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Articular cartilage is an enduring tissue. For most individuals, articular cartilage facilitates a lifetime of
pain-free ambulation, supporting millions of loading cycles from activities of daily living. Although early
studies into osteoarthritis focused on the role of mechanical fatigue in articular cartilage degeneration,
much is still unknown regarding its strength and endurance characteristics. The compressive strength
of juvenile, bovine articular cartilage explants was determined to be loading rate-dependent, reaching
a maximum strength of 29.5 ± 4.8 MPa at a strain rate of 0.10 %/sec. The fatigue and endurance properties
of articular cartilage were characterized utilizing a material testing system, as well as a custom, validated
instrument termed the two degrees-of-freedom endurance meter (endurometer). These instruments
characterized fatigue in articular cartilage explants at loading levels ranging from 10 to 80 % strength
(%S), up to 100,000 cycles. Cartilage explants displayed characteristics of fatigue – fatigue life increased
as the loading magnitude decreased. All explants failed within 14,000 cycles at loading levels between 50
and 80 %S. At 10 and 20 %S, all explants endured 100,000 loading cycles. There was no significant differ-
ence in equilibrium compressive modulus between run-out explants and unloaded controls, although the
pooled modulus increased in response to testing. Histological staining and biochemical assays revealed
no material changes in collagen, sulfated glycosaminoglycan, or hydration content between unloaded
controls and explants cyclically loaded to run-out. These results suggest articular cartilage may have a
putative endurance limit of 20 %S (5.86 MPa), with implications for articular cartilage biomechanics
and mechanobiology.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Articular cartilage plays a crucial role in human locomotion, lin-
ing the articulating surfaces of long bones and distributing loads
while maintaining low friction and wear properties (McNary
et al., 2012). This tissue must endure millions of cycles of loading
generated by activities of daily living (ADL) such as walking and
stair climbing that can reach compressive stresses up to 18 MPa
(Hodge et al., 1986). For example, adults over the age of 50 years
have been observed to take between 2,000 and 9,000 steps per
day (Tudor-Locke et al., 2009), which extrapolates to over 1.6 mil-
lion loading cycles per year. For the segment of the population
unaffected by arthritis, healthy articular cartilage is an enduring
tissue capable of supporting over 100 million loading cycles over
a lifetime.
Repetitive loading can result in alterations to the mechanical
properties of a material, a process known as mechanical fatigue
(Suresh, 1998). These repetitive stresses from cyclic loading gener-
ate microstructural damage. Accumulation and progression of
microscopic defects can lead to complete failure or breakage of a
material at stresses below its ultimate strength. The fatigue prop-
erties of materials are traditionally characterized via total fatigue
life where a material is cyclically loaded to failure at various frac-
tions of its ultimate strength. These results are plotted as stress
amplitude in relation to cycles to failure, or S-N curves. S-N curves
typically plateau at greater than 106–107 cycles, a region defined as
the fatigue or endurance limit. The endurance limit denotes the
stress amplitude a defect-free material can theoretically support
for an infinite number of cycles (Suresh, 1998). Despite its reputa-
tion as a durable tissue when healthy, the endurance properties of
articular cartilage are unknown.

Articular cartilage fatigue was first studied in the 1970s, moti-
vated by the hypothesis that surface fibrillation in osteoarthritis
(OA) arose frommechanical fatigue. Weightman et al. (1973) cycli-
cally indented articular cartilage and observed surface fibrillation.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2019.07.048&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jbiomech.2019.07.048
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:smmcnary@ucdavis.edu
https://doi.org/10.1016/j.jbiomech.2019.07.048
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


