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Shear Deformation Kinematics During Cartilage Articulation: Effect of
Lubrication, Degeneration, and Stress Relaxation

Benjamin L. Wong∗, Won C. Bae∗, Kenneth R. Gratz∗ and Robert L. Sah∗,†

Abstract: During joint articulation, the biome-
chanical behavior of cartilage not only facilitates
load-bearing and low-friction, but also provides
regulatory cues to chondrocytes. Elucidation of
cartilage kinematics under combined compres-
sion and shearing conditions clarifies these cues
in health and disease. The objectives of this
study were to elucidate the effects of lubricant,
tissue degeneration, and stress relaxation dura-
tion on cartilage shear kinematics during articu-
lation. Human osteochondral cores with normal
and mildly degenerate surface structures were iso-
lated. Paired blocks from each core were apposed,
compressed, allowed to stress relax for 5 or 60
min, and shear tested with a micro-scale video mi-
croscopy system using phosphate-buffered saline
(PBS) or synovial fluid as lubricant. During ap-
plied lateral motion, local and overall shear strain
(Exz) of articular cartilage were determined. The
applied lateral displacement at which Exz reached
50% of the peak (Δx1/2) was also determined.
Quantitatively, surface Exz increased at the onset
of lateral motion and peaked just as surfaces de-
tached and slid. With continued lateral motion,
surface Exz was maintained. After short stress re-
laxation, effects of lubrication on Exz and Δx1/2

were not apparent. With prolonged stress relax-
ation, Exz and Δx1/2 near the articular surface in-
creased markedly when PBS was used as lubri-
cant. Similar patterns were observed for overall
Exz and Δx1/2. With degeneration, surface Exz was
consistently higher for all cases after the onset of
lateral motion. Thus, cartilage shear kinematics is
markedly affected by lubricant, cartilage degen-
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eration, and loading duration. Changes in these
factors may be involved in the pathogenesis of os-
teoarthritis.

1 Introduction

Articular cartilage is a deformable, low-friction,
and wear-resistant connective tissue that bears re-
peated loading and sliding during normal joint
movement. After daily activities such as repeated
knee bending (1) and running (2), overall cartilage
thickness compresses ∼5-20%. The compression
of cartilage at equilibrium is depth-varying, be-
ing highest near the articular surface and mini-
mal in the deeper regions for dynamically com-
pressed osteochondral blocks (3). Similarly, for
compressed and sliding apposing osteochondral
blocks, cartilage shear strain is highest near the
articular surface and negligible near the tidemark,
with cartilage shearing ∼2-5% overall after sur-
faces detached and slide (4). While recent in-
vestigations have elucidated the shear behavior
of cartilage after achieving a steady state (i.e.,
after surfaces detach and slide), shear kinemat-
ics (i.e., prior to and after surface detachment
and sliding) of cartilage articulation remains to
be determined. Further characterization of ap-
posing cartilage samples sliding relative to each
other (Figure 1A,B) would further elicit the un-
derstanding of cartilage contact mechanics during
joint loading by elucidating the changing bound-
ary conditions at the articulating surface as well
as the shear deformation of cartilage with ap-
plied lateral-loading, as opposed to after reaching
a steady-state peak.

Lubrication of cartilage surfaces by pressurized
interstitial fluid or boundary lubricants facili-
tate low friction during joint movement and may
therefore affect the shear kinematics and sliding
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Figure 1: Schematics of (A) sample and testing
configuration, (B) micro-shear test setup, and (C)
loading protocol.

of articulating cartilage. At the onset of loading
and/or motion, interstitial fluid within cartilage
becomes pressurized and is forced between artic-
ulating surfaces to bear normal load and reduce
interaction between contacting surfaces, facilitat-
ing low friction (5). After compression and stress
relaxation to allow dissipation of hydrostatic pres-
sure, the effects of boundary lubrication on artic-
ulating cartilage have been elucidated; synovial
fluid (SF) and boundary lubricant molecules in SF
reduce articular surface interaction as indicated by
decreased friction (6, 7) and reduced surface shear
strain (Exz) (4). In contrast, the replacement of
SF lubricant with phosphate buffered saline (PBS)
results in an elevation of boundary-mode friction
(6) and surface Exz (4). Collectively, these stud-
ies suggest local and overall shear kinematics de-
pends on both duration of loading (i.e., the time
after onset and the extent of prolonged loading)
and surface lubricant.

