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A B S T R A C T   

As a mechanoactive tissue, articular cartilage undergoes compression and shear on a daily basis. With the advent 
of high resolution and sensitive mechanical testing methods, such as micro- and nanoindentation, it has become 
possible to assess changes in small-scale mechanical properties due to compression and shear of the tissue. 
However, investigations on the changes of these properties before and after joint articulation have been limited. 
To simulate articular loading of cartilage in the context of human gait, a previously developed bioreactor system 
was used. Immediately after bioreactor testing, the stiffness was measured using microindentation. Specifically, 
we investigated whether the mechanical response of the tissue was transient or permanent, dependent on 
counterface material, and an effect limited to the superficial zone of cartilage. We found that cartilage surface 
stiffness increases immediately after articular loading and returns to baseline values within 3 hr. Cartilage-on- 
cartilage stiffening was found to be higher compared to both alumina- and cobalt chromium-on-cartilage stiff
ening, which were not significantly different from each other. This stiffening response was found to be unique to 
the superficial zone, as articular loading on cartilage with the superficial zone removed showed no changes in 
stiffness. The findings of this study suggest that the cartilage superficial zone may adapt its stiffness as a response 
to articular loading. As the superficial zone is often compromised during the course of osteoarthritic disease, this 
finding is of clinical relevance, suggesting that the load-bearing function deteriorates over time.   

1. Introduction 

Articular cartilage is a complex tissue located in diarthrodial joints 
with heterogenous and biphasic properties. Cartilage contains approxi
mately 60–80% fluid, while the remaining solid phase is comprised of 
chondrocytes, extracellular matrix, and proteins (Ateshian and Hung, 
2006; Mow et al., 1992; Torzilli, 1985). One of the primary functions of 
articular cartilage is to bear load. 

During daily activity, articular cartilage in the knee experiences 
complex stress patterns at the surface resulting from rolling and sliding 
motions (Bedi et al., 2013). The knee joint of an active adult undergoes 
approximately 2 million gait cycles annually, which distributes to about 
5480 gait cycles daily (Silva et al., 2002). Understanding the effects of 
articular loading is crucial, as rolling and sliding as experienced in the 
knee could have effects on the mechanobiological response of the 
cartilage. Reports have suggested that specific components of joint ki
nematics may be related to cartilage thickness changes and potential 

mechanical risk factors of osteoarthritis development (Favre et al., 
2016). Articular loading has been reported to play a role in facilitating 
biphasic lubrication of the tissue, contributing to the tissue’s low coef
ficient of friction, and stimulating chondrocyte metabolism and 
mechanotransduction (Ateshian, 2009; Guilak et al., 1995; Moore and 
Burris, 2017). Although it is well accepted that tissue loading is involved 
with multiple aspects of tissue health, abnormal tissue loading is also 
thought to be implicated in cartilage pathology (Chubinskaya and 
Wimmer, 2013). Methods to investigate complex articular loading on 
cartilage include ex vivo bioreactor systems that mimic joint motion and 
loading (Wimmer et al., 2004). Such bioreactor systems apply dynamic 
compression and/or shear on articular cartilage to mechanically stress 
the tissue (Nugent et al., 2006; Schätti et al., 2016; Trevino et al., 2017). 
In the past, these systems have been primarily used for measuring bio
logical outputs, and less so to quantify changes in mechanical properties. 

Publications from Kempson in the 1970s suggested that the load 
support function seen in cartilage can be attributed to the tissue’s high 
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proteoglycan content, as proteoglycans are highly charged proteins that 
can draw in fluid through osmotic swelling (Kempson et al., 1970). This 
has also been demonstrated in recent work using various bath solutions 
of saline to modulate the swelling capacities of cartilage explants 
(Nguyen and Levenston, 2012). With fluid influx from osmotic swelling, 
the collagen fibers also experience high tensile stresses from fluid 
pressurization (Chahine et al., 2004). As a result, the tissue’s stiffness, 
which may be related to load support function, may vary throughout the 
tissue depending on proteoglycan content, fluid properties, and collagen 
structure. While studies have demonstrated that cartilage composition 
and structure are related to the tissue’s stiffness at equilibrium, to our 
knowledge, no studies have investigated stiffness properties under 
non-equilibrium conditions as they occur immediately after 
clinically-relevant joint loading and articulation. Therefore, previous 
studies do not necessarily capture the effects that occur in vivo in the 
context of complex joint loading. Thus, a baseline understanding of 
cartilage stiffening during clinically-relevant joint articulation is 
warranted. 