2 P.E. Riemenschneider et al. / Journal of Biomechanics 95 (2019) 109304
The authors proceeded to study the fatigue properties of cartilage
loaded under tension and observed classical fatigue behavior
(Weightman et al., 1978). In subsequent years, cartilage fatigue
from shear (Simon et al., 1989), tension (Bellucci and Seedhom,
2002), and bending (Sadeghi et al., 2017) have been studied. In
addition to modality, loading frequency is an important determi-
nant of articular cartilage damage and a factor in fatigue. Crack
growth in articular cartilage increases as loading frequency
increases under both compressive and tensile loading (Sadeghi
et al., 2015, 2018). While articular cartilage experiences complex
strain fields, including tension and shear during physiological load-
ing, the applicability of these results are limited as the native tissue
is predominantly loaded in compression (Canal et al., 2008; Chan
et al., 2016). Mechanical fatigue from compressive loading has
been studied (Kaplan et al., 2017; McCormack and Mansour,
1998), but fundamental mechanical characteristics of articular car-
tilage such as the fatigue life and endurance limit remain
unknown.

Our understanding of OA has progressed from a ‘‘wear and tear”
paradigm, to a multifactorial etiology that includes elements such
as traumatic joint injury, age, genetic predisposition, and mechan-
ical overloading from obesity or anatomical malformation (Felson,
2013; Sandell, 2012). Cyclic loading of living joints in animal mod-
els have been studied over the years to elucidate the interactions
between repetitive loading and synovial joint homeostasis. Radin
and colleagues investigated the effects of cyclic compressive load-
ing in rabbits and guinea pigs, and reported an increase in sub-
chondral bone stiffness prior to fibrillation and further cartilage
degeneration (Radin et al., 1984; Simon et al., 1972). Other studies
have examined long-term joint loading in vivo through treadmill
exercise and non-invasive tibial loading (Ko et al., 2013;
Lapvetelainen et al., 1995; Poulet et al., 2011). To better under-
stand the connection between repetitive mechanical loading and
articular cartilage degeneration, elucidation of the effects of cyclic
loading on the biomechanical properties (e.g. fatigue) of the extra-
cellular matrix (ECM) is required.

The principal objective of this study was to characterize articu-
lar cartilage fatigue and endurance under compressive loading. For
this initial study, 5 mm diameter articular cartilage explants from
juvenile, bovine stifle joints were examined as it is a well charac-
terized model tissue with flat and intact articulating surfaces
(Mow et al., 1989; Park et al., 2003; Neu et al., 2007). The compres-
sive strength of articular cartilage was measured as a function of
strain rate, and then cyclically loaded until failure at fractional
levels of this strength. We hypothesized that articular cartilage
exhibits fatigue behavior under cyclic, compressive loading. Secon-
darily, we hypothesized that articular cartilage would display an
incipient endurance limit, demarcated a priori at 100,000 cycles.
2. Methods

2.1. Tissue acquisition

Articular cartilage explants (5 mm dia.) were obtained from the
medial femoral condyle of calf stifle joints (Research 87, Boylston,
MA) using a coring reamer (Neu et al., 2007). Explants were
washed and trimmed to a uniform thickness of 4 mm containing
the superficial, middle, and deep zones using a custom jig. Tissues
were wrapped in gauze moistened with phosphate buffered saline
(PBS, Affymetrix) and stored frozen (-80 �C). All PBS solutions were
supplemented with protease inhibitors prior to use. Prior to test-
ing, the explants were thawed in PBS for one hour at room temper-
ature. Previous studies have shown that a freeze-thaw cycle has a
negligible impact on the mechanical properties of articular carti-
lage explants (Athanasiou et al., 1991; Szarko et al., 2010).
2.2. Compressive strength testing

A set of four explants was obtained from both the load bearing
and non-loading bearing regions of the medial femoral condyle
(Neu et al., 2007). Both sets (four load bearing explants and four
non-load bearing explants) were obtained from the stifle joints of
8 different animals, for a total of 64 specimens. Explant thickness
was assessed utilizing contact-sensitive calipers (Mitutoyo, Series
573) before attachment to the bath with 1 lL cyanoacrylate glue
and submersion in PBS. Following a 0.2 N tare load, explants were
compressively loaded (MTS 858) using a flat, stainless steel platen
(12.6 mm dia.) at strain rates of 0.05, 0.1, 1, and 10 %/sec. Compres-
sive failure was defined as the maximum stress preceding a �10%
decrease in load support, which was empirically verified to corre-
spond with compressive failure of articular cartilage.
2.3. Endurance testing of articular cartilage explants

