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ABSTRACT

Articular cartilage is a robust tissue that facilitates load distribution and wear-free articulation in diarthrodial
joints. These biomechanical capabilities are fundamentally tied to tissue hydration, whereby high interstitial
fluid pressures and fluid load support facilitate maintenance of low tissue strains and frictions. Our recent ex vivo
studies of cartilage sliding biomechanics using the convergent stationary contact area (cSCA) configuration, first
introduced by Dowson and colleagues, unexpectedly demonstrated that sliding alone can promote interstitial
pressure and lubrication recovery lost to static compression through a mechanism termed ‘tribological rehy-
dration.” Although exclusively examined in bovine stifle cartilage to date, we hypothesized that tribological
rehydration, i.e., the ability to recover/modulate tissue strains and lubrication through sliding, is a universal
articular cartilage behavior. This study aimed to establish if, and to what extent, sliding-induced tribological
rehydration is conserved in articular cartilage across a number of preclinical animal species/models and dia-
rthrodial joints. Using a comparative approach, we found that articular cartilage from equine, bovine, ovine, and
caprine stifles, and porcine stifle, hip, and tarsal joints all exhibited remarkably consistent sliding speed-
dependent compression/strain recovery and lubrication behaviors under matched contact stresses (0.25 MPa).
All cartilage specimens tested supported robust tribological rehydration during high-speed sliding (>30 mm/s),
which as a result of competitive recovery of interstitial lubrication, promoted remarkable decreases in kinetic
friction during continuous sliding. The conservation of tribological rehydration across mammalian quadruped
articular cartilage suggests that sliding-induced recovery of interstitial hydration represents an important tissue
adaptation and largely understudied contributor to the biomechanics of cartilage and joints.

1. Introduction

anionic glycosaminoglycans and a well-organized collagen scaffold, and
a sparsely distributed chondrocyte population [5,6]. Compressive

As the load-bearing biomaterial of diarthroidal joints, articular
cartilage supports several key functions, including lubrication, me-
chanical stiffness, and stress shielding [1-4]. In the absence of injury or
disease, cartilage maintains wear-free articulation over decades of
repeated loading cycles. These phenomenal biomechanical functions are
intimately tied to cartilage hydration. Cartilage is a multiphasic mate-
rial, comprising ~80% interstitial fluid, a solid extracellular matrix of

loading pressurizes cartilage’s interstitial fluid, shielding the solid ma-
trix from excessive shear and facilitating remarkably low friction during
joint motion (4, ~ 0.005) through a process known as interstitial
lubrication.

Although cartilage’s water content is frequently described as a fixed
property, it varies with loading state: sustained static compression drives
fluid exudation, leading to tissue depressurization and thinning, loss of

Abbreviations: cSCA, convergent stationary contact area; EoS, end-of-sliding; eq, equilibrium state; LME, linear mixed effects model; MCA, migrating contact area;
ME, mixed effects model; PBS, phosphate buffered saline; SCA, stationary contact area; SoS, start-of-sliding; §, compression; ¢, strain; y, friction coefficient; 7,
characteristic compression/strain/friction recovery time; m, inverse of the characteristic compression/strain/friction recovery time.
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interstitial hydration, and the defeat of interstitial lubrication [3,7]. This
has been observed ex vivo and in vivo as decreased tissue thickness with
compression [3,4,8-10]. Fortunately, clinical imaging studies reveal
that joint motion can limit/reverse load-induced cartilage thinning,
suggesting an ability of joints to modulate their hydration through ac-
tivity [10-12]. Through a number of ex vivo studies, we have shown that
interstitial fluid exuded from cartilage during static compression,
somewhat unexpectedly, can be actively recovered during sliding in the
absence of unloading or contact migration [7,8,13-15]. These studies
leveraged the convergent stationary contact area (cSCA) cartilage
explant testing configuration, which was first used by Dowson and
colleagues to study cartilage tribology in a high-speed (up to ~100 mm/
s), hydrodynamic sliding environment [16]. Dowson’s initial study
concluded that the ¢SCA response to high-speed sliding was driven by
fluid film lubrication, and usage of the configuration largely stalled.
Caligaris and Ateshian subsequenty investigated the cSCA configuration
in 2008 [2], finding that at slow sliding speeds (1 mm/s), the cSCA
behaves no differently from a traditional SCA contact. However, upon
revisiting this testing approach under higher sliding speeds in 2017 [7],
we found the cSCA to be unique among benchtop testing configurations
in its ability to promote the long-term study of cartilage tribomechanics
(compressive and sliding biomechanics) across a range of
physiologically-informative strain and friction conditions previously
inaccessible to ‘classical’ stationary contact area (SCA) experiments [[7]
15,171.

As with traditional SCA tests, the cSCA uses osteochondral explants
that are compressed and slid against a flat, impermeable glass coun-
terface. However, the cSCA is distinguished from the SCA by its use of
convex, large-diameter osteochondral explants, which preserve wedge-
shaped convergence zones at the contact periphery [7,13], and we
propose that pressurization of bathing solution entrained into these
wedges facilitates recovery of interstitial fluid during sliding [4]. This
phenomenon, which we have termed tribological rehydration, is char-
acterized by high-speed sliding-driven recovery of tissue volume, and
thus, hydration (e.g., interstitial fluid content and pressure) under sus-
tained compressive loading [7,8,17]. Importantly, because of tribolog-
ical rehydration, the cSCA promotes compression recovery and
maintenance of interstitial lubrication, allowing for long-term suste-
nance, on the benchtop, of physiologically-consistent tissue strains (~5
to 15%) and friction coefficients (yeq < 0.02) in response to physiolog-
ically relevant sliding speeds (~40-100+ mm/s) in the absence of
boundary lubricants [8]. Furthermore, the cSCA can achieve low
working friction coefficients under constant contact conditions, thereby
eliminating contributions from plowing friction that occur in migrating
contact area (MCA) configurations[2,18].

Our previous work examined tribological rehydration in bovine
(cow) stifle cartilage exclusively, revealing (1) a dependence on contact
geometry and sliding speed [4,7], (2) modulation by activity patterning
[17], (3) facilitation of solute transport [13,14], and (4) longitudinal
reproducibility over several days of repeated testing [8]. However, it is
unclear from these findings if sliding-induced tribological rehydration is
unique to the bovine model, and if not, whether species-/specimen-
specific parameters, such as geometry, scaling, material properties, etc.,
influence its behavior. For example, Malda et al. found that femoral
condyle articular cartilage thickness scales with negative allometry
relative to body mass [19]; only deep zone cartilage thickness scales
isometrically with body size, the superficial and middle zones scale with
negative allometry, suggesting only deep zone adaptation to body size
and load bearing [20]. Comparative studies of femoral condyle cartilage
biochemical composition [19,20] and aggregate modulus [21] reveal
remarkable consistency across mammalian species. Conversely, studies
comparing cartilage morphology and mechanical properties among
joints report distinct compositional [22-24], mechanical [23,25,26],
and transport property differences [22] among articulating surfaces of
the knee and ankle.