Cartilage degeneration may also affect shear de-

formation kinematics during joint movement. As
cartilage undergoes degeneration, articular sur-
faces become fibrillated and roughened (8), which
may lead to increased surface interaction between
articulating cartilage surfaces. For articulating os-
teochondral blocks, peak cartilage Exz near the
surface increases with degeneration, while shear
stiffness near the articular surface tends to de-
crease (4). While shear deformation increases
with degeneration, whether increased friction or
deteriorating shear properties are responsible for
such changes in shear mechanics remain unclear.
By characterizing shear kinematics during carti-
lage articulation for both normal and degenerate
tissues, the mechanism by which degeneration in-
creases shear deformation may be further eluci-
dated.

Tracking of fiducial markers using a video mi-
croscopy system provides an approach to eluci-
date local and overall shear deformation and strain
of cartilage during lateral-loading. Previously,
a pair of osteochondral blocks were compressed
in apposition and subjected to lateral shearing
motion (Figure 1A) within physiologic range to
mimic and study the biomechanical behavior of
articulating cartilage at a micro-scale level after
shear deformation reached a peak (4). Samples
were allowed to stress relax for 1 hour to repli-
cate deformation and strain that likely occurs after
prolonged cyclic loading and sliding, rather than
that which occurs at the onset of cyclic loading.
However, with this configuration, shear deforma-
tion and strain can be captured during lateral-
loading, as opposed to after reaching a peak. In
addition, short stress-relaxation durations can be
implemented to capture shear deformation that is
likely representative of that occurring at the on-
set of cyclic loading. Thus, micro-scale analysis
may be used to elucidate shear kinematics, locally
and overall, during cartilage articulation near the
onset of, or after prolonged, cyclic loading.

Thus, the governing hypothesis of this study was
that the shear kinematics of cartilage during joint
articulation is affected by lubrication, cartilage
degeneration, and stress relaxation duration. The
specific objective of this study was to determine
the effects of (1) lubrication (PBS versus SF), (2)



Shear Deformation Kinematics During Cartilage Articulation 199

degeneration (normal versus mildly degenerate),
and (3) stress relaxation (5 min versus 60 min) on
the shear deformation (tissue displacement) and
shear strain (local and overall) of cartilage after
compression and during applied lateral-loading in
a cartilage-on-cartilage micro-scale shear test.

2 Methods

Sample Isolation: As previously described (4), 10
mm diameter osteochondral cores (n=6) were iso-
lated, one each, from the anterior lateral femoral
condyles of six fresh cadaveric human donors.
Cores with grossly normal (NL, modified Outer-
bridge grade of 1 (9), n=3) or mildly degenerate
(DGN; grade 3, n=3) surfaces were chosen from
adult age groups of 41-60 yrs and >60 yrs, re-
spectively. The cores were immersed in phos-
phate buffered saline (PBS) containing proteinase
inhibitors (PI) and stored at -70◦C until use.

On the day of testing, each core was thawed in
PBS+PI and prepared for testing. The cartilage
of each core was scored vertically using a razor
blade, and the bone was cut using a low-speed
saw with a 0.3 mm thick diamond edge blade
(IsometT M, Buehler, Lake Bluff, IL) to yield two
rectangular blocks for micro-scale shear testing
(Figure 1A). Each of the two blocks had a carti-
lage surface area of ∼3×8 mm2 and a total thick-
ness of ∼7 mm. From macroscopic images, thick-
ness measurements were made at three separate
locations and averaged to a yield a full cartilage
thickness measurement for each sample.

Samples used in this study were characterized
previously for histopathology (4), which con-
firmed the gross characterization of samples and
the appropriate selection of NL and DGN sam-
ples for articulation testing. DGN samples exhib-
ited structural (surface irregularity, vertical clefts
to transitional zone, and transverse clefts) and cel-
lular (cloning) features reflective of mild degen-
eration, while cellularity and glycoaminoglycan
staining were normal and similar between NL and
DGN samples.