Articular cartilage endurance was characterized at 10–80 %S
using the endurometer (Supplementary Material, Fig. S1A,
Table S1), and MTS 858 for loads exceeding 39 %S (Table 1).
Explants were obtained from two lots of eight bovine stifle joints,
paired by joint. Following measurement of thickness and wet
weight, explants were secured to the system with 1 lL cyanoacry-
late glue and submerged in a covered, PBS bath. A 0.5 N tare load
was applied, followed by a 2.5 N creep load for one hour to mea-
sure the unconfined, equilibrium compressive (e.g. Young’s) mod-
ulus, which was computed as the creep stress normalized to the
equilibrium strain (Mauck et al., 2000). Explants were cyclically
loaded utilizing a sinusoidal waveform at 1 Hz to failure, or a
run-out of 100,000 cycles.

Failure was defined as disruption of the bulk tissue. Bulk tissue
disruption (Fig. 4) was empirically determined to correspond with
an abrupt increase in peak cyclic strain, resulting in a sigmoidal
displacement curve (Fig. 2B). This sigmoidal characteristic
(Fig. 2B arrow) was determined via an algorithm that detected
the two inflection points in the peak displacement data using the
first and second derivatives calculated from backward finite differ-
ence approximations (Chapra and Canale, 2015). Failure was also
detected via exceeding a load limit of 110% since fatigue-induced
changes in cartilage biomaterial properties could cause the
proportional-integral-derivative (PID) controller to overload an
explant. Cartilage failure was visually verified at the conclusion
of every test. In the event run-out occurred, the specimen recov-
ered for three hours at 0.3 N followed by measurement of the
post-loading equilibrium modulus. Explant thickness, wet weight,
and gross morphology were recorded at least eight hours after
loading.
2.4. Histology and biochemical analysis

Explants were fixed in Bouin’s solution (Sigma), embedded in
paraffin, sectioned (6 mm thick), and mounted on positively
charged glass slides. Sections were deparaffinized using xylene
and rehydrated with graded ethanol. Toluidine blue and picrosirius
red staining were performed using standard techniques (Peng
et al., 2014, 2015). For biochemical analysis, run-out explants were
lyophilized for 48 h and dry weight measured. The lyophilized tis-
sue was digested in 3.875 U/mL papain (Sigma) in phosphate buf-
fer (pH 7.0) containing 5 mM N-acetyl-L-cysteine and 5 mM EDTA
(Sigma) for 18 h at 60 �C. Sulfated glycosaminoglycan (sGAG) con-
tent was quantified by a 1,9-dimethylmethylene blue binding
assay according to the manufacturer’s directions (Biocolor, Blys-
can). Total collagen content was quantified using a hydroxyproline
assay (Cissell et al., 2017).



Table 1
Endurance testing parameters per loading level.

Explant Set % Strength (%S) Max Stress (MPa) Min Stress (MPa) Testing System

Group 1 10 3.0 0.13 Endurometer
20 5.9 0.19 Endurometer
30 8.9 0.25 Endurometer
39 11.5 0.32 Endurometer
39 11.5 0.32 MTS

Group 2 50 14.8 0.38 MTS
60 17.8 0.45 MTS
70 20.6 0.51 MTS
80 23.7 0.57 MTS
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2.5. Statistical analysis

A two-way ANOVA (SAS, JMP 13; Factors: strain rate and topo-
graphic region), with Tukey’s post hoc test, was used to assess the
compressive strength results. For multiple groupwise comparisons
within a single factor, a one-way ANOVA with Tukey’s post hoc test
was employed. Groups not connected by the same letter were
determined to be significantly different. For comparisons of two
groups, a two-tailed Student’s t-test was performed (Microsoft
Excel). Fatigue life results were log transformed and fit to a linear
regression curve. P-values <0.05 were considered statistically sig-
nificant. All values are presented as mean ± standard deviation.

