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ABSTRACT

Cartilage loses, recovers, and maintains its thickness, hydration, and biomechanical functions based on
competing rates of fluid loss and recovery under varying joint-use conditions. While the mechanics and
implications of load-induced fluid loss have been studied extensively, those of fluid recovery have not.
This study isolates, quantifies, and compares rates of cartilage recovery from three known modes: (1)
passive swelling - fluid recovery within a static unloaded contact area; (2) free swelling — unrestricted
fluid recovery by an exposed surface; (3) tribological rehydration - fluid recovery within a loaded con-
tact area during sliding. Following static loading of adult bovine articular cartilage to between 100 and
500 um of compression, passive swelling, free swelling, and tribological rehydration exhibited average
rates of 0.11 &+ 0.04, 0.71 + 0.15, and 0.63 + 0.22 pm/s, respectively, over the first 100 s of recovery; for
comparison, the mean exudation rate just prior to sliding was 0.06 + 0.04 um/s. For this range of com-
pressions, we detected no significant difference between free swelling and tribological rehydration rates.
However, free swelling and tribological rehydration rates, those associated with joint articulation, were
~7-fold faster than passive swelling rates. While previous studies show how joint articulation prevents
fluid loss indefinitely, this study shows that joint articulation reverses fluid loss following static loading
at >10-fold the preceding exudation rate. These competitive recovery rates suggest that joint space and
function may be best maintained throughout an otherwise sedentary day using brief but regular physical
activity.

Statement of Significance

Cartilage loses, recovers, and maintains its thickness, hydration, and biomechanical functions based on
competing rates of fluid loss and recovery under varying joint-use conditions. While load-induced fluid
loss is extremely well studied, this is the first to define the competing modes of fluid recovery and to
quantify their rates. The results show that the fluid recovery modes associated with joint articulation
are 10-fold faster than exudation during static loading and passive swelling during static unloading. The
results suggest that joint space and function are best maintained throughout an otherwise sedentary day
using brief but regular physical activities.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

experimental studies with cartilage explants have shown that tis-
sue strains and friction coefficients approach 50% and 0.3, respec-

Cartilage, the multiphasic tissue responsible for the load bear-
ing and lubrication of joints, normally comprises about 75% inter-
stitial fluid [1]. Under fully hydrated conditions, interstitial pres-
sure preferentially supports the load, which reduces tissue strain
and friction [1-4]. While interstitial pressure performs key func-
tional roles, it is also responsible for fluid exudation, a process that
defeats interstitial hydration, pressure, and lubrication [2]. Indeed,
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tively, as fluid is lost over time [4-8].

The mechanics of fluid exudation are well understood, pre-
dictable, and observable even at the joint level [9-13]. Loading
experiments with cadaveric human knees have shown that joint
strains can reach 50% within 2 h of static loading [14]. Fortu-
nately, this exudation process is arrested during physical activ-
ity. In one study, MRI measurements during repeated sets of knee
bends showed no time-dependent joint space thinning following
an initial strain of only ~5% [15]. Theoretical work from Ateshian
and Wang showed that exudation effectively stops during articula-
tion because the contact area migrates across the cartilage surface
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faster than the interstitial fluid can respond [2]. Interestingly, Cole-
man et al. showed that joint space thickness in the human knee
is quite effectively preserved, thinning only by 1-5%, throughout
the day [16]. Given that the average American is physically inac-
tive or sedentary for most of the average day [17], such findings
suggest that joint space thicknesses reflect a dynamic competition
between load-induced exudation and movement-induced fluid re-
covery rather than the absolute absence of fluid flow.

The mechanics of fluid recovery by cartilage has received dis-
proportionately less research attention than the mechanics of fluid
loss. Eckstein et al. showed that the human knee thickened during
rest following exercise at an average rate of 0.03 um/s [15]. This
recovery rate was uncompetitive with the loaded exudation rates
observed at similar strains [14], which raises questions about the
nature of the surfaces and interface during the recovery process.
The authors attributed this slow recovery process to low perme-
ability of the consolidated surface but another possibility is that
the interface itself resisted inflow.

The nature of this surface/interface boundary is arguably the
most important characteristic of exudation mechanics [18]; the
two limiting cases are confined and unconfined compression [9].
In confined compression, the surface boundary is defined by zero
pressure and the characteristic deformation time constant is inde-
pendent of contact area; unconfined compression is instead de-
fined by a zero flow surface boundary condition and its charac-
teristic time constant is proportional to the contact area [9]. The
same distinctions must be made for fluid recovery. In this study,
free swelling is the limiting case of fluid recovery by an exposed
surface with a zero-pressure boundary condition at the surface;
passive swelling is the limiting case of fluid recovery within an
unloaded contact area with a the zero-flow boundary condition at
the surface. While it is reasonable to assume that cartilage surfaces
separate during/following unloading, experimental evidence indi-
cating that contact areas remain following unloading [19,20] and
even persist under tension [21-23] refute this assumption. To date,
however, the nature of these unloaded interfaces and their impli-
cations for fluid recovery dynamics remain largely unstudied.

We recently discovered another distinct mode of fluid recovery,
which we call tribological rehydration, using convergent station-
ary contact area (cSCA)! sliding experiments designed to activate
hydrodynamic pressurization [24]. In the case of the cSCA, sliding
caused interstitial fluid recovery within the shielded contact area
without any change in the applied load. Our studies of tribologi-
cal rehydration consistently suggest that hydrodynamic pressures
are responsible for pushing entrained fluid into the loaded con-
tact area [24-26]. Unlike free swelling, which only rehydrates sur-
faces outside the contact area, tribological rehydration rehydrates
surfaces within the contact area (e.g., the femoral condyle and tib-
ial plateau contact patch). Unlike passive swelling, which requires
reductions in applied loads, tribological rehydration occurs at con-
stant loads. While the phenomenon of articulation-induced fluid
recovery has been widely attributed to free swelling at exposed
surfaces [3,27], tribological rehydration may also represent an im-
portant contributor. However, because these modes have yet to be
isolated and quantified, their potential contributions to fluid recov-
ery within joints remain uncertain.

