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Abstract

Background Microindentation is a technique with high sensitivity and spatial resolution, allowing for measurements at
small-scale indentation depths. Various methods of indentation analysis to determine output properties exist.

Objective Here, the Oliver-Pharr Method and Hertzian Method were compared for stiffness analyses of articular cartilage
at varying length-scales before and after bioreactor loading.

Methods Using three different conospherical tips with varying radii (20, 100, 793.75 um), a bioreactor-indenter workflow
was performed on cartilage explants to assess changes in stiffness due to articular loading. For all data, both the Oliver-Pharr
Method and Hertzian Method were applied for indentation analysis.

Results The reduced moduli calculated by the Hertzian Method were found to be similar to those of the Oliver-Pharr Method
when the 20 um tip size was used. The reduced moduli calculated using the Hertzian Method were found to be consistent
across the varying length-scales, whereas for the Oliver-Pharr Method, adhesion/suction led to the largest tip exhibiting an
increased average reduced modulus compared to the two smaller tips. Loading induced stiffening of articular cartilage was
observed consistently, regardless of tip size or indentation analysis applied.

Conclusions Overall, geometric linearity is preserved across all tip sizes for the Hertzian Method and may be assumed for
the two smaller tip sizes using the Oliver-Pharr Method. These findings further validate the previously described stiffen-
ing response of the superficial zone of cartilage after articular loading and demonstrate that the finding is length-scale
independent.
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Introduction

Mechanical properties of articular cartilage have been inves-
tigated using indentation testing for decades [1], with the
technique gaining significant momentum since the advent
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of micro- and nanoindentation systems in the early 2000s
[2—4]. Instrumented small-scale indentation is a testing tech-
nique with high sensitivity and spatial resolution, allowing
for measurements at nano- and micro-scale force levels in
the assessment of hierarchal structures of materials. As the
name suggests, microindentation can be simply described
as a mechanical test that is performed using a micron-sized
indenter and/or small indent depths, allowing for the deter-
mination of the properties of the microstructure of materials.
This method is specifically useful for determining the pen-
etration force versus the indentation depth of materials and
has been useful in multiple fields of materials science [5].
In the case of biological soft tissues and biomimetic
materials, such as hydrogels, extensive research efforts have
been made towards improving indentation protocols for the
purpose of developing indentation material models to find
potential relationships between mechanical, structural, and
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biochemical properties of the tissue [6—9]. Microindentation
has also been used to determine changes in the tissue under-
going experimental or pathological induction [5]. Such stud-
ies include investigating the mechanical differences between
osteoarthritic vs. healthy tissue, and/or assessing the effect
of advanced glycation end products crosslinking on cartilage
stiffness [10, 11]. Our own studies addressed transient stiff-
ening of the superficial zone cartilage after articulation and
loading [12]. These demonstrate that microindentation is a
sensitive technique capable of detecting such biochemical
changes at the micron-level.

Although microindentation has been used extensively
to assess the mechanical properties of articular cartilage
(over 120 papers in PubMed), multiple challenges still
remain. One particular challenge is determining the appro-
priate analysis method. The Oliver-Pharr Method [13]
is considered the “gold standard” analytical method for
materials that exhibit classical stress—strain curves, such
as metals. This method is applied to the unloading portion
of the load—displacement curve, which isolates the elas-
tic response from material plastic yielding. Therefore, in
a biphasic material, such as articular cartilage, by focus-
ing on the unloading portion of the curve, the output stiff-
ness is that of the solid phase and does not account for the
fluid contribution towards the tissue’s behavior. In articular
cartilage, the highly biphasic nature of the tissue [9, 14]
and the intrinsic viscoelasticity of the collagen network [6]
result in time-dependent and non-linear material behaviors
at given indentation input parameters (e.g., high indentation
strains), all of which are factors that can invalidate the linearity
assumptions that are used in the Oliver-Pharr Method. The
non-linearity of the tissue results in a length-scale depend-
ency of the tissue, as indentation output calculations are
dependent on the contact area between the indenter and the
sample surface.

Another commonly used elastic contact model, the
Hertzian Method, fits along the loading portion of the
load—displacement curve. By focusing on the loading
portion, the Hertzian Method does not isolate the elastic
response of the sample as the Oliver-Pharr Method does.
Thus, the output stiffnesses measured using the Hertz-
ian Method is a combined stiffness that includes both the
stiffness contributions of the fluid phase and solid phase.
Additionally, in soft and/or hydrated materials, accurate
determination of the point of contact on hydrated soft
materials can be challenging. For example, in addition to
noise, the surrounding fluid can interfere in defining the
point of contact on low elastic moduli materials, in that
forces from the fluid, instead of the sample, are incorrectly
detected. This leads to inaccuracies in calculations of out-
put stiffness measurements. A recent publication by Garcia
et al. identified a relationship between the first derivative
of the force relative to the displacement to determine the

&

Hertzian elastic modulus without requiring the local dis-
placement of the point of contact [15], therefore improv-
ing the accuracy of indentation output measurements.

