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ARTICLE INFO ABSTRACT

Keywords: Articular cartilage is a poroviscoelastic (PVE) material with remarkable resistance to fracture and fatigue failure.

Mmr_"mdemam’“ Cartilage failure mechanisms and material properties that govern failure are incompletely understood. Because

gaml?ge:tfracture cartilage is partially comprised of negatively charged glycosaminoglycans, altering solvent osmolarity can in-
smolarity

fluence PVE relaxations. Therefore, this study aims to use osmolarity as a tool to provide additional data to
interpret the role of PVE relaxations and identify cartilage failure regimes. Cartilage fracture was induced using a
100 pm radius spheroconical indenter at controlled displacement rates under three different osmolarity solvents.
Secondarily, contact pressure (CP) and strain energy density (SED) were estimated to cluster data into two failure
regimes with an expectation maximization algorithm. Critical displacement, critical load, critical time, and
critical work to fracture increased with increasing osmolarity at a slow displacement rate whereas no significant
effect was observed at a fast displacement rate. Clustering provided two distinct failure regimes, with regime (I)
at lower normalized thickness (contact radius divided by sample thickness), and regime (II) at higher normalized
thickness. Varied CP and SED in regime (I) suggest that failure in the regime is strain-governed. Constant CP and
SED in regime (II) suggests that failure in the regime is dominantly governed by stress. These regimes can be
interpreted as ductile versus brittle, or using a pressurized fragmentation interpretation. These findings
demonstrated fundamental failure properties and postulate failure regimes for articular cartilage.
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1. Introduction

Articular cartilage is an energy dissipative biological material that
has impressive resistance to fracture and fatigue. Despite this resistance
to damage, when damage occurs it often precedes into degenerative
diseases including osteoarthritis because cartilage is avascular with low
intrinsic regenerative capacity (Kujala et al., 1994; William H. Robinson
et al., 2016). Therefore, understanding mechanisms governing cartilage
failure has potential application in delaying degenerative cartilage dis-
ease and in developing bioinspired materials.

Cartilage is a poroviscoelastic (PVE) material comprised of fluid and
solid phases. The solid matrix is primarily made of collagen (15-20% of
the wet weight; 90-95% of collagen fibrils are type II) and proteoglycans
(PGs) with negatively charged glycosaminoglycan (GAG) side chains
(4-7% of the wet weight) (Mak, 1986; Maroudas et al., 1991; Mow et al.,
1980, 1992, 1999; Torzilli, 1985). GAGs govern the compressive and
poroelastic (PE) behavior of cartilage (Chiravarambath et al., 2009;

Edelsten et al., 2010; Han et al., 2011; Nia et al., 2011; Sampat et al.,
2013; Soulhat et al., 1999; Springhetti and Selyutina, 2018). Because
GAGs are negatively charged, adjusting the solvent osmolarity can be
used to adjust the apparent compressive and PE behavior (Eisenberg and
Grodzinsky, 1985; Khalsa and Eisenberg, 1997; Korhonen and Jurvelin,
2010; Lu et al., 2004; Myers et al., 1984; Wachtel and Maroudas, 1998).
Prior studies have shown that increased osmolarity decreased stiffness,
increased PVE energy dissipation and decreased permeability (Hwang
et al., 2022; Lu et al., 2004; Zimmerman et al., 2021). The collagen
network governs the tensile behavior, balances GAG-driven swelling
forces, and gives rise to intrinsic solid matrix viscoelastic (VE) behavior
(Eisenberg and Grodzinsky, 1985; Hardingham et al., 1987; Lakes, 2009;
Lawless et al., 2017; Nguyen and Levenston, 2012; Soulhat et al., 1999;
Urban et al., 1979). Cumulatively, PVE relaxations govern the
rate-dependent energy dissipative properties of cartilage (Huang et al.,
2003; Mak, 1986). Because energy dissipation drives resistance to fa-
tigue and fracture, adjusting the PVE energy dissipation by adjusting
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loading rate, solid matrix composition, or solvent osmolarity can be used
to provide insight into mechanisms governing fracture.