The preservation of joint space during physical activity is often
attributed to the absence of flow [6], but we propose that the con-
stant strains observed within articulating joints [13,28] represent
a dynamic equilibrium between competing rates of fluid loss and
fluid recovery. This distinction between competing flows and the
absence of flow at equilibrium [6,10] may be extremely important

1 By definition of the c¢SCA, the contact diameter is smaller than the sample di-
ameter. This creates a convergent wedge, which enables hydrodynamic pressuriza-
tion during sliding.
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physiologically and biomechanically given that local flows mediate
solute transport, biochemistry, mechanobiology, non-equilibrium
biomechanics, and other flow-dependent processes [1,3,13,29]. Fur-
thermore, it implies that the cartilage strain behaviors typically
observed during activity [13,15,16,24,27] fundamentally depend on
a competition between rates of fluid loss and fluid recovery. This
paper isolates and quantifies these rates for the first time using
controlled cartilage explant testing under physiologically relevant
stresses, strains, and sliding speeds. The results show that free
swelling and tribological rehydration are disproportionately fast
compared to passive swelling and suggest that periodic joint move-
ments may represent a critical mechanism for preserving and even
restoring cartilage hydration and joint space throughout a mostly
sedentary typical day.

2. Methods
2.1. Materials

This study used nine mature (>18-month-old steer) bovine sti-
fles acquired through two local sources (Herman’'s Quality Meats,
Newark, DE and Bowman'’s Butcher Shop, Churchville, MD). Follow-
ing thawing and joint dissection, a coring saw was used to extract
19 mm diameter osteochondral cores from the medial and lateral
femoral condyles. Each sample was stored and hydrated in phos-
phate buffered saline (0.15 M) containing protease inhibitor (P2714,
Sigma Aldrich); we refer to this solution as PBS from here on. Sam-
ples were stored at 4°C for less than 4 days prior to testing and
they were tested at 23°C over a period of less than 12 h.

2.2. Instrument and measurements

The custom pin-on-disc tribometer shown in Fig. 1 was used
to quantify fluid loss and recovery by measuring sample compres-
sion in real time under varying experimental conditions (loaded
or nominally unloaded, static or sliding). Normal loads (F,) were
measured with a 6-channel load cell (ATI nano17, £10 mN) and
controlled using a vertical nanopositioning stage (Q-545, Physik In-
strumente) with force feedback. The displacements of this stage
(£ 10 nm) were used to maintain constant load conditions and to
track cartilage compressions (8) and compression rates (§) in situ
(i.e., cartilage thickness). The load head assumed either of two ori-
entations. The ‘cartilage-on-flat’ mode (Fig. 1a) was used for pas-
sive swelling and tribological rehydration characterization. In this
configuration, large diameter convex osteochondral samples were
mated against an impermeable glass counterface that was fixed
or rotated (w = 0 or 4.8 rad/s, respectively) depending on the
experiment. The ‘indenter-on-cartilage’ mode (Fig. 1b) was used
for free swelling measurements. In this configuration, a cylindrical
porous plane-ended indenter with effectively infinite permeability
was used to load and nominally unload cartilage (to a tare load)
without inhibiting fluid flow out of or into the compressed surface.
The cartilage surface was aligned normal to the indenter’s axis of
rotational symmetry using a two-axis tilt stage. Both the cartilage
surface and indenter were bathed in PBS.

2.3. Fluid recovery measurements

A total of 21 osteochondral cores were used to quantify free
swelling (N=7 samples), passive swelling (N=7), or tribological re-
hydration (N=7) rates following varying periods of fluid exuda-
tion. These recovery modes are depicted in Fig. 1. We used static
recovery of cartilage under a nominal 0.1 N tare load against a
porous indenter to represent free swelling; this experiment tracks
recovery without obstructing fluid recovery through the ‘contact-
ing’ surface [30,31]. We used static recovery of cartilage in con-
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Fig. 1. Schematic of the experimental apparatus. (a) The cartilage-on-flat configuration (which generates a convergent stationary contact area, cSCA) was used for passive
swelling and tribological rehydration tests. The sample was clamped via the subchondral bone and the convex cartilage surface was loaded against a glass disc 21 mm from
a rotary spindle. A calibrated water drip added DI water at the same rate as evaporation to maintain osmolarity. (b) The indenter-on-cartilage configuration was used with
a porous (60 pm pores, 60% solid, permeability (k) ~2500 mm*/Ns) plane-ended stainless-steel indenter (¢» 6 mm) for free swelling tests. The sample was mounted to a
2-axis tilt stage to align it with the indenter. Schematic sketches of tribological rehydration, passive swelling, and free swelling are shown for reference.

tact under a nominal 0.1 N tare load against impermeable glass
to represent passive swelling; this fixed-boundary experiment is
well-controlled yet mimics the cartilage-on-cartilage passive recov-
ery response as shown in S1. In-situ contact area measurements
showed that the contact pressure during passive swelling is ~1-10
kPa (Fig. S2). We used recovery of cartilage under a maintained 5 N
load against an impermeable glass surface sliding at a mean speed
(V) of 100 mm/s to represent tribological rehydration. The mea-
sured contact pressures were ~0.1-0.2 MPa (Fig. S2-3); for context,
this is consistent with the contact pressures observed during static
body weight loading of the human knee in-vivo (~0.2 MPa) [32].
The 100mm/s sliding speed was selected as it falls in the middle
of the range cited for the human knee during gait [33,34]. The su-
perficial layer fiber direction was not recorded during extraction
and was randomly oriented with respect to the sliding direction; a
previous study testing this effect detected no significance [25].