In this study, we present a workflow using a microindenter to obtain 
measurements of high spatial resolution and mechanical sensitivity of 
the surface stiffness of cartilage explants before and after joint articu
lation applied using a tribological bioreactor. This work uniquely brings 
into context how cartilage responds to the complex loading regimes that 
occur during gait. While the primary focus is on cartilage-cartilage in
teractions, we are also interested in the cartilage tissue response after 
replacing one side of the joint with orthopedic biomaterials such as 
cobalt-chromium alloy and alumina ceramics as it occurs due to patellar 
retention in total knee arthroplasty, defect repair, or in hemi
arthroplasty, a procedure that is still relevant as an alternative to total 
arthroplasty in smaller joints such as the shoulder (Custers et al., 2007; 
Herschel et al., 2017; McCann et al., 2009; Werthel et al., 2018). Pre
vious work from our group has also shown that articular loading on 
cartilage applied using either a cobalt-chromium alloy and an alumina 
counterface both led to increased proteoglycan release and Mankin 
scores compared to cartilage-on-cartilage articular loading (Treviño 
et al., 2016; Wimmer et al., 2020). Therefore, in the context of this 
study, it was of interest to investigate how articular loading against 
various counterface materials, namely cobalt-chromium alloy and 
alumina, affect cartilage stiffness. Furthermore, we sought to determine 
whether this response was unique to the top portion of the superficial 
zone. 

The overall aim of this investigation was to assess micron-level 
stiffness changes at the cartilage surface after articular loading. The 
specific research questions of this study were: 1) After articular loading, 
how do factors such as time and counterface material affect cartilage 
stiffness in the (articulated) contact region and the (non-articulated) 
non-contact region? 2) Is the stiffness response specific to the superficial 
zone or a general property of the bulk? 

2. Methods 

2.1. Tissue harvest and cartilage specimens 

Intact bovine stifle joints from twelve 6- to 8-month old steers were 
obtained from a local abattoir within 48 hr of slaughter and kept 
refrigerated. Stifle joints were dissected and opened to expose the 
patellar-femoral trochlear groove. The joint surface was periodically 
rinsed with 1× PBS throughout the procurement process to maintain 
hydration of the tissue. The articular cartilage surface was visually 
examined, where joints that exhibited bruising and/or contact with 
blood were excluded. Ten joints were frozen intact at −80◦C for one 
freeze-thaw cycle until the day of experiment. Of these ten joints, four 
were used to assess the effect of counterbody and time on cartilage 
stiffness before/after bioreactor testing, and six were used to assess the 
effect of surface removal on cartilage stiffness changes before/after 
bioreactor testing. These experiments were performed independently of 

each other. Prior to the day of experiment, frozen joints were thawed at 
4◦C for 72 hr. In addition to frozen cartilage samples, two fresh joints 
were used to obtain live cartilage explants for comparison. 

During tissue procurement, a 45×8-mm strip was removed from the 
medial or lateral trochlear rim of each joint using a scalpel. With a 
custom punch, 14×20-mm oval explants were obtained from the 
trochlear groove, from areas where the surface was most even in height. 
All cartilage pieces were trimmed from the underside of the explant to 3- 
mm thickness using a scalpel. From one stifle joint, a maximum of 6 
explants and 2 strips can be obtained (Fig. 1). 

2.2. Tribological bioreactor 

A bioreactor described in a previous study was used to apply a 40 N 
compressive load (approximately 2 MPa) and dual-axial articulation 
(Wimmer et al., 2004). Explants were confined in a porous polyethylene 
scaffold. Together the explant and scaffold were fit into a dish with 3 mL 
of lubricant (described below for each experiment). Three different hip 
ball counterfaces were used to apply articulation against the cartilage 
explants where noted: 1) a customized ball to which the 45×8×3-mm 
cartilage strip was attached providing a 32-mm Ø cartilage-on-cartilage 
articulation 2) a cobalt-chromium 32-mm Ø hip ball for cobalt 
chromium-on-cartilage articulation and; 3) an alumina 32-mm Ø hip 
ball for alumina-on-cartilage articulation. Cartilage explants were then 
loaded, and the applied load was monitored throughout the experiment. 

Dual-axial articulation was applied by rotating a hip ball ±15◦ at 0.5 
Hz to apply articulation and rotating the explant ±7.5◦ at 0.1 Hz and 10 
mm offset to apply a 5.4 mm migrating contact using two stepper mo
tors. Static compression was applied using a linear stepper motor. 

