater than the kinetic
friction force, fi (Fig. 1C), the stage will accelerate rapidly to
a speed, viy, much greater than the slider speed, v, and the
coupling spring will be compressed. At this point, the stage will
decelerate to a stop, where the friction force recovers to its high
value, fi. This cycle, called stick-slip, can be repeated periodi-
cally as long as the driver moves at a constant velocity.

Different models have been developed that aim to establish
how macroscopic system properties and nanoscopic (i.e., mo-
lecular ordering) properties cooperate to create complex fric-
tional motions like stick-slip. For a review of the different
mechanisms of stick-slip, the reader is referred to refs. 13 and 14.
Our experiments show that the stick-slip motion of cartilage
surfaces is clearly velocity-dependent and restricted to a velocity
window that depends on the applied normal load, L. In general,
velocity windows for stick-slip are determined by two critical
velocities (15): the first velocity, v., corresponds to the appear-
ance of stick-slip and the onset of the velocity weakening regime
of the friction force, f. The second velocity, v, corresponds to
the disappearance of stick-slip, at which point f = f; = constant.
In between v! and vY, different types of stick-slip motions can be
observed, ranging from regular stick-slip (Fig. 14) to irregular
stick-slip (both in amplitude and frequencies, and stiction (Fig. 1
D and E). The determination of v. and v! as a function of the
applied load allows a friction map to be established that char-
acterizes the frictional behavior of a system.

E568 | www.pnas.org/cgi/doi/10.1073/pnas.1222470110

observed depending on the sliding conditions: (C) regular stick-slip, (D) irregular

Results and Discussion

A series of friction force measurements with cartilage against
cartilage (Fig. 24) were performed over a wide range of driving
speeds (0.03-100 pm/s) and loads (5-250 mN) (details in Mate-
rials and Methods). Morphological studies were also performed
by monitoring the cartilage surfaces before and after sliding us-
ing interferometry. Additionally, cartilage surfaces were treated
with specific enzymes to investigate the effects of essential
components on different friction and lubrication properties. The
essential components of articular cartilage that we selected to
digest are HA, GAGs, and type II collagen. All three compo-
nents exhibit different and important roles in cartilage lubrica-
tion and malfunction: modification or digestion of each com-
ponent is known to be highly related to the onset and progression
of OA (11, 16-21).

Normal (Untreated) Cartilage. Fig. 24 shows a schematic of the
friction experiments performed with normal (untreated) carti-
lage. Two opposing cartilage surfaces were sheared at a re-
ciprocal motion of peak-to-peak amplitude AD (~100 pm) and
back and forth driving velocity +v under the applied load L. The
Surface Forces Apparatus (SFA) chamber was saturated with
water vapor to prevent the evaporation of the liquid droplet
between two cartilage surfaces during the experiments. [Two
hundred microliters equine synovial fluid (Fig. 2 C and D) or
PBS buffer solution (all other experiments) were used. Friction
phase diagrams show similar trends regardless of the type of fluid
between two cartilage surfaces.] Fig. 2B shows the effect of L and
v on fi, and two distinct lubrication regimes can be clearly seen:
(i) Fluid Film Lubrication (FFL; 0 < L < 10 mN, P ~ 0.07 MPa)
with a low friction coefficient (u = dfi/oL = 0.01-0.02) and (ii)
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(A) Schematic of the experimental setup used with measured and calculated variables. (B) Kinetic friction force (fy) vs. load (L) curve under different

driving velocities (v = 1.1, 10, and 37 um/s) showing low-friction coefficient (un = 0.01-0.2) in the FFL regime (L < 16 mN) and high-friction coefficient (n=0.11-
0.35) in the DBL regime (L > 16 mN). (C) Friction forces (f, f,, and fi) vs. driving velocity (v) curve measured at three different loads (L = 100, 85, and 15 mN).
The shaded regions indicate the stick-slip sliding regime. (D) Friction map showing representation of cartilage lubrication profiles. The dotted lines indicate
the observed and measured trends based on the experiments and theories (15). (E and F) Topographic images (top view) of the contact zone of normal
(nondigested) cartilage (E) before and (F) after 10 h shearing in stick-slip conditions. Red and blue colors indicate higher and lower heights, respectively.

