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ABSTRACT

Nanoindentation has become a standard method for measuring mechanical properties of
bone, especially within microstructural units such as individual osteons or trabeculae.
The use of nanoindentation to measure elastic properties has been thoroughly studied
and validated. However, it is also possible to assess time dependent properties of
bone by nanoindentation. The goal of this study was to compare time dependent
mechanical properties of bone measured at the macroscopic level with those measured by
nanoindentation. Twelve samples were prepared from the posterior distal femoral cortex
of young cows. Initially, dogbone samples were prepared and subjected to torsional stress
relaxation in a saline bath at 37 °C. A 5 mm thick disk was subsequently sectioned from
the gage length, and subjected to nanoindentation. Nanoindentation was performed on
hydrated samples using a standard protocol with 20 indents performed in 20 different
osteons in each sample. Creep and stress relaxation data were fit to a Burgers four
parameter rheological model, a five parameter generalized Maxwell model, and a three
parameter standard linear solid. For Burgers viscoelastic model, the time constants
measured by nanoindentation and torsion were weakly negatively correlated, while for
the other two models the time constants were uncorrelated. The results support the
notion that the viscoelastic behavior of bone at the macroscopic scale is primarily due to
microstructural features, interfaces, or fluid flow, rather than viscous behavior of the bone
tissue. As viscoelasticity affects the fatigue behavior of materials, the microscale properties
may provide a measure of bone quality associated with initial damage formation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

even lamellae (Rho et al, 1999a,b). It is one of the few
methods capable of directly assessing mechanical behavior of

Nanoindentation provides a means to assess the mechanical
properties of bone at very small length scales (Gupta et al,,
2005; Rho et al, 1997; Turner et al., 1999; Zysset et al,
1999). In the case of cortical bone, nanoindentation can
be used to measure mechanical behavior at the level of
individual osteons (Huja et al.,, 2006; Rho et al., 2001) or
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the bone tissue within individual trabeculae (Rho et al., 1997;
Turner et al., 1999; Zysset et al.,, 1999). A nanoindentation
instrument measures the load and deformation of a probe
as it is advanced into the surface of an object. The data
are typically used to estimate the elastic modulus, which is
calculated by the Pharr-Oliver equations (Oliver and Pharr,
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2004). If a holding period at a constant load or displacement
or a dynamic oscillation is included, viscoelastic behavior can
also be assessed (Fischer-Cripps, 2004; Huang et al., 2011).
The viscoelastic behavior of bulk polymers measured by
nanoindentation agrees with that found using macroscopic
testing (Odegard et al., 2005).

Nanoindentation protocols for bone were developed to
measure elastic properties consistent with behaviors mea-
sured at the macroscopic level. Relatively large indentations,
on the order of 2 um across and 500 to 1000 nm deep, are
recommended (Hengsberger et al., 2003; Hoffler et al., 2005;
Zysset et al., 1999), which result in measured elastic mod-
uli on the order of 10 to 20 GPa (Rho et al., 1997). Indenta-
tion on two orthogonal planes combined with an anisotropic
analysis gave moduli in good agreement with microtensile
specimens (Hengsberger et al., 2003). When the same loading
protocols were applied to trabecular bone tissue, the mea-
sured elastic modulus was similar to cortical bone tissue
(Turner et al., 1999). Lower loads or indentation depths have
been used in order to measure the properties of individual
lamellae, which were found to have alternating high and low
moduli (Hengsberger et al., 2002; Rho et al., 1999b). Inden-
tation protocols for bone typically include a holding period
at constant load or depth where the bone exhibits creep or
stress-relaxation behavior, respectively. This technique has
been applied to characterize bone properties during growth
(Isaksson et al., 2010a), damage (Zioupos, 2005), and healing
(Oyen and Ko, 2007). The experimental protocol can similarly
affect nanoindentation measurements of viscoelastic behav-
ior of bone (Isaksson et al., 2010b; Wu et al., 2011), but it is
not known how these measures will relate to the macroscopic
viscoelastic behavior.

Considering the hierarchical structure of bone, the
viscoelastic properties from nanoindentation may not reflect
the macroscopic behavior of bone, regardless of loading
protocol. The deformation mechanisms during indentation
differ from those in macroscopic testing. When a Berkovich
indentation tip is used, there is damage formation below
the tip (Zhang et al, 2010) and permanent deformation
occurs (Mullins et al., 2009). Hence, in order to place viscous
measurements from nanoindentation in context, they should
be compared to data from conventional testing methods. The
goal of this study was to assess the relationship between
viscoelastic measurements of bone tissue by nanoindentation
and macroscopic mechanical testing. Specifically, the aims of
this study were to (1) measure the elastic and viscoelastic
behavior of cortical bone using torsion tests; (2) measure
the mechanical behavior of the same samples using
nanoindentation; and (3) identify any correlations between
the properties measured by the two techniques.