3. Results

3.1. Compressive strength

The compressive strength of articular cartilage is strain-rate
dependent (Fig. 1A and B). Cartilage explants loaded at a strain rate
of 1 %/sec exhibited the lowest strength at 22.3 ± 3.9 MPa, while
the slowest loading rates of 0.05 and 0.1 %/sec elicited the greatest
compressive strength values of 26.9 ± 4.3 and 29.5 ± 4.8 MPa
respectively (p < 0.05). Failure strain exhibited strain-rate
dependence as it significantly increased (p < 0.03) with decreasing
strain rate, ranging from 42.5 ± 3.5 % at 10 %/sec to 69.8 ± 1.8% at
0.05 %/sec (Fig. 1C). A two-way ANOVA revealed no significant dif-
ferences (p > 0.19) in compressive strength and failure strain
between load bearing (n = 8) and non-load bearing articular carti-
lage explants (n = 8), therefore the combined results (two explants
from eight biologically distinct animals per strain rate group) are
presented.

3.2. Fatigue and endurance

Articular cartilage explants demonstrated classical fatigue
behavior: loading cycles to failure decreased as the magnitude of
cyclic stress increased (Fig. 2A). All explants loaded at �50 %S failed
in less than 14,000 cycles. The intermediate loading level 39 %Swas
tested on both the endurometer and MTS 858. For both systems,
three explants were cyclically loaded to run-out, while the remain-
ing five failed. All cartilage explants loaded at 10 and 20 %S endured
100,000 cycles. A logarithmic curvewas fit to the failed explant data
set (%S ¼ �3:89 � ln Nð Þ þ 76:91; R2 ¼ 0:36; p < 9� 10�6), and is
consistent with conventional fatigue behavior. Tissue failure,
observed as disruption of the bulk tissue, in general led to a sudden
acceleration of the peak displacement as typified by a sigmoidal
curve (Fig. 2B).

3.3. Equilibrium compressive moduli

The equilibrium compressive moduli of articular cartilage
explants were statistically similar (p > 0.62) among all loading
levels prior to endurance testing (Fig. 3A), with an overall mean
of 1.13 ± 0.38 MPa. At the conclusion of endurance testing
(Fig. 3B), no differences in equilibrium moduli were observed
between run-out samples and unloaded explants (0 %S) (p > 0.61).
However, testing resulted in the pooled equilibrium modulus
increasing to 1.59 ± 0.48 MPa (p < 6 � 10�7). The intermediate
loading levels of 30 and 39 %S had a blend of failures and run-
outs, motivating a comparison of the pre-test equilibrium moduli
for these samples (Fig. 3C). No significant, prior differences
between these groups of explants were detected (p = 0.08).
3.4. Explant height recovery and peak strain

Run-out samples at the loading levels of 10, 20, 30, and 39 %S
recovered 98.7 ± 1.5, 95.8 ± 4.0, 96.9 ± 1.8, and 96.7 ± 2.7 % of their
original thicknesses, respectively, compared to 102.3 ± 2.3 % for
unloaded controls. The height recovery of run-out explants from
loading levels of 20, 30, and 39 %S was significantly lower
(p < 0.05) than unloaded controls. Peak strain was compiled for
each loading level at the cycle prior to run-out or failure
(Fig. 5A), increasing to a maximum of 78.56 ± 8.54 and
81.91 ± 5.68 % for the loading levels of 39 and 50 %S, respectively.
At loading levels exceeding 50 %S, peak strain trended lower,
reaching a significantly lower strain of 66.17 ± 17.31 % at 80 %S.
3.5. Fatigue failure analysis