Cartilage failure mechanisms are incompletely understood, although
rate-dependent material response and PVE relaxations play an impor-
tant role in failure. Previous literature evaluating the response of
cartilage to a single impact load has shown that cracks oblique or normal
to the surface can be induced depending on the impact energy (Jeffrey
et al., 1995; Silyn-Roberts and Broom, 1990; Verteramo and Seedhom,
2007) and observations using confocal microscopy demonstrated
perpendicular and random fractures on the articular surface (Repo and
Finlay, 1977; Torzilli et al., 1999). Energy dissipation and stress rate
predict microcracking under low energy impacts, again indicating a role
of PVE relaxations (Kaleem et al., 2017). Failure testing done using a
Split Hopkinson Pressure Bar set-up demonstrated a bifurcated response
based on strain rates, with higher strain rates resulting in lower ultimate
strength and a more brittle-like failure response (Tran et al., 2021).
Some studies have found that shear-based failure criteria, consistent
with ductile failure, predict failure accurately (Atkinson et al., 1998;
Henak et al., 2017). Together, these studies have given rise to the sug-
gestion that cartilage exhibits two distinct failure modes as a result of
PVE relaxations: ductile under slow displacement rate and brittle under
fast displacement rate. The effect of loading rate on crack extension in
cyclic or fatigue loading indicates that PVE relaxations are also impor-
tant in fatigue failure of cartilage (Kaplan et al., 2017; Sadeghi et al.,
2015, 2018). Because PVE relaxations govern the rate-dependent
response, they likely have an important role in any transitions
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between failure regimes. Our prior studies have shown that displace-
ment rate alters the work required to nucleate a cartilage crack in a
manner that is dependent on GAG concentration, and that this depen-
dence occurs through alterations in PVE relaxations (Han et al., 2019,
2021). Therefore, this study aims to use osmolarity as a tool to provide
additional data to interpret the role of PVE relaxations and identify
cartilage failure regimes.

Following the rationale from PVE relaxations and influence of sol-
vent concentration, the first objective of this study was to determine the
influence of osmolarity on fracture initiation under extremely fast and
extremely slow displacement rates. Displacement rates were chosen to
create fracture events pre-PVE-relaxation and post-PVE-relaxation. We
hypothesized that altering the solvent osmolarity would affect the crit-
ical parameters measured at crack nucleation event. The second objec-
tive of this study was to estimate distinct cartilage failure regimes
thereby altering PVE relaxations, collagen fibril re-arrangement, and
change in osmotic pressure due to solvent concentration.

2. Materials and methods
2.1. Sample preparation

Eighty-seven full-thickness cartilage samples from 16 patellae of 5-6
months old porcine (sex unknown and assumed random) were obtained

from the local abattoir. The porcine patellae were wrapped in gauze
soaked with phosphate-buffered saline (PBS, pH = 7.4) and stored at

Sphero-conical
indenter
Cartilage sample

Custom fixture

1000gf Load Cell

Microindentation of cartilage
placed in a custom fixture

collagen fibril

- PGs/ GAGs o
wn
<

0.0015 NaCl

0.15 NaCl

S |
2M NaCl e

Swelling/dwelling of cartilage when
immersed in different NaCl

B

Fig. 1. Schematic illustration of the research methodology: (A) dissection of the porcine patellae and removal of 6 mm cylindrical osteochondral cores, (B) sub-
chondral bone was removed yielding an intact articular cartilage surface and PG/GAGs structural changes leading to swelling/deswelling on immersing it in different
concentrations of NaCl; 0.0015 M, 0.15 M, and 2 M, (C) View of the microindentation testing setup used for microfracture.
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—20 °C until used for dissection. Samples underwent a single freeze-
thaw cycle prior to testing to minimize changes in the mechanical and
material properties (Peters et al., 2017; Qu et al., 2014), best practice is
to dissect the sample straight after extraction of the joint surface from
the porcine. Cylindrical cores of 6 mm diameter were obtained from
each patella using a disposable biopsy punch and scalpel (Fig. 1A).
Subchondral bone was removed using a microtome blade and scalpel
blades to achieve full thickness cartilage as preferred for mechanical
testing (Chawla et al., 2021). Three different osmolarity sodium chloride
(NaCl) bathing solutions were made: 0.0015 M NaCl (hypo-osmolarity),
0.15 M NaCl (normal-osmolarity), and 2 M NaCl (hyper-osmolarity). All
samples were kept hydrated in NaCl with protease inhibitor (Pierce Mini
Tablets, EDTA-free, Thermo Fisher, Waltham, MA) throughout testing.
Three groups of 29 cylindrical core samples were immersed in different
concentrations of the bathing solutions for 1 h to equilibrate before
testing (Fig. 1B). The equilibrium time was selected to achieve constant
thickness based on a previous study (Hwang et al., 2022). Sample
thickness was measured with digital calipers after equilibration, before
samples were placed in testing wells at three to four locations and
average cartilage thickness was taken into consideration for this study.
The cylindrical core samples were fixed to the custom loading fixture
using cyanoacrylate (Loctite 495, Henkel, Germany) and were kept
hydrated in their respective bathing solution up to sample’s thickness.
Average thicknesses were 1.43 + 0.36 mm, 1.38 + 0.31 mm, and 1.39
+ 0.25 mm for 0.0015, 0.15, and 2 M NacCl, respectively (Fig. 1B).

