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Abstract It is crucial to measure the mechanical function
of regenerating bone in order to assess the mechanical
performance of the regenerating portion as well as the
efficiency of the regeneration methods. In this study, nan-
oindentation was applied to regenerating and intact rabbit
ulnae to determine the material properties of hardness and
elasticity; viscoelasticity was also investigated to precisely
evaluate the material properties. Both intact and regener-
ating bones exhibited remarkable viscoelasticity mani-
fested as a creep behavior during load hold at the maximum
load, and the creep was significantly greater in the regen-
erating bone than the intact bone. The creep resulted in an
overestimation of the hardness and Young’s modulus.
Hence, during nanoindentation testing of bones, the effect
of creep should be eliminated. Moreover, the regenerating
bone had lower hardness and Young’s modulus than the
intact bone. The nanoindentation technique proved to be a
powerful approach for understanding the mechanical
properties of regenerating bone.

1 Introduction
In the field of orthopedics, it is vital to measure intrinsic

mechanical properties of regenerating bone or fracture
callus in order to investigate the mechanical integrity of the
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portion being healed and to validate the methods and
medicines used for bone regeneration. Conventional
mechanical tests such as tension, compression, bending,
and torsion tests are commonly used to mechanically assess
healing bones [1, 2]. In some cases, however, it is difficult
to use these tests to assess material properties in detail,
such as hardness and elasticity, because the mechanical
outputs include the effects of macroscopic bone geometry.
In addition, bone regeneration usually progresses non-
uniformly with respect to size and shape, especially in the
initial stage of bone healing; this makes it more difficult to
use conventional mechanical tests to precisely measure the
material properties of regenerating bone.

Recently, nanoindentation technique was developed and
is currently widely used for evaluating the material prop-
erties of thin films, coating materials, and substances
having a microstructure [3]. Nanoindentation testing pro-
duces a load—depth curve, and enables the determination of
hardness and Young’s modulus; viscoelastic behaviors
(e.g., creep) can be analyzed from the load—depth curve.
Nanoindentation does not necessarily require large and
well-arranged specimens because the volume involved in
the test is very small. Therefore, nanoindentation can be a
powerful tool for characterizing the material properties of
biological hard tissues. Many studies have evaluated the
hardness and Young’s modulus of biological hard tissues
by using nanoindentation, mainly on intact bones with a
focus on bone type (e.g., cortical and cancellous bones) [4,
5], microstructures (e.g., osteons and interstitial lamellae)
[6-8], degree of mineralization [9], anisotropy [5, 10, 11],
and specimen conditions of humidity and embedment [7,
12—-14]. Thus, a wide range of the material properties of
bone tissues has been revealed. To our knowledge, how-
ever, few nanoindentation studies have evaluated the
material properties of bone in abnormal states, such as

@ Springer



970

J Mater Sci: Mater Med (2011) 22:969-976

the pathologic [15, 16] and regenerative [17-20] states.
Detailed information on these states is scarce. It is crucial
to understand the intrinsic mechanical properties of these
types of bones in clinical situations in order to diagnose the
biomechanical performance of the skeleton.

In most nanoindentation studies, hardness and Young’s
modulus are predominantly analyzed from the unloading
curve by using the method proposed by Oliver and Pharr
[21], which is based on elastic contact mechanics. When
this method is used for bone having time-dependent
mechanical behavior [22], however, the viscoelasticity
induces a remarkable impediment that results in inaccurate
values of hardness and Young’s modulus. For example, a
negative stiffness was reported to appear because of a creep
effect during initial unloading [23]. To overcome this
problem, several techniques to exhaust the viscoelastic
behavior of bone are used in the nanoindentation procedure.
The multiple loading-and-unloading scheme [5-7], intro-
duction of a constant load hold at the maximum load before
unloading [5, 9, 11, 15, 16, 18-20, 24], rapid unloading [24,
25], and a combination of them [5, 24] can reduce the effect
of bone viscoelasticity (creep) on the unloading curve and
the resultant values of hardness and Young’s modulus. As
an alternative method, Oyen et al. [23] developed an ana-
lytical approach in which the nanoindentation load—depth
curve is fitted under the assumption that specimen defor-
mation is linear viscoelastic and the total indentation depth
can be divided into 3 independent elements: elastic, plastic,
and viscous. With this model, the hardness and Young’s
modulus of some kinds of intact mammalian bone [26] as
well as healing bone near dental implants in miniswine
alveolar bone [17] could be successfully determined,
independent of the viscoelastic parameters of the bone.
Ngan et al. [25, 27] also proposed a numerical method to
correct for the creep effect. They modified the contact
stiffness defined by an initial slope of unloading curve,
based on the loading rate and displacement rate just before
the unloading, and unloading rate, all of which can be
obtained from load—depth data. By applying this model to
mouse limb bones, the hardness and Young’s modulus
could be accurately calculated despite the appearance of the
viscoelastic effect during unloading [25].

