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Microcracks accumulate in cortical bone tissue as a consequence of everyday cyclic loading.
However, it remains unclear to what extent microdamage accumulation contributes to an
increase in fracture risk. A cryo-preparation technique was applied to inducemicrocracks in
cortical bone tissue. Microcracks with lengths up to approximately 20 μm, which were
initiated mainly on the boundaries of haversian canals, were observed with cryo-scanning
electron microscopy. A microindentation technique was applied to study the mechanical
loading effect on the microcracked hydrated bone tissue. The microindentation patterns
were section-scanned using confocal laser scanning microscopy to understand the
deformation and bone damage mechanisms made by mechanical loading. The results
show that there was no significant difference with respect to microhardness between the
original and microcracked hydrated cortical bone tissues (ANOVA, p>0.05). The cryo-
induced microcracks in the bone tissue were not propagated further under the mechanical
loads applied. The deformation mechanism of the microcracked cortical bone tissue was
plastic deformation, not brittle fracture.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Bone contains approximately 60% ceramic nanoparticles of
inorganic carbonated hydroxyapatite, 10% water and about
30% polymermatrix of organic andmineralized collagen fibers
by weight [1–3]. Typical bone structures are demonstrated in
Fig. 1 [4]. At the macroscopic level, bone tissues are classified
into two categories based on porosities, i.e., cortical bone (C)
and spongious bone (S) as shown in Fig. 1a. At themicroscopic
level, cortical bone has compactmineralized connective tissue
and low porosity as shown in Fig. 1b, while spongious bone
has less compact mineralized connective tissue and high
porosity [5], as shown in Fig. 1c. Cortical bone has a strongly
hierarchical and fibrillar structure as shown in Fig. 1d, in
which there are phase and material direction changes over
.
).

er Inc. All rights reserved
many length scales and a porosity of approximately 5% due to
the presence of blood vessels and living cells [6]. These
heterogeneities account for the ability of bone to contain
stable cracks that can vary greatly in length.

Microcracks accumulate as a consequence of prolonged
loading. They occur through normal daily activities and accu-
mulate with age. The accumulation of such damage is related to
fatigue or cyclic loading and is found throughout the skeleton at
load-bearing sites [1,6,7]. Microcracks are short splits in cortical
bone tissue with a linear morphology and result from the
disruption of intermolecular bonds [8]. Microcracks frequently
propagate alongosteonal cement lines because theyhave a lower
resistance to crack propagation. Thus, most microcracks are
found between cement lines and the surrounding interstitial
tissue. Theremay additionally bemore diffusematrix damage at
.
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Fig. 1 – Hierarchical structure of bone in the human femur. (a)
Section through a femoral head demonstrates the shell of
cortical bone (C) and the spongious (S) inside a femoral head.
(b) Enlargement of the cortical bone region visualized by
backscattered electron (BSE) imaging, revealing several
osteons corresponding to blood vessels surrounded by
concentric layers of bone material. (c) BSE picture of a single
trabeculum from the spongious bone region. The arrows in
both in both (b) and (c) indicate osteocyte lacunaewhere bone
cells have previously been living. (d) Further enlargement
showing the lamellar and fibrillar material texture around an
osteocyte lacuna as visible in scanning electron microscopy
(see white arrow). The lamellae are formed by bundles of
mineralized collagen. All the images in Fig. 1 are from [4] and
reproduced by permission of The Royal Society of Chemistry.

Fig. 2 – BSE images of the cryo-fractured cortical bone tissue
with microcracks (a) at a lower magnification, and (b) at a
higher magnification.
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various levels of the hierarchical sublamellar architecture [9].
Microcracks also occur during the loading event in a failure
process of bone [10]. The generation of newmicrocracks is a way
of dissipating energy during a loading event by local formation of
diffuse microdamage. The suppression of crack growth appears
to be more important in preventing failure than the suppression
of crack initiation [11]. Microdamage in bone is generally
considered to significantly increase the fragility of bone leading
to complications such as osteoporotic and stress fractures [1,12].
While it reduces themechanical competence of bone,microcrack
formation is also an effective means of energy dissipation.
However, it remains unclear to what extent microdamage
accumulation contributes to an increase in fracture risk [7].

Microindentation is a remarkably flexible mechanical test
due to its experimental simplicity [13]. It offers a means of
characterizing the deformation properties of bone and provides
a basis for evaluating a range of contact-related properties,
particularly surface-damage phenomena in sharp-particle
compression [14]. Furthermore, imaging of micro-indented
patterns using microscopy provides insight into the material
response to mechanical loads at the micro scale. Many studies
of bone involved scanning electronmicroscopy, which requires
dehydration and affects the mechanical behavior of bone.