2.2. Microfracture experiments

A standard microindentation protocol was used to create micro-
fractures using a diamond sphero-conical indenter with tip radius, R =
100 pm and tip angle of 6;;, = 90° (Anton Parr, Austria) on tabletop test
machine equipped with a 1000 gf load cell (3230-AT series III test
Electroforce, TA Instruments, New castle, DE) (Fig. 2A) under
displacement control (Chawla et al., 2021). Crack nucleation events
were observed by indenting the cartilage samples perpendicular to the
articular surface under displacement control test at two extreme
displacement rates to capture pre- and post-relaxation regimes: fast
displacement rate, FDR (5 mm s}, n = 13 per osmolarity) and slow
displacement rate, SDR (0.005 mm s’l, n = 16 per osmolarity) (Fig. 2B).
These loading rates were selected based on prior research that demon-
strated them to cause fracture before and after the majority of poro-
viscoelastic relaxations occur (Han et al., 2019, 2021). Tests were
completed using a ramp waveform up to 35% of the sample thickness in
FDR and 80% of the sample thickness in SDR. Critical total work, W,
critical load, L, critical displacement, D., and critical time, T., were
evaluated at the point of major crack nucleation, which was identified as
the first decrease in load of more than 30 mN in the load (Fig. 2B). As the
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critical times, T, under FDR are of the order of milliseconds, single crack
nucleation point was identified using a high sampling frequency (1707
Hz, 2048 data points per 1.2 s). W, was calculated as the area under the
load-displacement curve from zero to major crack nucleation point using
trapezoidal integration in Origin (2019) (OriginLab, MA).

2.3. Microindentation tests at intermediate displacement rates

W, L., and D, data for forty cylindrical samples from a previous
study were included in the clustering analysis (Han et al., 2021). Four
groups of 10 samples each were hydrated at normal-osmolarity con-
centration and subjected to microindentation with same sphero-conical
indenter of radius, R = 100 um and tip angle of 6, = 90° at four different
displacement rates: SDR, FDR, and two other intermediate displacement
rates of 0.5 mm s~! (IL1) and 0.05 mm s~ ! (IL2). Samples were tested
intact and after GAG depletion using trypsin. GAG-depleted cartilage
samples were also tested at all of three displacement rates except SDR.

2.4. Strain energy density, contact pressure, and failure regime clustering

Microindentation of the materials led to localized strains, built-up
strain-energy, and localized fluid pressurization near the indenter tip
and these are expected to influence the material response under
different loading and environmental conditions.

CP and SED were calculated to evaluate different failure regimes
(Shergold and Fleck, 2005). First, the contact radius, a was determined
for a sphero-conical indenter using published relationships (Briscoe
et al., 1994). CP was approximated as the critical load divided by a
circular projection of the contact radius (eq. (1)). SED was approximated
as the critical work divided by a spherical effected volume under the
indentation tip (eq. (2)).

Lc
CP =~ .1
na® (eq- 1)
W,
SED ~ — (eq. 2)
p

here, za? is the projected contact area, a® is an estimation of the strained
volume at the instant of crack nucleation. The normalized thickness
(a/t), ratio of the contact radius to the sample thickness, was calculated
to study the CP and SED independent of sample variation in thickness.