2. Methods

Fourteen cylindrical cortical bone specimens were prepared
from seven bovine tibiae obtained from a local abattoir
(Martin’s Meats, Wakarusa, IN). The samples were taken from
the osteonal region near the posterior and distal aspects
of the bone. Samples were machined into 5 mm square
by 50 mm long beams using a diamond saw (South Bay

Technology, San Clemente, CA) and a CNC milling system
(Sherline Products, Vista, CA). A CNC Lathe (Sherline) was
used to turn the beams down to cylindrical dogbone shape
samples with a gage length and diameter of 18.0 + 0.36 mm
and 3.0 + 0.05 mm, respectively (Jepsen and Davy, 1997).
The samples had square ends to facilitate gripping in the
mechanical testing system (Fig. 1). The bone was kept
hydrated with buffered saline throughout cutting using a
water bath or drip irrigation system.

The elastic and stress-relaxation behavior of each sample
was initially measured by torsional testing on a voice-
coil actuated load frame (Bose/Enduratec, Eden Prairie, MN).
Testing was performed in a bath of phosphate buffered saline
at 37 °C. The samples were loaded in displacement control to
an angle of 3.5° at a rate 40 °/s, held for 120 s, then returned
to zero twist at 40 °/s. The maximum shear strain in the
samples was 0.5%, which was below the reported damage or
yield level for cortical bone in torsion (Jepsen and Davy, 1997).
The load-hold-unload protocol was repeated four times with
a 240 sec interval between cycles (Fig. 2).

The viscoelastic behavior was determined by a fit to three
different viscoelastic models (Fig. 3). The Burgers model and
the generalized Maxwell model each have two time constants
in stress relaxation, while the standard linear solid has only
a single time constant. A limitation of Burgers model is
that under stress relaxation the stress goes to zero, and
in creep the material deforms indefinitely. Although creep
deformation of bone does continue for at least several days
even under small loads (Sasaki et al., 1993), this is not a
physically realistic model for a solid. The generalized Maxwell
model and the standard linear solid do not suffer from this
limitation. The parameters of the viscoelastic models were
determined by least squares curve fitting of the data using
the lsqcurvefit module in Matlab (The Mathworks, Natick,
MA). The theoretical relationships between stress-relaxation
and creep were used to calculate the associated creep time
constants, allowing direct comparison of the torsion and
nanoindentation data (Table 1).

Following torsional testing, the samples were subjected to
nanoindentation. A 5 mm thick sample was sectioned from
the mid span of the gage region using a diamond saw (South
Bay Technology, San Clemente, CA). One face of the sample
was polished using a sequence of abrasives starting with
600 grit paper and ending with 1/4 micron alumina paste
(Buehler, Lake Bluff, IL.), using deionized water as a lubricant.
Osteons and interstitial bone were clearly distinguishable on
the polished surface (Fig. 1(b)). The polished samples were
mounted on a metal disk using cyanoacrylate glue (Loctite
401, Disseldorf), and the disk was used to fix the sample
to the magnetic chuck of the nanoindentation instrument
(Hysitron, Eden Prarie, MN). The samples were thawed and
kept hydrated by wrapping in gauze soaked in phosphate
buffered saline until immediately before testing.

Each sample was indented 20 times in 20 different
osteocytes using a Berkovich pyramidal indenter. All
indentation locations were selected within osteons using the
instrument’s internal microscope. After identifying a site, the
indenter was advanced into the bone surface at a rate of 2.0
mN/s to a maximum load of 10 mN, then held at constant
load for 10 s, and unloaded at 2.0 mN/s (Fig. 4). In some
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Fig. 1 - (a) The geometry of the torsion sample. The nanoindentation sample was sectioned from the center of the gage
length. (b) Micrograph of the polished surface of the nanoindentation surface showing clearly visible osteons (50 X

magnification).

Table 1 - Stress relaxation and creep formulas for the three viscoelastic models studied. The theoretical relationship

between the stress relaxation and creep time constants is given in the third row (Findley, 1989).
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cases, the load-deformation curves exhibited obvious errors,
probably due to indenting on or near an osteocyte lacuna
or canalicula. These indents were identified and not used
for further processing. The number of usable indentations in
each sample ranged from 15 to 20, with a median of 18.