Experimental Design: Micro-scale shear testing
was conducted as previously described (4). First,
samples were tested, as described below, with

PBS+PI as a lubricant. Then, samples were al-
lowed to re-swell in PBS+PI for ∼4 h at 4◦C.
Next, samples were tested again by micro-scale
shear testing, this time with SF+PI as the lubri-
cant. The SF was pooled from adult bovine knees,
stored at -80◦C, and characterized previously for
boundary lubrication properties (6) and for lev-
els of lubricant molecules (∼1 mg/ml of hyaluro-
nan and 0.45 mg/ml of proteoglycan 4 (10)). The
same regions of interest were imaged and ana-
lyzed.

Micro-scale Shear Testing: Each sample con-
sisted of paired osteochondral blocks and was
mechanically tested as previously described (4).
Samples were bathed for ∼14-18 h in test lu-
bricant containing PI and propidium iodide (20
μg/ml) to fluorescently highlight cell nuclei at
4◦C prior to micro-shear testing.

Each pair of osteochondral blocks (Figure 1B)
was then placed in a custom bi-axial loading
chamber mounted onto an epi-fluorescence mi-
croscope for digital video imaging (11, 12)
with cartilage surfaces in apposition. The bone
of one block was secured while the appos-
ing mobile block was allowed in-plane move-
ment with orthogonally positioned plungers in-
terfaced with either a micrometer (for axial dis-
placement; Model 262RL; Starrett Co., Athol,
MA) or motion-controller (for lateral displace-
ment; Model MFN25PP; Newport, Irvine, CA).
Fluorescence images (Nikon G-2A filter) with a
field of view of ∼3×2 mm2 were obtained at 5
frames/s, showing a full-thickness region of car-
tilage of the secured block and a partial-thickness
region of cartilage of the apposing block.

Cartilage deformation was assessed similarly in
the secured block during shear loading as previ-
ously described (4). An axial displacement was
applied (∼40 μm/s) by the micrometer to induce
15% compression (1-Λz, where Λz is the stretch
ratio (13)) of the overall cartilage tissue thickness
(Figure 1B,C). After 5 minutes of stress relax-
ation, lateral motion was applied to the mobile
osteochondral block (Figure 1B,C). Two sets of
lateral displacements (Δx), each consisting of +1
mm and then -1 mm (returning to initial position),
were applied at 100 μm/s to the bone portion of
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the mobile block. The first set, followed by a ∼12
s pause, was for preconditioning (6), while the
second set was recorded for analysis. The slid-
ing velocity was chosen based on the range of
velocities (0-0.1 m/s) occurring during the load-
ing (stance) phase of gait (14, 15). Subsequently,
samples were then allowed to stress relax for a
total of 60 min, and after, the two sets of lateral
displacements were reapplied with shear defor-
mation being recorded during the second set (Fig-
ure 1C). Experimentally, this duration of stress-
relaxation was validated to be sufficient to reach a
compressive equilibrium with load decreasing by
130 s to 50% of the peak, and load at one hour
being only 3±1% (n=3) higher than the load at
16 h. Before and during the application of lateral
displacements (Figure 1B,C), sequential images,
with ∼10 μm of lateral movement of the mobile
block between frames, were taken to capture the
shear deformation and sliding during cartilage ar-
ticulation.

Data Analysis and Statistics: Digital micrographs
were analyzed to determine the depth-varying and
overall shear strains (Exz) in cartilage as previ-
ously described (4) during cartilage articulation
and lateral-loading. Briefly, images were ana-
lyzed in MATLAB 7.0 (Mathworks, Inc., Natick,
MA) using image routines developed previously
(16). First, an evenly distributed set of cell nu-
clei (∼250 cell/mm2), which served as fiducial
markers, were selected and tracked by maximiz-
ing normalized cross-correlation of regions sur-
rounding each marker to the preceding, and then
initial frames. Local affine mappings of tracked
nuclei at each captured frame were used to cal-
culate the displacement of uniformly-spaced (10
pixels) mesh points in the region of interest (∼1
mm × full thickness) during deformation. For
each recorded image frame, displacement gradi-
ents were then determined by finite difference ap-
proximation, and in turn, used to determine La-
grangian shear strains (Exz) after applied axial
compression and during lateral shearing (17).