Explants cyclically loaded to failure during endurance testing
were characterized to gain a better understanding of potential fail-
ure mechanisms (Fig. 4). Failures were classified as either interme-
diate (Fig. 4C–H) or catastrophic (Fig. 4I–P). Intermediate failures
consisted of superficial (Fig. 4C–D) and partial thickness fissures
(Fig. 4E–H), whereas catastrophic failure included full-thickness
fissures (Fig. 4I–J), ruptures (Fig. 4K–L), and bulk tissue failures
(Fig. 4M–P). The peak-to-peak strains for the cycle preceding
run-out, intermediate, or failure were significantly different
(p < 0.012) at 0.83 ± 0.64, 3.96 ± 2.52, and 8.08 ± 5.46 %, respec-
tively (Fig. 5B). These results were inversely related to cycles to
failure or run-out (Fig. 5C), where catastrophic failure explants
completed significantly fewer cycles (897 ± 3527, median = 41),
followed by intermediate failures (4134 ± 4503, median = 2829),
and finally run-out samples (100,000 ± 0, p < 0.004).
3.6. Histology and biochemical analysis

Histological staining did not reveal any observable differences
in collagen and sGAG composition between unloaded control, fail-
ure, or run-out samples (Fig. 6). Biochemical analysis corroborated
the histology results. No significant differences in collagen
(p > 0.54), sGAG (p > 0.48), and hydration (p > 0.15) were observed
between unloaded controls and run-out samples (Fig. 7). The



Fig. 1. (A) Representative plot of the stress-strain behavior of juvenile bovine articular cartilage explants (one load bearing and one non-loading bearing explant from eight
biologically distinct animals) compressed under strain-rates of 0.05, 0.1, 1, and 10 %/sec. (B) The compressive strength of juvenile cartilage explants is strain rate-dependent,
with strengths of 29.5 ± 4.8 MPa and 26.9 ± 4.3 MPa observed at 0.10 %/sec and 0.05 %/sec, respectively. (C) Failure strain increased as the strain rate decreased, with a
maximum failure strain of 69.8 ± 1.8 % at 0.05 %/sec. No significant differences (p > 0.19) in compressive strength and failure strain between load bearing (n = 8) and non-load
bearing articular cartilage explants (n = 8) were observed via a two-way ANOVA, thus the combined results (two explants from eight biologically distinct animals for every
strain rate group) are shown.
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respective pooled means, as percentage of wet weight, were
15.4 ± 1.8, 6.0 ± 0.6, and 74.8 ± 2.6 %.

4. Discussion

Fatigue and endurance are remarkably understudied concepts
in articular cartilage. Although healthy cartilage can endure mil-
lions of cycles of loading in vivo, conventional biomechanical and
tribological tests replicate only a brief snapshot of this duty cycle.
These tests do not impart the repeated stresses that can weaken
and fatigue a material over time, leading to break down and func-
tional failure. It is unknown how articular cartilage fatigues under
compressive loading, and whether a limiting value of stress exists
under which cartilage can support a lifetime of loading (e.g. fatigue
or endurance limit). Therefore, the objective of this investigation
was to characterize the compressive strength and endurance of
articular cartilage. Classical fatigue behavior in juvenile, bovine
articular cartilage explants confirmed our hypothesis (Fig. 2A). His-
tological (Fig. 6) and biochemical analyses (Fig. 7) revealed no sig-
nificant differences between run-out samples and unloaded
controls. This investigation is the first to describe the fatigue life
(e.g. S-N or Wöhler curve) of articular cartilage under compressive
loading, with an incipient endurance limit of 20 %S (5.86 MPa).
These results establish a reference for articular cartilage endurance
based on native tissue values, and present a method of testing for
mechanical durability in vitro through endurance testing.