Single height profiles are also shown below each image.

Diffuse (Osmotic) BL (DBL; L > 25 mN, P ~ 0.09 MPa) with
a much higher friction coefficient (p = 0.11-0.35) (Fig. S1 shows
a conventional Stribeck curve). [This regime is likely the same
as the “Osmotic Lubrication” or “Brush Border Lubrication”
regimes previously proposed by McCutchen (22, 23).] The tran-
sition load, L, where the lubrication mechanism changes from
FFL to DBL is Lt ~ 16 mN/m (P ~ 0.08 MPa), which is similar to
the value measured by Greene et al. (9) (Eq. S1 shows the pres-
sure calculation). Additional insights into how v and L influence
friction forces (of normal cartilage) and steady-state sliding pro-
files (Fig. 2 C and D) were gained by systematically changing v
and L over a wide range of conditions (0.03-60 pm/s and 15—
100 mN, respectively).

Fig. 2C shows how the friction forces (fy, f;, and fi) change
with v at three different loads (L = 15, 85, and 100 mN), and Fig.
2D shows the corresponding friction map. At L = 100 mN, stick-
slip was observed at v. = 0.03 pm/s. As v increases, the magni-
tude of the stick-slip spikes, Af = f; — fx, increases until v = 1 pm/s;
f; then decreases until the driving speed reaches v = VIl ~ 5 umys,
where the stick-slip sliding disappears (f; = fi). As the load
decreases, v£ increases, whereas v? decreases, moving all of the
values closer. Accordingly, the velocity window of stick-slip regime
decreases, and by L = 15 mN, the stick-slip window becomes very
narrow, with only irregular stick-slip being observed.

The friction map (Fig. 2D) conveniently illustrates the differ-
ent stick-slip and smooth sliding regimes or windows as a func-
tion of L and v—two variables that can easily be controlled. Such
maps can be used to determine and avoid the critical conditions
that lead to stick-slip and abrasive wear not only in cartilage but
also, many other lubricating systems.

Detailed studies of how shearing alters the morphology of
normal articular cartilage were carried out by interferometric
imaging because of the ability to scan areas and fast acquisition
times, which has been used to image cartilage surfaces (24)
(Materials and Methods). Approximately 1-pm-high and approx-
imately 1-uym-deep valleys were observed on normal cartilage
surfaces with an rms height roughness of Rq = 340 + 20 nm.
When sheared for 1.5 h (1 h under stick-slip sliding and 0.5 h
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under smooth sliding conditions), there was no change in the
roughness. However, after sheared for ~10 h under stick-slip
conditions, a significant and systematic increase in the rough-
ness (Rq — 460 + 40 nm) was observed, whereas no morpho-
logical change was observed under ~10 h shearing under
smooth sliding conditions (Fig. S2). These results imply that,
even under mild loading and sliding conditions, healthy carti-
lage can suffer irreversible damage but only under prolonged
stick-slip sliding conditions.

HA-Digested Cartilage. HA is an anionic polysaccharide that is
widely distributed in the human body and especially prevalent in
articular joints. Because of its high molecular mass (3-4 MDa),
HA has long been considered to be one of the major (bulk or
boundary) lubricants that lowers the friction coefficient and
protects cartilage surfaces from damage (25). Recent studies
showed that physisorbed HA layers do not have a beneficial ef-
fect on lubrication, whereas chemically grafted and/or cross-
linked HA layers exhibit excellent wear protection against sur-
faces, even when sheared at high pressures (~20 MPa), regard-
less of the high friction coefficient of p = 0.15-0.3 (26, 27).
Experiments involving selective digestion of HA from articular
cartilage have shown that HA is mechanically trapped at the
cartilage interface by the constricted collagen pore network (9)
and that digestion of HA induces a decrease in the porosity and
an increase in the stiffness of articular cartilage (10). The molec-
ular mass of the HA is known to decrease (from ~3-4 down to
0.5 MDa) with age (18) and/or the progression of arthritis (16, 17).