During applied lateral displacement (Δx), the cal-
culated intra-tissue displacement (u) and shear
strain (Exz) were consolidated by first averaging
and then interpolating values depth-wise. For

each sample, u and Exz at the same normalized
depth (0, surface and 1, tidemark) were averaged
and then interpolated linearly at every 5% of the
normalized tissue thickness near the articular sur-
face (i.e. 0 to 0.3) and 10% for remaining regions
of the tissue depth (i.e. 0.3 to 1) after applied
compression and during lateral motion. To con-
solidate data further, u and Exz values were aver-
aged among samples to yield an average depth-
profile during applied lateral displacement.

From depth-averaged intra-tissue displacements
and shear strains, u and Exz near the articular sur-
face, overall Exz, and Δx at 50% peak surface and
overall Exz were determined and used for further
comparisons. Surface Exz and u were defined as
that occurring at the top 5% of the cartilage thick-
ness. The overall Lagrangian Exz was determined
as half u near the articular surface (us) normal-
ized to the compressed cartilage thickness. Sur-
face and overall Exz and us were determined at
Δx increments of 0.1 mm (Δx ranging between 0
to 0.8 mm) to assess the kinematics of cartilage
shear deformation during articulation. To assess
and compare rates at which surface and overall Exz

reached equilibrium, Δx when surface or overall
Exz reached 50% the peak value were determined
for all experimental cases.

Data are reported as mean ± standard error of
the mean (SEM), unless noted otherwise. Re-
peated measures ANOVA was used to determine
the effects of stress relaxation (5, 60 min), applied
lateral displacement (0-0.8 mm), lubricant (PBS,
SF), and degeneration (NL, DGN) on tissue dis-
placement and shear strain.

3 Results

Sample Characteristics: NL cores exhibited a
glassy cartilage appearance with a smooth intact
surface and had an average total tissue thickness
of 1.86 ± 0.12 mm. Contrastingly, DGN cartilage
appeared opaque with the surface being rough and
fibrillated, and such samples had a slightly higher
average tissue thickness of 2.08 ± 0.15 mm.

Cartilage Shear Deformation: As previously de-
scribed (4), shear-loading resulted in a sequence
of four events during cartilage articulation for all
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cases. (1) Initially at the onset of Δx, cartilage sur-
faces adhered and began to displace (color map
boundaries, Figure 2) laterally in unison, initiat-
ing Exz (color map, Figure 2) near the articular
surface (Figure 2A-D, I-II). (2) With increasing
Δx, u and Exz increased (Figure 2A-D, II). (3)
Next, just as surfaces detached and slid relative
to each another, cartilage u and Exz peaked (Fig-
ure 2A-D, III). (4) With additional Δx, cartilage
u and Exz were maintained at steady-state peak
(Figure 2A-D, IV). Effects of lubrication and de-
generation on us (Figure 2A-D, i-iv) and Exz (lo-
cal and overall) were most apparent from these
micrographs (Figure 2A-D, I-IV), and therefore,
compared further.

Tissue displacement near the articular surface var-
ied with Δx and was affected by degeneration,
stress relaxation, and lubrication. With increas-
ing Δx, magnitudes of us increased markedly
(p<0.001), eventually reaching a maximum peak
ranging from 50-125 μm and 120-170 μm for
NL and DGN samples, respectively, for all ex-
perimental conditions (Figure 3). With degen-
eration, us was markedly higher (p<0.05) dur-
ing lateral-loading for both test lubricants and
stress relaxation durations. After a short 5 min
stress relaxation period, differences due to lubri-
cation in us were not apparent (Figure 3A) during
shear-loading. While after 60 min of stress relax-
ation, us became significantly higher (interaction,
p<0.05) when samples were tested in PBS than
when tested with SF (Figure 3B) during applied
lateral displacement (Δx) for both NL and DGN
samples.

Cartilage Exz during articulation varied with Δx
and normalized tissue depth for both 5 and 60
min of stress relaxation. After 5 min of stress
relaxation, Exz was negligible throughout tissue
depth when Δx is zero (Figure 4A). With increas-
ing Δx, Exz increased and became increasingly
depth-varying (Figure 4B,C). At higher magni-
tudes of Δx, Exz was highest near the articular sur-
face and decreased monotonically with depth, be-
coming negligible near the tidemark (Figure 4D).
Similar trends for cartilage Exz were noted after
60 min of stress relaxation (Figure 4E-H). How-
ever, differences in depth-varying Exz due to de-