As a biphasic material with time-dependent poroelastic behav-
ior (Wahlquist et al., 2017), the compressive strength of articular
cartilage was measured as a function of strain rate (Fig. 1A). Failure
strain increased as the strain rate decreased (Fig. 1C). Load support
shifts from the fluid phase to the ECM (e.g. solid phase) as the
strain rate decreases since lower rates allow for additional fluid
loss. Conversely, interstitial fluid pressurization increases as the
strain rate increases (Torzilli et al., 1983), imposing additional
stress on the ECM that leads to tissue failure at lower strains
(Morel and Quinn, 2004). Compressive strength varied non-
linearly with respect to strain rate as the compressive strength
observed at 10 %/sec was intermediate of the strength values
recorded at 1 and 0.1 %/sec (Fig. 1B). This response is another
demonstration of stress-strain non-linearities that arise from the
biphasic nature of this tissue, and presents another parameter that
can be utilized to improve constitutive models of articular cartilage
biomechanics (Mow et al., 1992).

There was no significant difference in compressive strength
between articular cartilage obtained from load bearing and non-
load bearing regions of the medial, femoral condyle. While this
similarity might be due to the relative immaturity of juvenile artic-
ular cartilage, our results are comparable to a report by Kerin and



Fig. 2. (A) Fatigue life (e.g. S-N or Wöhler curve) of juvenile, bovine articular cartilage explants at loading levels ranging from 10 to 80 %S (s Failure, N Run-out). At low
loading levels of 10 to 20 %S, all explants were cyclically loaded to run-out at 100,000 cycles. Explants at the highest loading levels, 50 to 80 %S, all failed. In the intermediate
loading levels of 30 to 39 %S, a blend of failures and run-outs was observed. A logarithmic curve (solid line) was fit to the failure sample data set (%S ¼ �3:89 � lnðNÞ þ 76:91,
R2 = 0.36, p < 9 � 10�6). (B) A representative plot of the cyclic peak strain values of an articular cartilage explant during failure, compared with an explant that was loaded to
run-out. This sigmoidal characteristic (arrow) in cyclic peak strain curve was observed to be indicative of compressive failure in response to cyclic loading of articular
cartilage explants.
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colleagues (1998) who reported the compressive strength of
mature, bovine articular cartilage as 35.7 ± 11.0 MPa. Similarly,
no significant differences in equilibrium confined compressive
modulus and collagen content were observed between juvenile
and adult bovine articular cartilage (Williamson et al., 2001). The
collagen network is likely an important determinant of articular
cartilage strength due to its role in counterbalancing interstitial
fluid pressure via tension–compression non-linearity (Ateshian,
2009).

Juvenile articular cartilage displays classical fatigue behavior
(Fig. 2A). Cycles to failure increased as the loading level decreased.
At loading levels of 10 and 20 %S, all articular cartilage explant
samples ran-out, withstanding 105 loading cycles. This result is
similar to a report by Zimmerman and colleagues (1988) where
human patellar cartilage was undamaged after 120,860 cycles of
compression at 3.49 MPa. Equilibrium compressive moduli were
similar between all explants prior to testing (Fig. 3A), and between
unloaded controls and run-out samples (Fig. 3B). Likewise, hydra-
tion, collagen, and sGAG content (Figs. 6 and 7) were similar
between unloaded controls and run-out samples, with levels fall-
ing within native tissue levels (Mow et al., 1992). This maintenance
of sGAG content in articular cartilage explants subjected to cyclic
loading was previously noted by Torzilli and Grigiene (1998).
While typically measured after 106–107 cycles, this preliminary
evidence suggests an endurance limit for articular cartilage may
exist. Interestingly, an endurance limit of 20 %S (5.86 MPa) aligns
with the range of contact stresses (1–6 MPa) articular cartilage
experiences during routine activities (Brand, 2005; Park et al.,
2004). Although additional work is needed to verify this incipient
endurance limit extends to 107 cycles in both juvenile and adult
articular cartilage, an alignment between endurance strength and
anabolic, physiological contact stresses would fit within a
structure-function framework. Loading magnitudes that elicit cata-
bolic cellular responses may have other detrimental effects such as
a reduction in endurance.