Fig. 3 shows the effects of enzymatic digestion of HA on the
friction forces, friction profiles, and topography of the cartilage
surfaces before and after digestion and shearing. Compared with
normal, healthy cartilage (Fig. 3 4 and B), HA-digested cartilage
(Fig. 3 C-F) exhibits noticeably different friction characteristics
and topography: (7) a higher friction force (up to two times) (Fig.
3C), (ii) a decrease in the second critical velocity and a left
upward shift of the friction map (Fig. 3D), and (iii) significant
roughening of the cartilage surface (up to 25%) after 1.5 h of
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(A and C) Friction forces vs. sliding velocity curve and (B and D) friction maps (A and B) before and (C and D) after HA digestion. (E and F) 3D images

(top view) of HA-digested cartilage (E) before and (F) after 1.5 h shearing (1 h stick-slip and 0.5 h smooth sliding conditions).

shearing (1 h under stick-slip sliding and 0.5 h on smooth sliding
conditions) (Fig. 3 E and F).

The Rq value of HA-digested cartilages increased from 370 +
20 to 460 + 40 nm after 1.5 h of shearing (1 h under stick-slip
sliding and 0.5 h under smooth sliding), which is similar to the
increase in Rq of normal cartilage sheared under stick-slip con-
ditions for 10 h. Significant roughening of the shearing surfaces
could be another reason for the observed increase in the friction
force, although there seems to be no simple or direct correlation
between the roughness and the friction force (28, 29) for soft
surfaces like cartilage.

These results show that, at relatively high loads (L > 45 mN,
P > 0.11 MPa), the main function of HA is to act as a surface-
anchored protective layer rather than a bulk viscosity lubricant
(9). To act as a well-functioning protective layer, HA should
have a high enough molecular mass to both be trapped in the
porous structure of the cartilage and entangle lubricin (LUB) for
efficient boundary lubrication (9, 10). After digestion, the length
of the HA chains is greatly shortened, and they lose the ability to
become trapped in the porous structure of the cartilage. This
increase in HA chains mobility causes the LUB and HA to be
pushed out of the shearing contact under high L and v, leading to
an increase in the friction force by a factor of approximately
two and changing the stick-slip characteristics.

GAGs-Digested Cartilage. GAGs are known to have a high affinity
for HA, forming large multimolecular aggregates. Such aggre-
gates are highly sulfated, forming a large anion immobilized
in the porous collagen network. This entropically confined
GAGs-HA complex increases the osmotic pressure within the
network, causing interstitial fluid pressurization and giving rise to
improved load-bearing properties and compressive stiffness of the
cartilage (12, 30). Highly hydrated GAGs are also known to en-
hance the hydration repulsion between two surfaces, which de-
creases the friction coefficient (12, 31-33).

In the early stages of OA, aggrecanases are found to be
overexpressed and prevent the formation of GAGs-HA complex
by cleaving the G1 domain, which contains the HA binding re-
gion (19). When GAGs lose their binding affinity to HA, GAGs
rapidly diffuse out of the cartilage matrix. The decrease in GAGs
concentration causes a loss in the ability of the cartilage to induce
an osmotic pressure balance within cartilage matrix and increases

E570 | www.pnas.org/cgi/doi/10.1073/pnas.1222470110

its vulnerability to loading and shearing (30). Here, we used
Chondroitinase ABC (Case ABC), which destroys mostly the
chondroitin sulfate (34) and therefore, has similar effects to the
cartilage as aggrecanase.