Data were clustered into two regimes (I and II) based on CP versus
normalized thickness and based on SED versus normalized thickness.
Different unsupervised classification algorithms like k-means, fuzzy c-
means, and expectation-maximization were tried to cluster the CP, SED,
and normalized thickness (a/t) data (Dempster et al., 1977; Rodriguez

et al., 2019). For this study, a standard expectation maximization (EM)
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algorithm using a Gaussian mixture models (GMM) was used because it
considers “full” and “unshared covariance” which doesn’t restrict the
shape and size of the cluster with respect to axes and other cluster. The
data clustering was done using the Statistics and Machine Learning
Toolbox™ function cluster (MATLAB, 2019a) (additional detail in the
Supplementary information).

2.5. Post-test evaluation of fracture morphology

Optical images were used to validate the fracture events induced by
microindentation tests at the two displacement rates and three groups of
NaCl concentration. India ink was applied on the cracked surface so that
it could stain the crack morphology and was gently wiped off. The
fractured cartilage surfaces were then imaged using an inverted micro-
scope (IX-71, Olympus, Tokyo, Japan). Tilescan images at 4 x were used
to visualize any additional cracks other than the site of nucleation. In
addition to imaging the cracked surfaces, the sphero-conical indenter tip
was imaged before and after indenting each sample to confirm that the
tip was intact. The tip dimensions, crack lengths, and number of cracks
were measured using the segmented line tool ImageJ (version 1.52a,
National Institutes of Health).

2.6. Statistical analysis

Differences between response variables (CP, SED, W,, L., D, and T,)
with different NaCl concentration at the two displacement rates were
evaluated statistically. The Shapiro test was conducted along with
analyzing QQ-plot and histograms to confirm the normality of the
dependent variables for each displacement rate and osmolarity. One-
way ANOVAs were used to determine the dependence of CP, SED, W,,
L, D, and T, on osmolarity for each displacement rate. At FDR, W, and
L. response variables were not normally distributed, so standard loga-
rithmic transformations were performed to attempt to achieve
normality. CP and SED at both displacement rates were not normally
distributed and could not be transformed to achieve normality using
standard transformations. Therefore, CP and SED were analyzed using a
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non-parametric ANOVA. Post-hoc pairwise comparisons were made
using Tukey’s test. Significance was set at p < 0.05, and 0.05 <p < 0.10
indicated a trend. All statistical analysis was done using R programming
on RStudio® Version 4.0.0 (RStudio, PBC, Boston, MA).

3. Results

3.1. Micro-crack nucleation as a function of displacement rate and
osmolarity

The influence of the two extreme displacement rates: SDR (0.005
mm s~ 1) and FDR (5 mm s’l), and three groups of NaCl concentration:
0.0015 M, 0.15 M, and 2 M, were investigated by nucleating a crack on
the surface of the articular cartilage via microindentation. To under-
stand the dependence of the displacement rates and NaCl concentration,
the critical failure parameters: critical displacement, D, critical load, L.,
critical time, T, and critical work, W, were evaluated. At SDR, the effect
of osmolarity on critical displacement, D,, critical load, L., and critical
time, T., showed significant difference (p < 0.05) whereas the critical
work, W, trended towards significance (0.05 < p < 0.10) (Fig. 3A-D). At
SDR, the critical parameters increased with increasing osmolarity.
Critical displacement, D, increased by 18.8% from 609.79 + 150.74 ym
at 0.0015 M NacCl concentration to 724.37 + 123.86 pm at 2 M NaCl
concentration (Fig. 3A). The critical load, L, varied from 3.81 + 1.74 N
at 0.0015 M NaCl concentration to 5.47 + 1.86 N at 2 M NaCl concen-
tration (Fig. 3B). Critical time, T, increased by 19.4% from 118.29 +
26.16 sat 0.0015 M NaCl concentration to 141.20 + 26.15 s at 2 M NaCl
concentration (Fig. 3C). Critical work, W, increased by 50% from 0.79
+ 0.42 mJ at 0.0015 M NaCl concentration to 1.18 + 0.53 mJ at 2 M
NaCl concentration (Fig. 3D). At FDR, the critical parameters did not
have any significant trend with increasing osmolarity. Critical
displacement, D, increased by approximately 5% from 211.16 + 38.70
pm at 0.0015 M NaCl concentration to 222.76 + 44.63 pm at 2 M NaCl
concentration (Fig. 3A). Critical load, L, varied from 2.56 + 0.73 N at
0.0015 M NaCl concentration to 2.99 4+ 0.88 N at 2 M NaCl concen-
tration (Fig. 3B). Critical time, T., varied from 42.23 + 7.74 ms at
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Fig. 3. Experimental results showing critical parameters analyzed during crack nucleation testing: (A) Critical work, W, showed an increasing trend with increase in
osmolarity at SDR. (B) critical load, L, (C) critical time, T, and (D) critical displacement, D., were all significantly affected by change in osmolarity at SDR. Critical
parameters were not statistically different between osmolarities under FDR. The data shows mean + standard deviation (n = 13-16), * = significant, { = trend.
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0.0015 M NaCl concentration to 44.55 + 8.92 ms at 2 M NaCl concen-
tration (Fig. 3C). The critical work, W,, increased by 16% from 0.24 +
0.08 mJ at 0.0015 M NaCl concentration to 0.28 + 0.11 mJ at 2 M NaCl
concentration (Fig. 3D). No statistical difference was observed in any of
the critical parameters ats FDR (Fig. 3A-D). The exact distribution of
data points used for understanding the influence of the osmolarity on the
critical parameters is shown using violin-box plots in the supplementary
data (Fig. S2). For all the NaCl concentrations, the values of the critical
parameters decreased as the displacement rate increased. While not
tested statistically, dependence of the displacement rate on the critical
parameters were consistent with the findings of previous studies (Han
et al., 2019, 2021).