One particular challenge of both of these contact models
includes artifacts introduced by adhesive contact or suction
during the indentation protocol, especially when indenting
soft materials. Adhesion can be a result of structural-chemical
adhesive binding effects between the sample and the tip,
whereas suction is due to the formation of a vacuum in
biphasic materials as fluid movement occurs during the
indent [16, 17]. In either condition, the tip to sample con-
tact during indentation can be affected by “jumps” into and
out of contact. In the Oliver-Pharr Method, since analysis is
performed on the unloading portion of the curve, a “jump”
depicted by a sharp drop of force induced by adhesion or
suction can lead to an overestimation of stiffness. Alterna-
tively, when using the Hertzian method, adhesion can cause
a “jump” into contact, making it difficult to determine the
true point of contact, also leading to erroneous calculations
of mechanical properties. Indentation artifacts such as adhe-
sion and suction effects may be length-scale dependent [16,
18], and it is important to avoid using input parameters that
would lead to such an erroneous response. Despite these
caveats, both models have been used in the mechanical
characterization of soft tissues and materials and the iden-
tification of changes in properties due to various complex
experimental conditions [10, 11, 15, 19].

In this body of work, it was of interest to use microinden-
tation to assess whether the mechanical surface properties
of cartilage are affected by stresses induced by joint loading
and articulation, with the overarching goal to further the
understanding of structure—function relationships at vari-
ous length-scales. It has been consistently reported that the
effects of loading and sliding can have major implications
on tissue function and health [20-23]. In our previous work
[12], we observed that articular cartilage exhibits a stiffening
response after combined articular loading. Most notably, we
found that this response is specific to the superficial layer
of the tissue. The loss of this response when the surface is
removed may indicate that this articulation-induced stiffen-
ing response may be important in keeping cartilage tribo-
logically sustainable during articular loading.

Therefore, the purpose of this presented work was to per-
form a follow up study to provide additional verification of
the articular loading-induced stiffening response. More spe-
cifically, the goals of this study were to determine how both
cartilage stiffness and articular loading-induced stiffening
would respond when varying the indentation length-scale
and when using different indentation analysis methods. To
achieve this, microindentation was performed before and
after tissue testing in a bioreactor that mimics joint loading
and articulation [12, 24]. Length-scale dependencies were
investigated by using conospherical tips of various radii.
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We also sought to compare the Oliver-Pharr Method, which
assesses the stiffness parameters in the unloading phase, to
the Hertzian Method, which assesses the stiffness parameters
in the loading portion of the curve. To mitigate challenges in
detecting an accurate contact depth (due to noise, ‘“jump into
contact” from adhesion, etc.), we used the modified Hertzian
Model described in Garcia et al. [15].

Theory

For analyzing static indentation curves, two commonly used
elastic contact analysis methods include the Oliver-Pharr
Method and the Hertzian Method to determine the reduced
modulus (E*). These methods assume an isotropic, time-
independent, and elastic material model during indentation
testing. As E* is the “effective” or “reduced” modulus, this
parameter also accounts for both the material of interest’s
and the indenter’s elastic moduli (E) and Poisson’s ratios
(v), and is also defined as:

()
Ex E cartilage E indenter

Because cartilage is a relatively soft material, the indenter
material, such as the commonly used diamond or sapphire,
is usually much stiffer. Thus, the resulting E* can be consid-
ered to be comparable to the value of %

Hertzian Method

The Hertzian Method is a classically used elastic contact
model used in indentation analysis, first determined in 1882
by Heinrich Hertz [25]. The Hertzian relationship between
force P and displacement 4 when using a spherical probe on
an elastic half-space was defined as [26]:

P=(‘3-‘>(E*R%(h—ho)3) @

where A, is the displacement at which contact is made
between the indenter and the sample, and R is the radius
of the spherical tip. This method is based on Hooke’s law,
and therefore follows linear elasticity assumptions. More
than half a decade later, in 1951, David Tabor empirically
determined the average indentation stress o* and indentation
strain £* in metals, with a as the contact radius [27]:
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Because the exact initial point of contact between the
indentation tip and the substrate can be difficult to determine
for cartilage and other soft materials, a modified Hertzian
Contact model was used for the analysis. Here, the tradi-
tional Hertzian force—displacement model is recast in terms
of the first-derivative of the contact force with respect to
the indenter position. This modification presented in Garcia
et al. removes the need to input the initial point of contact
hy to determine E*, and is defined as:

P=3((3) () P

Oliver-Pharr Method

In 1992, Oliver and Pharr published an experimentally deter-
mined method to define the E* using the force—displacement
relationship determined by Sneddon in the mid-1900s [13].
Sneddon’s model defines the relationship between the force
P and displacement £ as a power-law fit of initial portion of
the unloading phase, where a and m are the power-law fit
coefficients, and hf is the final depth [28]:

P=a(h—h)" (©)

By fitting a load—displacement curve to this power-law in
Eq. 6, the initial stiffness S can be calculated at the begin-
ning of the fitted region on the unloading phase by taking
the derivative of the force respective to the displacement:

_dP

§=— (N

In spherical indentation, using either a theoretical or
experimentally obtained tip area function A(h,), where A, is
the depth of the indenter in contact with the sample and R
is the radius of a conospherical tip, the E* can be calculated
from the following equations:

A(h.) = —x(h,)* +2xR(h,) ®)

_ SV

2y/A(h,)

E* ©)

Length-Scale Dependency and Linearity
Assumptions

It is important to note that the elastic models used in the
indentation analysis methods presented here assume lin-
earity [29]. More specifically, in a non-linear material,
such as cartilage or other soft hydrated materials, the linear
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range of the load—displacement curve would be defined as a
range of indentation strains where the resultant contact area
A, has a linear relationship with the resultant stiffness S.
Therefore, in this linear range, the output E* measurements
should be the same regardless of indentation strain applied.
In the context of this particular length-scale experiment,
geometric linearity was assessed through using varying
tip sizes. As the tip size used increases, the contact area
between the sample and the tip also increases, therefore
changing the underlying indentation strain in the contact.
In order to use either the Oliver-Pharr Method or the Hertz-
ian Method, it is imperative to meet this linearity assump-
tion to obtain accurate measurements of E*. Therefore,
an aim of this particular study was to assess cartilage E*
at varying length-scales before and after articular loading
to assess whether the responses observed were within the
linear range necessary to use the presented contact models
for analysis.

Experimental Procedures
Tissue Procurement and Materials

Eighteen articular cartilage 14 X20X 3 mm oval explants
from six live 6-8-month-old bovine stifle joints were
removed from the subchondral bone of the trochlear groove.
All explants were removed from the trochlear groove of
each stifle joint using a custom oval punch and placed
into fresh 1 X PBS at 4 °C until the day of testing (no more
than 24-48 h after procurement). From each animal, three
explants were removed and distributed into three experimen-
tal groups that represent the conospherical indenter sizes
that were used for this study: 20 um, 100 um, and 793.75 pm

Fig.1 A Hysitron TT 950

Microindentation: Hysitron Tl 950

Nanoindenter (top-left) was Stress relaxation indentation
used to perform displacement-
controlled indentation. The
input displacement and output
load are shown (bottom). A
custom bioreactor system (right)
was used to apply articular load
to cartilage explants. Together,
these devices were used to
perform a combined bioreactor-
indenter workflow (bottom-left)

Combined Bioreactor-Indenter Workflow

(1/16") radii tips (n=6). The tip material of the largest tip
was alumina, whereas the other two tip materials used were
diamond.

Microindentation Protocol

In this study, microindentation stress-relaxation curves were
obtained using the Hysitron TI 950 Nanoindenter (Bruker
Inc, Minneapolis, MN) (Fig. 1). Prior to indentation, the
explants were fixed using cyanoacrylate (Loctite® Gel Con-
trol Super Glue) to a custom PEEK sample holder that allows
for sufficient clearance under the indenter transducer and for
the addition of fluid to fully submerge the cartilage explant.
The sample was then placed under a microscope optic in the
indenter system to determine the point of indentation, where
the local height of the indentation point was first determined
without fluid in the sample holder. Once surface determina-
tion was complete, fluid was added back to fully submerge
the explant. Indents were performed as an automation of 3 x 1
indents positioned 100 pm apart. The initial point of contact
was determined by setting a 7.5 uN setpoint. The respective
tip size for each sample was used based on the group that the
sample was in (20 um, 100 um, or 793.75 um).

For each indent, a static displacement-controlled indenta-
tion protocol was applied. In energy-dissipating materials,
such as cartilage, applying a held strain leads to a decrease in
load over time, characteristic of stress relaxation. Therefore,
for this particular protocol, when contact was determined,
a 0.75 pm tip retraction is initially applied, followed by a
“loading phase” at 0.8 um s~! to a peak displacement of
8 um, then a 60 s “hold phase” to allow for stress relaxa-
tion, followed by an “unloading phase” at -0.8 um s~! back
towards 0 pm displacement.

Bioreactor: (Wimmer et al., 2004)

Compression + Articulation + Migrating Contact

2] i vt Lowing

&

t

2 1, 40 NLoad (~2MPa)
Z 2. 415 Atculation @ 0.5 Hz
3. +75' Migrating Contact @ 0.1 Hz

Bk
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Bioreactor System

A dual-axial joint simulator capable of applying complex
motion patterns onto cartilage explants was used to simu-
late joint articular loading in vivo (Fig. 1) [24, 30]. This
system utilizes two rotational stepper motors and a linear
stepper motor to apply various motions. One rotational
motor applies articulation using an alumina 32-mm @ hip
ball intended to simulate sliding induced by motions such as
flexion/extension of the knee or hip. The second rotational
motor applies a curvilinear migrating contact path onto the
cartilage explant, to simulate movements such as internal/
external rotation and anterior/posterior translation. Together,
these rotational motors are capable of replicating the vary-
ing combinations of sliding and rolling motions that exist in
the knee joint. Finally, the linear actuator can provide either
static or dynamic compression onto the cartilage explants,
with 40 N approximately equivalent to 2 MPa of contact
pressure, as observed in the knee joint [31].