2.3. Microindentation 

A Hysitron TI 950 TriboIndenter (Bruker Inc, Minneapolis, MN) was 
employed to obtain stiffness measurements. Using a highly sensitive 
capacitive transducer, displacement-controlled indents were performed 
on articular cartilage explants that were fully submerged in 1× PBS. A 
diamond conospherical fluid indenter with a 20-μm radius and 90◦ cone 
angle was used during microindentation. Cartilage explants were fixed 
to a custom sample holder using Loctite® cyanoacrylate glue on the 
bottom of the explant. An initial measurement of the surface height was 
performed under dry conditions to prevent false detection due to fluid. 
Once the surface height within the indenter’s local coordinate system 
was registered, 2.5 mL of 1× PBS were added to fully submerge the 
explant. An automation using a 1×3 array of 8-μm deep indents, 100-μm 
apart, was performed. For each indent, a 0.75 μm lift-off phase was first 
applied, followed by a 10-s loading phase applied at 0.8 μm/s, followed 
by a 60-s hold phase to account for stress relaxation, followed by an 
unloading phase applied at −0.8 μm/s. To prevent premature indents 
that are not in contact with the cartilage surface due to the force 
detected from only fluid, the setpoint force was adjusted to 7.5 μN to 
ensure that indenter contact to the surface was achieved. To determine 
the point of contact, the data was shifted so the origin was located where 
the load-displacement curve exhibits a sharp increase, indicating con
tact. Load-displacement data (Fig. 2) were analyzed using the Oliver- 
Pharr method on the 80–95% portion of the unloading phase (Fig. 2B) 
(Oliver and Pharr, 2004, 1992). This method calculates the reduced 
modulus using a power-law fit, which was performed on the beginning 
of the unloading curve (80–95%). In the context of this study, this ma
terial property is referred to as cartilage stiffness, because of its temporal 
character. 

2.4. Bioreactor-indenter workflow 

Since it is known that cartilage stiffness varies depending on 
anatomical region, each explant was measured within the region of 
articular loading (contact) and in a non-articulated (non-contact) region 
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8 mm left of the contact region. An initial pre-loading indentation was 
performed for both locations to obtain baseline measurements. 
Following indentation, cartilage explants were removed from the 
indentation sample holder and placed into the bioreactor as described 
earlier. After bioreactor testing, indentation measurements were 
repeated in both the contact and non-contact regions at 1 hr, 3 hr, 6 hr, 
and 20 hr post-loading (Fig. 1). 

2.5. Time and material dependence of stiffening effect 

Twelve explants were obtained from four freeze-thawed joints (three 
explants per joint, four animals) and used to assess cartilage stiffness 
changes over time and the effect of the counterbody material. From each 
joint, one freeze-thawed explant was tested per day. Explants from the 
same joint were distributed into three groups based on counterface: 1) 
cartilage; 2) cobalt-chromium and; 3) alumina, resulting in four repli
cates per condition (n=4). DMEM/F12 culture media was used as the 
lubricant and articular loading was applied for 3 hr, or 5400 gait cycles, 

comparable to the average number of cycles a human adult experiences 
daily (Silva et al., 2002). Experiments were executed at 37◦C in >85% 
humidity. 

To verify that the observed effects are not an artifact due to tissue 
handling (i.e. freeze-thawing), two live cartilage explants from two 
freshly obtained joints (n=2) were placed in DMEM/F12 culture media, 
and placed into an incubator at 37◦C, 5% CO2 for a three-day preculture 
period, with daily media changes to maintain cell viability above 80%. 
Following preculture, the bioreactor-indenter workflow described above 
was performed on these explants using a cartilage-on-cartilage interface. 
Indentation was performed both before and 1 hr after bioreactor testing. 

2.6. Surface effect of cartilage stiffening 

For this particular question, we procured twenty-four explants from 
six freeze-thawed joints (six animals) and distributed them into four 
groups per animal: 1) surface intact, articulated, 2) surface intact, free 
swelling control (FSC); 3) surface removed, articulated and; 4) surface 

Fig. 1. Bioreactor-indenter workflow used to measure pre- and post-articulation stiffness.  

Fig. 2. A) Input displacement applied during indentation; B) Output load-displacement curve obtained during indentation. The region in the unloading phase from 
which the stiffness is measured is highlighted in red. It is worth noting that the force at the end of the load-displacement curve does not return to the setpoint value of 
7.5 μN, indicating relaxation of the tissue during this ~80s indentation protocol. 

C. Yuh et al.                                                                                                                                                                                                                                     



Journal of the Mechanical Behavior of Biomedical Materials 113 (2021) 104113

4

removed, FSC, resulting in six replicates per condition (n=6). Following 
explant preparation, on Day 2, a vibratome (Vibratome® Series 3000) 
was employed to remove 500 μm off the surface in the surface removed 
groups. Explants were fixed to a vibratome sample holder using 
cyanoacrylate super glue, and surface removal was performed sub
merged in 1× PBS to maintain tissue hydration. Following surface 
removal, explants were placed in fresh 1× PBS at 4◦C overnight. A 
complete removal of the superficial zone in the contact region was 
histologically verified. Because of the tissue’s inherent curvature, 500 
μm of surface removal was only applied for the contact region; no 
indentation measurements on the non-contact region of the tissue were 
performed. On Day 3, the bioreactor-indenter workflow described 
earlier was applied to the explants using 1× PBS as the lubricant and for 
1 hr of articular loading with an alumina counterface. 