The ultimate goal of the current study is to evaluate the
hardness and Young’s modulus of regenerating bone tissue
at 2 weeks of regeneration (very early stage of bone
regeneration) as well as intact bone as a control by using
nanoindentation. As mentioned above, in order to obtain
the correct values of hardness and Young’s modulus, it is
necessary to diminish creep behavior, which inevitably
appears during nanoindentation unloading. We focused on
the constant load hold at the maximum load before
unloading to diminish creep behavior in this study, because
many nanoindentation studies on biological tissues have
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utilized this simple method. Especially in the early stage of
regeneration, regenerating bone tissue may be highly vis-
coelastic because of its low mineralization level [28] and
high fraction of organic collagen [29], which is believed to
be a major factor contributing to bone viscoelasticity [30].
However, the viscoelastic behavior of regenerating bone
during nanoindentation testing and its effects on hardness
and Young’s modulus are not necessarily considered [19].
Hence, this study also aims to estimate the time-dependent
creep behavior in regenerating bone and its effect on
hardness and Young’s modulus as well as to determine
suitable nanoindentation conditions for bone in the early
stage of regeneration.

2 Materials and methods
2.1 Specimen preparation

All animal care and experiments were performed in
accordance with the Guidelines of Animal Experiment of
Institute for Frontier Medical Sciences, Kyoto University.
Sample were obtained from the ulnar middiaphysis of a
mature male New Zealand white rabbit weighing about
3 kg. With the animal under anesthesia, a 20-mm-long
complete defect was prepared on the left ulnar middiaphysis
with a surgical oscillating saw according to an established
procedure [31]; the opposite ulna was left intact. After
2 weeks, the rabbit was sacrificed by an intravenously
administered overdose of sodium pentobarbital. Both ulnae
were removed, and bone mineral density (BMD) was
assessed by peripheral quantitative computed tomography
(pQCT) (XCT Research SA+; Stratec Medizintechnik
GmbH, Birkenfeld, Germany) on the cross-sections around
the center of the defect of the regenerating (left) and the
corresponding sites (right). Bone tissue was judged over
a threshold BMD value of 267 mg/(:m3 [32]. The bone
specimens were sectioned into 2-mm slices perpendicular to
the long bone axis by using a circular saw (Model 660;
South Bay Technology Inc., San Clemente, CA, USA) with
a diamond wheel to expose surfaces for the nanoindentation
testing. The specimen surfaces were polished with abrasive
papers of progressively finer grids (600, 800, and 1200) and
finished with a 0.05-pm alumina suspension under deion-
ized water. Finally, the samples were ultrasonically cleaned
in deionized water for 5 min to remove debris on the sur-
face. The water temperature was kept below 37°C during
the ultrasonic exposure to prevent alterations in the
mechanical properties of the bone.

The bone sections were dried in air for 1 day at room
temperature. Mineralization of the regenerating tissues was
analyzed by micro-focused X-ray computed tomogra-
phy (uCT) (SMX-100CT; Shimadzu Co., Kyoto, Japan).
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Nanoindentation measurement was conducted only on the
mineralized part, which was identified on the basis of the
pCT image. Cartilage and other soft tissues were not
examined in this study. The specimens were fixed on a
specimen holder and kept in a temperature-controlled
chamber at the experimental temperature of 25°C for 24 h
for thermal stabilization before nanoindentation testing.