The elastic and creep properties were calculated for
each indent. The reduced modulus was calculated by the
Pharr-Oliver relationship, then converted to the elastic
modulus by correcting for the modulus and Poisson’s ratio
of the diamond tip (Pharr, 1992). The indenter tip shape
was calibrated using fused quartz and aluminum calibration
blocks in order to ensure that the depth and contact area
were accurately measured. The viscoelastic parameters were
calculated for the three creep relations, which were modified
for the pyramidal indenter by including a factor for the
indenter shape and assuming that the contact area increases
with the square of depth (Fischer-Cripps, 2004; Huang et al,,
2011; Oyen, 2005; Oyen and Cook, 2003; Oyen and Ko, 2007).

For example the Burgers model is modified to:

h2(t) = gpo cota [% + % + %(1 - e—t/lff)] (1)
where h is the indentation depth, Py is the applied load,
« is the equivalent cone semi-angle (70.3° for a Berkovich
indenter), Eq, Eo, 11, and ©» = ny/E, are the compliances and
the viscous components associated with the Burgers model
elements. The generalized Maxwell model and standard
linear solid are similarly modified by replacing the stress
on the right hand side with the applied load and tip angle
function and the left hand side by the square of depth. The
parameters for each sample were taken as the mean from
all of the successful indents. Only the creep behavior was
measured from nanoindentation, as calculation of the stress
relaxation coefficients from the theoretical form assumes
purely viscoelastic loading.

The elastic moduli cannot be determined directly from the
hold phase of the indentation data when using a Berkovich
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Fig. 2 - The applied twist (a) and measured torque (b) for
torsional stress relaxation experiments.

indenter for two reasons. First, the equation assumes an
instantaneous loading, while a ramp load is applied in reality.
This can, however, be corrected for by multiplying the elastic
constants in (1) by a ramp correction factor to account for
the loading rate (Oyen, 2005). Second, the initial ramp loading
includes significant permanent deformation and damage
(Mullins et al., 2009; Zhang et al., 2010). This can only be
corrected for using more complex models (Huang et al., 2011;
Oyen and Cook, 2003). Instead, E was determined from the
unloading curve. However, if the deformation is assumed
to be purely elastic during the holding period, the time
constants are unaffected by these limitations.

To quantify the effect of drying during the nanoindenta-
tion process, which required from 30 to 45 min for 20 indents,
the dependence of the elastic modulus and creep constant
with the indentation sequence was also investigated.

In order to assess the effects of machine compliance
in the mechanical tests, ultrasonic wave propagation was
used to measure the elastic and shear moduli of the
samples. The same samples used for nanoindentation were
removed from the metal disks, and the glued surface
was polished. Longitudinal and transverse ultrasonic (2.25
MHz) transducer-receiver pairs (Panametrics, Olympus NDT,
Waltham, MA) were first calibrated using a metal gage
block to ensure repeatability. The longitudinal and transverse
wave speeds for each specimen were then measured using
deionized water and honey, respectively, as the couplant
fluids. The latter was used to compensate for the lower
energy transmission of the transverse waves. Elastic wave
theory was used to calculate the elastic coefficients from the

W]

M2

Burgers model

Generalized Maxwell model

Ny

Standard Linear Solid

Fig. 3 - Rheological models employed for creep behavior
were the Burgers model (top) consisting of a Voigt and
Maxwell element in series, the generalized Maxwell model
(middle) with two Voigt elements and an elastic element in
series, and the standard linear solid (bottom) with a single
Voigt and elastic element in series.

measured wave speeds and the density of the test sample,
which was measured by Archimedes’ principle (Ashman
et al,, 1984). The high frequency waves propagate as plane
waves, resulting in the measurement of the elasticity tensor
coefficient, C1111 or Cqp12. Young’s modulus was estimated
from the elasticity coefficient by assuming that Poisson’s ratio
was 0.3 in all directions, consistent with the assumptions
for the nanoindentation measurements. For the shear waves,
the elasticity tensor coefficient was taken as the shear
modulus, assuming that the orthotropic axes of symmetry
were coincident with the specimen axes.