Fig. 4 shows the effects of enzymatic digestion of GAGs on
the friction forces, friction profiles, and topography of cartilage
surfaces before (Fig. 4 A and B) and after (Fig. 4 C-F) Case ABC
treatment. Compared with normal cartilage, cartilage treated
with Case ABC shows different friction characteristics and to-
pography, highlighted as () higher friction force (up to 10 times)
(Fig. 4C), (ii) increase in v and right downward shift of the
friction map (Fig. 4D), and (iii) slight roughening of the car-
tilage surface (up to 10%) after 1.5 h of shearing. It is note-
worthy that, although the increase in roughness was much less
compared with HA-digested cartilage, the friction force increase
was significantly higher.

The failure to maintain an osmotic balance within the cartilage
and preserve the hydration layer at the interface explains the sig-
nificant increase in the friction force after GAGs digestion. Fur-
thermore, interpenetration and entanglements of HA chains be-
tween opposing surfaces is facilitated because of the absence of
GAG:s, further leading to higher friction forces (35). Regardless, the
protective HA layer is still intact at the interfaces, which minimizes
morphological changes compared with HA-digested cartilage.

Collagen-Digested Cartilage. Type II collagen occupies 60-80% of
the solid fraction of cartilage to form a porous fibril network (12,
36-39) that governs the mechanical properties, deformation re-
sponse, and friction of cartilage (30, 40). The disruption of the
fibril network and softening of cartilage have been observed at
the onset and progression of OA (20, 21), which could also be
induced by applying type II collagenase (41, 42). Recent studies
(10) indicate that enzymatic digestion of collagen causes drastic
disruption of the complex microstructure and stability of the pore
matrix, jeopardizing the cartilage’s ability to control the transport
of interstitial fluid through diffusion and/or flow, and inhibits ef-
ficient hydrodynamic lubrication.

Fig. 5 shows the effect of type II collagen digestion on the
friction force, friction profiles, and topography of the sheared
cartilage surfaces. Compared with normal cartilage (Fig. 4 A and
B), collagen-digested cartilage (Fig. 4 C-F) shows different
friction characteristics and topography, such as (i) higher friction

Lee et al.
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(A and C) Friction forces vs. sliding velocity curve and (B and D) friction maps (A and B) before and (C and D) after GAGs digestion. (E and F) 3D images

(top view) of GAGs-digested cartilage (E) before and (F) after 1.5 h shearing (1 h stick-slip and 0.5 h smooth sliding conditions).

force (up to five times) (Fig. 4C), (ii) complete disappearance of
stick-slip friction in the measurable range of L and v (Fig. 4D),
(iii) disappearance (flattening, Rq —180 + 40 nm) of the valleys
present in healthy cartilage, and (iv) significant abrasive wear,
which caused further smoothing (Rq —90 + 40 nm), after 1.5 h of
shearing. The fact that the friction force increased as the carti-
lage surfaces became smoother again indicates that friction
forces and surface roughness are not directly correlated.

Generic Friction Map Under Mild Sliding Conditions and Effect of
Selective Digestion. Fig. 64 shows a generic friction phase dia-
gram of articular cartilage determined from experimental data
under mild sliding conditions at varying L and v. With increasing
L (blue to red solid lines), a stick-slip sliding regime seems above
a certain critical load (L.). With increasing L above L, the stick-

slip window, as determined by v! and v!!, becomes wider, and the

Before
Collagen digestion

Collagen digestion

magnitude of the stick-slip spikes [Af = (fs — fi)] (Fig. 64, dashed
line) increase. When the driving velocity was initially set below v}
and increased to v > vl at the fixed load of L > L., the cartilage
goes through three lubrication regimes: (i) DBL, (i) transition
(also mixed), and (iii) FFL.