2.2 Nanoindentation

The nanoindentation measurements were performed using a
load-control-type nanoindentation system (ENT-1100a;
Elionix Ltd., Tokyo, Japan). A diamond Berkovich pyra-
midal indenter was used for all measurements. The hardness
and Young’s modulus were calculated from the load—depth
data using the method documented by Oliver and Pharr
[21]. The hardness (H) and reduced modulus (E,) were
calculated from the following equations:

Pmax
Ac

H =

and

g VT
T2BVA

where P, is the maximum load applied during testing, f
is the empirical constant depending on the indenter
geometry (equal to 1.034 for Berkovich indenter), S is
the contact stiffness defined by the initial slope of the
unloading curve (dP/dh), and A, is the projected contact
area as a function of contact depth (h.). In this
nanoindentation system, the calculation of A. was
modified by correcting the frame compliance and tip
penetration depth using the method proposed by Sawa and
Tanaka [33]. The contact depth, A, is defined by

Pmax
S

S,

hc = hmax — &

where /¢ 1S the maximum penetration depth and ¢ is a
constant equal to 0.75 for Berkovich indenter. Finally, E; is
determined by a combination of the specimen modulus (E)
and the indenter modulus (E;) as follows:

1 1—=v 11—

E_ E | E

where vg and v; are the Poisson ratio of the specimen and
indenter, respectively. For the diamond indenter, E; is 1140
GPa and v; is 0.07; v, for the bone specimen was assumed
to be 0.3 [4].

Nanoindentation measurements were performed under
a trapezoidal loading condition. The constant loading/
unloading rate and maximum load (P,,.x) were 400 uN/s
and 6 mN, respectively [34]; accordingly, the time for

- . radius
( . O

Fig. 1 pCT cross-sectional images of a the intact and b regenerating
bone for which nanoindentation analysis was performed. Only the
mineralized regions are shown. Indents were placed on the ulna near
the neighboring radius in the intact site and the newly formed bone in
the regenerating site, as indicated by white circles. The scale bar
corresponds to 1 mm

loading/unloading was 15 s. One of the objectives of this
study was to precisely evaluate the hardness and Young’s
modulus of the regenerating bone and intact bone by
minimizing the effect of the viscoelastic deformation of the
bone, which appears during unloading. To minimize such
viscoelastic behavior of the bone as creep, load hold at the
maximum load for an adequate period is commonly used
before unloading. The load hold period at the maximum
load was set from O to 240 s to assess the effect of creep on
hardness and elasticity. In addition, the load hold at the
maximum load was used to observe the creep behavior
itself. The upper part of the unloading curve from 50 to
95% of the maximum load was used for determining S [34]
by fitting with a power function [21]. For each load hold
condition, indentation was carried out 5 times along the
long bone axis, and the mechanical parameters were
averaged. All indentation points were located on the min-
eralized region of the intact ulna (Fig. 1a) and regenerating
bone (Fig. 1b) near the radius, as determined from the pCT
image. Osteocyte lacunae were avoided by observation
using a CCD microscope attached to the nanoindentation
system.

2.3 Statistical analysis

All data were presented as means =+ standard deviation
(SD). Statistical comparison between the 2 means was
performed using a two-tailed ¢ test. The values of addi-
tional penetration depth, hardness, and Young’s modulus
for the intact and regenerating bones were compared using
one-way analysis of variance (ANOVA). The level of
significance was set at P < 0.05. The Statistical Package
for Social Study (SPSS) version 14.0J software (SPSS
Japan Inc., Tokyo, Japan) for Microsoft Windows was used
for all statistical analyses.
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3 Results

Figure 1 shows the pCT images of the intact and regen-
erating bone taken at the cross-section at which the nano-
indentation measurements were performed. In the defect,
there were very small amounts of mineralized bone tissue
only along the radius at 2 weeks postoperatively. The
BMD of the regenerating bone (430 mg/cm’) was much
lower than that of the intact bone (1,040 mg/cm3).
Conventional mechanical tests could not be conducted for
the newly formed portion. The circles in Fig. 1 indicate the
location at which the nanoindentation measurements were
performed.