Figure 2: Micrographs taken during shear loading
of apposing (A,B) normal and (C,D) degenerate
samples lubricated with PBS (A,C) or SF (B,D)
after 60 minutes of stress relaxation and (I) 0, (II)
0.2, (III) 0.4, and (IV) 0.6 mm of applied lateral
displacement (Δx). Cell nuclei tracking method
was used to determine (I-IV) maps of shear strain
(color maps) with (i-iv) magnified views of the
surface above. Bars = 150 μm.
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Figure 3: Lateral surface displacement (us) ver-
sus applied lateral displacement (Δx) for normal
(NL: •, ◦) and degenerate (DGN: �, �) cartilage
after (A) 5 and (B) 60 minutes of stress relax-
ation time (tsr). Samples were tested with phos-
phate buffered saline (PBS: ◦, �) and synovial
fluid (SF: •, �).

Figure 4: Local shear strain, Exz, versus normal-
ized tissue depth for normal (NL: •, ◦) and de-
generate (DGN: �, �) cartilage after 5 (A-D) and
60 (E-H) minutes of stress relaxation and (A,E)
0, (B,F) 0.2, (C,G) 0.4, and (D,H) 0.6 mm of
applied lateral displacement (Δx). Samples were
tested with phoshate buffered saline (PBS: ◦, �)
and synovial fluid (SF: •, �).

generation, lubrication, and stress relaxation be-
came most apparent at higher magnitudes of ap-
plied lateral displacement.

Both surface and overall Exz varied markedly with
Δx and each was significantly affected by de-

generation, lubrication, and/or stress relaxation.
Similarly to us, surface Exz increased signifi-
cantly (p<0.001) with Δx for all cases, eventually
reaching a peak maximum (Figure 5A,B). Dur-
ing shear-loading, the Exz near the articular sur-
face for DGN samples was significantly higher
(p<0.05) than NL samples for all lubricant (PBS,
SF) and stress relaxation (5, 60 min) conditions.
After 5 min of stress relaxation, differences in
surface Exz during lateral-loading due to lubri-
cation were not apparent for both NL and DGN
samples (Figure 5A). However, after 60 min of
stress relaxation, surface Exz during articulation
was markedly higher when PBS was used as a lu-
bricant than when SF was used, for both NL and
DGN samples (interaction, p<0.001). Overall
Exz showed similar trends, increasing significantly
with Δx (p<0.001) and when samples were tested
with PBS as a lubricant and allowed to stress relax
for 60 min (interaction, p<0.001) (Figure 5C,D).
However, overall Exz was not detectably differ-
ent between NL and DGN samples during shear-
loading (p=0.2) for all cases.

Figure 5: (A,B) Surface and (C,D) overall shear
strain, Exz, versus applied lateral displacement
(Δx) for normal (NL: •, ◦) and degenerate (DGN:
�, �) cartilage after (A,C) 5 and (B,D) 60 min-
utes of stress relaxation time (tsr). Samples were
tested with phoshate buffered saline (PBS: ◦, �)
and synovial fluid (SF: •, �).
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To assess the rate at which surface and overall
Exz reached their peaks during articulation, Δx at
50% peak Exz (Δx1/2) were determined and sig-
nificantly varied with lubricant and stress relax-
ation. Differences in Δx1/2 for surface (p=0.5)
and overall (p=0.4) Exz were not apparent be-
tween NL and DGN samples for all lubricant and
stress relaxation conditions (Figure 6A-D). How-
ever, Δx1/2 for surface Exz markedly increased
with PBS as lubricant in a stress-relaxation de-
pendent manner (interaction, p<0.05). After 5
min of stress relaxation, surface Δx1/2 was not
detectably different (p=0.4) when samples were
tested with PBS or SF as lubricant (Figure 6A).
However after 60 min of stress relaxation, sur-
face Δx1/2 was 30-50% higher (p<0.01) with PBS
than with SF as a lubricant (Figure 6B). Similar
trends were also observed for overall Δx1/2 (Fig-
ure 6C,D). When PBS lubricant was used, Δx1/2

for overall Exz was significantly higher than with
SF in a stress-relaxation dependent-manner (inter-
action, p<0.01), being 25-40% greater (p<0.05)
with PBS than SF after 60 min of stress relaxation
(Figure 6D).