Despite these findings, comparative approaches have seen limited
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use in the exploration of cartilage’s lubricating abilities, especially
across the large- to moderate-sized model organisms common to artic-
ular cartilage biomechanics research. One study reported similar fric-
tional outcomes among cartilage from different bovine stifle
compartments [27], and a second, differences among human talar and
knee cartilage [26]. In the present study, we aimed to use the cSCA to i)
identify if the phenomenon of sliding-induced tribological rehydration is
present across articular cartilage from a number of preclinical animal
species/models (i.e., equine [species: E.f. caballus; common name:
horse], bovine [B. taurus; cow], porcine [S.s. domesticus; domestic pig]l,
ovine [O. aries; sheep], and caprine [C.a. hircus; goat] stifles), and ii)
different diarthrodial joints (porcine stifle, hip and tarsal joints), and iii)
if there exist global similarities in the sliding-dependent tribomechan-
ical behavior of articular cartilage. We hypothesized that tribological
rehydration, and the ability to modulate tissue compression, strains, and
lubrication through sliding, is a universal and fundamental behavior of
articular cartilage. To test our hypothesis, we used the cSCA configu-
ration to assess cartilage rehydration and lubrication behaviors across
different species and joints during sliding under physiologically infor-
mative contact stresses and sliding speeds.

2. Methods
2.1. Tissue Specimens

Equine stifles (2 joints from a 4-year-old Thoroughbred mare) were
obtained immediately following euthanasia (University of Pennsylvania
New Bolton Center, Kennett Square, PA). Bovine and ovine stifles (n = 2
& 3, respectively), and a porcine hindlimb were obtained from a local
abattoir (Bowman’s Butcher Shop, Churchville, MD). A caprine stifle
was sourced from a local grocer (Roohani-Lasani Halal Grocery, New-
ark, DE). Osteochondral explants were extracted with a coring bit from
the centerline of each femoral condyle and the articular surface of the
porcine femoral head and tibiotalar joint. Explant diameters and loca-
tions were chosen to obtain cSCA geometries exhibiting convex curva-
ture (Fig. 1A, Table 1). Explants were rinsed with 1 x phosphate buffered
saline (PBS), the underlying bone was trimmed to ~15 mm in height
using an ISOMET low-speed saw (Buehler, Lake Bluff, IL), and the
principal in vivo sliding direction was indicated on each explant. After
extraction, explants were stored in a PBS + protease inhibitor solution
(5 mM EDTA + 5 mM benzamidine hydrochloride hydrate, Sigma-
Aldrich, St. Louis, MO) at 4 °C for no more than 48 h prior to testing.

2.2. Tribological Characterization

A linearly-reciprocating materials testing device (in situ tribometer),
the operation and capabilities of which have been described previously
[7,8], was used in this study. Briefly, cSCA osteochondral explants were
compressed and reciprocally slid against a glass microscope slide over a
20-mm track length. In this configuration, a portion of the of the carti-
lage remains in constant contact with the glass (as in a traditional SCA),
while each explant’s curvature generates “convergent wedges” at the
leading and trailing edges of the contact (Fig. 1A) [28]. During each
sliding cycle, cartilage deformation (5), normal force (Fy), and friction
force (Fg), were sampled continuously at 500 Hz. Deformation, normal
force, friction force, and kinetic friction coefficient (ux = Fn/Fr) were
automatically extracted during steady-state sliding over the central 25%
of each reciprocation cycle [7]. The data from the positive- and
negative-sliding directions were averaged to provide a single data point
for each reciprocation cycle.

Within our tribology tests, we aimed to apply consistent pressures to
all samples by varying load in response to species-specific differences in
sample geometry. A static loading experiment with optical in situ contact
area measurements was used to determine the loads necessary to obtain
target contact pressures of 0.25 + 0.05 MPa for each sample group [7].
At the start of tribological testing, a ‘run-in’ static compression period
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Fig. 1. Experimental design and definition of tribological parameters. A) Schematic illustrating relative sizes of mammalian diarthrodial joints in the present study
and the location and number of cSCA explants extracted from each. Explant diameters were chosen such that macroscopic convex curvature of the cartilage surface
was preserved. B) Compression/strain (left) and friction (right) responses of a representative ovine cSCA explant. Tribological testing began with a run-in period of
static loading to a target compression value (dotted line) followed by 4 min of sliding at 80 mm/s. Each tribological characterization test comprised a high-to-low
speed sweep consisting of repeated 4-min bouts of sliding at 80, 60, 40, 30, 20, and 10 mm/s separated by static compression to the initial target compression value.
Each test concluded with a run-out period of sliding at 80 mm/s followed by static loading. White backgrounds correspond to periods of static compression while grey
backgrounds correspond to compression plus sliding. C) Tribomechanical parameters extracted from the tests included compression/strain and friction values during
the first and last reciprocal sliding cycles (start- and end-of-sliding values, respectively), and time-averaged strain and friction values (area of shaded regions under
the curves divided by respective static/sliding duration).

Table 1

Species-dependent cSCA explant geometries, contact areas, and their associated loading conditions.

Species Common name  Anatomic location Explant diameter (mm) Contact area (mm?) Applied load (N) Run-in compression time (min) Sample size

E.f. caballus Horse Stifle 19 28+1 7 16 5
(Equine)

B. taurus Cow Stifle 19 28 +1 7 16 5
(Bovine)

S.s. domesticus ~ Pig Stifle 15 18 £ 0.5 5 9 5
(Porcine) Femoral Head 15 7+ 0.5 2 4 3

Talus 12 3+0.1 1 2 4

O. aries Sheep Stifle 12 7 +£0.5 2 4 5
(Ovine)

C.a. hircus Goat Stifle 12 7 £0.5 2 4 5
(Caprine)
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was applied to drive fluid exudation from the cartilage and enable the
facile observation of sliding induced tribological rehydration. Because of
groupwise differences in explant geometries, the length of these initial
static compression periods were scaled (from 2 to 16 min) to allow the
application of qualitatively similar tissue strains based upon the classical
relationship between the characteristic stress relaxation time for carti-
lage and the square of the contact radius [5,29]; similar aggregate
moduli and permeabilities were assumed among samples. cSCA contact
areas, applied loads, and run-in compression times are summarized in
Table 1. An exemplar tribology test (ovine stifle sample) consisted of a
four-minute ‘run-in’ (preconditioning) period of static compression (2
N) and 4 min of sliding at 80 mm/s, followed by a high-to-low speed
sweep consisting of four-minute sliding bouts at 80, 60, 40, 30, 20, and
10 mm/s. Individual sliding bouts were separated by static compression
to the initial deformation of the first static loading period (i.e., the ‘run-
in’ static compression; Fig. 1B), and each test concluded with a 4-min
sliding ‘run-out’ at 80 mm/s followed by a static compression period
equivalent to the length of the ‘run-in’ phase. Explants were hydrated
with a PBS bath for the duration of testing.