Figure 2 shows the typical nanoindentation load—depth
curves obtained along the longitudinal axis for the intact
bone with and without a load hold at the maximum load.
Without the load hold, an overhanging portion, indicated
by the arrow in Fig. 2, appeared at the beginning of the
unloading curve because of the creep behavior under the
load. The overhanging portion in the figure disappeared
after the load hold at the maximum load was applied for a
sufficient period before unloading. Load—depth curves
obtained when load hold at the maximum load was applied
for both the intact and regenerating bones are shown in
Fig. 3. A clear difference can be seen in the indentation
depth. The regenerating bone had a greater indentation
depth than the control bone under the same maximum load.
The regenerating bone showed less ability to resist
deformation.

Figure 4 shows the change in the additional penetration
depth caused by creep behavior as a function of the period
of load hold at the maximum load. The additional pene-
tration depth corresponds to the length of the arrowed

3T magnified /

Load (mN)

0 g . . . . .
0 100 200 300 400 500 600 700

Penetration depth (nm)

Fig. 2 Load—depth data for intact bone without (solid line) and with
(dashed line) load hold at the maximum load for an adequate period.
The measurements were performed along the longitudinal direction of
the rabbit ulnae. In the absence of load hold at the maximum load, an
overhanging portion, indicated by the arrow, appears on the upper
part of the unloading curve because of creep; the insertion of load
hold for an adequate period before unloading diminishes the creep
effect on the unloading curve
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Fig. 3 Typical load—depth data for the intact (solid line) and
regenerating bone (dashed line) measured along the longitudinal
direction of rabbit ulnae. The regenerating bone exhibits greater
penetration depth than the intact bone

segment in the inset of Fig. 4. The creep rate is represented
by the slope of the tangent line in the additional penetration
depth during the period of load hold at the maximum load.
The initial creep rate was high when a constant load was
applied; therefore, the additional penetration depth was
high at the start of the load hold period. However, the creep
rate decreased with the load hold period, and the total
penetration became constant after a load hold period of
180 s for both the intact and regenerating bones. No sig-
nificant changes were found in the additional penetration
depth at a period of load hold at the maximum load
exceeding 180 s. The regenerating bone exhibited signifi-
cantly larger creep than the intact bone (P < 0.001 by
one-way ANOVA).

140
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1200, Regenerating bone { +
100 %
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e
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Fig. 4 Change in additional penetration (indicated by an arrow in
inset, bottom right) during load hold at the maximum load for the
intact (filled circles) and regenerating (filled squares) bone tissues.
Additional penetration results from creep of bone tissue. The
regenerating bone shows significantly greater additional penetration
than the intact bone (P < 0.001 by one-way ANOVA). The creep rate
diminishes gradually as a function of the load hold period, and the
creep becomes constant after a load hold period of 180 s. N.S.
indicates not significant
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Figures 5 and 6 show the changes in the calculated
values of hardness and Young’s modulus as a function of
the period of load hold at the maximum load, respectively.
For both the intact and regenerating bones, relatively high
values of hardness (819 MPa for the intact bone and
580 MPa for the regenerating bone) and Young’s modulus
(29.8 GPa for the intact bone and 20.7 GPa for the
regenerating bone) were obtained when the load hold at the
maximum load was not performed. The hardness and
Young’s modulus reduced to constant values after a load
hold period excessing 60 s. The constant values of hard-
ness were 695 and 486 MPa and those of Young’s modulus
were 27.6 and 17.0 GPa for the intact and regenerating
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Fig. 5 Change in hardness as a function of the period of load hold at
the maximum load for the intact (filled circles) and regenerating
(filled squares) bone tissues. This graph represents the effect of creep
on hardness, which appears on the unloading part of the load—depth
curve. The hardness becomes constant after a load hold period
exceeding 60 s. This graph also shows that the regenerating bone
had a significantly lower hardness than intact bone (P < 0.001 by
one-way ANOVA)
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Fig. 6 Change in Young’s modulus as a function of the period of
load hold at the maximum load for the intact (filled circles) and
regenerating (filled squares) bone tissues. This graph represents the
effect of creep on Young’s modulus, which appears on the unloading
part of the load—depth curve. The Young’s modulus becomes constant
after a load hold period of 60 s and more. This graph also shows that
the regenerating bone has a significantly lower Young’s modulus than
intact bone (P < 0.001 by one-way ANOVA)