3.2. Estimated contact pressure and strain energy density

CP and SED were not significantly different (p > 0.05) between
different osmolarity groups, however, large differences were noted be-
tween displacement rates (not tested statistically). CP at FDR (32.91 +
11.43 MPa) was 4.68 times the estimated CP at SDR (7.02 + 2.29 MPa).
SED at FDR (61.15 =+ 33.03 mJ mm ™) was 6.20 times the estimated SED
at SDR (9.86 + 4.14 mJ mm_3). CP at the interface of cartilage top
surface and indenter’s face was approximately equal for normal-
osmolarity and hyper-osmolarity concentrations at FDR, however,
they were 1.10 and 1.07 times the estimated value at hypo-osmolarity
concentration, respectively. SED was approximately equal for hypo-
osmolarity and hyper-osmolarity concentrations at FDR, however,
they were 0.92 and 0.91 times the estimated value at the normal-
osmolarity concentration, respectively.

3.3. Failure regime clustering

Clustering split both CP versus normalized thickness and SED versus
normalized thickness into two failure regimes (Fig. 4A and B). The mean
normalized thickness of the two regimes were 0.137 and 0.340 for CP,
and 0.126 and 0.319 for SED (Supplementary Table S1). Plotting CP
versus SED showed a power law relationship, with regime (II) at lower
CP and SED values (Fig. 5).

3.4. Crack morphology and branching with displacement rates and
osmolarity

The brightfield images of the fractured articular surfaces were ob-
tained at 4 x magnification after staining the cracked samples with India
ink. We observed a transition in crack morphology between the
displacement rates representing pre-to post-relaxation timescale. The
crack shape varied from two-branched crack at FDR to three-branched
crack at SDR, which is consistent with a previous study (Fig. 6) (Han
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et al., 2021). At SDR, the crack length varied from 775.46 + 208.28 pm
at 0.0015 M NaCl to 764.48 + 246.84 pm at 2 M NaCl concentration. At
FDR, the crack length varied from 730.90 + 149.13 pym at 0.0015 M
NaCl to 683.76 + 96.38 pm at 2 M NaCl concentration. The crack
lengths at normal-osmolarity were 573.61 + 148.19 pm and 759.98 +
215.56 pm at FDR and SDR, respectively, which is consistent with the
crack lengths reported in previous study (Han et al., 2021). No consis-
tent trend in the crack morphology, number of branches, or the crack
length was observed among samples immersed in hypo-osmolarity,
normal-osmolarity, and hyper-osmolarity concentration of the bathing
solution at corresponding displacement rates.