2.3. Data Analysis

All data were processed and analyzed using MATLAB (MathWorks,
Natick, MA; 2019a). Following tribomechanical characterization, ex-
plants were bisected through the center of the cSCA contact and imaged
using a stereomicroscope. Cartilage thickness (h) was measured by
tracing the articular cartilage width across each bisected explant and
obtaining its average thickness using a Euclidean distance transform.
Tribomechanical measurements, including compression (§) and kinetic
friction coefficient (ux) were extracted from the raw data (Fig. 1C) as
described previously [8]. Tissue strain was defined as ¢ = &/h.
Compression recovery (and similarly, strain recovery) during each
sliding bout was calculated as the difference between the parameter at
the start-of-sliding (i.e., the first reciprocal sliding cycle) and the end-of-
sliding (i.e., last reciprocal cycle). Kinetic friction coefficients (ux) were
similarly extracted, and friction recovery during sliding was defined as
the difference between iy at the start- and end-of-sliding. The sliding
speed required to halt net changes in strain recovery and friction coef-
ficient during sliding were defined as the tribological rehydration
threshold speed and friction recovery threshold speed, respectively, and
were extrapolated from the sliding speed versus strain recovery and
friction recovery curves. The tissue’s compression/strain and friction
response as averaged over each sliding bout (and the initial static
loading bout for compression/strain) were calculated as the area under
the curve divided by the respective bout duration (‘time-averaged’
outcomes; Fig. 1C).

We quantified the relative temporal dynamics of sliding-induced
tribological rehydration using the curve fitting procedure described by
Farnham et al. [8] The sliding-induced compression/strain recovery
responses approximate single-phase exponential decay curves, and as
such, their kinetics can be described by the generalized exponential
expression [y ~ 1 — e ™], where m represents the inverse of the char-
acteristic recovery time (z), and t is experimental time. The time-
dependent compression and strain data during each sliding bout were
normalized to their respective start-of-sliding values, and the natural log
of the resultant exponential decay curves plotted against time. Linear
regression fits were performed over the first minute of these compres-
sion curves to determine the initial slope (m) of these quasi-linear
curves. The constant m reflects the dynamic competition between
tribological rehydration and exudation present at the start-of-sliding and
can be defined in terms of fluid recovery, where positive m-values (i.e.,
positive slopes) indicate net tribological rehydration, and negative m-
values indicate net compression induced exudation. Consequently,
larger magnitude m-values are indicative of faster exudation or rehy-
dration, while m = 0 indicates no change in compression over time.
Similarly, each static compression response took the form of a single-
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phase exponential association curve [y ~ e™] where exudation due
static compression is indicated by negative m values using the conven-
tion described above. Using the same approach applied to the sliding
curves, start- and end-of-sliding m-values were determined over the first
and last minute of the initial static loading period, respectively. Where
appropriate, characteristic recovery times (z) for tribological rehydra-
tion and exudation responses are presented as scalar values (r = 1/m). A
similar analysis was performed for friction recovery, except that the
linear fits were performed over the first 15 s of sliding to capture the
rapid nature of the friction recovery response.

2.4. Statistical Analysis

Statistical analysis was performed with Prism 8 (GraphPad, San
Diego, CA) and the R package Ime4 (version 1.1.21) [30]. To quantify
and compare speed-dependent characteristics of tribological rehydra-
tion among samples (i.e., specimens) and groups (i.e., species or joints),
mixed effects (ME) models were used to fit tribological outcomes as a
function of sliding speed. ME modeling is a statistical approach that
systematically accounts for variability explained by an independent
variable of interest (fixed effects, e.g., sliding speed) versus random ef-
fects (e.g., sample identity) [31]. ME models are particularly useful in
‘within-subjects’ study designs where repeated measurements are made
on the same specimen and then repeated across subsequent specimens
and groups. ME model-based analysis is preferred over analysis of
variance-based analysis because ME models address data point non-
independence [31,32], thereby accounting for within-subject and
within-group variability while establishing population-level relation-
ships between an independent fixed-variable (here, sliding speed) and a
dependent outcome (i.e., recovered compression). Compression and
strain outcomes were fit using linear mixed effects (LME) models, while
friction outcomes were fit using semi-log ME models. The non-
parametric Welch’s ANOVA with Dunnett’s T3 multiple comparisons
was used to detect differences in tribological rehydration and friction
recovery threshold speeds. The non-parametric Kruskal-Wallis test with
Dunn’s multiple comparisons was used to detect differences in
compression and friction recovery dynamics (m and 7) among groups. In
all cases, the threshold for statistical significance was set at multiple
comparison adjusted p-value <0.05.

3. Results

3.1. Tribological Rehydration Among Cartilage from Different
Mammalian Quadruped Species

We observed tribological rehydration, defined as positive sliding-
driven compression and strain recovery with concurrent maintenance
of low equilibrium friction coefficients under constant load, across all
cSCA cartilage specimens (n = 5 specimens/species for equine, bovine,
porcine, ovine, & caprine femoral condyle cartilage). Recovered
compression and recovered strain increased linearly as a function of
sliding speed in all species (LME sliding speed, p < 0.001 for all; Fig. 2-3).
Importantly, under similar compressive stresses (~0.25 MPa), changes
in compression and strain due to unit increases in sliding speed (i.e.,
slope of the compression vs. sliding speed curve) were consistent among
all specimens within a group (LME slopes were statistically indistin-
guishable among specimens for a given species, p > 0.05; Fig. 2A-E &
Fig. 3A-E, respectively). Minor differences in recovery magnitudes were
attributable to the superposition of these shared compression/strain
versus sliding speed relationships upon meaningful initial inter-
specimen variability (LME intercepts differed among specimens; sam-
ple identity effect, p < 0.001). Similar assessments of end-of-sliding and
time-averaged compressions and strains can be found in Supplemental
Fig. 1 and 2, respectively.