To start each test, samples were loaded at 1 N/s to a target of
5 + 0.05 N. We neglected flow during each loading and unload-
ing ramp and treated deformations during loading and unloading
as effectively elastic. At the target load, the sample lost fluid over
time until reaching a randomized compression target between 100
and 500 um; these targets correspond approximately to the com-

2 Qur biphasic model [47] with typical properties gives a mean flow rate of ~50
nm/s, which indicates that ~0.25% of the ‘elastic’ deformation is attributable to flow

pressions reported for the human knee after 10 to 100 min of static
loading [14]. Following this point, passive and free swelling were
initiated by reducing the load to 0.1 & 0.05 N at 1 N/s. The fluid
recovery rate (passive swelling and free swelling) was quantified
as a function of time (after reaching the target) using the time
derivative of compression measurements; we used a zero-phase fil-
ter with a five-point moving average to mitigate the effect of mea-
surement noise on the derivative. These loss and recovery rates
are based on changes in cartilage thickness (uwm/s) and they are
equivalent to the rate of volumetric recovery per unit contact area.
We then averaged these results from the first 100 s of recovery to
quantify a representative mean rate for each sample; we chose this
time to i) capture temporal changes, ii) represent a physiologically
relevant time scale (e.g., a walk to the water cooler), and iii) avoid
excessive weighting by the decay toward zero near equilibrium.
Following exudation, tribological rehydration was initiated by
sliding the disk at 100 mm/s while maintaining a constant 5 N
load. The magnitudes of fluid exudation and recovery rates were
quantified before and during sliding, respectively, by taking the
time derivative of filtered compression data as described above. In
this case, the applied load was maintained so there was no elastic
recovery component. Given prior experimental evidence that ex-
udation is approximately independent of sliding [4], net fluid re-
covery, which is measured, represents the difference between tri-
bological rehydration (fluid gained) and exudation (fluid lost). To
quantify the tribological rehydration rate at a given time, we added
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Fig. 2. (a) Methods used to quantify passive and free-swelling rates (8), which are defined here as the rate of change in thickness or the rate of volume change per unit
contact area. Following static exudation at 5 N to a target compression, load was decreased to a tare load of 0.1 N. Time-dependent passive and free swelling rates were
quantified using the instantaneous slope of recovery data taken just after reaching the 0.1 N tare load. The term ‘elastic’ denotes active loading and unloading phases where
fluid volume is approximately conserved. (b) Methods used to quantify tribological rehydration and exudation rates, also defined based on the change in thickness per
unit time. Following static exudation at 5 N to a target compression, fluid recovery accompanied the onset of sliding at 100 mm/s under the constant 5 N load. The time-
dependent exudation and recovery rates were quantified using the instantaneous slopes of the exudation and recovery curves as shown. The tribological rehydration (total
fluid gained, blue points) rate is the sum of the strain-matched exudation (fluid lost, grey) and recovery (net fluid gained, green) rates as shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the measured recovery rate and the exudation rate for the same
compression as shown for an arbitrary time point in Fig. 2b.
While there may be considerable uncertainty in the exudation
rate during sliding, the confounding effect on tribological rehydra-
tion rates is minimal when recovery rates are positive; as Fig. 2b
illustrates, the tribological rehydration rate only deviates signifi-
cantly from the measured recovery rate due to exudation when
the recovery rate approached zero. These uncertainties can become
dominant when the majority of the recover signal comes from exu-
dation. To avoid this potentially confounding effect, we only quan-
tified tribological rehydration rates when net recovery rates were
positive. An example of net exudation can be found in Fig. 4a.

2.4. Data analysis

The primary objectives of the study were to quantify mean
rates of cartilage compression recovery due to passive swelling,
free swelling, and tribological rehydration and identify any sig-
nificant differences between these recovery modes. To detect sta-
tistical differences between average rates, we utilized one-way
ANOVAs with Tukey’s HSD multiple comparisons tests; the thresh-
old for establishing statistical significance was defined as a multi-
plicity adjusted p-value of p < 0.05. A secondary aim was to de-
termine if recovery rates characterized by a given mode depended
on the initial exudation. These relationships were assessed using
Pearson’s correlation coefficients (r), with the equation of the lin-
ear fit of this data being provided to assist interpretation. All data
analyses were performed using MATLAB 2019b.

3. Results

Passive swelling results are shown in Fig. 3a (green data points)
for a single representative sample subjected to varying compres-
sion targets. The last 15 s of exudation (dark background) under
static loading (5N) and the elastic recovery response (light back-
ground) during unloading (to 0.1N) are shown for reference. Fig. 3¢
and d show that passive swelling rates slowed monotonically as
cartilage recovered fluid (i.e., decompression) over time; in this
case, passive swelling rates decreased from an initial range of 0.10-
0.25 um/s to a range of 0.01-0.10 umy/s after 150 s.

Free swelling results are shown in Fig. 3b for a second repre-
sentative sample subjected to varying compression targets (yellow

data). The elastic recovery was about 50 pm for both sets of exper-
iments regardless of the initial exudation. Fig. 3c and d show that
free swelling had a first-order character similar to that of passive
swelling but with faster rates; free swelling rates decreased from
an initial range of 0.9 to 1.3 um/s to a range of 0.2 to 0.4 um/s
after 150 s.