2.7. Data analyses 

The cartilage stiffness values (kPa) used in analyses were the average 
of the 3 values in the 1x3 indentation array. This allowed us to use a 
randomized complete block design (RCBD) mixed model to assess each 
of the experiments performed in this study, where our separate “blocks” 
(in this case each animal used) can be represented as a random factor in 
our model (Dixon, 2016). Each of the blocks contains a complete set of 
experimental treatments, where the number of blocks and experimental 
treatments are the same. All analyses were performed using Design-
Expert® Software Version 11 and SPSS 22. For reference, the signifi
cance level was set at p=0.05. Power analyses were performed for all 
experiments to ensure a power of at least 0.8 at a significance level of 
0.05, which are detailed in the following paragraphs. 

The effect on cartilage surface stiffness of 1) location on explant 
(contact region, non-contact region), 2) time (pre-, post-1hr, post-3hr, 
post-6hr, post-20hr), and 3) counterface material (cartilage, cobalt- 
chromium, alumina), was analyzed using a three-way ANOVA with 
four replicates (n=4). The ANOVA was blocked relative to the four an
imals (b=4) used in the experiments, with one block per replicate, 
resulting in a RCBD. The ANOVA analysis yielded a regression model 
that was used to assess the effect of specific factor levels on surface 
stiffness, such as the stiffness versus time for each counterface. With four 
replicates, it was expected that effects of 0.52, 1.0, and 0.71 standard 
deviations (SD) would be detectable for location, time, and material, 
respectively, with a power of 0.8 at a significance level of 0.05. These 
effect sizes correspond to detecting differences of approximately 104 
kPa, 200 kPa, and 142 kPa due to location, time, and material, respec
tively, or of 37%, 71%, and 51%, respectively. Comparisons of these 
data to fresh tissue explants undergoing cartilage-on-cartilage articular 
loading were performed using pairwise comparisons. 

For the surface removal experiments (n=6), the stiffness data were 
analyzed using an animal-blocked (b=6), RCBD two-way ANOVA to 
assess the effect of 1) load (loaded vs. FSC), and 2) surface removal 
(surface-intact vs. surface-removal). Two ANOVA analyses were con
ducted: one on the cartilage stiffness values and another on the stiffness 
values normalized to (divided by) the pre-test cartilage stiffness values. 
With six replicates, an effect size of 1.22 SD or greater associated with 
load and/or surface removal should be detectable with a power of 0.8 at 
a significance level of 0.05. Given a representative SD of 50 kPa for these 
experiments, this effect size corresponds to being able to detect an effect 
of 61 kPa or greater stemming from any of these factors. 

Post-hoc pairwise comparisons were performed using t-tests to 
compare individual groups, such as the cartilage surface stiffness in the 
contact area versus that in the non-contact area post-1hr, or to compare 
the effect of the counterface materials on cartilage stiffness. Unless 
otherwise stated, the p-values quoted in the text were obtained from t- 
tests. Additionally, Shapiro-Wilks tests for normality of the normalized 
values were performed. 

3. Results 

The 3-way ANOVA model for the combined effect of location, time, 
and counterface material on the surface stiffness of the freeze-thawed 
cartilage samples was found to be statistically highly significant 
(p<0.0001), in association with the significant effect of time 
(p=0.0030), its interaction with location (p=0.0002), and the effect of 
material (p=0.0015) (Table 1). The model clearly shows transient 
stiffening of the cartilage surface in the contact area at post-1hr (Fig. 3), 
consistent with the significant time and time-location effects. The sig
nificant counterface material effect corresponds to the greater average 
stiffness obtained with cartilage-on-cartilage versus cartilage against 
cobalt-chromium and alumina. 

3.1. Cartilage-on-Cartilage articular loading effect on cartilage stiffness 

Baseline measurements of cartilage stiffness in the contact and non- 
contact regions for cartilage-on-cartilage articular loading indicated no 
significant differences between the contact and non-contact regions 
prior to bioreactor testing (p=0.30). In the post-loading assessment, 1 hr 
following the end of articular loading, cartilage stiffness was shown to 
be significantly increased in the contact region compared to baseline 
(p<0.0001). In contrast, non-contact regions exhibited no significant 
changes in stiffness compared with baseline at the 1 hr time point 
(p=0.88). At 3 hr post-loading and later, the average stiffness in the 
articulated region was shown to have decreased towards baseline 
(p=0.33) and resembled values of the non-articulated region (p=0.69). 