Given the overall consistency of compression and strain responses
within each species, group datasets could be collapsed to their shared
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Fig. 2. Overall consistency in sliding-
induced compression recovery responses
were observed for femoral condyle articular
cartilage of each species tested. Recovered
compression increased linearly with sliding
speed for all specimens and species (i.e.,
sliding speed effect). Positive compression
recovery (grey shaded regions) indicates
tribological rehydration, while negative re-
covery (white) indicates net load-induced
compression. LME model analysis indi-
cated that within each species, specimens
shared similar recovered compression
versus sliding-speed relationships (i.e., LME
slopes were statistically indistinguishable
among specimens) despite being super-
imposed upon meaningful inter-specimen
variability (LME intercepts statistically
differed among specimens, sample identity
effect). The slope of the shared LME model
for each species (solid lines) and the 95%
confidence intervals for each slope (dotted
lines) are shown, and the parameters
describing each model are provided to the
right of each panel.
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Fig. 3. Similarly, consistency in femoral
condyle articular cartilage strain recovery
responses during sliding were observed for
each species tested. Recovered strain
increased linearly with sliding speed for all
specimens across all species. Positive strain
recovery (grey shaded regions) indicates
tribological rehydration, while negative re-
covery (white) indicates net load-induced
compression. LME model analysis indicated
that within each species, specimens shared
similar recovered strain versus sliding-speed
relationships despite meaningful underlying
inter-specimen variability. The slope of the
shared LME model for each species (solid
lines) and the 95% confidence intervals for
each slope (dotted lines) are shown, and the
parameters describing each model are pro-
vided to the right of each panel.
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species-specific LME models to facilitate and visualize a comparative
analysis among species (see Fig. 4). This treatment highlighted several
interesting behaviors in response to cSCA sliding speed. Comparison of
the mean compression and strain recovery responses (Fig. 4A-B)
demonstrated that their recovery increased linearly with sliding-speed

A. Recovered Compression
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across all species (p < 0.001). Equine, bovine, and porcine stifle carti-
lage samples, overall, exhibited significantly greater compression re-
covery per unit change in sliding speed (pooled slope = 4.09E-5 mme
(mm/s)’1 [LME Model 1] vs. 2.78E-5 mm-(mm/s)’1 [LME Model 2,
ovine and caprine stifle cartilage]; Fig. 4A). However, when recovered
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Fig. 4. Speed-dependent femoral condyle articular cartilage compression and strain recovery behaviors across species. A) Compression recovery responses from
Fig. 2 were collapsed to their respective species means to facilitate comparative analyses of tribological rehydration behaviors among species, revealing two different
compression recovery behavior trajectories (different LME slopes, p < 0.001; LME1 — equine, bovine, & porcine, and LME2 — ovine and caprine). The slope of each
shared LME model (solid lines) and the 95% confidence intervals for each slope (dotted lines) are shown, and the parameters describing each model are provided to
the right of each panel. B) Similarly, strain recovery responses from Fig. 3 were collapsed to the respective species means to facilitate comparative analyses of
tribological rehydration behaviors among species, revealing a single globally-consistent, or species-independent strain recovery behavior under sliding. C) The
predicted speed at which sliding-induced rehydration balanced load-induced exudation were extrapolated from LME models; these tribological rehydration threshold

speeds were statistically indistinguishable among species (p = 0.11).
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compression was normalized to tissue thickness (i.e., analyzed in terms
of recovered strain, Fig. 4B) species-dependent variability in this rela-
tionship disappeared (p = 0.32; pooled slope = 5.58E-4 (mm/s) 1).
Accordingly, both end-of-sliding and time-averaged compression and
strain decreased linearly as sliding-speed increased—a clear indication
of increasing tribological rehydration with higher sliding speeds.
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Cartilage from larger species generally exhibited greater end-of-sliding
compression and smaller end-of-sliding strain magnitudes at all sliding
speeds under 0.25 MPa compressive stress. The LME model fits for end-
of-sliding and time-averaged compression/strain behavior can be found
in Supplemental Fig. 3.

Compression and strain recovery temporal dynamics were described
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Fig. 5. Speed-dependent compression and strain recovery behavior across articular cartilage explants from hindlimb joints of a single porcine subject. A)
Compression recovery outcomes from Supp. Fig. 5 were collapsed to their respective joint-specific shared responses to facilitate comparative analyses of tribological
rehydration behaviors among different porcine hindlimb joints (femoral head, stifle, and talus). A consistent, or joint identity-independent, compression recovery vs.
sliding speed relationship was observed across all three joints. The slope of each shared LME model (solid line) and the 95% confidence intervals for each slope
(dotted lines) are shown, and the parameters describing each model are provided to the right of each panel. B) Average strain recovery responses of porcine femoral
head, stifle, and talus cSCA explants. Speed-dependent compression recovery increased linearly and consistently among the three joints; however, talus explants
underwent greater strain recovery per unit increase in sliding speed than femoral head and stifle explants. C) Tribological rehydration threshold speeds, or the sliding
speeds at which sliding-induced recovery and load-induced exudation are equivalent, were statistically indistinguishable among porcine hindlimb joints (p = 0.21).
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by the inverse characteristic recovery time m. By convention, negative
m-values indicate net compression during sliding (and static loading),
while positive m-values indicate sliding-driven recovery of load-induced
compression. In all samples and species, m increased linearly with
sliding speed (p < 0.001), transitioning from negative to positive values
at intermediate speeds (20-40 mm/s). Overall, the influence of unit
changes in sliding speed on changes in compression recovery dynamics
were quite consistent among equine, bovine, and ovine explants, while
porcine and caprine samples tended to have ~50% higher and lower
slopes, respectively (p < 0.001, Supplemental Fig. 4). Interestingly,
among all species, tribological rehydration threshold speeds—the pre-
dicted speeds at which sliding-induced rehydration precisely balanced
compression-induced exudation in the cSCA; i.e., recovered compression
and strain, and m ~ 0— were consistent among species (x-intercepts =
24-41 mm/s, p = 0.11; Fig. 4C).

3.2. Tribological Rehydration Among Hindlimb Diarthrodial Joints

We also examined the tribomechanical behavior of ¢cSCA explants

A. Start-of-Sliding Friction
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from three joints (femoral head, stifle, and talar articular cartilage) of a
single porcine hindlimb. These tests revealed a consistent, linear rela-
tionship between sliding speed and compression recovery (i.e., tribo-
logical rehydration; sliding speed effect, p < 0.001; no difference in
slopes, p = 0.64), despite a dependence of compression recovery mag-
nitudes upon anatomic site (sample identity effect, p < 0.002; Fig. 5A).
Additionally, sliding speed-dependent changes in end-of-sliding
compression (and strain) were indistinguishable among different hin-
dlimb joint (p = 0.19 & 0.49, respectively; Supplemental Fig. 5), despite
end-of-sliding magnitudes varying among joints (p < 0.001). Interest-
ingly, relative strain recovery (per unit change in sliding speed) was
marginally greater in porcine talar cartilage (Fig. 5B). The time-
averaged compression and strain behaviors mirrored those of the stifle
cartilage specimens, decreasing linearly with sliding speed in all samples
(Supplemental Fig. 6). When collapsed to their respective group means,
speed-dependent time-average compression outcomes were indistin-
guishable among joints, while talar explants exhibited greater relative
changes in time-averaged strain (Supplemental Fig. 7). Finally, the
initial compression and strain recovery kinetics increased with sliding

Fig. 6. Sliding-speed dependent femoral condyle
cartilage friction outcomes among species. Kinetic
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speed (Supplemental Fig. 8), albeit with more inter-joint variability.
Nonetheless, predicted tribological rehydration threshold speeds were
quite consistent among specimens from the different hindlimb joints (x-
intercepts = 24-37 mm/s, p = 0.21; Fig. 5C).