This investigation developed a novel, objective assessment of
mechanical failure during cyclic, compressive loading through
peak strain analysis. Of note, repetitive loading resulted in failure
modes (Fig. 4C–J) that resemble OA chondral lesions, such as fis-
sures and stellate fractures (Bauer and Jackson, 1988; Falah et al.,
2010). However, the role of mechanical fatigue in OA pathogenesis
remains an open question. Additionally, the continuous cyclic load-
ing required for this endurance testing approach resulted in supra-
physiological strains on articular cartilage explants that spanned
between 60.04 ± 4.66 % and 81.91 ± 5.68 % (Fig. 5A). For reference,
in vivo tibiofemoral cartilage strains range between 2 and 23 % in
response to ADL (Coleman et al., 2013; Liu et al., 2010). While
the loading frequency employed falls within in vivo physiological
rates (Waters et al., 1988), dynamic creep lead to the loss of inter-
stitial fluid and accompanying load support. Thus, the fatigue and
endurance behavior observed is likely representative of the solid
phase or ECM of articular cartilage. It is important to note that
run-out explants recovered between 95.8 ± 4.0 and 98.7 ± 1.5 % of
their thickness following endurance testing, demonstrating the
ability to rehydrate and regain interstitial fluid. While interstitial
fluid pressurization is a critical aspect of articular cartilage that
buffers and reduces stresses on the ECM (Ateshian, 2009), an
understanding of the endurance properties of the solid phase is
critical to a better understanding of articular cartilage mechanical
behavior and performance.



Fig. 3. (A) Equilibrium moduli of articular cartilage explants, prior to the commencement of endurance testing, showed no significant differences (p > 0.62) across all loading
levels (0 to 80 %S). (B) At the conclusion of endurance testing, no significant differences in equilibriummoduli were observed (p > 0.62) between unloaded explants (0 %S) and
fatigued explants cyclically loaded to run-out. (C) At the loading levels of 30 and 39 %S, where there was a mixture of failed and run-out explants, a post hoc analysis did not
reveal any differences (p = 0.08) in equilibrium modulus between these two subgroups prior to endurance testing.

Fig. 4. Articular cartilage explants failed along several anatomical planes during endurance testing. Unloaded articular cartilage explants (A, B) and tissues fatigued to failure
during endurance testing (C–P) are shown (top: transverse view; bottom: sagittal view). Failures were classified as intermediate (C–H) and catastrophic (I–P). Intermediate
failures were composed of superficial (C, D) and partial thickness fissures (E–H) through a plane perpendicular to the articular surface. Catastrophic failures included full-
thickness fissures (I, J), ruptures along a plane parallel to the articular surface (K, L), and bulk tissue failures (M–P).
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Much remains unknown regarding articular cartilage endur-
ance. At the top of this list are the key structure-function relation-
ships that support healthy articular cartilage that withstands a
lifetime of activity. For example, collagen network modifications
mediated by pyridinoline cross-links or small leucine-rich proteo-
glycans such as decorin may play a role (Eyre, 2004; Melrose et al.,
2008). An additional unknown parameter is the effect of cellular
metabolism on extracellular matrix development and remodeling.