Altogether, static 40 N confined compression and 0.5 Hz
of + 15° articulation from a 32-mm @ alumina hip ball is
applied onto the cartilage explants. The alumina ball is
migrated 5.2 mm across the cartilage surface at a frequency
of 0.1 Hz. In this study, articular loading was performed
submerged in fresh 1XPBS for 60 min.

Bioreactor-Indenter Workflow

For each explant, a bioreactor-indenter workflow [12] was
performed (Fig. 1). On the day of testing, cartilage explants
were fixed in position to the indentation sample holder using
cyanoacrylate glue and placed in the indentation device for
a baseline microindentation measurement in the center/con-
tact and left/periphery regions. Following the initial stiffness
assessment, the explant is gently removed from the indenta-
tion sample holder and placed into the bioreactor system for
articular loading application against a 32-mm @ alumina
hip ball for 60 min. Immediately following bioreactor test-
ing, the sample is transferred back to the indentation device,
and the microindentation protocol is repeated in the center/
contact and left/periphery regions.

Data Analysis

For indentation analysis, both the Oliver-Pharr Method and
the Hertzian Method were performed for assessment of car-
tilage E*. Using the Oliver-Pharr Method, for each tip size,
Eq. 8 was used to calculate each respective idealized area
function A(h,). The Oliver-Pharr Reduced Modulus (EZP)
was calculated on the Oliver-Pharr power law fit of the
80-95% portion (i.e., beginning, see Fig. 2) of the unloading
curve using the accompanied Hysitron Triboscan software.
For the Hertzian Method, the modified relationship in Eq. 5

Load Displacement Curve

30

Holding

N
o

Force (12N)
o

10

0 2 4 6 8
Displacement (x:m)

Fig.2 Output load—displacement curve obtained during indentation.
The portion of the unloading phase from which the Oliver-Pharr stiff-
ness is measured is highlighted in red. The portion of the loading
phase where the Hertzian Model is fit is shown in blue. Note that the
force at the end of the load—displacement curve does not return to the
setpoint value of 7.5 puN (due to relaxation of the tissue).

was applied to the linear portion of the loading phase to
calculate the Hertzian Reduced Modulus (E:{Z).

All statistical analyses were performed using Design
Expert 13 (Stat-Ease Inc., Minneapolis, MN) and SPSS
v22 (IBM, Armonk, NY). Normality and homoscedasticity
were confirmed using a Shapiro Wilks Test and Levene’s
Test, respectively. The data were then analyzed using a two
factor-interaction 4-way ANOVA model (n=6, Power > 80%
for all model factors). More specifically, the four input fac-
tors of this ANOVA model were tip radius (20 vs. 100 vs.
793.75 pm), bioreactor testing (before vs. after), region on
the explant (contact vs. periphery), and analysis method
utilized (Oliver-Pharr Method vs. Hertzian Method), while
our output variable for this ANOVA model was E*. Post-
hoc tests were performed to assess statistically significant
differences between tip radii using Bonferroni corrections.
Because all other factors (except tip radius) only had two
levels, the resulting main effects were sufficient to indicate if
a significant difference exists for these factors without need
of further post-hoc tests. For all analyses, the significance
level was defined as a=0.05.

Results

4-way ANOVA Model Results

The statistical model generated using a 4-way ANOVA was
found to be highly significant (p <0.0001) overall. All main

effect terms (Tip Radius, Bioreactor Testing, Analysis Method,
and Region) were found to be significant. Only two interaction
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Table 1 4-way ANOVA Model Terms and Significance

Term p-value

Model p<0.0001
Tip Radius p<0.0001
Bioreactor Testing p=0.0019
Analysis Method p<0.0001
Region p=0.0140
Tip Radius X Bioreactor Testing p=0.1749
Tip Radius X Analysis Method p<0.0001
Tip Radius X Region p=0.9438
Bioreactor Testing X Analysis Method p=0.9142
Bioreactor Testing X Region p<0.0001
Analysis Method X Region p=0.8371

terms, [Tip Radius X Analysis Method] and [Bioreactor Test-
ing X Region] were observed to be significant. All model terms
and their associated p-values can be found in Table 1.