Tribological rehydration results are shown in Fig. 4a for a third
representative sample subjected to varying compression targets
followed by loaded high-speed sliding. The load was fixed at 5
N and the compression measurement comprised an initial elastic
component (~100 um on average) and an initial exudation com-
ponent (indicated). Regardless of the initial exudation condition,
this sample approached the same dynamic equilibrium (~175 pm)
during sliding. The sample recovered fluid during sliding when the
compression exceeded the dynamic equilibrium and it lost fluid
when sliding was initiated below this target (e.g., the 98 um ini-
tial exudation case). These observations are consistent with our hy-
pothesis that the absence of net flow at the dynamic equilibrium
reflects a competitive balance between tribological rehydration (in-
put) and exudation (output) rather than the absence of flow in an
absolute sense. The amount of net fluid recovered by the sample
increased with initial exudation as shown in Fig. 4b. In each of
the four ‘net recovery’ cases’, tribological rehydration rates were
1-2 pum/s initially and decreased over time to a final value of ~0.2
um/s at the dynamic equilibrium (Fig. 4c). As Fig. 4c illustrates, the
dynamic equilibrium represents the compression/strain for which
the tribological rehydration rates equal the exudation rates. Across
all samples and conditions, the mean and standard deviation for
the dynamic equilibrium compression and the dynamic equilib-
rium inflow/outflow rates were 181 + 64 um (82 um from out-
flow after accounting for 99 um of elastic compression due to
loading) and 0.22 + 0.07 pum/s, respectively.

Fig. 5a shows how the mean flow rates (all samples, all condi-
tions) vary as a function of time for the first 100 s of each recovery
experiment; the shaded regions represent 95% confidence inter-
vals for these mean values. All three modes slowed as the system

3 We excluded the 98 pm initial exudation case from our analysis because it ex-
perienced ‘net exudation’ during sliding. While it is possible to quantify tribological
rehydration rates despite net exudation, the measurement signal is dominated by
exudation and sensitive to the uncertainty in the exudation rate.
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Fig. 3. Results of passive and free swelling experiments. (a) Raw end-of-compression and start-of-recovery results from passive swelling measurements for a single repre-
sentative sample subjected to varying tissue compression; each experiment is labeled with its initial exudation in microns. (b) Raw compression and recovery results from
free swelling measurements for a different representative sample with varying tissue compression. The exudation and elastic recovery portions of the curve are highlighted
in dark and light grey zones, respectively. (c) Fluid recovery (in microns) for passive and free swelling versus time from the same two representative samples. (d) Passive
and free swelling rates (in microns per second) versus time for the same two representative samples. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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compression at the onset of sliding minus the elastic compression. (b) Net measured fluid recovery starting from the onset of sliding as a function of time for the same
experiments. (c) Tribological rehydration rates and exudation rates for the same experiments as a function of time. The system reached a dynamic equilibrium of zero net
flow when exudation (outflow) balanced tribological rehydration (inflow) at ~0.2 um/s each.
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approached full recovery over time. Free swelling and tribological
rehydration were consistently an order of magnitude faster than
passive swelling. Interestingly, free swelling and tribological rehy-
dration exhibited overlapping confidence intervals over the entire
range with both rates decreasing from initial rates of >1 umy/s to
0.3 wum/s after 100 s of sliding (rehydration time).

The average inflow rate over the first 100 s of recovery is plot-
ted for each sample as a function of compression due to exudation
in Fig. 5b. For this range of testing conditions, the rates (mean 4
the standard deviation) of free swelling, tribological rehydration,
and passive swelling were 0.71 + 0.15, 0.63 £+ 0.22 um/s, and 0.11
+ 0.04, um/s, respectively. The shaded regions represent the over-
all means and their 95% confidence intervals. A one-way ANOVA
detected significant differences among these rates. Post-hoc test-
ing showed that free swelling and tribological rehydration rates
were significantly faster than passive swelling (p < 0.0001); it re-
vealed no significant difference between free swelling and tribo-
logical rehydration rates (p = 0.16). On average, free swelling and
tribological rehydration rates were ~6 to 7-fold faster than pas-
sive swelling. We detected no significant correlation between the
compression due to exudation and the tribological rehydration rate
(r = 0.11, p = 0.34). However, the free swelling rate increased with
compression due to exudation (r = 0.53, p = 0.007) and the pas-
sive swelling rate decreased with compression due to exudation
(r = -0.51, p = 0.003).

4. Discussion

This paper defined, isolated, and quantified three distinct
modes of competitive fluid recovery that cartilage has access to:
passive swelling in nominally unloaded contact areas, free swelling
at exposed surfaces, and tribological rehydration within loaded tri-
bological contact areas. To our knowledge, these are the first di-
rect measurements to quantify the fluid recovery rates associated
with each mode.* Tribological rehydration rates (0.63 pm/s) and
free swelling rates (0.71 pum/s) were significantly faster than pas-
sive swelling rates (0.11 wm/s) over the first 100 s of recovery. In
addition, this 7-fold difference in recovery rate was generally sus-
tained at longer timepoints. More importantly, tribological rehy-
dration and free swelling rates were at least an order of magni-
tude faster than the exudation rates observed during static loading
just prior to sliding (0.06 pm/s). This competitive asymmetry be-
tween fluid recovery and exudation helps explain why articulation
reversed fluid loss so quickly in prior studies [24,27,33].