4 Discussion

This study elucidated the shear kinematics of
cartilage-on-cartilage compression and sliding
and suggests that four sequential events occur dur-
ing cartilage-on-cartilage articulation (Figure 7).
Initially when apposing cartilage layers are com-
pressed against one another, adherence between
articulating surfaces develops (Figure 7 A-I, B-
I). With applied lateral displacement, the surfaces
remain adhered; and as a result, the two cartilage
layers behave as one contiguous tissue layer, and
shear deformation increases in both cartilage lay-
ers (Figure 7 A-II, B-II). With continued applied
lateral displacement, shear deformation continues
to increase and eventually peaks just as the carti-
lage surfaces detach (Figure 7 A-III, B-III). With
further applied lateral displacement, the articular
surfaces slide across one another and peak shear
deformation is maintained in both layers as the ap-
posing cartilage layers undergo relative motion at
the articular surfaces (Figure 7 A-IV, B-IV).

The effects of lubrication, mild degeneration, and

Figure 6: Effect of lubricant (synovial fluid and
PBS), degeneration (normal and degenerate), and
stress relaxation time (5 and 60 minutes) on (A)
surface and (B overall Δx1/2 at 50% peak Exz

(Δx1/2).

Figure 7: Four sequential events, (I) adherence,
(II) adherence and shear deformation, (III) de-
tachment as shear deformation peaks, and (IV)
sliding with maintenance of shear deformation,
that occurs during cartilage-on-cartilage articula-
tion. (A) Schematic and (B) where these events
occur in a representative shear strain (Exz) versus
applied lateral displacement (Δx) diagram.

stress relaxation on shear kinematics of cartilage-
on-cartilage articulation were also found to be
marked. With increasing Δx, us and Exz in-
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creased and peaked when surfaces began to slide,
indicated by a plateau in Exz despite increasing
Δx (Figure 7B). The effect of lubrication was
not apparent on shear deformation during lateral-
loading after 5 min of stress relaxation (Figure
5A,C; 6A,C). However, after 60 min of stress re-
laxation, peak Exz and Δx1/2 increased with PBS
as lubricant by ∼100% and ∼30-50%, respec-
tively, near the surface (Figure 5B; 6B) and by
∼55% and ∼25-40%, respectively, overall (Fig-
ure 5D; 6D). When DGN samples were tested, Exz

near the surface was consistently higher than NL
samples during lateral motion and was∼3-5 times
higher at peak, being independent of stress relax-
ation duration and lubricant (Figure 5A,B).

The testing protocol used in this study mimics cer-
tain aspects of the compression and sliding of ar-
ticular cartilage during normal joint loading. Car-
tilage within the knee undergoes a wide range of
dynamic compression (5-20%) during normal ac-
tivities (1, 2) and sliding up to ∼50 mm (esti-
mated from (14, 15)). The loading parameters
used in this study mimic the high compressive
loading and low sliding velocity events of gait,
such as contralateral toe-off and heel rise (14).
During such time, interaction of opposing artic-
ular surfaces is likely to be initiated and high. At
the onset of cyclic loading, interstitial fluid within
cartilage pressurizes and bears the majority of the
load (5). After prolonged cyclic loading, cartilage
gradually depressurizes and reaches an averaged
steady-state compression (3). In this study, sam-
ples were allowed to stress-relax for both 5 and 60
minutes. As a result, the pattern of cartilage defor-
mation and strain for short and prolonged stress-
relaxation times are likely to be representative of
that occurring near the onset and after prolonged
cyclic loading, respectively.

The interactive effects of lubrication and stress re-
laxation time on cartilage shear kinematics is con-
sistent with a transition in the dominating lubrica-
tion mode from interstitial fluid pressurization to
boundary-mode during loading. Near the onset
of compression, pressurized interstitial fluid be-
tween articular surfaces bears normal loads and
offers little resistance to shear loads (5). As a re-
sult, cartilage Exz will be low regardless of lubri-

cant near the onset of compression (Figure 5A,C).
With prolonged compression, hydrostatic pres-
sure of cartilage and the interstitial fluid between
articular surfaces dissipates (18). At this point, di-
rect surface-to-surface contact increases and bears
a greater share of the normal load, and thus, re-
sistance to shear loads becomes increasingly de-
pendent on the presence/absence of boundary lu-
bricants (19). Therefore, cartilage Exz would be
predicted to increase with the use of PBS, which
is devoid of boundary lubricants, after prolonged
compression, being consistent with the present re-
sults.