Length-Scale Dependency of Cartilage Indentation
Stiffness at Baseline

Bonferroni post-hoc comparisons were performed to assess
differences between the tip radii used in this study. First, it
was of interest to assess whether there exists a length-scale
dependency on baseline indentation results (no applied artic-
ular load) for each analysis method. Based on post-hoc com-
parisons of baseline (pre-articulation) Egp values from the
resulting 4-way ANOVA model, no significant differences

(a)

Comparison of Indentation Analysis Method

3000 . Oliver Pharr
A Hertz
2500 —
2000 /E
—_ //
o p
X -
X 1500 e
{u e
1000 —| s
E/
500 E )
0
I I I
20 100 793.75
Tip Radius (um)

Fig.3 a Interaction plot showing baseline average E* +Least Sig-
nificant Difference 95% Confidence Interval values using the Oliver-
Pharr Method (red squares) and Hertzian Method (green triangles).
Averages were taken for all indents performed on each explant before

&

were observed between the Egp obtained using the 20 and
100 um tip radii within either the contact (p>0.05) or the
periphery regions (p >0.05). On the other hand, it was found
that the EgP values of the largest tip size were on average
significantly larger compared to both of the smaller tip sizes
(100 vs. 793.75: p=0.0024 and 20 vs. 793.75: p=0.0190)
(Fig. 3a). In contrast, using the Hertzian Method, fitting the
data from the loading phase, it was found that the E;Z of all
three tip groups were more comparable to each other than
what was observed using the Oliver-Pharr Method. Most
notably, it was observed that the largest tip size exhibited
no significant differences in E;Z compared to either of the
smaller tip sizes (p>0.05) (Fig. 3b).

Upon further inspection, it was found that the load—
displacement curves of the 793.75 um tip group exhibited a
“jump out of contact” indicating an adhesion and/or suction
artifact, depicted as a fast decrease in load leading to nega-
tive force at the beginning of the unloading phase (Fig. 4,
top-right panel). The large E(*)P found in this particular group
was therefore attributed to an overestimation due to this
response. Interestingly, the loading curves for all indents
indicated no “jump into contact”, which would be charac-
teristic of an adhesion response. Therefore, we assume,E;Z
has not been affected by these artifacts. EgP values were
also generally observed to be significantly larger (approxi-
mately double) compared to the E;Z values within the same
groups and regions (except for that of the largest tip due to

the overestimation of Egp).

(b) Contact Region

Tio Comparison Oliver-Pharr Hertzian
P P Significance Significance
20 vs. 100 p>0.05 p>0.05
100 vs. 793.75 p=0.0024 p>0.05
20 vs. 793.75 p=0.0190 p>0.05
Periphery Region
Tib Comparison Oliver-Pharr Hertzian
P P Significance Significance
20 vs. 100 p>0.05 p>0.05
100 vs. 793.75 p=0.0021 p>0.05
20 vs. 793.75 p=0.0086 p>0.05

articular loading was applied. b Post-hoc tests were performed to
assess significant differences between tip radii for each analysis
method within each region. Note that Fig. 3a visualizes the pooled
data from both the contact and periphery regions
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20 ym Tip

Load-Displacement Curve

BEFORE

d (um)

Load-Displacement Curve

100 um Tip

Load-Displacement Curve

793.75 um Tip

Load-Displacement Curve

F (uN)

d (um)

Load-Displacement Curve

AFTER
F (N

0 1 2 3 5 6 7 8

4
d (um)

Fig.4 Representative curves for each tip group, before and after bio-
reactor testing. The unloading phase for each plot is depicted in red.
In the largest tip group, there is a clear “jump out of contact” artifact

Finally, because a highly significant interaction effect of
[Tip Radius X Analysis Method] was observed in the 4-way
ANOVA results, comparisons between analysis method (Oliver-
Pharr Method vs. Hertzian Method) on baseline E* values at
the varying tip sizes were assessed. EEP and E:[Z were found
to be non-significantly different only for the 20 pm tip size
(p>0.05). For the 100 and 793.75 um tip sizes, there was a
statistically significant difference between the Oliver-Pharr
Method and Hertzian Method E* calculations (p <0.001).

Verification of Geometric Linearity

Based on the baseline E* data, geometric linearity was
confirmed for the strains applied by the 20 and 100 um
tip groups for EZP. It is important to note that while the
793.75 um tip group exhibited significantly larger E, val-
ues, as aforementioned, it is likely that this disparity is unre-
lated to non-linear material effects as geometric linearity was
observed when using the Hertzian Method for all three tip
sizes, as all tip groups demonstrated non-significant differ-
ences to each other (p>0.05) in E:IZ in all indented regions
prior to articular loading (Fig. 3b). Rather, we attribute this
overestimation of Egp to the “jump out of contact” between
the indentation tip and the cartilage sample. These findings
indicate that the use of any of these tip sizes, except in the
case of the largest tip size for the Oliver-Pharr Method, at

0 1 2 3 5 6 7 8

d (um)

present in the unloading phase of the load—displacement curve prior
to articular loading (top-right panel)

the nominal indentation depth of 8 um fulfilled the linearity
assumption necessary for both analysis methods.

Effect of Articular Loading on Cartilage Stiffness

The 4-way ANOVA indicated both the main effect for
[Bioreactor Testing] and the interaction effect [Bioreac-
tor Testing X Region] to be highly significant on cartilage
E* (Table 1). Regardless of indentation contact model used
and tip size, overall, the contact region of the tissue exhib-
ited increased E* values after articulation compared to their
respective baseline measurements, indicating a stiffening
response (Fig. 5). In contrast, no stiffening response was
observed for the periphery region before and after bioreactor
testing. The average stiffening factors calculated by taking
the ratio of average post-articulation E* divided by average
pre-articulation E* (Post:Pre) for the contact region using
the Oliver-Pharr Method were 4.73, 2.16, and 1.75, for the
20, 100, and 793.75 um tips, respectively. Using the Hertz-
ian Method, the related stiffening factors were found to be
3.88, 3.17, and 3.25. These values are depicted visually in
Fig. 6 for the 20 and 100 pm tip sizes. No significant differ-
ences in the stiffening ratios were found (p > 0.05).