bones, respectively. The hardness was overestimated
because of the viscoelastic creep by 18 and 19% for the
intact and regenerating bone, respectively; the corre-
sponding values for Young’s modulus were 8 and 22%.
The regenerating bone showed significantly lower constant
hardness and Young’s modulus values than the intact bone
(P < 0.001 by one-way ANOVA).

4 Discussion

Nanoindentation is a useful technique for quantitatively
measuring the material properties of regenerating bone as
well as intact bone because the material properties can be
analyzed even with small specimens. In this study, material
properties were investigated using the nanoindentation
procedure; loading, load hold at the maximum load,
unloading, and important mechanical aspects of the
regenerating bone tissue were revealed.

Bone tissue, which is mainly composed of an inorganic
biological apatite crystal and an organic collagen fiber, is
known to be viscoelastic [12, 22, 24, 35] largely because of
the viscoelastic nature of organic collagen [30, 36]. Vis-
coelasticity is generally characterized by the creep and
relaxation behaviors of materials, which are defined as an
increase in strain with time under a constant stress and a
decrease in stress with time under a constant strain,
respectively. In nanoindentation testing, therefore, creep
behavior can be observed during the period of load hold
period at the maximum load as an increase in the additional
penetration depth. In this study, clear creep behavior was
observed in both the intact and regenerating bone tissues.
The regenerating bone exhibited significantly greater creep
than the intact bone (Fig. 3). This may be because the
degree of mineralization was much lower in the regener-
ating bone as indicated by its lower BMD; hence, regen-
erating bone tissue is greatly affected by the viscoelasticity
of the collagen matrix.

With the regenerating bone, which exhibited greater
viscoelasticity, the overestimation of the hardness and
Young’s modulus tended to be greater without the load
hold at the maximum load compared to the intact bone
(Figs. 5, 6). In general, the viscoelastic behavior of speci-
men materials should be eliminated in order to appropri-
ately evaluate the hardness and Young’s modulus [37].
The effect of the viscoelastic behavior of bone tissue
appears on the upper part of the unloading curve as an
overhanging line, a so-called “nose.” Because of this
effect, the contact stiffness S, is miscalculated, and the
hardness and Young’s modulus determined are erroneous.
In nanoindentation testing, the load hold at the maximum
load before unloading plays the role of removing the effect
of creep on the hardness and Young’s modulus by enabling
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the material to develop creep to a negligible rate. If the
load hold period is insufficient, a nose appears on the upper
part of the unloading curve (Fig. 2). The hardness and
Young’s modulus calculated from an overhanging
unloading curve are not reliable [23]. The period of load
hold at the maximum load before unloading must be ade-
quate to bring the creep to a negligible rate. In this study, a
load hold period of at least 60 s was required to avoid
overestimating the hardness and Young’s modulus in both
the intact and regenerating bones. These findings strongly
suggest that elimination of the effect of creep should be
carefully considered during nanoindentation measurement
of bone because bone material is highly viscoelastic.
Furthermore, a long load hold period is necessary to
correctly determine material properties.