The specific rates reported here are, of course, limited to the
conditions of the study. These rates are likely to change with
sample size, load, sliding speed, and lubricant presence, among
other variables [25,26,35,36]. Nonetheless, their agreement with
results from more clinically relevant studies is noteworthy. Follow-
ing 14 min of static loading, the mean exudation rate from intact
human patellofemoral (PT) joints was 0.03 pm/s [14]. The mean
passive swelling rate observed for knees of live human subjects
[15] was 2 to 6-fold slower than those observed here (0.05 and
0.2 um/s) and these differences are consistent with 2 to 6-fold
larger contact areas in the PT joint [9]. Importantly, these obser-
vations are consistent with the hypotheses that joints maintain
cartilage-on-cartilage contact following unloading, that the con-
tact interface is a significant impediment to fluid recovery, and
that the impediment increases with increased strain and contact
area/path length. Additionally, following load-driven fluid exuda-
tion/compression within canine ankles, loaded articulation led to
net fluid recovery at an estimated rate of ~1 um/s [27], which
agrees well with the free swelling and tribological rehydration

4 We aim to make these data available in a future data note.
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rates observed here. This preliminary agreement between our re-
sults and those of more clinically relevant studies suggests that our
selection of stresses, strains, and sliding speeds provide a strong
degree of physiological relevance while also providing experimen-
tal control. Perhaps even more interestingly, the dynamic equi-
librium strain response during tribological rehydration (~5% from
fluid flow) was consistent with that observed in the knees of mo-
bile human subjects [13,16]. Whether this consistency was for-
tuitous or the results of a more fundamental biomechanical re-
sponse by cartilage remains to be seen. Subsequent work will aim
to clarify how controllable experimental variables such as load,
stress, and sliding speed influence the recovery process and dy-
namic equilibrium response.

The observation that joints maintain interstitial hydration and
pressure during activity has been explained previously by the idea
that the contact area migrates across the cartilage surface faster
than the interstitial fluid can respond [2,10]. This absence-of-flow
paradigm is useful, particularly under equilibrium conditions, but
it fails to provide insight into non-equilibrium dynamics. For ex-
ample, it cannot explain the observation that cartilage in the hu-
man knee gradually thins toward a dynamic equilibrium during the
first 30 min of walking [13]. To resolve this outstanding issue, we
propose the competitive rates paradigm illustrated by Fig. 6. Dur-
ing static loading, our observations and those of from the human
patellofemoral (PF) joint [14] suggest exudation rates on the order
of 0.05 um/s (Fig. 6¢). Unloading the joint statically leads to com-
parable passive swelling rates of 0.03 wm/s according to measure-
ments with living human subjects [15] (Fig. 6b). During joint artic-
ulation, however, our results suggest that recovery rates are much
faster due to the combined effects of tribological rehydration inside
the contact (0.63 pumy/s) and free swelling (0.71 wm/s) at free sur-
faces outside the contact (Fig. 6¢). Linn’s measurements of exuda-
tion during static loading and joint space thickening during loaded
and unloaded articulation are consistent with this paradigm and
the rates measured here [27].

Our competitive-rates paradigm helps explain why Paranjape et
al. [13] observed overall fluid exudation despite contact migration
during walking. Walking from a fully hydrated state (the intended
initial condition of the study), where the initial strain is assumed
to be 0%, requires net exudation. As net exudation occurs, however,
exudation rates decrease and recovery rates increase until meet-
ing at the dynamic equilibrium (~5% strain is typical [13,15,16,27]).
In general, one can expect net fluid loss whenever strains are be-
low their dynamic equilibria and net fluid recovery otherwise. Linn
showed this effect directly. He observed either net fluid loss or net
fluid recovery to the same dynamic equilibrium when he articu-
lated canine ankles from a fully recovered state or from a con-
solidated state, respectively [27]. The same effect is evident in
Fig. 4; depending on the initial exudation, the sample exhibited
either net exudation or net recovery during sliding, as appropri-
ate, until reaching a consistent sample-dependent dynamic equilib-
rium compression. An important and unstudied practical question
is whether and how quickly joint space is restored during walking
following static loading (e.g. an hour at a standing desk). Our ob-
servations suggest that as little as a few minutes of walking might
restore joint space following an hour or more of continuous static
loading. This hypothesis can be tested with existing methods and
the results may have significant clinical and occupational implica-
tions.

Beyond clinical implications, these results help answer long-
standing questions about the conditions of the contact interface
following nominal unloading. Biphasic analysis assumes that the
cartilage contact area is effectively impermeable [10] but this ne-
glects the possibility that cartilage absorbs fluid from the inter-
facial gaps created by its unusually rough surfaces [37]. The lat-
est theoretical studies support the impermeable interface assump-
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Fig. 6. An illustration of the competing rates paradigm for describing cartilage fluid retention in the joint. (a) Exudation occurs during loading and the rates of fluid loss
decrease with increasing contact area [9]. (b) Passive swelling occurs during static conditions within the contact area. (c) Free swelling and tribological rehydration occur

during articulation outside and inside the contact area, respectively.

tion [38-41]. In particular, a study by Liao et al. showed that ex-
udation rates in realistically rough cartilage contacts were only
slightly greater than those of an impermeable interface because
compression of individual asperities reduces surface roughness, the
size of interfacial gaps, and the interfacial permeability [39]. Using
only basic contact mechanics arguments, Klein previously reached
a similar conclusion that ‘under the pressures of living joints, the
surfaces of the sliding articular cartilage are expected to conform
smoothly and uniformly to each other, presumably down to sep-
arations of order nanometres’ [42]. Because both arguments are
based on load-induced deformation, it is reasonable to expect as-
perity decompression, increased interface permeability, and high
recovery rates following nominal unloading. However, our results
are inconsistent with this expectation; the observation that passive
swelling rates were only ~17% the free swelling rates suggests that
the nominally unloaded (0.1 N tare load) contact area remained
resistant to fluid inflow and that the unloaded asperities remain
highly compressed. The low interfacial permeability (coupled with
long fluid path lengths) following joint unloading helps explain the
otherwise surprising fact that cartilage contact areas remain large
following unloading [19,20] (see Fig. S2) and even persist under
tension [21-23].

