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Abstract— This paper presents the analysis of data obtained
using nanoindentation mapping of a canine bone section using a
Berkovich tip. The experiments were carried out to investigate
the mechanical properties of bone as an example of a natural
inhomogeneous composite material. In order to obtain insight
into the mechanical contributions of collagen and
hydroxyapatite (HAp), the principal natural constituents of the
bone tissue, specimens of natural and deimmunized bones were
studied. The analysis of the indentation data returns estimates
of Young's modulus and hardness at different locations within
the bone structure. The observed variation of mechanical
properties is discussed.

Index Terms— Canine bone, collagen,
hydroxyapatite, modulus of elasticity, nanoindentation

hardness,

I. INTRODUCTION

ONE is a diverse tissue having a complex, highly

porous and multiscale structure which mechanical
properties depend on the architecture and intrinsic material
properties [1, 2]. Besides, it is responsible for the wide set of
functions from mobility to vital organ protection. A large
number of studies in the literature report the investigation of
the dependence of bone macro-scale mechanical properties
on tissue architecture [3]. However, even when finer scale
properties are considered within a selected part of the bone,
the mechanical properties vary continuously as a reflection
of hierarchical structuring down to the nanoscale due to the
permanent processes of bone remodeling and adaptation to
an external load. Hence, the microscale irregularities of
structure make an impact on the characteristics of composite
[4]. Accordingly, the knowledge of the mechanical
properties of bone plays an essential role in understanding
such complex phenomena as the implant-bone interaction,
bone diseases, and fractures [5].
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The mechanical properties of bone tissue are correlated
with its structure and orientation with respect to the direction
of load application. Due to the density difference between
the cortical bone and cancellous bone, the former exhibits
higher modulus (12-20 GPa vs 0.2-0.8 GPa) and strength
(100-230 MPa vs 2-12 MPa) [6]. The specific organization
of tissue microstructure results in strong anisotropy of
mechanical properties. For instance, the cortical bone elastic
modulus is ~18 GPa under axial force application, and 12
GPa under transverse loading, respectively [7].

The measurements of Young's modulus and hardness of
highly heterogeneous materials by a statistical analysis of
instrumented indentation techniques have widely been
adopted and used for the characterization of nanomechanical
behavior of mineralized tissues [9-11]. Advantages arise
from precise geometric positioning of the indenter tip on the
sample, allowing correlation between mechanical response
and local microstructure. The interpretation of the load-
displacement record provides precise values of elastic
modulus and hardness. The range of properties
corresponding to specific phases can be identified by
performing large arrays of indentations in highly
heterogeneous samples, with a proper choice of the
indentation conditions in terms of load and depth [12].

The main goal of this investigation is to verify the
conceptual model of bone tissue as a composite material that
consists of collagen and hydroxyapatite (HAp) as the
principal phases. Thorough statistical analysis of large
experimental nanoindentation datasets reveals the nature of
bone property inhomogeneity.

1. MATERIALS AND METHODS

A.Bone Preparation

In this study shinbone tissue specimens were used that
were taken from an ethically mortified dog (presented by
NMRCO named N.N. Blokhin, Moscow, Russia). The dog
had undergone a bone surgery, namely, the resection of a
sarcoma-affected segment, and further bone reconstruction
with a titanium-polymer hybrid implant. The implant was
externally supported by titanium plates fixed with titanium
screws. Consequently, the specimen contained drilled holes
which corresponded to the location of screws fixed into the
bone tissue (Fig. 1). In addition, a sample was prepared from
another shinbone by etching deimmunized in a water-based
solution (5-10 wt.%) prepared from a dry mixture of sodium
chlorite, sodium perchlorate, and sodium chloride in the
ratio of 7:2:1, and distilled water [14].
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Demineralized

Fig. 1. The specimens of canine bone.