Fig. 5. (A) Peak strain of articular cartilage explants varied between loading levels (Failure s, Run-out N), reaching a maximum strain of 78.56 ± 8.54 % at 39 %S, and
81.91 ± 5.68 % at 50 %S. (B) Peak-to-peak strain of the loading cycle prior to run-out, intermediate failure, and catastrophic failure significantly differed between each event,
respectively measured at 0.83 ± 0.64, 3.96 ± 2.52, and 8.08 ± 5.46 %. Catastrophic failures corresponded to the greatest strain rate during the final loading cycle, while run-outs
had the lowest values (p < 0.012). (C) In comparison, cycles to run-out, intermediate failure, and catastrophic failure had the opposite trend as explants loaded to catastrophic
failure supported fewer loading cycles than explants tested to intermediate failure and run-out (p < 0.004).
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Over the last few decades, articular cartilage mechanotransduction
studies have identified mechanical loading regimens that result in
anabolic increases in sGAG and collagen synthesis (Palmoski and
Brandt, 1984; Sah et al., 1989), as well as catabolic responses to
mechanical stimuli (Guilak et al., 1994; Thibault et al., 2002; Li
et al., 2013). For the purposes of this introductory investigation
into articular cartilage endurance, articular cartilage explants devi-
talized by freezing were utilized to avoid confounding effects from
cellular responses to the endurance testing protocol. The acceler-
ated nature of the endurance testing protocol also precluded the
incorporation of periods of inactivity that occur during rest and
sleep. Futures investigations into articular cartilage endurance
should take into consideration the effects of species (i.e. human),
loading frequency, magnitude, duration, and duty cycle on articu-
lar chondrocyte metabolism, resultant tissue remodeling, and
overall mechanical endurance on articular cartilage.

To more fully recapitulate the biomechanical loading environ-
ment, future studies of endurance should include articular carti-
lage articulation/sliding. Inclusion of this loading modality
through models such as migrating contact area (MCA) or stationary
contact area sliding with tribological rehydration would also better
reflect the maintenance of interstitial fluid pressurization observed
in vivo (Caligaris and Ateshian, 2008; Graham et al., 2018). MCA
and tribological rehydration are complementary models of
physiological loading that seek to preserve interstitial fluid pres-
sure for articular cartilage biomechanics and lubrication. In con-
trast to conventional biomechanical models that continuously
load the surface of a cartilage explant, MCA recapitulates the shift-
ing contact area observed during tibiofemoral joint articulation
(Caligaris and Ateshian, 2008). Relatedly, tribological rehydration
suggests physiological sliding speeds of 60 mm/s are critical to
promote fluid recovery and thus maintenance of interstitial fluid
pressurization (Graham et al., 2018). These loading regimens
would improve the physiological fidelity of endurance testing
through maintenance of interstitial fluid pressurization, as well
as capture the effects of tribological loading and wear from articu-
lar cartilage sliding.

Endurance testing presents the opportunity to examine biome-
chanical durability in vitro, an assay relevant for the functional tis-
sue engineering of articular cartilage (Guilak et al., 2014). Current
durability tests rely on animal models (U.S. Food and Drug
Administration, 2011). While endurance testing won’t replace
in vivo models, which offer additional information such as matura-
tion in a biological milieu, endurance testing characterizes biome-
chanical robustness, a parameter not captured by typical
monotonic tests. The field is beginning to move in this direction
with the incorporation of compressive failure testing (Beck et al.,
2016; Cigan et al., 2016). To advance progress in this discipline
and reduce the reliance on animal models, articular cartilage tissue
engineering should begin to develop new methods that capture
in vitro mechanical durability over a period of time, such as the
endurance testing approach described here.
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Fig. 6. Histological sections of an unloaded articular cartilage explant (A, B), run-out explant following 100,000 loading cycles at 20 %S (C, D), and explant cyclically loaded to
failure from the 30 %S loading level (E, F) are presented. Picrosirius red staining of collagen was similar between unloaded (A), run-out (C), and failed explants (E). Likewise,
toluidine blue staining demonstrates similar sulfated glycosaminoglycan content between explants from these treatment groups (scale bar: 500 lm). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Hydration, collagen content, and sulfated glycosaminoglycan (sGAG) content
of unloaded articular cartilage explants, and tissues cyclically loaded to run-out
after 100,000 cycles of endurance testing at 10, 20, 30, and 39 %S were normalized
to wet weight. No significant differences were detected between the loading levels
with respect to hydration (p > 0.15), collagen (p > 0.54), and sGAG (p > 0.48)
content.
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