Extremely thin interfacial gaps can be expected to slow exu-
dation and passive swelling while amplifying hydrodynamic pres-
sures and promoting tribological rehydration. Thus, it appears that
movement-induced recovery is favored by design over static re-
covery. Interestingly, a recent theoretical study [43] showed that
tribological rehydration is driven by hydrodynamic pressures and
actually anticipated the magnitude of the tribological rehydration
rates observed here. Given its hydrodynamic origins, we were sur-
prised that tribological rehydration rates at loaded low permeabil-
ity interfaces were comparable to and even statistically indistin-
guishable from free swelling rates. It is possible that this is mere
coincidence. Another more likely possibility is that hydrodynamic
pressures only serve to push fluid into the low permeability inter-
face [25,44] and that osmotic swelling pressures ultimately regu-
late fluid uptake rates (as they do for free swelling). This hypoth-
esis suggests that tribological rehydration rates will be limited by
the lesser of the hydrodynamic transport rate (into the interface)
or the free swelling rate. In the future, we will vary sliding speed
(the driver of hydrodynamic transport) and contact stress and/or
osmolarity (a driver of free swelling) to test this hypothesis more
directly.

This study has several important limitations. While the condi-
tions of this study were selected for their physiological relevance,
no single set of conditions can represent the diversity of conditions
in-vivo [45]; in particular, the effects of load, speed, and material
properties remain untested. The only effects we tested here were
those of time and strain. Free swelling rates increased with strain
due, presumably, to increased osmotic pressure (Fig. 5b). Passive
swelling rates slowed with increased strain; in this case, the favor-
able effect of increased osmotic pressure appears to have been off-
set by the competing effects of increased contact area/path length,
increased asperity compression, and decreased interface perme-

ability. Lastly, we used a smooth glass surface or a porous steel in-
denter as the mating surface depending on the experiment. Clearly,
neither surface approximates the native cartilage surface. While
migration makes tribological rehydration impossible to isolate in
cartilage-cartilage contacts, we were able to test unloaded (pas-
sive) recovery of cartilage-on-cartilage contacts. The results in Fig.
S1 show that passive swelling occurred at about the same rate
whether cartilage was mated against glass or another cartilage
surface; thus, cartilage appears to be approximately impermeable
from the passive swelling point of view, which explains the slow
recovery during static unloading in-vivo [15]. We will study this
effect in detail in a future study. In addition, the porous indenter
is a concern due to the stress concentrators and the potential for
surface damage. We repeated passive swelling measurements after
porous indentation and observed no effect from indentation (Fig.
S1). Additionally, we found no difference in the free swelling rates
based on measurements with a porous indenter and a porous flat
disc (not shown).

In summary, this study provides several important joint biome-
chanics insights. First, it provides evidence that dynamic compres-
sion/strain equilibria in cartilage reflect a balance between fluid
loss and recovery rather than the absence of fluid flow. Second, it
shows that movement-induced fluid recovery rates (due to direct
surface exposure and tribological rehydration within the contact)
are 7-fold those of passive swelling (due to nominal unloading) at
the tested conditions. Third, it demonstrates that interfacial perme-
ability is extremely low, even in nominally unloaded contacts, and
suggests that low interface permeability may be the key feature
underlying competitive asymmetry between movement-induced
fluid recovery and load-induced fluid loss (exudation would be far
faster without significant resistance to interfacial flow). Fourth, it
presents a new competitive rates paradigm with which to interpret
these empirical results. In a recent study, for example, we used this
competing rates paradigm with strain measurements from small
range-of-motion MCA experiments to deduce that free swelling
rates were likely ~1 wm/s [46]; this study validates that deduc-
tion. This paradigm also provides a theoretical basis for anticipat-
ing dynamic equilibrium strains and loss or recovery rates during
walking [13] and other activities. Finally, and most importantly, it
suggests that brief but regular physical activity may be the most
effective way to maintain maximum joint space thickness and car-
tilage function throughout an otherwise sedentary day.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Acknowledgements

The authors acknowledge funding from the NSF Biomateri-

als and Mechanobiology Program under awards: 1635536 and
1937493.



ARTICLE IN PRESS

JID: ACTBIO

S. Voinier, A.C. Moore, ].M. Benson et al.
Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actbio.2021.11.014.

References

[1] V.C. Mow, M.H. Holmes, W. Michael Lai, Fluid transport and mechanical prop-
erties of articular cartilage: a review, ]. Biomech. 17 (1984) 377-394.

[2] G.A. Ateshian, The role of interstitial fluid pressurization in articular cartilage
lubrication, J. Biomech. 42 (2009) 1163-1176.

[3] A. Maroudas, P. Bullough, S.A. V Swanson, M.A. R Freeman, S.A.V. Swanson,
M.AR. Freeman, The permeability of articular cartilage, J. Bone Jt. Surg. 50
(1968).

[4] R. Krishnan, M. Kopacz, G.A. Ateshian, Experimental verification of the role of
interstitial fluid pressurization in cartilage lubrication, J. Orthop. Res. 22 (2004)
565-570.

[5] CW. McCutchen, The frictional properties of animal joints, Wear 5 (1962)
1-17.

[6] M. Caligaris, G.a. Ateshian, Effects of sustained interstitial fluid pressurization
under migrating contact area, and boundary lubrication by synovial fluid, on
cartilage friction, Osteoarthr. Cartil. 16 (2008) 1220-1227.

[7] A.C. Moore, ].L. Schrader, ]J. Ulvila, D.L. Burris, A review of methods to study
hydration effects on cartilage friction, Tribol. - Mater. Surf. Interfaces 5831
(2017) 1-12.

[8] H. Forster, ]. Fisher, The influence of loading time and lubricant on the fric-
tion of articular cartilage, Proc. Inst. Mech. Eng. Part H-J. Eng. Med. 210 (1996)
109-119.