3.2. Counterbody material effect on cartilage stiffening 

The effect of material was shown to be highly significant 
(p=0.0015). Post-hoc assessment indicated that all three counterbody 
materials showed significantly higher stiffness at the 1 hr time point in 
the contact region compared to the non-contact region (Fig. 4) (p<0.05 
for all materials). To visualize relative stiffness changes (Fig. 5), the 
stiffness measurements were normalized to the stiffening response 
(post/pre-articulation) and the specific sample (contact/non-contact) 
(Equation 1). 
(

Post
Pre

)

Contact

/ (
Post
Pre

)

Non−Contact
(1)  

3.3. Cartilage stiffness changes after articular loading in live tissue 

Similar to the freeze-thawed explants presented in section 3.1, an 
RCBD ANOVA model assessing the cartilage stiffness response in live 
tissue was shown to be highly significant (p=0.006). Live explants were 
shown to have a significant increase in stiffness in the contact region 
compared to the non-contact region (p<0.001). Similar to freeze-thawed 
tissues, no significant differences were found between the baseline pre- 
loading cartilage stiffness values in the contact and non-contact regions 
(p=0.58), and between the pre- and post-loading stiffness values in the 
non-contact region (p=0.94) (Fig. 6). Overall, the relative stiffness 

Table 1 
Probability values for the 3-way ANOVA model on the 
effect of counterbody material, location, and time on 
cartilage surface stiffness.  

Variable p-value 

ANOVA Model <0.0001 

Time 0.0030 
Location 0.1189 
Material 0.0015 
Time-Location 0.0002 
Time-Material 0.1518 
Location-Material 0.8078  
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change of fresh tissue followed that of freeze-thawed tissue leading to a 
5.68 ± 0.19 (mean ± SEM) stiffness increase at the 1 hr time point, a 
value which is close to 7.38 ± 1.79 for freeze-thawed tissue. 

3.4. Surface removal effect on cartilage stiffening 

The 2-way ANOVA regression model for the effect of surface removal 
and tribological loading on cartilage surface stiffness was statistically 
highly significant (p=0.0042), with a significant load–surface removal 
interaction term (p=0.0115). This term arises because only the explants 
with an intact surface experienced stiffening with tribological loading 
(Fig. 7). This difference in behavior is even more clearly visible in a 2- 
way ANOVA model of the normalized (post/pre-test ratio) stiffness 
values (p=0.0006, Table 2). 

For this dataset, only contact region tissue stiffnesses were assessed. 
From post-hoc pairwise comparisons, it was found that prior to 

bioreactor testing, surface-removed cartilage explants exhibited signif
icantly higher (p<0.001) tissue stiffness values compared to animal- 
matched surface-intact explants. Thus, as expected, the underlying 
middle zone exhibited higher stiffness values compared to the superfi
cial zone at baseline (Schinagl et al., 1996; Wang et al., 2001). For the 
intact surface groups, loaded explants exhibited a significantly increased 
stiffening response following articular loading compared to the FSC 
explants, as expected (p=0.006). For the removed surface groups, there 
was no significant difference between loaded and FSC explants 
(p=0.927). When comparing loaded groups, the intact surface group 
had a significantly higher stiffening response compared to the removed 
surface group (p=0.013) (Fig. 7). 

4. Discussion 

With the advent of higher spatial resolution mechanical testing 

Fig. 3. Surface stiffness of the freeze-thawed cartilage as a function of time 
point in the contact location (red squares) and the non-contact location (green 
triangles), averaged over the three counterface materials (cartilage, cobalt- 
chromium alloy, and alumina). The effect of counterbody material is pre
sented in Section 3.2. Data (n=4, N=120) is presented as the regression Mean 
± Least Significant Difference (LSD) 95% Confidence Intervals. 

Fig. 4. Interaction plots of the counterbody material-time interaction for A) Cartilage-on-Cartilage, B) Alumina-on-Cartilage, and C) Cobalt Chromium-on-Cartilage. 
The contact and non-contact region cartilage stiffnesses for each material group is shown over time from end of articular loading. Data (n=4) is presented as Mean ±
LSD 95% Confidence Intervals. 

Fig. 5. Relative stiffness changes (determined by Equation 1) of each post- 
loading time group and each material for freeze-thawed cartilage. As 
observed from this visualization, at the 1 hr time point, the stiffness ratio of the 
cartilage counterface group is higher compared to the alumina and cobalt- 
chromium groups. Data (n=4) is presented as Mean ± LSD 95% Confi
dence Intervals. 
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methods, such as micro- and nanoindentation, it has become possible to 
study the surface mechanical properties of articular cartilage. While 
articular cartilage microindentation studies have been performed 
(McGann et al., 2014; Moshtagh et al., 2018; Wahlquist et al., 2017), to 
the best knowledge of the authors, there has been no study that in
vestigates cartilage stiffness changes after tribological challenge of the 
tissue. Therefore, the goal of this study was to determine longitudinal 
changes in surface stiffness due to combined compressive load and 
articulation as occurs in the knee joint during gait. 