For bone mechanics, viscoelastic behavior itself is also
important; however, in this study, it was measured for the
appropriate analysis of the hardness and Young’s modulus.
Bone’s viscoelasticity strongly contributes to its toughness,
which represents resistance to fracture [38]. Simulation
models that enable direct analysis of the viscoelasticity-
related parameters of bone were recently proposed. For
example, the analytical model developed by Oyen et al.
[17, 23, 26] enabled the determination of viscosity during
trapezoidal loading nanoindentation procedures, which
revealed the role of bone viscosity in plastic deformation
resistance [26]. Ferguson [39] applied this model to horse
metacarpal cortices, demonstrating the quantitative fraction
of viscous deformation in the overall deformation. Rheo-
logical models consisting of springs and dashpots have also
explored the viscous and/or viscoelastic response of bio-
logical mineralized tissues such as bone and tooth enamel
[40, 41]. These techniques can be effectively used to
understand how bone exhibits such time-dependent defor-
mation behavior from the structural and compositional
perspectives [42].

The effect of specimen drying on the absolute values of
the material properties should be mentioned. Fully dried
bone specimens were used in this study. Because of the
removal of water, the hardness and Young’s modulus are
increased [7, 14] and creep deformation is reduced [42, 43]
in dry specimens compared to wet specimens. When bone
is dried, collagen shrinks and the bone tissue subsequently
contracts [44, 45]. As a result, the apparent packing density
of the bone tissue increases. This may be a possible reason
why the material properties of bone change after drying.
However, the relationship between the relative magnitudes
of the material properties must be consistent even after
specimens are dried, as confirmed by Rho and Pharr [7].
Another limitation of this study is the drift effect of hard-
ware on mechanical properties. The drift effect is decou-
pled with the creep behavior resulting from viscoelasticity,
which can ultimately result in increased ambiguity in the
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absolute value of material properties; to counteract this, the
bone specimens and instrument were kept in a chamber at
25°C for 24 h before the testing for thermal stabilization.
Although some instruments are specifically built to remove
drift [46], a conventional nanoindentation instrument,
which does not have this provision, was used in this study.
Further study is needed to obtain quantitative absolute
values of hardness and Young’s modulus for solving
problems related to drying, the drift effect, and the number
of regenerative animals used.

As has also been reported previously [17, 18], the
hardness and Young’s modulus of the regenerating bone
were significantly lower than those of the intact bone
(Figs. 5, 6). It is widely recognized that variations in the
material properties of bone are induced by variations in the
micro-organizational features of bone tissue. Some
researchers have proven the relationship between micro-
scale organization and hardness and/or Young’s modulus
by using nanoindentation. Rho and Pharr [7] revealed that
the hardness and Young’s modulus of bovine femur cor-
tical bone vary among microstructural components,
including interstitial lamellae and osteons. Interstitial
lamellae have higher values of hardness and Young’s
modulus along the longitudinal direction than osteons
because of the higher degree of mineralization [9]. Turner
et al. [5] demonstrated the anisotropy in Young’s modulus
of human femur cortical bone; the value of Young’s
modulus along the longitudinal direction was higher than
that along the transverse direction. In cortical bone of a
long bone, the collagen fibrils and the crystallographic
¢ axis of biological apatite were found to be preferentially
aligned along the longitudinal direction [47—49]. This
could be a reason for the anisotropic Young’s modulus in
long bones, because collagen and biological apatite are
anisotropic materials with respect to their mechanical
properties [50, 51]. Jimsd et al. [15] reported that the
cortical bone in the long bones of osteopetrotic rats
exhibited lower elastic moduli than those of normal rats;
this may be because of the degradation of microstructures,
such as collagen cross-linkage and mineral crystallinity
[52]. The organization and microstructure of regenerating
long bones are also different from those of intact bones. For
example, compared to a mature intact long bone, regen-
erating bone is less mineralized, contains a relatively high
fraction of organic collagen [29], has low mineral crys-
tallinity [53], and has randomly orientated collagen fibers
[54] and mineral crystals [55, 56], especially in the early
stage of regeneration. These microstructural features will
definitely result in low hardness and Young’s modulus
values for regenerating bone tissue. Further investigation
using nanoindentation to clarify the quantitative correlation
between the bone microstructures mentioned above and
material properties of regenerating bone is in progress.
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5 Conclusions

Some mechanical behaviors of intact and regenerating
bone tissue were characterized using the nanoindentation
technique, and following conclusions were reached:
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2)

3)
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