4. Discussion

This study examined the effect of osmolarity on cartilage fracture
nucleation under extremely fast and extremely slow displacement rates.
The data were consistent with the hypothesis that decreased osmolarity
decreased critical parameters measured at crack nucleation (W, L., D,
and T,). The current set of indentation experiments were consistent with
our previous studies, which showed a dramatic difference in critical
parameters between FDR and SDR, in the pre-PVE-relaxation and post-
PVE-relaxation regimes, respectively (Han et al., 2019, 2021). These
results are also consistent with prior studies that demonstrate failure at
similar nominal stresses (Kaleem et al., 2017), studies that demonstrate
rate-dependent failure or tearing (Bartell et al., 2018; Silyn-Roberts and
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Broom, 1990), and studies that suggest two distinct failure regimes
(Tran et al., 2021). The fast displacement rates are approximately
related to activities including jumping, running, kicking, and foot strike
(Deneweth et al., 2013; Lieberman et al., 2010; Liu et al., 2010; Nia
et al., 2013). The slow displacement rates are approximately related to
activities including slow walking or human resting (Cross, 1999; Liu
et al., 2010; Long and Srinivasan, 2013; Temple et al., 2016). Decreased
critical work with decreased osmolarity is consistent with the findings
that decreased osmolarity decreased PVE energy dissipation (Hwang
et al., 2022). Thus, the effect of osmolarity on critical parameters at
crack nucleation is driven by the altered PVE relaxations with osmo-
larity. The role of PVE relaxations also explains why osmolarity only
influenced critical parameters at SDR. At FDR, loading was too rapid for
PVE relaxations to occur (Han et al., 2021), thus removing the effect of
osmolarity on critical parameters. The importance of PVE relaxation was
corroborated through differences in crack morphology (Fig. 2B insets
and Fig. 6), which showed two-branched cracks due to limited
re-arrangement of collagen fibers and PVE relaxation at FDR, and
three-branched cracks suggesting release of large strain energies in the
form of free surfaces at SDR.

Interplay between structural, physical, and mechanical properties of
the cartilage solid matrix components changed by immersing the artic-
ular cartilage in different concentration NaCl. Changing osmolarity
changes permeability, fibril arrangement, and electrostatic charge
(Bircher et al., 2020; Levett et al., 2014; Martin-Alarcon and Schmidt,
2016; Myers et al., 1984; Sadeghi et al., 2018; Sampat et al., 2013;
Trampel et al., 2002). Decreasing Na+/NaCl concentration (hypo--
osmolarity) leads to reduced energy dissipation through PVE relaxation
and increased thickness because of enhanced electrostatic repulsion
between charged PGs and tension in collagen fibrils due to Donnan os-
motic pressure (Bircher et al., 2020; Bonifasi-Lista et al., 2005; Chang
and Kaplan, 1977; Eisenberg and Grodzinsky, 1985; Hwang et al., 2022;
Nguyen and Levenston, 2012; Puxkandl et al., 2002; Tamer, 2013). This
decreased PVE relaxation resulted in lower L., W,, and D, with decreased
osmolarity under SDR. On the contrary, osmolarity did not influence L,
W, D, or T, under FDR. Collagen fibers are under tension at physio-
logical osmolarity of approximately 0.15 M NaCl, and would become
more tensed under decreased osmolarity as thickness increases (Mar-
oudas, 1976; Urban et al., 1979). The lack of an osmolarity effect on
failure properties under FDR suggests the dominance of PVE-relaxations
over collagen fibril tension on failure.

This study grouped failure into two regimes based on CP, SED, and
normalized thickness (a/t). CP versus normalized thickness (a/t) (Fig. 4A)

and SED versus normalized thickness (a/t) (Fig. 4B) showed a transition

between the regimes (I to II); from lower values of CP and SED at SDR
indicating dissipation of energy via fractures with multiple branches
(post-PVE-relaxation regime) to higher values of CP and SED at FDR
because of localized stresses near the indenter tip (pre-PVE-relaxation
regime). In regime (I), CP and SED values varied with normalized
thickness, suggesting a regime where failure was governed by strain
(@t =~ 0.13). Conversely, failure regime (II) had fairly constant CP and
SED across a range of normalized thickness values, suggesting a regime
where failure was governed by pressure or energy (CP~7 MPa;
SED ~ 11 mJ/mm?). Together, these findings suggest a regime (II)
where failure is dominantly stress governed, with stress build up as a
result of PVE relaxations (Moulinet and Adda-Bedia, 2015).