The results of this study demonstrate that articular loading leads to 
an immediate increase in cartilage stiffness at the surface. Only the 
cartilage within the contact path experienced stiffening, while non- 
contact regions outside of the contact path remained unaffected. This 
stiffening effect is also transient, as the tissue had returned to baseline 
stiffness within 3 hr post-articular loading. The results also showed that 
the choice of counterface material matters: cartilage-on-cartilage led to 
higher stiffening than artificial materials after articular loading. The 
adaptive stiffening of the cartilage surface following articular loading 
may demonstrate the tissue’s ability to optimize its properties to a 
specific mechanical input. It may vary with the specific joint load and 
contact path (and thus activity). Interestingly, after removal of the 
surface the stiffening response due to articular loading is lost, suggesting 
that stiffening is a phenomenon of the topmost region of the superficial 
zone. 

Historically, cartilage stiffness changes in the context of osteoar
thritis has indicated tissue softening and not stiffening (Kempson et al., 
1970; Treviño et al., 2016; Waldstein et al., 2016). Yet, stiffening of 
cartilage has been observed in the context of nanoindentation during 
dehydration of the tissue (Boettcher et al., 2016; Han et al., 2018), as 
well as clinically with the formation of advanced glycation end products 
(AGEs) with age (Chen et al., 2002; McGann et al., 2014; Moshtagh 
et al., 2018; Verzijl et al., 2002). Specifically, AGEs induce the formation 
of covalent bonds of the collagen network, and as the stiffening response 
observed in this study was transient, it is unlikely that the stiffening 
mechanism following articular loading is due to AGEs-induced 
crosslinks. 

The stiffening effect observed may also be related to the topmost 
surface structure of the tissue. Previously, using phase-contrast micro
scopy, this topmost zone has been identified as the lamina splendens due 
to its particular appearance (MacConaill, 1951). Environmental scan
ning electron microscopy, extended surface forces apparatus, and 
atomic force microscopy images have revealed an amorphous (gel-like) 
zone on the surface of approximately ~4 μm thickness (Crockett et al., 
2005; Shoaib and Yuh et al., 2020). The boundary zone contains hya
luronan, glycoproteins, and phospholipids, likely adsorbed onto the 
cartilage from the synovial fluid (Crockett et al., 2007). Lubricin, one of 
the glycoproteins in the boundary zone, can form a negatively-charged 
brush-like structure that provides repulsion between opposing surfaces 
in an aqueous environment (Zappone et al., 2007). Based on this 
brush-like structure theory, one potential mechanism of cartilage stiff
ening could be that these brushes “flatten” during articular loading in 
the contact area. Nevertheless, lubricin can stretch at most ~200 nm (its 
length), and hence, the boundary zone indented here (8 μm) cannot be 
solely composed of this brush-like structure (Swann et al., 1981; 

Fig. 6. Interaction plot showing the effect of cartilage-on-cartilage articular 
loading on cartilage stiffness on live cartilage explants (n=2). The cartilage 
stiffening that was observed in articulated freeze-thawed explants (shown 
above) was also observed in articulated live tissue. The horizontal green 
interaction line, representing the non-contact region, shows no change in 
stiffness before and after bioreactor testing. The sloped red interaction line, 
representing the contact region, indicates a stiffening response after applied 
articular load. Data (n=2) is presented as Mean ± LSD 95% Confi
dence Intervals. 

Fig. 7. Interaction plot of 2-way ANOVAs for the effect of surface removal in 
conjunction with articular loading on surface stiffness of cartilage explants, 
presented in terms of normalized (post/pre-test ratio) cartilage stiffness. The 
horizontal green interaction line indicates that for explants with a removed 
surface, no significant difference exists between the FSC and Load groups. In 
contrast, the sloped red interaction line demonstrates that for intact cartilage, 
tissue stiffness remains the same in the FSC condition and increases when load 
is applied. Data (n=6, N=24) is presented as the regression Mean ± LSD 95% 
Confidence Intervals. 

Table 2 
Probability values for the 2-way ANOVA models on the 
effect of surface removal and tribological loading on 
cartilage surface stiffness. The resulting models are shown 
graphically in Fig. 7.  

Variable p-value 

ANOVA Model 0.0006 
Load 0.0048 
Surface Removal 0.0045 
Load-Surface Removal 0.0095  
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Zappone et al., 2007). It has been hypothesized by Crockett et al. that 
hydrophobic bonds between the phospholipids and glycoproteins or 
hyaluronan within the amorphous gel-like zone may be forced to form 
upon compression, during which fluid exudation occurs, thereby leading 
to a transient change of the structure (Crockett et al., 2007). It is 
therefore possible that the flattened brush and the collapsed surface 
gel-like layer justify the observed increase in stiffness of the upper region 
of the superficial zone that is measured in these microindentation 
experiments. 