Finally, based on Bonferroni post-hoc comparisons between
tip radii in the context of cartilage stiffening, when using the
Oliver-Pharr Method, the resulting E*OP indicated that healthy
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Oliver Pharr Method

(@

- Before
A After

3500 —
3000
2500

2000

E* (kPa)

1500 -

1000 — E P

500 —

I l
100 793.75

Tip Radius (pm)

Hertzian Method

(b)

2000~ i Before
A After

1500 —
©
a
< 1000 —|
*
] E

500 — . E -- E

0

T
100
Tip Radius (pm)

Fig.5 Average+ Least Significant Difference 95% Confidence Intervals for a Egp values calculated using the Oliver-Pharr Method and b E;;Z

values calculated using the Hertzian Method

articular cartilage stiffnesses both prior to and after bioreactor
testing is not significantly different between the 20 and 100 pm
tip. Interestingly, clear adhesion and/or suction effects were
only observed prior to bioreactor testing using the 793.75 um
probe and not after. On the other hand, using the Hertzian
Method, no significant differences were found between E:IZ
across all tip sizes, both before and after articular loading.
Finally, one notable finding observed after applied articu-
lar loading was an increase in force during the holding phase
in the load—displacement curves (Fig. 4). It is important to
note that the curves in the post-loading condition are, there-
fore, not representative of a traditional hysteresis which

20 uym Tip: Average Stiffness Ratio
(Post:Pre Articular Load)

p=0.49

Average E* Ratio

4.73 3.88

Average E* Ratio

indicate energy dissipation, reflected by a loss of force dur-
ing a displacement-controlled indent. Instead, the post-load-
ing curves indicate an increase in force, which may be due to
the swelling of the contact region, as fluid moves into
the deformation induced by articular loading. Interestingly,
this increase in force was only observed in the contact
region, and not the periphery region.

100 pum Tip: Average Stiffness Ratio
(Post:Pre Articular Load)

p=0.32

7
l |
6
5
4
3
2
Ratio =1

1 No Change
0

Oliver Pharr Hertz

Hertz

Oliver Pharr

Fig. 6 Stiffness ratios for the 20 and 100 pm tip groups, comparing the Oliver-Pharr Method and the Hertzian Method. Note: The largest tip
group (793.75 pm) is not included, due to the large adhesion/suction artifact found in the unloading phase
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Discussion

In our previous publication, we found that the superfi-
cial zone of cartilage transiently increases in stiffness as
a result of articular loading, with the stiffness returning
towards baseline values within 3 h after articular loading
[12]. This stiffening response was also found to be lost
altogether when the superficial zone was removed. As this
stiffening behavior is a unique feature of the superficial
zone, this may point to a structure—function relationship
that exists within this layer to maintain cartilage integrity
at the surface during articular loading. The purpose of
this presented study was to assess how articular loading-
induced stiffening behaves at varying indentation length-
scales. Articular cartilage stiffness and stiffening were also
assessed using multiple indentation analysis methods to
rule out measurement artifacts.

Specifically, cartilage surface stiffnesses were compared
using two analysis methods, one following the model of
Oliver-Pharr, and the other a modified Hertzian approach.
Reduced elastic moduli E* were obtained before and after
articular loading via a bioreactor system at varying length-
scales. E* measurements were only comparable between
both methods when the 20 pm radius tip was used. For
larger tip sizes, the moduli obtained through the Oliver-
Pharr Method were generally higher compared to those of
the Hertzian Method. After articular loading was applied
to explants, regardless of tip size, on average, all groups
showed a stiffening response in the contact region of the
tissue. Thus, this stiffening response does not appear to be
length-scale dependent in the range of tip sizes tested and can
be observed using two different contact models of indenta-
tion analysis. Altogether, the E* measurements from both
techniques resulted in values that were within the ranges
reported in the literature [9, 32-35].

The Oliver-Pharr Method obtains E* by using a power
law fit to the unloading portion of the load—displacement
curve. Thus, in theory, the effect of fluid is removed, and
the resultant E* is that of the solid phase. Alternatively, the
Hertzian Method fits to the loading phase, where fluid effects
may still contribute to the resulting E* being measured. Fur-
ther, the Oliver-Pharr Method utilizes an idealized contact
area as a function of indent depth to determine E*, whereas
the modified Hertzian Method [15] used herein does not rely
on knowing the indent contact depth or area. This distinction
may have contributed to the differences in the resulting E*
measurements from each analysis method, particularly for
the larger tip sizes.