The DBL regime occurs when v < vL. Because of the low ve-
locity, the shearing interface maintains a fluid-like but high-vis-
cosity phase, causing smooth sliding. As v increases and exceeds
vl with increasing v, both fi and thin (DBL) film viscosity fall,
giving rise to stick-slip behavior (13, 43). When v exceeds the
second critical velocity, vIl, the cartilage surfaces are separated
by a thicker or Newtonian liquid film of fluid. The stick-slip
behavior disappears, the surfaces slide smoothly, and fi now
increases with v. When L is lower than L, both critical velocities
disappear, exhibiting smooth sliding at all velocities.
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(A and C) Friction forces vs. sliding velocity curve and (B and D) friction maps (A and B) before and (C and D) after collagen digestion. (£ and F) 3D

images (top view) of collagen-digested cartilage (E) before and (F) after 1.5 h shearing.
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Fig. 6. Generic friction maps of cartilage frictional behavior under mild sliding conditions. (A) Effect of load on friction map. Orange, purple, and gray shades
indicate regular stick-slip, irregular stick-slip, and stiction regimes, respectively. (B) Effect of selective digestions. Dashed lines indicate the extrapolated trends
expected from numerous experiments and theories (15). Closed circles indicate critical velocities when stick-slip appears (v!) and disappears (v!). Gray shades

indicate stick-slip regime windows.

Thus, we conclude that, for cartilage to have stick-slip be-
havior, the applied load should be higher than L., and the driving
velocity should be between the two critical velocities, v} and v
We suspect that there will be an upper critical load where car-
tilage becomes too stiff to exhibit stick-slip behavior (13, 44),
although we were not able to reach this point.

Friction experiments with selectively digested cartilage did
give us a substantial amount of quantitative and qualitative data
regarding the role of the essential components of articular car-
tilage (Fig. 6B). Compared with normal cartilage (Fig. 6B, thick
solid line), HA digestion has a minimal effect, slightly shifting
the generic friction curve to the upper left position (a roughly
doubling of the friction force). Collagen and GAGs digestions
have a more pronounced effect (up to 5 times higher fi for
collagen-digested cartilage and 10 times higher fi for GAGs-
digested cartilage). Collagen digestion makes stick-slip friction
disappear, whereas GAGs digestion shifts the stick-slip regime to
higher v.

Molecular Mechanism of Stick-Slip Friction in Articular Cartilage. Fig.
7 presents the schematic of normal and digested cartilage, in-
dicating changes in the interfacial and bulk structure of the su-
perficial zone after digestion that affect the molecular mechanism

A Normal

Cartilage

S\ } Superficial
! zone

Lipids —
GAGs

LUB ——

HA ——

/—Iyaluronidase

B HA digested

l’Chondroitinase ABC \- Collagenase

C GAGs digested D Collagen digested

g

ﬁtﬁnmg(\ nWmﬁ\-mu

Fig. 7. Schematics of cartilage interfaces indicating molecular mechanism
of stick-slip friction (A) before and (B-D) after selective digestions.
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of stick-slip friction. Normal cartilage exhibits the largest stick-
slip amplitude, Af, compared with selectively digested cartilage
(Table 1), possibly because of transient adhesive bridges [caused
by transient formation of entanglement, interpenetration, and/or
specific polymer—protein interaction, which are dynamically (in-
stead of statically) broken] caused by GAG-GAG (45, 46)
interactions and/or entanglements between HA-HA (27). Short-
period (~1 h) stick-slip sliding of normal articular cartilage did
not generate morphological changes of the cartilage surface.
One reason for this finding is that all of the components in
normal cartilage work cooperatively (Fig. 74), resulting in a low
friction force and excellent wear protection. GAGs-bound HA is
effectively trapped in the collagen network, and LUB and lipids
collaborate together with immobilized HA for effective lubrica-
tion and wear protection at the cartilage interfaces (9). Although
the stick-slip peak was relatively larger compared with other
digested cartilage, normal cartilage had the lowest f (Fig. 6B)
and the best wear protection property, with no observable
morphological changes after shearing for 1.5 h (Table 1).

When treated with hyaluronidase, HA chains are cleaved to
a shorter molecular mass. Accordingly, the trapping of HA
decreases, increasing their probability to diffuse out from the
cartilage matrix (9). Furthermore, LUB and lipid molecules that
were bound to HA at the cartilage interface can detach more
easily together with HA (Fig. 7B), leading to direct collagen—
collagen contact (which involves hydrophobic forces) (47), which
is likely to be the origin of the stick-slip friction for HA-digested
cartilage. Direct collagen—collagen contact not only shifts the
stick-slip velocity regime but also increases the friction forces
and makes cartilage more susceptible to abrasive wear (Fig. 3).
We and others (10, 41) have recently found that HA digestion
significantly stiffens cartilage, which could have an impact on
stick-slip behavior.