In addition, collagen binding molecules may play a role in the stiff
ening response by forming molecular complexes. According to Heine
gård and Saxne, collagen fibers can be crosslinked through binding 
interactions of COMP, collagen IX, decorin, and matrilin-3 (Heinegård 
and Saxne, 2010). Heinegård’s work suggested that complexes of these 
molecules are formed in order to bind collagen fibers. Therefore, it is 
possible that, as fluid is exuded during articular loading in the contact 
region, compression of the solid matrix decreases the proximity between 
collagen fibers in the superficial zone, potentially enhancing temporary 
crosslinking of these molecules between fibers. As these molecules bind 
the fibers, it may provide stabilization to the fibrillar network that 
manifests as micro-scale stiffening following articular loading. Such a 
mechanism has been described by Nagel and Kelly (2013). In their 
model, crosslinked collagen fibers were shown to be recruited earlier 
when the network is stretched compared to fibers that are not cross
linked, which led to an increase in stiffness. 

A third potential mechanism behind tribologically-induced stiffening 
may be related to the tensioning of the parallel collagen fibers in the 
superficial zone. Tensioning of these fibers may occur due to the buildup 
of fluid pressure in the contact region, as a highly pressurized conver
gence wedge develops on the edge of the region during sliding (Moore 
and Burris, 2017, 2014). Increased fluid pressure in the contact may lead 
to an increase of tension of the fibers and, thus, a decrease of their 
compliance to axial loading (Chahine et al., 2004). 

In the short-term experiments of this study, it was found that the 
cartilage groups that underwent rigid-on-cartilage articular loading still 
exhibited stiffening, albeit less compared to the cartilage-on-cartilage 
groups. The effect of stiffening was largest for the cartilage-cartilage 
contact (7×), while both cobalt-chromium and alumina contact only 
stiffened the cartilage surface to approximately half of this value. This 
may be related to competing effects of surface damage and adjustment. 
In the tissue’s hydrated state, the charge of biological macromolecules 
within the boundary zone may be screened by the ions present in the 
aqueous phase (from the lubricant). However, the decrease in water 
content leads to a concurrent increase in charge density within the 
boundary zone, which may enhance the electrostatic repulsion at the 
interface. When the load is removed, the rehydration of the boundary 
layer progresses as time passes, and the gel-like structure may be 
allowed to reform, explaining the transient nature of the response 
observed. Previous work from our group has shown that articular 
loading applied using a cobalt-chromium counterface leads to a higher 
amount of proteoglycan release compared to cartilage-on-cartilage 
articular loading (Treviño et al., 2016). Similar observations have 
been made with alumina counterfaces (Wimmer et al., 2020). Thus, 
loading such artificial materials against cartilage may compromise the 
gel-like layer, and with the release of charged proteoglycans from the 
boundary zone, a reduction of repulsion within the interface may occur. 
This could therefore further justify the more prominent stiffening 
observed in the cartilage-on-cartilage articular loading group compared 
to alumina-on-cartilage or cobalt chromium-on-cartilage groups. 

Although reports of microindentation of cartilage have increased 
significantly over the past decade, one of the challenges of this field is 
the determination of the appropriate analysis method. In this study, 
because it was specifically of interest to measure the cartilage response 
immediately after loading and articulation, the tissue stiffness was 
measured in non-equilibrium conditions. In order to mitigate nonlinear 
effects, we applied the same indentation depth and identical relaxation 

times throughout testing, thus providing grounds for stiffness compari
son. In order to better control for changing conditions due to articula
tion, we took measurements inside and outside the contact zone on the 
same tissue samples. The Oliver Pharr method was chosen for this study 
due to its simplicity. The Oliver Pharr method has been applied for 
indentation of materials that have nonlinear unloading curves and has 
been widely used in cartilage indentation in the literature (Gupta et al., 
2005; McGann et al., 2014; Moshtagh et al., 2018). This method has also 
been described to be useful in determining trends of cartilage stiffness as 
a result of experimental testing conditions (Han et al., 2011). Further
more, using a small spherical indenter made of diamond, we did not 
observe adhesion, an artifact that has been reported for larger indenter 
sizes that can lead to overestimation of tissue stiffness in the indentation 
analysis using the Oliver-Pharr method (Kohn and Ebenstein, 2013). 