The results also indicated that the indent depth of 8 um
led to baseline E* measurements that were not significantly
different across the 20 and 100 um tip sizes for both the
Oliver-Pharr Method and the Hertzian Method. Similarly,

the stiffness ratio before and after articular loading was
found to be similar between both tip sizes and analysis tech-
niques. The only tip group and analysis method that was
found to result in measurements outside the linear range was
the largest tip, 793.75 um, using the Oliver-Pharr Method.
Taken together, the protocol used in this study confirmed the
linearity assumptions necessary for use of Oliver-Pharr for
the 20 and 100 pm tip sizes. All three tip sizes fulfilled the
assumptions for the Hertzian Method.

The load—displacement curves generated using the
793.75 um tip exhibited an adhesion and/or suction artifact
represented by a clear drop in force upon unloading in pre-
bioreactor testing. Interestingly, however, this response was
not apparent after bioreactor testing in the contact region.
In addition, in the loading portion of the load—displacement
curve, no “jump into contact” was observed in any of the
indentation curves generated using the largest tip. Further-
more, the tip materials used in this study were diamond and
alumina, both of which are highly inert materials that are
significantly stiffer compared to cartilage. Based on these
considerations, it is unlikely that the sharp drop to negative
force depicted in the load—displacement curves was caused
by molecular adhesion between the surfaces of the tip and
the sample. Instead, we postulate that fluid exudation from
the contact is responsible for this phenomenon. Fluid exu-
dation can initiate the development of a vacuum during the
retraction phase of the indenter, causing an adhesion-like
suction response [16]. As the sharp drop in force in the
unloading phase is not seen after articular loading is applied
during bioreactor testing, it is likely that articular loading-
induced swelling of the tissue outcompetes vacuum forma-
tion, thus, preventing a large suction effect from occurring. It
is important to note, however, that this does not necessarily
indicate that adhesion and/or suction was not present in the
post-bioreactor condition. Rather, these responses on the
load displacement curve were attenuated by a phenomenon
such as articular loading-induced swelling. Therefore, the
stiffness of the post-articular loading group for the largest
tip size may not exhibit the same amount of overestimation
compared to its respective baseline values.

In the context of the presented study, the modified Hertz-
ian Method likely provides a more representative E* com-
pared to the Oliver-Pharr Method. Although both methods
resulted in E* values within the range reported by literature
[9, 32-35], the modified Hertzian model presented by Garcia
et al. [15] does not require knowing the displacement at the
initial point of contact when calculating E*, thereby improv-
ing the accuracy by which these calculations are determined.
Furthermore, the load—displacement curves presented in this
study do not appear to have a “jump into contact” in the
loading phase in any of the conditions and tip sizes tested.
However, a characteristic adhesion/suction effect is present
in the unloading phase when using the large alumina tip,
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resulting in the overestimation of E* when using the Oli-
ver Pharr Method. Therefore, using the modified Hertzian
Method may provide a more accurate measurement of E* of
the cartilage explants used in this study.

It is important to note, however, that a unique aspect of
the presented study is the addition of simulated joint move-
ment and loading to assess the effect of articular loading on
the tissue’s surface stiffness. Similar to what was observed
in our previous study, articular loading was found to increase
cartilage surface E* [12]. Most notably, the results of the
presented study indicated non-significantly different stiffen-
ing ratios between the Oliver-Pharr Method and the Hertzian
Method. Thus, these findings do not conclusively indicate
that one analysis method is superior to the other for assess-
ing cartilage stiffening induced by articular loading. None-
theless, it is critical to consider that it may be advantageous
to use one method versus the other, depending on the spe-
cific research questions being investigated.

For example, when studying the properties of the solid
matrix, specifically, it may be advantageous to remove the
effect of the fluid phase from the analysis, as is performed
using Oliver-Pharr Method. It has been extensively demon-
strated in the literature that alterations to the solid matrix
can affect the stiffness response of cartilage [10, 11, 35-38],
and it is ultimately the constituents and structure of the solid
matrix that drive the fluid response of the tissue. When
performed consistently without adhesion-like responses,
the Oliver-Pharr Method can be useful to identify trends
of changes in material properties of the solid phase as a
result of experimental inputs [5]. For example, studies by
McGann et al. and Moshtagh et al. investigated the effects
of crosslinking by advanced glycation end products on the
solid collagen network by using the Oliver-Pharr Method
[10, 11]. However, it is important to note that, adhesion and/
or suction effects can affect the indenter during retraction,
leading to overestimations of EEP, as observed here in this
study. Such artifacts have been reported to be a primary chal-
lenge of indenting soft and hydrated materials [16, 17], such
as cartilage, and careful considerations must be made in the
testing set up to avoid measurement inaccuracies. This study
suggests that smaller tip sizes are less prone to this artifact.