[9] C.G. Armstrong, W.M. Lai, V.C. Mow, An analysis of the unconfined compres-
sion of articular-cartilage, J. Biomech. Eng. Asme 106 (1984) 165-173.

[10] G.A. Ateshian, H. Wang, A theoretical solution for the frictionless rolling con-
tact of cylindrical biphasic articular cartilage layers, ]. Biomech. 28 (1995)
1341-1355.

[11] AF. Mak, W.M. Lai, V.C. Mow, Biphasic indentation of articular cartilage-1. The-
oretical analysis, J. Biomech. 20 (1987) 703-714.

[12] S. Park, R. Krishnan, S.B. Nicoll, G.a. Ateshian, Cartilage interstitial fluid load
support in unconfined compression, J. Biomech. 36 (2003) 1785-1796.

[13] CS. Paranjape, H.C. Cutcliffe, S.C. Grambow, G.M. Utturkar, A.T. Collins,
W.E. Garrett, CE. Spritzer, L.E. DeFrate, A new stress test for knee joint car-
tilage, Sci. Rep. 9 (2019) 1-8.

[14] C. Herberhold, S. Faber, T. Stammberger, M. Steinlechner, R. Putz, K.H. En-
glmeier, M. Reiser, F. Eckstein, In situ measurement of articular cartilage de-
formation in intact femoropatellar joints under static loading, ]. Biomech. 32
(1999) 1287-1295.

[15] E. Eckstein, M. Tieschky, S. Faber, K.H. Englmeier, M. Reiser, Functional analysis
of articular cartilage deformation, recovery, and fluid flow following dynamic
exercise in vivo, Anat. Embryol. (Berl) 200 (1999) 419-424.

[16] J.L. Coleman, M.R. Widmyer, H.A. Leddy, G.M. Utturkar, C.E. Spritzer, C.T. Moor-
man, F. Guilak, LE. DeFrate, Diurnal variations in articular cartilage thickness
and strain in the human knee, J. Biomech. 46 (2013) 541-547.

[17] CE. Matthews, K.Y. Chen, P.S. Freedson, M.S. Buchowski, B.M. Beech, R.R. Pate,
R.P. Troiano, Amount of time spent in sedentary behaviors in the United States,
2003-2004, Am. ]. Epidemiol. 167 (2008) 875-881.

[18] V.C. Mow, S.C. Kuei, WM. Lai, C.G. Armstrong, Biphasic creep and stress re-
laxation of articular cartilage in compression? Theory and experiments, ].
Biomech. Eng. 102 (1980) 73-84.

[19] C.E. Henderson, J.S. Higginson, PJ. Barrance, Comparison of mri-based esti-
mates of articular cartilage contact area in the tibiofemoral joint, ]. Biomech.
Eng. 133 (2011) 1-4.

[20] S. Hinterwimmer, M. Gotthardt, R. Von Eisenhart-Rothe, S. Sauerland,
M. Siebert, T. Vogl, F. Eckstein, H. Graichen, In vivo contact areas of the knee
in patients with patellar subluxation, J. Biomech. 38 (2005) 2095-2101.

[21] MJ. Philippon, ].J. Nepple, KJ. Campbell, G,J. Dornan, K.S. Jansson, R.F. LaPrade,
C.A. Wijdicks, The hip fluid seal-Part I: the effect of an acetabular labral tear,
repair, resection, and reconstruction on hip fluid pressurization, Knee Surgery,
Sport. Traumatol. Arthrosc. 22 (2014) 722-729.

[22] ]J. Nepple, M.J. Philippon, KJ. Campbell, G.J. Dornan, K.S. Jansson, R.F. LaPrade,
C.A. Wijdicks, The hip fluid seal-Part II: the effect of an acetabular labral
tear, repair, resection, and reconstruction on hip stability to distraction, Knee
Surgery, Sport. Traumatol. Arthrosc. 22 (2014) 730-736.

mb5G;November 27, 2021;13:16

Acta Biomaterialia Xxx (XXXx) Xxx

[23] AEE. Weber, W.H. Neal, EN. Mayer, B.D. Kuhns, E. Shewman, MJ. Salata,
R.C. Mather, SJ. Nho, Vertical extension of the T-capsulotomy incision in hip
arthroscopic surgery does not affect the force required for hip distraction: ef-
fect of capsulotomy size, type, and subsequent repair, Am. J. Sports Med. 46
(2018) 3127-3133.

[24] A.C. Moore, D.L. Burris, Tribological rehydration of cartilage and its po-
tential role in preserving joint health, Osteoarthr. Cartil. 25 (2017) 99-
107.

[25] D.L. Burris, L. Ramsey, B.T. Graham, C. Price, A.C. Moore, How sliding and hy-
drodynamics contribute to articular cartilage fluid and lubrication recovery,
Tribol. Lett. 67 (2019) 1-10.

[26] D.L. Burris, A.C. Moore, Cartilage and joint lubrication: new insights into the
role of hydrodynamics, Biotribology 12 (2017) 8-14.

[27] EC. Linn, Lubrication of animal joints. I. The arthrotripsometer, ]. Bone Jt. Surg.
Am. Vol. 49 (1967) 1079-1098.

[28] F. Eckstein, M. Tieschky, S.C. Faber, M. Haubner, H. Kolem, K.H. Englmeier,
M. Reiser, Effect of physical exercise on cartilage volume and thickness in vivo:
MR imaging study, Radiology 207 (1998) 243-248.

[29] D.R. Carter, D.R. Carter, G.S. Beaupr, G.S. Beaupr, M. Wong, M. Wong,
R.L. Smith, TP. Andriacchi, T.P. Andriacchi, D.J. Schurman, D.J. Schurman, The
mechanobiology of articular cartilage development and degeneration, Clin. Or-
thop. Relat. Res. 427 (2004) S69-S77.