However, it is crucial to note that the Oliver Pharr method can only 
assess the solid contributions to stiffness and does not provide time- 
dependent properties of the tissue. Therefore, a limitation of the pre
sented study is that by using the Oliver Pharr method, the fluid fraction 
contribution to the stiffness behavior observed is not captured. Alter
native models of analysis have been recently developed that incorporate 
nonlinear biphasic and poroelastic parameters that are more represen
tative of the time-dependent properties in articular cartilage (Moore and 
Burris, 2014; Oyen, 2013). However, the assumptions of these complex 
analysis models are not met in our study, as we indent the tissue 
immediately after articular loading when it is driven out of equilibrium. 
The fluid’s contribution to tissue stiffness during compressive load has 
been widely investigated, and therefore, it is thought that stiffness is 
attributed to fluid pressurization in cartilage (Ateshian, 2009; Ateshian 
et al., 1994; Bachrach et al., 1998; Mow et al., 1980; Spilker et al., 1990). 
More recently, increasing evidence has also shown that sliding leads to 
tribological rehydration at the surface of the tissue (Burris et al., 2019; 
Graham et al., 2018). Such a mechanism could have implications on the 
stiffness of the top-most gel-like layer (Lin et al., 2020; Raviv and Klein, 
2002; Shoaib and Yuh et al., 2020). While it has been shown that fluid is 
a driver of stiffness behavior in cartilage, it has also been extensively 
reported that alterations to the solid matrix can change the stiffness 
behavior of the tissue (Basalo et al., 2004; Hosseini et al., 2013; 
Khoshgoftar et al., 2018; McGann et al., 2014; Moshtagh et al., 2018; 
Waldstein et al., 2016). Changes of the solid phase can also have major 
implications in the context of osteoarthritis, as it is the specifically the 
solid matrix that degrades. Nonetheless, in the future, it will be impor
tant to explore time-dependent analyses methods to capture the fluid’s 
contribution as well. 

There are additional limitations of this investigation. One of the 
challenges was that the duration of each bioreactor-indenter workflow 
experiment for each explant had to be performed individually over 
several hours per day. Therefore, freeze-thawed tissue samples were 
used to assess the transient stiffening response after 3 hr of loading. 
Three hours was chosen because the number of cycles approximately 
represents the daily walking cycles of an adult. Unlike the time-/mate
rial-dependence experiments, all four groups of surface removal ex
plants were performed within one day to minimize experimental 
artifacts that could occur over performing separate independent exper
iments on different days. This was only possible by reducing the time of 
articular loading to 1 hr. Even with this low loading duration, the 
stiffening response was still observed in these experiments. Further, it is 
also important to note that the lubricants between the time-/material- 
dependence experiments and surface removal experiments were 
different. During surface removal, a large volume (>150 mL) of 1× PBS 
had to be used as the bath solution since the lubricant is colorless and 
clear, allowing the surface removal process to be better observed to 
increase precision. Because the explants in the surface removal study 
were placed in 1× PBS during surface removal, 1× PBS was also used 
during bioreactor testing as the bath solution instead of culture media to 
maintain consistency. The normalization performed in the surface 
removal studies also did not include the non-contact region, as this 
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region was not measured due to the convexity of the tissue, as mentioned 
above. Finally, it is important to note that the tissue source used for this 
study was juvenile bovine cartilage. Thus, the stiffening response 
observed in these findings is a feature of young cartilage and has to be 
confirmed for adult tissue. 

In future work, the time-dependent stiffening response will be 
investigated between 1 and 3 hr post-articulated in smaller time in
crements to assess the rate at which cartilage stiffness decreases towards 
pre-articulated values. Additionally, the mechanism(s) behind the 
findings of this study will be investigated, such as assessing the potential 
role of biochemical constituents and/or lubrication parameters in 
cartilage stiffening. 

5. Conclusion 

In this investigation, cartilage stiffness at the surface was assessed 
immediately following tribological challenge. The results of this study 
demonstrated that the cartilage surface transiently stiffens as a result of 
articular loading. It was also found that using a cartilage-on-cartilage 
interface led to higher stiffening compared to using artificial counter
face materials. This stiffening response was also shown to be a unique 
feature of the superficial zone, as surface removal attenuated this 
response. Cartilage stiffness is a mechanical indicator of cartilage health 
and has been reported to decrease in pathological tissue (Broom and 
Flachsmann, 2003; Hosseini et al., 2013; Waldstein et al., 2016). As one 
of cartilage’s primary functions is to bear load, tissue stiffness may be 
involved in sustaining the tissue’s resistance to over-loading, thereby 
preventing damage to the tissue. The findings of this study suggest that 
the cartilage surface may adapt its stiffness as a response to mechanical 
loading, and this adaptive stiffening may compete with wear-induced 
softening. The loss of stiffening response when the superficial zone is 
removed may indicate a loss of load bearing function, which may also 
have implications in osteoarthritic cartilage where this layer is 
compromised. Finally, the bioreactor-indenter workflow presented in 
this study can be expanded to provide additional perspectives on the link 
between changes in surface stiffness and biochemical constituents due to 
cartilage articular loading. 
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