3.3. Sliding Speed-Dependent cSCA Frictional Behaviors Across Species
and Joints

Figs. 6 and 7 show the mean start-of-sliding, end-of-sliding, and time-
averaged kinetic friction coefficients as a function of sliding speed for
femoral condyle cartilage from the different species and porcine hin-
dlimb joints, respectively. After each bout of static compression, mod-
erate to very high start-of-sliding kinetic friction coefficient values were
always observed during the first sliding cycle at all speeds and in all
specimens (ugos = 0.04-0.31; Figs. 6A & 7A). With continued sliding,

A. Start-of-Sliding Friction
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kinetic friction values decreased significantly at sliding speeds >40 mm/
s (p < 0.001, Wilcoxon matched pairs sign rank test between start- and
end-of-sliding friction coefficients), achieving markedly low values by
the end-of-sliding at the fastest speeds tested: ug,s = 0.008-0.13 at 60
mm/s and ugos = 0.004-0.09 at 80 mm/s (Figs. 6B & 7B). Notably, such
low friction values were achieved in the presence of PBS only, which is
consistent with all prior ¢SCA-based studies [4,7,8,13,14,16,17]. Of
equal importance, time-averaged friction coefficients were maintained
at low magnitudes (ur4 < 0.1) for sliding speeds >30 mm/s across all
specimens (Figs. 6C & 7C), indicating that exposure to high initial
friction is a transient phenomenon when cSCA explants are slid at
moderate to high sliding speeds. Raw friction data for all specimens from
each species/joint can be found in Supplemental Figs. 9 & 10.

Sliding speed had no significant effect on start-of-sliding friction
coefficients in equine, bovine, and caprine stifle explants, (semi-log ME

Fig. 7. Speed-dependent friction behavior
across articular cartilage explants from

1 No diff. in ME slopes among joints: hindlimb joints of a single porcine subject.
p= 0.09 Kinetic friction outcome.s from Sup.p. Fi'g,' 10
52 —ME Model specic mean responses o fachitate
.‘.3 = 01 Sliding SP eed eﬁeCt:p =0.01 CI())m arative anal szs among different
=g « Avg. slope = -5.93E-3 1/[mm/s] e Dl o s .
.o . 9 P porcine hindlimb joints (femoral head, sti-
o 2 Joint effect: p< 0.001 fle, and talus). A&C) Sliding speed-
@ % 0.01 dependent  start-of-sliding and  time-
5 8 averaged friction responses were consistent
among porcine hindlimb joints (no diff. in
slopes); B) however, speed-dependent de-
0.001 T T T T T T T T creases in end-of-sliding friction coefficients

0 20 40 60 80

Sliding Speed (mm/s)

B. End-of-Sliding Friction

were greater in femoral head and stifle ex-
plants (ME Model 2) relative to talus ex-
plants (ME Model 1). The slopes of the
shared ME models (solid lines) and the 95%
confidence intervals for each shared slope

1 ME sIopes differ among jOintS' (dotted lines) are shown, and the parame-
p< 0.001 ’ ters describing each model are provided to
S : the right of each panel.
o= (Talus)
° = 0.1 Sliding speed effect: p < 0.001
w.o * Avg. slope = -9.35E-3 1/[mm/s]
oL
§ b 0.01 — ME Model 2 (Porcine, Ovine)
cS Sliding speed effect: p < 0.001
* Avg. slope = -1.80E-2 1/[mm/s]
0.0014— No joint effect: p = 0.21
0 20 40 60

Sliding Speed (mm/s)

C. Time-Averaged Friction

1 No diff. in ME slopes among joints:
p=0.05
S = — ME Model
58S o041 Sliding speed effect: p < 0.001
=S * Avg. slope =-1.39E-2 1/[mm/s]
u{, o Joint effect: p = 0.03
SE o001
£8
¥ O
0.001 +— — T T
0 20 40 60

Sliding Speed (mm/s)
| B Femoral Head @ Stifle ATaIus|

10



M.E. Kupratis et al.

modeling; sliding speed effect, p = 0.13; Fig. 6A); however, decreases in
start-of-sliding friction with sliding speed were observed for porcine and
ovine specimens (p < 0.001). While end-of-sliding friction coefficients
decreased in a sliding speed-dependent manner across all species (p <
0.001), greater reductions in end-of-sliding (and time-average) friction
coefficients per unit increase in sliding speed were observed for porcine
and ovine specimens (p < 0.001; Fig. 6B).

Among different porcine hindlimb joints, increases in sliding speed
resulted in modest reductions in start-of-sliding friction coefficients (p =
0.01; Fig. 7A), and far more robust reductions in end-of-sliding and time-
averaged friction coefficients (p < 0.001; Fig. 7B). Joint identity had a
significant effect on speed-dependent start-of-sliding and time-average
friction magnitudes (p < 0.001 & p = 0.027, respectively; Fig. 7A&C),
but not the slopes of these relationships (p = 0.091 & 0.052, respec-
tively). In contrast, changes in end-of-sliding friction coefficients per
unit increase in sliding speed were greater in femoral head and stifle
cartilage than talus cartilage (p < 0.001; Fig. 7B). Overall, talar cartilage
cSCA explants generally exhibited elevated frictional behaviors in
response to sliding.