GAGs-digested cartilage behaves differently compared with
HA-digested cartilage, because cleaving chondroitin sulfate from
the GAGs side chains allows the negative charge of GAGs to
decrease (Fig. 7C). This decrease in negative charge disrupts the
osmotic balance between cartilage and the bulk fluid, and the
collagen network loses the ability to hold water effectively inside
the matrix. Because of the absence of the bulky and highly hy-
drated GAGs molecules, HA molecules are now more likely to
interpenetrate and entangle across the opposing cartilage sur-
faces, which could be a possible origin of stick-slip in GAGs-
digested cartilage.

Unlike hyaluronidase or Case ABC, collagenase dissects the
collagen fibers (Fig. 7D). The dramatic softening of the collagen
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Table 1. Comparison of stick-slip and wear between normal and selectively digested cartilages
Morphological change after 1.5 h
Normalized stick-slip Af/f, (1 h stick-slip/0.5 h smooth) shearing Reasons
Normal High None* Interpenetration and effective trapping of the HA
Lubricin can bind/bridge both surfaces
GAGs-GAGs interaction
HA-digested Medium Medium Less HA trapped in pore structure
Less stability of the HA-bound Lubricin
Direct collagen—collagen contact
GAGs-digested Low Low Interpenetration/bridging of the HA
Lubricin can bind/bridge both surfaces
Collagen-digested None High Deformations and rupture of the collagen fibrils

*When sheared for 10 h under stick-slip conditions, it showed medium change of surface morphology.

matrix allows for large deformations and rupture of the fibrils to
occur during sliding, which decreases the ability of the surfaces to
form transient adhesive bridges responsible for stick-slip motion
(Figs. 5, 6B, and 7D).

Significance of Stick-Slip Friction in Cartilage. Stick-slip motion as the
origin of cartilage wear under mild shearing conditions. Many excessive
sports and workouts put joint health in jeopardy, because joints
are exposed to extreme conditions, such as high-impact loads
and fast shearing speeds. However, it is surprising that many
people also suffer from pain when they simply get up from the
bed, sit, or stand still for a long time, both of which are known to
be mild conditions for cartilage. These latter symptoms are much
more prevalent and significant among arthritic patients, but the
primary causes of joint pain under mild conditions are still not
well-known. Stick-slip friction is a very common type of friction
that is known to lead to abrasive wear (13, 43). We propose that
stick-slip friction in articular cartilage may be one—or even the
major—cause of wear under mild shearing conditions not only
for arthritic cartilage but also, healthy cartilage when sheared for
prolonged periods of time.

Damage caused by stick-slip may also occur under more severe
conditions. Importantly, we find that the stick-slip amplitude Af
(typically in the range 0-2 mN or 0-2 g) or slip length (typically
in the range 10-50 pm) need not be large for damage to occur;
this finding may be the reason that this phenomenon has not
been previously reported, because most biotribometers measure
the average friction force and usually lack the force, time, and
distance resolution (sensitivity) of the SFA used in these studies.
To a noninvasive and cost-effective diagnostic tool for arthritis. In the
United States, over 50 million adults suffer from arthritis, and
the numbers are growing rapidly. Conventional diagnostic tools
for arthritis are often invasive (e.g., synovial fluid test and blood
test) and/or costly (e.g., X-ray and MRI), and the demand for
noninvasive and cost-effective diagnostic tools for arthritis is
increasing. Although these clinical in vivo tests should, of course,
be performed, our results indicate that more sensitive friction
tests should be implemented that could identify early stages of
cartilage degeneration. Stick-slip friction can be recorded by the
sound that it generates (compare with the sound from a violin,
the squeaking noise of a door, the noise from a breaking car,
etc.) (43). An acoustic device could easily detect and systemati-
cally analyze the stick-slip characteristics (frequency and ampli-
tude) of a patient and could be extremely useful as a cost-
effective and noninvasive screening tool for arthritis before or in
conjunction with other routine diagnoses and treatments.