Sample preparation procedure and testing conditions may
significantly affect the results of the nanoindentation. This is
particularly relevant for biological tissues due to the
irregular shape and fixation of specimens. The mechanical
characteristics also depend on the water content, resulting in
up to 40% difference in measured indentation modulus for
compact and trabecular bone [13]. At the preliminary step,
bones were cut in the vicinity of the drilled holes used for
titanium plate fixation in the bone surgery operation.
Accutom-100 (Struers Ltd, UK) with a diamond cutting disk
was used for sectioning, with the rotation speed of 1 mm/min
with a continuous supply of coolant fluid. After cutting (Fig.
2), the specimens were dried in Binder FD115 (Thomas
Scientific, US) during 12 hours at 40 °C in order to avoid
the enzymatic degradation of bone collagen matrix due to
water.

Fig. 2. Natural (a) and deimmunized (b) samples after
sectioning.

The samples were then encapsulated in black phenolic
resin mounting using hydraulic-pneumatic automatic
mounting press TechPress 2™ (Allied Company, USA).
Samples were shaped into cylinders of 20 mm height and 30
mm diameter, respectively (Fig. 3). Surface preparation was
carried out by MetPrep 3™ (Allied Company, USA) by
grinding and polishing with a set of abrasives under constant
water flow. The surface was finished with colloidal silica
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suspension OP-S Nondry (Struers Ltd, UK) of nominal
spherical particle size 40 nm. The quality of surface
finishing was monitored by means of confocal laser
profilometer NanoScan-4D Company (TISNCM, Troitsk,
Russia). Grinding resulted in the roughness R, of 3.925 um.

(a) (b)

Fig. 3. The natural (a) and HAp free (b) canine bone
tissue mounted in epoxy resin.

B. Nanoindentation Testing

Nanoindentation tests were performed at room
temperature using a NanoScan-4D scanning nanohardness
tester (TISNCM, Troitsk, Russia) using Berkovich tip in the
load-controlled mode. Three areas of cortical bone were
investigated: A - zone close to drilled hole; B - outer region,
and C - inner zone, respectively (Fig. 4).

C
A B

Fig. 4. The three test locations: A — zone close to drilled
hole, B — outer side of bone and C — inner zone of bone.

Maximum indentation load of 50 mN was applied. The
loading and holding durations were set as 10 and 0.5 s,
respectively, with unloading carried out at the same force
ramp rate as the loading. The total of 1000 measurements
were made in the A, B and C zones (Fig. 5), and about 250
were performed on the demineralized sample (zone D). The
tests were interpreted according to the method of Oliver and
Pharr [15]. According to this approach, the elastic unloading
stiffness S is defined as the slope of the unloading curve
during the initial stages of unloading. A typical
nanoindentation load-depth curve is illustrated in Fig.6.
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C. Statistical Analysis Technique

For the interpretation of nanoindentation results, statistical
M1mpmss‘ analysis was applied to generate the Probability Density

Ef&};‘?}‘?ﬁnm & Function (PDF). For the purposes of recognizing specific

phase contributions, a fit to the PDF was sought in the form
of a sum of Gaussian functions for [16]:

POX) =Y 1y J—exp[—%j @

where 7 is scale factor (e.g. a number of nanoindentation
tests), n is the number of different phases, fi, oi and y;
represent the volume/surface fraction occupied by the i-th
phase, and the standard deviation and the mean values of the
i-th phase, respectively.

The best fit was found by minimizing the standard error

i[Y(Xj)_P(Xj)J ,Wherezn:szl, 4

i1 m =1

and X;, Y(X;) are the j-th abscissa and ordinate values of the
experimental results, respectively.

Fig. 5. The indent grids in zones C (a) and B (b).
I1l. RESULTS AND DISCUSSION

000 A typical appearance of the cortical bone tissue cross-
section under optical microscope is shown in Fig. 7. A

40000 number of structure elements can be noted: lacunae (zones
surrounding blood vessel channels) with an approximate size

€ w0 of about 150-200 pm, a system of cracks of ~1-10um width,
o and canaliculi, visible as black spots of diameters 5-10 um.
5 2 The previously reported approach to the statistical analysis
o of large nanoindentation datasets [17] allows identifying a

number of mechanical phases, and establishing
correspondence with these or other, possibly optically

unresolvable structural elements.
a 200 400 a0 BOO 1000 1200 1400 1600

Depth, nm
Fig. 6. Typical indentation load-displacement curve.