Changes in friction magnitude between the start- and end-of-sliding
for a given sliding speed, referred to as the friction recovery response,
mirrored the species-dependent end-of-sliding and time-average fric-
tional outcomes. At slow sliding speeds (< 20 mm/s), negative friction
recoveries were universally seen, indicating unmitigated increases in
friction coefficients with sliding across all specimens (Fig. 8A). Friction
recovery increased linearly with sliding speed (p < 0.001), and positive
friction recoveries accompanied sliding at >50 mm/s. Interestingly,
proportionally greater friction recovery occurred among equine, bovine,

A. Friction Recovery

LME slopes differ among species:

Positive Friction Recovery p <0.001

g 01 Hisos ™ Higos ~ 0 —LME Model 1
=IL . v (Equine, Bovine, Caprine)

P Sliding speed effect: p < 0.001
iz 0.0 -~z g * Avg. slope = 2.49E-3 1[mm/s]
i v No species effect: p = 0.32
2‘ 041 Negative Friction Recovery — LME Model 2

(Porcine, Ovine)

Sliding speed effect: p < 0.001
« Avg. slope = 1.43E-3 1[mm/s]
No species effect: p = 0.42

Hisos ~ Hieos
T T T

0 Zb 40 60 80
Sliding Speed (mml/s)

<0
-0.2 ‘

D. Friction Recovery

0.2 No diff. in LME slopes among joints:
8 p=0.14
5 —LME Model
1 Sliding speed effect: p < 0.001
] « Avg. slope = 2.34E-3 1/[mm/s]
ﬁ‘.‘ No joint effect: p = 0.43
I
<

0 20 40 60 80
Sliding Speed (mm/s)

Biotribology 25 (2021) 100159

and caprine specimens (LME Model 1) for unit changes in sliding speed
than porcine and ovine specimens (LME Model 2, different slopes, p <
0.001; Fig. 8A). Minor, but statistically significant, differences in friction
recovery threshold speeds—defined as the predicted speed at which
kinetic friction values remain unchanged after initiating sliding (i.e.,
Usos — HEos = 0)—were observed between species, with caprine speci-
mens requiring faster sliding speeds to suppress kinetic friction during
sliding than equine and bovine specimens (p = 0.02 and 0.006,
respectively; Fig. 8B). Assessment of the temporal dynamics of frictional
recovery demonstrated the rapidity with which high-speed sliding sup-
presses interfacial frictions (Fig. 8C). At 80 mm/s, characteristic friction
recovery times (7) ranged from 0.11 to 0.78 min, with frictional sup-
pression being faster in porcine and ovine stifle explants (p < 0.02,
Kruskal-Wallis test). Speed-dependent friction recovery behaviors, fric-
tion recovery threshold speeds, and characteristic friction recovery
times were indistinguishable among the specimens from the different
porcine hindlimb joints (Fig. 8D-F).

4. Discussion

In the present study, we sought to confirm if, and to what extent,
articular cartilage from different mammalian species and joints supports
tribological rehydration [7], a sliding-dependent biomechanical phe-
nomenon suspected to contribute to the recovery and sustenance of
cartilage hydration and tribomechanical function by joint activity
[13,15]. The discovery of tribological rehydration was an unanticipated
consequence of revisiting the in situ convergent stationary contact area
(cSCA) cartilage testing configuration that Dowson and colleagues first
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Fig. 8. Speed-dependent friction behaviors of articular cartilage explants across species and joints. A) The friction recovery response of cSCA articular cartilage,
defined as the change in friction magnitude from start- to end-of-sliding, increased with sliding speeds across all species. Positive friction recovery (i.e., net decrease
in friction during sliding) is indicated by the grey background. For stifle cartilage, proportionally greater friction recovery was observed for equine, bovine, and
caprine cSCA explants (LME Model 1) relative to porcine and ovine explants (LME Model 2). The slopes of the shared LME models (solid lines) and the 95% con-
fidence intervals for each shared slope (dotted lines) are shown, and the parameters describing each model are provided to the right of each panel. B) Extrapolated
friction recovery threshold speeds, defined as the predicted sliding speed at which the no net change in friction would occur, were slowest for equine and bovine
specimens and fastest for caprine specimens (p = 0.02, equine vs. caprine and p = 0.005, bovine vs. caprine, Welch’s ANOVA with Dunnett’s multiple comparisons
test; groups having dissimilar letters represent pairs that are statistically different from one another). C) Temporal dynamics of friction recovery at 80 mm/s. Friction
suppression occurred very rapidly upon the initiation of 80 mm/s sliding; somewhat faster friction suppression was observed in porcine and ovine stifle explants than
equine, bovine, or caprine explants (p < 0.02, Kruskal-Wallis test with Dunn’s multiple comparisons). D—F) Speed-dependent friction recovery behaviors, friction
recovery threshold speeds, and high-speed friction recovery time constants were indistinguishable among porcine hindlimb joints.

11



M.E. Kupratis et al.

introduced decades ago to study the hydrodynamic environment of the
joint [16]. Because the authors of that study defeated interstitial pres-
sure prior to sliding, they concluded that the drastic friction reductions
observed during high-speed sliding of the cSCA were due to hydrody-
namic fluid film-based lubrication effects. Contrary to the assumption
that pore pressure remains insignificant during cSCA sliding following
static equilibration, we have shown recently that the ¢SCA’s hydrody-
namic environment induces tribological rehydration [4,7], which re-
stores interstitial hydration, pore pressure, and interstitial lubrication
during sliding [4,7,8,15]. Furthermore, we have demonstrated conclu-
sively that tribological rehydration is a speed-dependent phenomenon
that sustains interstitial lubrication without introducing unpredictable/
unquantifiable contribution from bath exposure, contact migration, or
plowing friction. However, all of our cSCA-based tribological rehydra-
tion studies to date had been restricted to bovine stifle (i.e., femoral
condyle) cartilage. While there was no reason to suspect, a priori, that
tribological rehydration should be restricted solely to bovine femoral
condyle cartilage tissues, it had yet to be tested in cartilage explants
from other species and joints. This comparative tribology study repre-
sents the first of its kind to demonstrate the universality and qualitative
consistency of sliding-induced tribological rehydration across a range of
model organisms (including: equine [species: E.f. caballus; common
name: horse], bovine [B. taurus; cow], porcine [S.s. domesticus; do-
mestic pig], ovine [O. aries; sheep], and caprine [C.a. hircus; goat] stifle,
and joints (porcine femoral head, stifle, and tarsal).