Lee et al.

Materials and Methods

Cartilage Sample Preparation. Porcine leg was purchased from Sierra for
Medical Science, and cartilage tissue was dissected from porcine knee articular
joints no later than 1 d after slaughter. Dissection was performed under room
temperature in a laminar hood to minimize contamination. During dissection,
cartilage samples were kept in a wet condition by continuous rinsing with HBSS.
Full-thickness (~3 mm, from the superficial zone down to the calcified zone)
cartilage was dissected with a razor blade and stored in Hanks' solution at
—50 °C until use (storage duration was at most 1 mo). Two flat glass disks were
cleaned using chloroform followed by ethanol before use. The flat sides of the
cartilage samples were partially dried using lint-free cloth and then glued onto
glass disks using poly(cyanoacrylate) adhesive followed by curing in PBS buffer
for 30 min.

SFA Experiment. Glued cartilage surfaces were mounted to an SFA2000
equipped with a friction device or a 3D sensor/actuator with bimorph slider
(48). In this study, an SFA2000 is used as a microtribometer (49) with high
resolution in measuring both load and friction (up to ~0.01 mN). The SFA
chamber was saturated with water vapor to minimize evaporation of water
in cartilage. Between the two facing cartilage surfaces, 200 pL equine sy-
novial fluid (Alamo Pintato) for the experiment in Fig. 2 C and D or PBS
(Sigma) for all other experiments were injected as a reservoir. Loading and
shearing were conducted with course-control micrometer and bimorph slider,
respectively, whereas the friction forces and loads were measured using
a recently developed 3D sensor/actuator (48, 50). Because of the opacity of
the samples, optical interferometry could not be used as in standard SFA-
Fringes of Equal Chromatic Order (FECO) experiments. Although the cartilage
surfaces were being compressed under a constant load, they were sheared
laterally at a fixed driving velocity ranging from 0.03 to 100 pm/s with sliding
a amplitude of ~100 pm until the measured loads and friction forces reached
the steady state (Fig. 1B). After measuring friction forces at a wide range of
driving velocities, the load was varied, and friction forces were again mea-
sured. Measurements were repeated for three to four different loads. After
SFA experiment with normal cartilage, 50 uL enzyme for selective digestion
(hyaluronidase, 200 units/mg in PBS; Sigma), type Il collagenase (2,000 units/
mg in PBS; Sigma), and Case ABC (137 units/mg in PBS; Sigma) were injected
between the surfaces and equilibrated for 3 h. After digestion, surfaces were
rinsed with PBS buffer. The SFA experiments were then repeated with
digested cartilage using the same procedure as mentioned above.

Interferometric Imaging. A Wyko 1100 white-light interferometer (Veeco)
was used to image surface topography of the cartilage. Right before
mounting the sample on the stage, the cartilage surface was briefly dried
with nitrogen under a laminar flow hood to minimize abnormal signals
generated by water reflection. Cartilage position was carefully adjusted to
the center of the stage to image the highest point, which is actually being
sheared in the SFA experiments. The rms roughness Rq was calculated by
averaging fiv random windows (80 x 80 pm) after tilt and curvature fitting
using Vision32 software.

Glued cartilage surfaces were digested with each enzyme and imaged with
a Wyko 1100 white-light interferometer before shearing to characterize the
effects of digestions. After imaging, they were sheared for 1.5 h (1 h under
stick=slip sliding and 0.5 h under smooth sliding) and imaged again to in-
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vestigate the effects of the shearing. For normal (nontreated) cartilage,
imaging was performed under the same procedure; however, because it did
not show any change in roughness after 1.5 h of shearing, 10 h of shearing
under stick-slip condition were performed to see the effects of prolonged
stick-slip shearing on healthy cartilage.
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