[30] Mow, V.C.,, Gibbs, M.C,, Lai, W.M., Zhu, W.B., Athanasiou, K.A.: Biphasic inden-
tation of articular cartilage - II. A numerical algorithm and an experimental
study, (1989)

[31] K.A. Athanasiou, A. Agarwal, FJ. Dzida, Comparative study of the intrinsic me-
chanical properties of the human acetabular and femoral head cartilage, J. Or-
thop. Res. 12 (1994) 340-349.

[32] D.D. Chan, L. Cai, K.D. Butz, S.B. Trippel, E.A. Nauman, C.P. Neu, In vivo articular
cartilage deformation: Noninvasive quantification of intratissue strain during
joint contact in the human knee, Sci. Rep. (2016).

[33] B.T. Graham, A.C. Moore, D.L. Burris, C. Price, Detrimental effects of long seden-
tary bouts on the biomechanical response of cartilage to sliding, Connect. Tis-
sue Res. 61 (2020).

[34] J.P. Paul, Approaches to design - force actions transmitted by joints in human
body, Proc. R. Soc. Ser. B-Biol. Sci. 192 (1976) 163-172.

[35] M.S. Farnham, R.E. Larson, D.L. Burris, C. Price, Effects of mechanical injury
on the tribological rehydration and lubrication of articular cartilage, ]. Mech.
Behav. Biomed. Mater. 101 (2020).

[36] M.S. Farnham, K.F. Ortved, ]J. Horner, N.J. Wagner, D.L. Burris, C. Price, Lu-
bricant effects on articular cartilage sliding biomechanics under physiological
fluid load support, Under Rev. - Tribol. Lett. (2021) 1-14.

[37] V. Wright, D. Dowson, Lubrication and cartilage, J. Anat. 121 (1976) 107-118.

[38] Y. Wu, SJ. Ferguson, The influence of cartilage surface topography on fluid flow
in the intra-articular gap gap, Comput. Methods Biomech. Biomed. Eng. 5842
(2017) 1-10.

[39] JJ. Liao, D.W. Smith, S. Miramini, B.S. Gardiner, L. Zhang, A coupled contact
model of cartilage lubrication in the mixed-mode regime under static com-
pression, Tribol. Int. 145 (2020) 106185.

[40] ]J. Liao, S. Miramini, X. Liu, L. Zhang, Computational study on synovial fluid
flow behaviour in cartilage contact gap under osteoarthritic condition, Comput.
Biol. Med. 123 (2020) 103915.

[41] JJ. Liao, D.W. Smith, S. Miramini, N. Thibbotuwawa, B.S. Gardiner, L. Zhang,
The investigation of fluid flow in cartilage contact gap, ]J. Mech. Behav. Biomed.
Mater. 95 (2019) 153-164.

[42] ]. Klein, Molecular mechanisms of synovial joint lubrication, Proc. Inst. Mech.
Eng. Part ] J. Eng. Tribol. 220 (2006) 691-710.

[43] C. Putignano, D. Burris, A. Moore, D. Dini, Cartilage rehydration: the sliding-in-
duced hydrodynamic triggering mechanism, Acta Biomater (2021).

[44] B.T. Graham, A.C. Moore, D.L. Burris, C. Price, Sliding enhances fluid and solute
transport into buried articular cartilage contacts, Osteoarthr. Cartil. (2017).

[45] S. Gilbert, T. Chen, L.D. Hutchinson, D. Choi, C. Voigt, R.F. Warren, S.A. Maher,
Dynamic contact mechanics on the tibial plateau of the human knee during
activities of daily living, ]. Biomech. 47 (2014) 2006-2012.

[46] J.M. Benson, C. Kook, A.C. Moore, S. Voinier, C. Price, D.L. Burris, Range-of-mo-
tion affects cartilage fluid load support: functional implications for prolonged
inactivity, Osteoarthr. Cartil. 29 (2021) 134-142.

[47] A.C. Moore, D.L. Burris, An analytical model to predict interstitial lubrication
of cartilage in migrating contact areas, ]. Biomech. 47 (2014) 148-153.


https://doi.org/10.1016/j.actbio.2021.11.014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0001
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0001
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0001
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0001
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0002
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0002
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0003
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0004
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0004
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0004
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0004
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0005
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0006
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0006
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0006
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0007
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0007
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0007
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0007
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0007
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0008
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0008
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0008
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0009
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0009
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0009
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0009
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0010
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0010
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0010
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0011
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0011
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0011
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0011
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0012
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0012
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0012
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0012
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0012
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0013
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0014
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0015
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0015
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0015
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0015
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0015
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0015
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0016
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0017
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0018
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0018
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0018
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0018
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0018
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0019
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0019
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0019
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0019
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0020
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0021
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0022
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0023
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0024
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0024
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0024
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0025
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0025
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0025
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0025
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0025
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0025
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0026
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0026
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0026
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0027
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0027
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0028
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0029
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0031
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0031
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0031
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0031
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0032
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0033
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0033
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0033
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0033
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0033
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0034
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0034
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0035
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0035
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0035
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0035
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0035
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0036
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0037
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0037
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0037
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0038
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0038
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0038
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0039
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0040
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0040
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0040
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0040
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0040
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0041
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0042
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0042
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0043
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0043
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0043
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0043
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0043
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0044
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0044
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0044
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0044
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0044
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0045
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0046
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0047
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0047
http://refhub.elsevier.com/S1742-7061(21)00755-8/sbref0047

	\advance \chk@titlecnt \@ne The modes and competing rates of cartilage fluid loss and recovery\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Methods
	2.1 Materials
	2.2 Instrument and measurements
	2.3 Fluid recovery measurements
	2.4 Data analysis

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Supplementary materials
	References