All specimens tested in this study exhibited robust articulation-
induced tribological rehydration at higher sliding speeds (40-80 mm/
s) and under similar constant compressive stresses (~0.25 MPa). It
should be noted that while articular cartilage in the knee can be subject
to peak compressive stresses on the order of 10-20 MPa during activities
like walking [10,17,33-35], such high contact pressures occur tran-
siently, with contact pressures varying constantly in magnitude and
location over the gait cycle [36,37]. Furthermore, since cartilage is
composed predominately of incompressible water, subjecting the tissue
to rapid cyclic loading generates high levels of interstitial fluid pres-
surization and fluid load support (>95%) [38], which in accordance
with interstitial lubrication theory, affords cartilage remarkable lubric-
ity when loads/stresses are applied (and then removed) faster than the
tissue can depressurize [3,5,39]. Thus, in well-hydrated cartilage,
rapidly and transiently applied peak loads have little bearing on overall
cartilage lubricity. In fact, cartilage appears to be supremely resistant
(and insensitive) to rapidly cycled loading. Instead, it is the average
contact stress experienced by articular cartilage that dictates the tissue’s
tribomechanical response [33]. Importantly, spatially- and temporally-
averaged contact stresses within mammalian joints are highly consis-
tent, ranging from ~0.1-2.0 MPa [10,40]. Accordingly, the choice of an
experimental compressive stress of ~0.25 MPa is fully consistent with
average articular cartilage contact stresses registered in vivo and sub-
sequently determinative of overall tribomechanical behaviors. Extensive
studies of articular cartilage tribology have been performed under slow-
speed sliding conditions (typically < 10 mm/s) [2,41-47]. Based on this
precedence, some might consider the sliding speeds utilized herein
(10-80 mmy/s) to be ‘high’ for benchtop studies. However, these speeds
are quite consistent with tangential articulation (sliding/gliding) speeds
during gait (mean speeds in the range of 50 mm/s and maximum speeds
of 150 mm/s) [17,48], and are highly conserved among large
mammalian species [49-51]. Thus, the compressive pressure and range
of sliding speeds utilized in the present study can be considered physi-
ologically relevant and informative with regards to both the our chosen
model species and human locomotion.

Sliding speed-dependent characteristics of: i) compression/strain
recovery (i.e., tribological rehydration), and ii) cartilage lubrication
modulation were remarkably consistent among species (and among
porcine hindlimb joints), demonstrating the robust and immutable nature
of sliding-induced tribological rehydration and recovery of tribo-
mechanical behavior across mammalian quadruped articular cartilage.
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Nonetheless, we did identify species-dependent and -independent be-
haviors across our cSCA sliding tests. Although species identity dictated
end-of-sliding and recovered compression magnitudes throughout our
tests, noteworthy consistency in sliding-dependent compression and
strain recovery behavior was observed. Importantly, the speed-
dependent  strain  recovery  outcomes were statistically-
indistinguishable among all the stifle cartilage samples. Across species,
the predicted sliding speeds at which compression-induced exudation
and sliding-induced rehydration were in perfect balance, termed tribo-
logical rehydration threshold speed, were incredibly consistent (~30 mm/
s). Thus, under an average compressive stress of 0.25 MPa, sliding at
>30 mm/s favors rehydration over exudation, and, as indicated below,
net decreases in friction. Again, it must be noted that this threshold
speed falls below the average articulation speed of human (~50 mm/s)
[17,52] and various quadruped (~45 mm/s) [36,49,50,53,54] joints
during walking gaits. This suggests that in the face of physiologically
consistent temporally-averaged contact stresses (0.1-2 MPa) [40,55],
typical joint motions should be adequate for supporting articulation-
mediated recovery of cartilage thickness through tribological rehydra-
tion [10,11].

Although all cSCA stifle explants exhibited qualitatively similar
strain behaviors during the static and sliding phases of our tests, dif-
ferences in the temporal dynamics of both load-induced fluid exudation
during the static phases and sliding-induced fluid recovery were
observed. Fig. 9 highlights difference in the temporal dynamics (i.e.,
kinetics) of strain responses across species at the start- and end-of-static
loading, and during the start-of-sliding at 10 and 80 mm/s. While m
values (or equivalently, rates of static compression-induced strain
accumulation) at the end of static compression were consistent among
species (p = 0.24, Welch’s ANOVA), tissues that strained more quickly
over the first minute of static loading appeared to recover strain faster
upon the initiation of high-speed sliding (p < 0.001, Welch’s ANOVA).
Additionally, from this visualization, it is easily appreciated that
measurable fluid recovery actually occurs at slow sliding speeds: when
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Fig. 9. Comparison of species-dependent strain recovery dynamics across
selected compression and sliding conditions. Comparative analysis of the tem-
poral dynamics of load-induced exudation and sliding-induced rehydration
revealed both species-dependent and species-independent responses. Equine
and bovine cSCA explants strained faster than porcine, ovine, and caprine stifle
specimens over the first minute of static compression at 0.25 MPa (m-values
were more negative); however, exudation rates as the tissue neared equilibrium
(calculated over the last minute of static loading) were indistinguishable among
species. Porcine and ovine explants exhibited significantly faster exudation
(greater negative strain recovery rates) at slow speeds and faster rehydration
(greater positive strain recovery rates) at high speeds. Groups whose m values
are significantly different from the other groups under the same sliding con-
ditions are denoted with asterisks (**p < 0.001).
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slid at 10 mm/s, the rate of cartilage strain (i.e., net fluid exudation) was
always significantly slower than the equivalent static loading strain rate
(p < 0.0001, paired t-test). These values correspond to characteristic
compression times 7 on the order of 10 min during static compression
versus 40 min at the start of 10 mm/s sliding, indicating that even slow
sliding can ‘buffer’ (e.g., slow down) load-induced fluid exudation to a
degree, although at such slow speeds the magnitude of recovery is not
competitive with overall effect of compressive exudation.

With respect to interfacial friction, we confirmed that high-speed
sliding in the cSCA consistently elicits exceptionally low equilibrium
friction coefficients in PBS-lubricated contacts across all species and
joints (p < 0.09 at 80 mm/s, Figs. 6B & 7B), which mirrors all previous
cSCA studies within bovine stifle cartilage [7,8,13-15]. Similarly, the
presence of elevated peak frictions at the start of each intermittent
sliding bout (Figs. 6A & 7A) parallels prior work [14,15,17]. All cSCA
specimens exhibited high start-of-sliding friction coefficients (~0.1)
regardless of sliding speed; however, when sliding speeds exceeded 30
mm/s, end-of-sliding p values (analogous to equilibrium yj values) fell
to between ~0.07 and ~ 0.005 (Fig. 6B). At intermediate speeds of
40-60 mm/s, robust, sliding-driven tribological rehydration facilitated
characteristic friction recovery times 7 < 1.5 min (Fig. 8C). When slid at
80 mm/s, average characteristic friction recovery times dropped to ~30
s, highlighting the transient nature of the high friction environment seen
at the start-of-sliding.

As an interface property, uy is typically understood to depend on the
characteristics of and interactions between the glass counterface,
lubricating solution (PBS), and cartilage surface [56]. The consistency of
speed-dependent changes in friction among species and joints serves to
highlight the apparent universal adaptation of cartilage’s sliding surface
to articulation. The contrasting matrix content and organizational
characteristics among cartilage’s distinct zones suggest diverging
structure-function adaptations between the superficial zone, which
constitutes the region of direct surface interaction, and the underlying
deep zone [39]. Indeed, early experiments by McCutchen characterizing
hydration-based lubrication found cartilage’s lubrication response to be
related to near-surface water content [1]. Such observations, in combi-
nation with the stratified, zonal composition of cartilage suggests clear
structure-function relationships for optimizing its lubricating ability
during articulation.