The existence of two failure regimes could be interpreted in several
ways. First, they may indicate brittle failure in regime (I) under FDR and
ductile failure in regime (II) under SDR, which would be consistent with
prior postulation about cartilage failure mechanisms based on loading
rates (Silyn-Roberts and Broom, 1990). However, this possibility is at
odds with regime (I) being strain-governed, which would suggest ductile
failure (Nalla et al., 2003). Second, they could be interpreted based on
localized pressurization. In a highly inflated balloon, puncture results in
fragmentation; whereas in a balloon that is minimally inflated, puncture
results in a single crack (Moulinet and Adda-Bedia, 2015; Vandenberghe
and Villermaux, 2013; Vledouts et al., 2015). Under FDR, displacement
was too fast to allow fluid to drain out from the matrix, and would
therefore be expected to cause localized fluid pressurization near the
vicinity of the indenter tip. Under SDR, the cartilage was squeezed be-
tween the indenter tip and the boundary of the test fixture to higher
strains giving rise to pressurization along with additional fluid pres-
surization due to incomplete fluid drainage across the pores. Examining
the crack morphology suggests that SDR, with its multiple crack
branches, is most consistent with fragmentation failure due to overall
pressurization.

While this study provides information suggesting two distinct failure
regimes in cartilage, it includes some limitations. This study was
designed to understand cartilage failure based on different NaCl con-
centrations and displacement rates but did not mimic the in vivo loading
environment. Matching loading based on in vivo body weight, and
loading rates during day-to-day activities like walking, jumping, and
running and osmolarity ranges for healthy, diseased, and degenerated
joints is a challenging endeavor (Deneweth et al., 2013; Liu et al., 2010;
Mora et al., 2018; William II Robinson et al., 2016). The strains reached,
especially in the SDR, were too high to negate the influence of boundary
effects; rather, pressurization near the boundary may be governing
failure regime II. The current data acquisition coupled with the micro
indentation setup can detect major crack nucleation events, especially in
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case of extremely fast or traumatic loading rate where the fracture oc-
curs in milliseconds; however there may be smaller drops in load indi-
cating microfracture that this setup was not able to capture. Lastly, while
these data suggest two failure regimes, further evidence is needed to
identify the governing mechanisms. Future experimental and analy-
tical/computational analyses could further explore the causes of the two
regimes, for example by providing evidence of the localized fluid pres-
surization near the vicinity of the indenter tip hypothesized in regime
O.

In conclusion, this study investigated the effect of solvent osmolarity
and displacement rate on the crack nucleation properties and the
different failure regimes of the articular cartilage. Tailoring the solvent
osmolarity leads to swelling or shrinkage of the cartilage due to osmotic
pressure and electrostatic charges caused by GAGs, further inducing
changes in mechanical responses like delayed crack nucleation, energy
dissipation, and the mechanism responsible for corresponding failure
regime. The solvent osmolarity changes from ~400 mOsm in healthy
joints to approximately ~250-300 mOsm in case of loss of pro-
teoglycans, in rheumatoid osteoarthritis or in other diseased states
(Sampat et al., 2013; Shanfield et al., 1988), so the findings from this
study can help identify the influence of osmolarity (hyper-vs
hypo-osmolarity) on the mechanical behavior of the cartilage and ulti-
mately can aid in providing adequate medical treatment to the patients.
The results of this study explain the holistic effect on the cartilage matrix
behavior due to collagen fibril re-arrangement, altered permeability,
and distribution of the charged biomacromolecules. Similar to previous
studies showing enhanced fracture toughness of interpenetrating net-
works of agarose and poly(ethylene glycol) under modified single-notch
edge test (Xiao et al., 2014), the importance of collagen fiber orientation
and their density to the crack morphology and tissue mechanics (Moo
et al., 2021a), differences in the mechanical behavior of the intact and
crack mature and immature cartilage (Moo et al., 2021b), the findings in
this study demonstrating effect of osmolarity and displacement rates
thereby altering microstructural changes could be used to develop tissue
engineering constructs and understand the failure mechanism of
hydrogels, or of food-grade materials such as gelatin. The findings could
be used to inform computational approaches by adding solvent based
parameters including failure parameters, which would extend prior
computational work (e.g. (Ebrahimi et al., 2019; Keenan et al., 2013;
Meloni et al., 2017; Orozco et al., 2022; Taffetani et al., 2014),). These
findings could also be used to guide replacement strategies by providing
target failure properties. Overall, these findings provided new insight
into the effects of osmolarity and displacement rate, and thereby
PG/GAG concentration and collagen fiber configuration on fracture
nucleation in articular cartilage. Additionally, these data provided evi-
dence of two failure regimes in articular cartilage.
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