The relationship between the stiffness S, the contact area
A, and the reduced elastic modulus E; is given by

2
S=—E JA,
\/7—1_ r‘/_ (1)

and relationship between Young’s modulus and Poisson’s
ratio of the diamond tip E;, vi with Young’s modulus and
Poisson’s ratio of the tested material Es, vs is

Fig. 7. A typical appearance of cortical bone
tissue.
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Images of indent grids covering 300x300 pm areas, as
well as hardness and elastic modulus maps in B and C zones
are illustrated in Fig. 8. They include several decades of
structural elements and so it is believed that datasets should
be sufficiently representative to resolve different mechanical
phases in a statistically reliable manner.
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Fig. 8. The hardness and Young's modulus maps
in zones B and C of natural (deimmunized).
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Table 1.
mechanical components.
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Fig. 9. The hardness and Young's modulus maps
in zones B and C of demineralized bone.

The histograms of the hardness and Young’s modulus
values show evidence of the presence of mechanical phases
with distinct properties (Fig. 10). It appears possible to
resolve the statistic of mechanical response into a
convolution of Gaussian histograms from at least three
mechanical phases. The estimates of their mechanical
properties are given in the Table 1, where the putative
phases are denoted Phase 1, 2 and 3, respectively.

The mechanical characteristics of suggested

Property Phase 1 Phase 2 Phase 3
E, GPa 1342 2242 2743
H, GPa 0.5+0.05 0.7+0.04 0.9+0.05

The convolution of histograms, however, cannot be
directly interpreted as an additive summation of mechanical
properties of mechanical phases with some weights
reflecting the contribution of mechanical phases to the
mechanical properties of the composite material in
accordance with a rule of mixtures. The anisotropy of bone
mechanical properties arises due to a variety of mechanisms,
e.g. texture (preferred orientation) of HAp grains, uneven
mineralization along different directions, uneven porosity,
etc. Sophisticated numerical modelling (homogenization) is
required in order to describe the mechanical properties even
at micrometer dimensional level.
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Fig. 10. Histograms of mechanical properties of natural
(deimmunized) canine bone: a) zone A, b) zone B,
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Some speculations, nevertheless, can be made when
structure elements of bone tissue are considered. We believe
that the least rigid and hard Phase 1, which mostly present in
zone A, is also the least mineralized and contains many
defects — pores, cracks etc. as result of trauma due to the
interaction with titanium screws and other fixing elements.
We relate the highest mechanical performance in zone B 3
with the highest content of Phase 3, that is thought of as an Yo s con w
almost defect-free structure with average to higher
mineralization. In fact, lacunae and canaliculi are much less Fig. 12. Ashby chart for mechanical performance
frequently found in the outer bone zone, making it harder of natural collagen/HAp composite objects —
and more rigid. Area C corresponds to Phase 2 that shows bones and HAp [19].
intermediate mechanical properties, likely due to somewhat
lower mineralization and high content of lacunae and
canaliculi (Fig. 8 shows a softer fragment related to IV. CONCLUSION
canaliculi in zone C). Improved statistics of at least 5000 The application of statistically  representative
indents per dataset for each area can be expected to allow  npanoindentation measurements (many thousands) facilitated
making more reliable conclusions for numerical by modern automated experimental instruments returns large
homogenization. datasets for sophisticated analysis of structure-properties

Demineralized bone tissue appears to have two relations. For cortical bone tissue, mechanically distinct
mechanical phases with strong domination of a stiffer phase  phases can be identified and ascribed to structural elements
with Young’s modulus of 3+0.5 GPa and hardness _ A) demineralized areas enriched with defects in the
0.2+0.05 GPa, as shown in Fig. 11. vicinity of macroscopic damage, C) composite areas with

lacunae and canaliculi, and B) relatively defect-free outer
areas of bone. Large datasets also provide relevant
information for numerical homogenization as part of detailed
computer simulation of bone mechanical behavior.

Elastic Modulus, GPa
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