The reduction in Exz with SF as lubricant after
prolonged compression is consistent with predic-
tions that account for past studies on cartilage
boundary-mode friction. Synovial fluid decreases
boundary-mode friction between articulating car-
tilage surfaces compared to saline (6, 7), and thus,
reduces interaction between surfaces during ar-
ticulation. As a result, cartilage surfaces would
be predicted to slide at lower magnitudes of Δx
with SF as lubricant than saline and result in a re-
duced peak tissue Exz. After prolonged stress re-
laxation, Δx1/2 was significantly lower for SF than
PBS (Figure 6B,D), indicating tissue Exz reached
a peak sooner when SF was a lubricant. In addi-
tion, peak tissue Exz was markedly decreased with
SF at this time (Figure 5B,D). Collectively, such
results suggest that surfaces slid sooner when SF
was used as lubricant once hydrostatic pressure
dissipated, which resulted in lowering tissue Exz.

The increase in Exz with degeneration, particu-
larly near the articular surface (Figure 5A,B) with
SF as a lubricant, is likely due to a reduction in tis-
sue shear stiffness (modulus) and less likely due
to an increase in cartilage friction. Magnitudes
of Exz near the articular surface were consistently
greater in DGN than NL cartilage for each applied
lateral displacement (Figure 5A,B). Such results
would suggest a reduction in shear modulus near
the articular surface, which agree with previously
reported results (4), because shear modulus is es-
timated as an increment in shear load divided by
an increment in Exz. While roughened surfaces
may lead to greater shear deformation by increas-
ing surface interaction and thus friction, greater
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shear with roughened surfaces may occur only if
roughened surfaces slide at greater applied lat-
eral loads than smooth surfaces. The present re-
sults indicate no apparent differences in Δx1/2 be-
tween DGN and NL cartilage (Figure 6), suggest-
ing DGN and NL cartilage slid at approximately
the same point during lateral motion. Thus, fric-
tion was likely similar between the DGN and NL
surfaces and did not contribute to increasing car-
tilage shear.

While the present results indicate the increase in
shear deformation for DGN samples was due to
a loss in shear stiffness, the cause (i.e., relative
roles of friction and reduced shear modulus) of el-
evated shear with degeneration remains to be elu-
cidated. Immediately following cartilage injury or
wear, surface irregularities, such as chondral le-
sions, cracks, and focal defects, may result with-
out any signs of fibrillation and apparent changes
to the mechanical stiffness of cartilage. At this
time, however, surface irregularities may increase
roughness, and thus friction, causing surfaces to
slide later than normal smooth surfaces which
lead to elevated shear deformation. With con-
tinued loading over time (on the order of years),
fibrillation may eventually develop that changes
matrix structure and result in a decrease in me-
chanical stiffness and elevate shear deformation.
Samples used in the present study were mildly
degenerate, characterized by surface roughening
and fibrillation, which likely is a result of years of
loading following initial wear or injury. Thus, for
DGN samples in this study, increased shear defor-
mation was likely a result of decreased shear stiff-
ness, while if DGN samples were taken immedi-
ately following injury or wear, elevated shear de-
formation would likely result from increased fric-
tion.

Collectively, this study provides insight into the
effects of lubrication, degeneration, and stress
relaxation on the shear kinematics of cartilage
during joint articulation and its implications for
cartilage degeneration. The present results sug-
gest with prolonged loading, boundary lubri-
cants modulate shear deformation by regulating
when surfaces slide (sooner or later) during lat-
eral motion. This is particularly important since

SF’s boundary-lubricating function is markedly
reduced in acute injury (20), which could cause
surfaces to detach later during lateral movement
and lead to elevated shear strain. In addition,
degeneration results in increased shear strain de-
spite normal SF lubricant function and duration
of loading. Excessive magnitudes of compressive
strain result in mechanical injury to cells (21, 22)
and matrix (22, 23), which is likely similar for
high Exz magnitudes, predisposing cartilage to os-
teoarthritis and wear. Thus, development of treat-
ments that not only restore mechanical integrity,
but also restore SF lubricant function, may be crit-
ical in preventing shear-induced cartilage degra-
dation and accelerated wear.
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