Moreover, there is irrefutable evidence that the fluid
phase also plays a crucial role in the tissue’s mechani-
cal behavior. It has been previously shown that cartilage
mechanical properties are dominated by highly non-linear
biphasic properties, and that overall, the tissue does not fol-
low models of linear poroelasticity (similar to that of aga-
rose) or viscoelasticity [9, 39]. The dominance of the poroe-
lastic response to mechanical loading highlight the crucial
role of interstitial fluid pressurization as a result of tissue
loading. This would promote the use of the Hertzian Method
to study functional responses from the combined stiffness
contributions of both the solid phase and fluid phase of the

&

tissue. More recently, findings by Han et al. [6] suggested
that the tissue also exhibits intrinsic viscoelasticity that is
responsible for a baseline dissipation of the tissue, whereas
fluid flow from poroelasticity increases the overall energy
dissipation. This particular study used the principle that
poroelasticity is length-dependent, whereas viscoelasticity
is length-independent, and was also performed at multiple
length-scales. As we did not observe a change in stiffening
ratio across the length-scale assessed, this may indicate that
the stiffening response may not be driven by poroelastic con-
tributions of the tissue. Therefore, in future work, it would
be interesting to assess the dissipative properties of the tis-
sue in the context of the articular loading-induced stiffening
response observed in this study.

One challenge of this study was performing indentation
after applied articular loading during bioreactor testing
and assessing the data appropriately. As observed in Fig. 4,
during the holding phase of the indentation protocol, an
increase in force is observed. This is a different response
compared to the traditional hysteresis that is typically
observed in indentation of soft dissipative materials. This
increase in force may be potentially due to fluid movement
into the contact area, which pushes the surface up during
the indentation protocol. Therefore, it is important to con-
sider that the E* measured after articular loading is not nec-
essarily an absolute E*, as the tissue is not in its equilibrium
state. With this consideration, one possible reason for the
stiffening response from a contact mechanics perspective is
the piling up or sinking in of the tip. In indentation analysis
on a sample that has experienced pile up or sink in, the
contact area and contact depths are altered, which in turn
can cause an overestimation in E* [40]. However, in the
presented study, pile-up effects would likely differ between
the various tip sizes used. Instead, it was found that the ratio
of articular loading-induced stiffening was non-significantly
different between all three tip sizes, regardless of indenta-
tion analysis method used. Additionally, no significant dif-
ferences were found between the normalized E* ratio calcu-
lated by the Oliver-Pharr Method vs. the Hertzian Method,
the latter of which utilizes a modification that allows for
E* to be calculated without a known contact depth or area.
Therefore, overall, this points to an alternative and/or addi-
tional mechanism that is driving the stiffening response.
This finding is also in agreement with our previous study,
where the same stiffening response was assessed in surface-
intact vs. surface-removed explants [12]. In both experi-
mental groups, post-loading, the samples exhibited similar
increases in load during the hold phase. Interestingly, how-
ever, surface-removed explants exhibited no increases in
stiffness after articular loading, despite this same observed
increase in force. While the mechanisms driving stiffening
are currently unknown, in future work, it is necessary to
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uncover these mechanisms to fully comprehend the obser-
vations of this study.

This study has other limitations that also need to be con-
sidered. Indents within each array were performed 100 um
apart, regardless of tip size. Therefore, for the larger tips,
deformation caused by a previous consecutive indent could
lead to potential error in the indentation measurement if
the tissue does not relax in the time between indents. The
idealized Hertzian contact radii (assuming a true sphere
and an elastic half-space) for the 20, 100, and 793.75 pm
tip sizes are 12.65, 28.28, 79.69 um, respectively. Thus,
especially in the case of the largest tip, the areas of con-
tact of adjacent indents overlap. However, the data of this
experiment showed that there was no difference in coef-
ficient of variation between tip sizes when all individual
indents were considered, hence indicating that this caveat
is minor. Another limitation of this study was the material
inconsistency between tip materials due to the availabil-
ity of indenter tips in this study. The largest tip size was
a custom spherical alumina tip that was borrowed from a
different laboratory, whereas the other two smaller tip sizes
were commercially obtained and made of diamond. Based
on the results of this study, it is likely a fluid vacuum effect
caused the adhesion-like responses. To further confirm that
the adhesion-like response is not due to molecular adhesion,
further investigation would be necessary using a large tip
made of diamond.

Conclusions

In this study, two commonly used indentation analysis meth-
ods, the Oliver-Pharr Method and the Hertzian Method, were
compared for cartilage microindentation at varying length-
scales. It was shown that at the indentation depths and
strains applied, geometric linearity was generally observed
across the length-scale assessed for both cartilage stiffness
and stiffening. Overall, the Hertzian Method used in this
study resulted in more consistent E* calculations across
the length-scale investigated than that of the Oliver-Pharr
Method. Notably, the E* values obtained using the 20 pm
tip size were similar between the Oliver-Pharr Method and
the Hertzian Method. Regardless of indentation analysis
method used, cartilage stiffness ratios, which were obtained
by normalizing E* values after articular loading to baseline
values, were similar across the range of the length-scale
investigated. This indicates that the loading induced stiffen-
ing response of the superficial zone of cartilage is not length-
scale dependent, fulfilling linearity assumptions necessary to
use the elastic contact models assessed in this study.
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