Recent comparative analyses of cartilage’s microstructural features
shed light on this phenomenon [19,20]. The relative thickness of carti-
lage’s deep zone scales isometrically with body weight, while the middle
and superficial zones scale with negative allometry, suggesting that the
deep zone is primarily adapted to support increasing bodyweight [20].
And while compressive stiffness increases as a function of cartilage
depth/zone [57,58], relative collagen and proteoglycan compositions
within individual zones generally show no species (or body weight)
dependency [19,20]. Similarly, numerous studies have shown superfi-
cial cartilage to be more dissipative and compliant than the bulk
[58,59], and as a consequence, the predominate dissipator of shear
energy [60].

From these observations, one can conclude, as Mancini et al. have,
that evolutionary pressures have led to an optimized zonal composition
and structure for shock absorption and load transfer within the stifle
joint [20], with isometric scaling of deep zone cartilage thickness
serving to support and transfer greater forces associated with increasing
body weight. Extending Mancini’s observations of microstructural sim-
ilarity of superficial zone cartilage across species [20], one can reason-
ably suspect that unique evolutionary adaptations also exist for the
superficial zone. Our findings of consistent articular cartilage rehydra-
tion and frictional behaviors among species combined with the estab-
lished negative allometric scaling of the superficial zone suggest that the
superficial zone’s foremost function is to serve as a hydration-dependent
bearing surface; subsequently, the superficial zone’s load supporting
capability appears to be an indirect consequence of the mechanism
evolved to support such lubrication (activity-mediated near-surface
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rehydration and interstitial lubrication recovery/sustenance). Further-
more, all available evidence points to a distinct, species-independent
conservation of superficial zone structural and compositional charac-
teristics that appears to optimize articular cartilage’s tribomechanical
function.

Despite consistent overall speed-dependent friction responses, we
did observe quantifiable differences in friction outcomes among species.
Both start- and end-of-sliding friction coefficients were lower for porcine
specimens than the other species at all sliding speeds. In contrast,
caprine specimens exhibited the highest start- and end-of-sliding friction
coefficients, which exceeded porcine friction values by an order of
magnitude. While the basis of this variance is not clear, these outcomes
may be consequences of differences in intrinsic tissue quality/material
properties or handling prior to their acquisition for testing. While all
specimens were handled similarly upon arrival in the laboratory and
determined to be both visually (free of macroscopic lesions or fissures)
and tribologically acceptable, the tissues were acquired through
different vendors/partners with potential consequences for tissue qual-
ity. For example, porcine and ovine joints were acquired directly from
our abattoir partner, having been frozen within 48 h of slaughter; equine
stifles from our veterinary partner were handled similarly. Bovine joints
were acquired frozen following butchering, while our intact caprine
stifle was procured from a local grocer, and thus its specific handling
procedures were less clear. Cartilage friction is thought to depend on the
composition of the articular surface, most notably the presence of
lubricin, HA, and phospholipid-based surface coatings, which may vary
based upon the handling [61-64]. Therefore, it is not surprising that
friction magnitudes should vary among samples. Nonetheless, despite
the undeniable presence of interspecies/inter-specimen variability in
animal ages/sexes, contact geometries, cartilage thickness, material
properties, etc., it is remarkable that all species and samples exhibited
qualitatively consistent tribomechanical behaviors, both with regards to
sliding-speed dependencies and outcome magnitudes. The fact that
tribological rehydration did not vary markedly among species and
samples suggests that the phenomenon is relatively insensitive to surface
composition. Future studies will leverage the inherent variability
observed among the present specimens to explore predictive relation-
ships/correlations between intrinsic tissue properties (e.g., compressive
modulus, permeability, etc.) and compression- and sliding-dependent
tribomechanical performance.

Additionally, we note that through the opportunistic procurement of
osteochondral specimens from several additional species/joints, we
confirmed the existence of qualitatively consistent sliding-induced
tribological rehydration behaviors across a broader range of mamma-
lian and non-mammalian articular cartilage. These included forelimb
cartilage samples from the bovine and porcine distal humerus, and ovine
distal and proximal humerus; and hindlimb cartilage from ovine femoral
head, domestic rabbit (O.c. domesticus) femoral condyles, white-tail deer
(O. virginianuse) tarsals, and domestic chicken (G. gallus) and turkey
(M. gallopavo) femoral condyles (data not shown). While these tests were
of a ‘one-off’ variety, and in the case of the rabbit and chicken samples,
approached the sensitivity limits of our reciprocal tribometer, these tests
conclusively demonstrated sliding-induced tribological rehydration and
sliding-mediated recovery of tribomechanical function to be universal in
nature.

Finally, when we investigated the response of articular cartilage from
different joints of a single porcine hindlimb, we found start- and end-of-
sliding friction coefficients to be greater for porcine talar cartilage than
stifle or femoral head cartilage at all speeds, a finding consistent with
previous joint-specific characterization of cartilage [26]. Similarly,
joint-specific variation in cartilage material properties is commonly
observed, with talar cartilage being stiffer in compression and shear
than femoral or tibial cartilage [23-26]. Contrasting mechanical prop-
erties among joints may reflect their biomechanical function: in the
knee, articulation comprises sliding, rotation, rolling, and compression
during gait, while articulation in the ankle primarily constitutes rolling
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under high load [23]. Accordingly, it has been suggested, and our data
support the interpretation, that talar cartilage’s more robust compres-
sive and superficial shear mechanics may be a preferential adaption for
load transfer (as opposed to lubrication, although its frictional behaviors
remain quite robust) [23,26]. Future studies are necessary to identify if
such differences in the high-speed frictional responses are common
among cSCA cartilage from different joints across other species.

5. Conclusion

This study demonstrated the exceptional consistency of tribological
rehydration across mammalian articular cartilage. We showed, for the
first time, the highly conserved nature of sliding speed-dependent
compression and strain recovery in the cSCA (i.e., tribological rehy-
dration) across species, although absolute compression recovery appears
dictated by tissue thickness (i.e., varies with species). Our findings also
highlight the ability of the cSCA to drive low, and often truly remarkable
end-of-sliding friction values (ux << 0.1) during PBS-lubricated, high-
speed sliding tests in all species. Importantly, the notable similarity
between speed-dependent end-of-sliding and time-averaged friction
profiles across all species and specimens tested underscores the transient
nature of high start-up frictions in the cSCA configuration, as opposed to
the unmitigated (and non-physiological) increases in friction often seen
in traditional SCA contacts. Together, these findings show the ability of
articular cartilage to modulate its tissue compression, strain, and
lubrication in response to sliding conditions consistent with normal joint
articulation. This ability is both conserved among mammalian quad-
ruped cartilage specimens and different joints, and likely represents a
universal adaptation of articular cartilage tissue.
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