3. Results

The torsion experiments resulted in a typical stress relaxation
with exponential decay of the applied torque at fixed
rotation. The residual torque was nearly constant after the
240 s hold period (Fig. 2(b)). The Burgers and generalized
Maxwell models provided excellent fits to the data with
squared correlation coefficients (R2) averaging 0.98 + 0.01
(mean =+ Std. Dev). The standard linear solid produced weaker,
but acceptable fits with RZ averaging 0.92 + 0.02.
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Fig. 4 - The nanoindentation force signal (a) and the
corresponding displacement history (b).

The nanoindentation curves exhibited creep during the
hold period at constant load (Fig. 4). As with the torsion
measurements, the greater number of constants in the
Burgers and Generalized Maxwell models provided improved
fits to the data, although all three fits resulted in R? > 0.98.

The time constants measured by nanoindentation were
4 to 8 times smaller than those measured by torsion
testing (Fig. 5, p < 0.05). The viscoelastic properties from
nanoindentation and torsion were negatively correlated
based on the Burgers model, but were uncorrelated when
the generalized Maxwell or standard linear solid models were
used (Fig. 6).

The shear and elastic moduli measured by torsion tests
and nanoindentation, respectively, were consistent with the
ultrasonic measurements. The instantaneous shear modulus
measured in torsion was 5.85 + 1.13 GPa (mean =+ Std. Dev.),
compared to 5.78 + 1.11 measured by ultrasound (p = 0.26,
paired T-test), indicating that there was minimal error in the
mechanical measurements due to machine compliance and
sample geometry. The mean Young’s modulus measured by
nanoindentation was 16.03 £+ 1.39, compared to 15.85 + 1.27
from ultrasonic measurements (p = 0.20, paired T-test). The
coefficient of variation (S.D./Mean) of the nanoindentation
moduli was 0.14 + 0.06, on average, indicating the consistency
of the measurements for these load levels (Zhang et al., 2008).

Drying during testing did not appear to affect the modulus
or creep time constant. The creep time constant for one of

70 -
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60 W 1 Nanoindentation

40 b
30 |

20 +

.=

Burgers Maxwell 1

Maxwell 2 SLS

Fig. 5 - The creep time constants measured by
nanoindentation were an order of magnitude smaller than
those measured in torsion.

the twelve samples decreased by 16% over the course of 20
indentations (p < 0.05), while the remaining samples had no
significant correlation between the creep constant and time.
Similarly, the modulus was correlated with time for three
samples, increasing by 24% during testing for one sample and
decreasing by 28% and 16%, respectively, for two samples.
The modulus was independent of time for the remaining nine
samples.

4, Discussion

Nanoindentation has become an increasingly popular tech-
nique for analyzing the mechanical properties of bone
at small length scales. However, interpretation of the re-
sults requires that the relationships between the nanoin-
dentation measurements and traditional measurements are
understood. The viscoelastic time constants measured by
macroscopic torsion tests were weakly negatively correlated
or uncorrelated with those measured by nanoindentation in
osteons. Moreover, the time constants of the tissue were an
order of magnitude smaller than the macroscopic time con-
stants. This suggests that the macroscopic viscous behavior
of bone is likely due to different mechanisms than the mi-
croscale behavior. For example, macroscopic viscoelasticity
has been attributed to fluid flow in pores and interaction be-
tween microstructural interfaces (Lakes and Katz, 1979a), nei-
ther of which are captured in the small scale nanoindentation
measurements. Due to the independence of macroscale and
microscale viscoelasticity, care should be taken to use mea-
sures at the scale of interest when assessing the effects of
viscoelasticity on bone mechanics.

The primary strength of this study was the direct
comparison of viscoelastic parameters measured by torsion
and nanoindentation on the same specimens. The direct
comparison of the moduli measured by nanoindentation with
the macroscopic modulus measured by ultrasound provided
a validation of the nanoindentation method on the hydrated
cortical bone samples. Similarly, the measurements of shear
modulus by both torsion testing and ultrasound indicated
that machine compliance did not affect the measurements.
We also verified that there were no observable effects of
drying on the samples during nanoindentation, although we
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used no additional measures to maintain hydration of the
samples (Hoffler et al., 2005).

Some limitations must be considered in the interpreta-
tion of these results. The viscoelastic properties were mea-
sured on the macroscopic scale using torsion tests, while
indentation assumes a triaxial stress state. It is a common as-
sumption that viscoelastic behavior is primarily a deviatoric
phenomenon in solids, with no effects on the dilatational
stress (Holzapfel, 2000). Moreover, torsion testing was found
to be more repeatable in preliminary testing, with less vari-
ation in the data between loading cycles than axial loading.
As such, it was reasonable to compare the viscoelastic behav-
ior measured by torsion testing to the nanoindentation be-
havior. Different viscoelastic parameters were also measured
at the two length-scales, with stress-relaxation measured at
the macroscopic scale and creep measured at the microscale.
In order to compare more directly, the torsion measurements
were converted to find the equivalent creep constants based
on each theoretical models. Finally, the time constants for
nanoindentation were on the same order as the indentation
time, but the loading phase was not considered while calcu-
lating the viscoelastic behavior. The holding time does affect
the viscoelastic constants calculated (Wu et al., 2011), because
the exponentials in the terms with small time constants tend
to zero at later times and thereby become underweighted in
the regression. In any case, the magnitude of the differences
between the two cases is much greater than can be explained
by the effect of the short holding time.

The differences in the viscoelastic properties at the two
length scales are likely due to differences in structure, but
could also be due to the different stress and loading states
in each test. During the torsion test the samples stayed
within the elastic regime and were thus only experiencing
viscoelastic effects, while during the nanoindentation
experiments they were deformed beyond the elastic limit
such that damage and viscoplastic behavior may have
affected the measurements, especially in the earliest
part of the holding period. During the hold period of
nanoindentation, the force, not the stress, is held constant.
As such, the stress is continually decreasing during the
creep process and should minimize plastic deformation and
damage during the holding phase of the test. Moreover, in
recent studies that employed semi-dynamic testing, there
was clearly a viscoelastic component that was consistent
with the creep measurements (Isaksson et al., 2010b),
indicating that viscoplasticity is not the dominant factor in
creep tests of bone.

The elastic properties measured by both torsion and
nanoindentation are consistent with reports in the literature.
The shear modulus of bovine cortical bone reported in
the literature ranges from 5.0 (Jepsen and Davy, 1997;
Sasaki and Enyo, 1995) to 8.71 GPa (Yoon and Katz, 1976),
with the latter measurements performed on dry bone. The
nanoindentation moduli are similarly consistent with reports
for osteonal bone (Hengsberger et al.,, 2003; Hoffler et al.,,
2005). While the agreement between the modulus measured
by nanoindentation and by ultrasonic waves is consistent
with previous studies (Turner et al., 1999), it is inconsistent
with the differences in measurement scale and with the
viscoelastic results. Nanoindentation measures the tissue
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Fig. 7 — The loss tangent calculated for the mean
parameters measured in torsion. The loss tangent
increases with decreasing frequency based on Burgers
model, consistent with more complex models of creep
(Lakes, 2001). In comparison, the generalized Maxwell and
standard linear solid models have a relatively narrow peak.

level properties without pores (Hengsberger et al., 2003), while
ultrasound generally measures the homogenized properties.
As such, the agreement between the composite modulus
measured by ultrasonic waves and the microscale bone
properties measured by nanoindentation may be a reflection
of how waves propagate through the solid bone matrix or
heterogeneity and imprecision in the density measures that
might effect the wave propagation.

The seminal works on bone viscoelasticity by Lakes and
Katz (Lakes and Katz, 1979a,b; Lakes et al., 1979) and Sasaki
et al. (Sasaki and Enyo, 1995; Sasaki et al., 1993; Sasaki and
Yoshikawa, 1993) suggest that the standard linear solid model
is not appropriate for bone. The loss modulus for trabecular
bone is relatively flat over a broad range of frequencies,
indicating that simple linear models are not adequate to
describe the viscoelastic behavior, and the relaxed shear
modulus continues to decrease at times as long as 10° s
(Lakes et al., 1979). As such, we employed the Burgers and
generalized Maxwell models, which include two independent
viscous parameters. A weakness of the Burgers model is that
the loss tangent (tan §) reaches a local minimum, followed by
a local maximum and a monotonic decrease (Fig. 7). However,
in the low frequency range relevant to stress relaxation, the
loss tangent was consistent with literature reports (Lakes,
2001). In contrast, the loss tangent calculated based on the
nanoindentation data was an order of magnitude higher for
the same frequencies.

Overall, this study demonstrates that nanoindentation
provides unique data regarding the viscoelasticity of bone,
but it cannot be taken as a substitute for the macroscopic
behavior. Along with other recent reports, the data indicate
the utility of the Burgers rheological model to capture the
nanoindentation behavior (Isaksson et al., 2010a,b; Oyen and
Ko, 2007; Wu et al., 2011).
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