Confocal laser scanning microscopy (CLSM) is widely used in
numerous biological science disciplines as it enables observation
of biological specimens in their natural states without dehydra-
tion. CLSM has two operational modes: (i) the confocal reflection
mode and (ii) the confocal fluorescence mode. The reflection
mode and the fluorescence mode allow different types of CLSM
images to be collected, that is, while the reflection mode is best
suited for imaging the surface profile of rough or porous surfaces,
the fluorescencemodeallowsone tohighlight specific subsurface
features by adding fluorescent tracers [15,16]. The ability of the
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laser beam to be focused with high precision enables blackout of
sample parts that are out of focus, resulting in visualization of a
single focal plane of a bulk sample over a given time period. The
technique enables visualization of live tissues and cells [17–21]. It
is also able to generate a series of discrete sections througha bulk
sample and to reconstruct these sections to create complete
three-dimensional images for analysis of microstructure
[15,16,22] and microcracks in bone [17,23,24]. Several investiga-
tions on microcracks induced in four-point bending [25,26] and
compressive fatigue [27,28] using CLSM have been reported.

In thispaper,wedescribeour studyof theeffect ofmechanical
loading on hydrated cortical bone tissueswithmicrocracks using
CLSM. We have applied a cryo-preparation technique to induce
microcracks in cortical bone tissue and used cryo-scanning
electron microscopy (cryo-SEM) to observe these microcracks.
We then conducted microindentation testing on both original
and microcracked hydrated cortical bone tissues at loads 0.245–
9.8 N. CLSMwas applied to section-scan the indentation patterns
to understand the microstructural deformation and damage of
bone made by the mechanical loading.
Fig. 3 – CLSM images of (a) the original hydrated cortical bone
tissue, and (b) cryo-prepared hydrated cortical bone tissue
with microcracks.
2. Experimental Procedure

2.1. Cleaning and Polishing of Bone Samples

Lamb femurs from industrially raised, 6 month-old lambs were
stored in a freezer at −20 °C before all joints were cut off using a
diamond saw machine. These femurs were macerated in a
solution which contained 40 g Biozet laundry powder (KAO,
Australia) and 2 l water for 5 days at room temperature in a fume
cupboard. Biozet laundry powder contains two types of enzymes
for biological active cleaning, anionic and nonionic surfactant for
lifting dirt from clothes, sodium perborate mononhydrate for
oxygen bleach, sodium alumino silicate for softening water,
sodium carbonate for breaking up fatty soils, fluorescers for
brightening fabric, soil suspending agent and perfume (KAO,
Australia). The pHvalue of the solutionwas 10.5. After 5 days, the
soft tissues of the cortical bone samplesweremanually removed.
After the soft tissueswere cleaned, the bone sampleswere stored
in a phosphate buffered saline (PBS) solution at room tempera-
ture. It was prepared by dissolving 800 g NaCl, 20 g KCl, 144 g
Na2HPO4, 24 g KH2PO4, and 0.2%NaN3 in 8 l of distilledwater, and
topping up to 10 l. The pH of the solution was approximately 6.8.
This solutionhas the sameconcentration ofmajor electrolytes as
extra-cellular fluid.

Transverse-section samples of 10 mm thickness were cut
from the central femurs using a diamond saw machine at low
rotary speed. During the cutting process, 95% ethanol was
used as coolant. The samples were washed to remove any
residual abrasives from the cutting. They were then polished
using metallographic polishing techniques. The initial polish-
ing was performed on a series of silicon carbide papers of grit
sizes 240, 320, 400, 600, 800, and 1200. Fine polishing was
performed using diamond-suspension slurries with grades
6 μm, 3 μm, 1 μm, and 0.25 μmon polishing cloth. The samples
were cleaned before proceeding to the next finer level of
polishing. After the final polishing, the samples were stored in
the PBS solution at room temperature.
2.2. Cryo-preparation and Cryo-Scanning
Electron Microscopy

Cryo-preparation of bone samples was conducted using a
cryogenic preparation system (Oxford CT1500 Cryotrans,
Oxford Instruments, UK). The system is used in conjunction
with an SEM (Cambridge S360, Cambridge Instruments, UK). It
is composed of a transfer device with a specimen stub, a
freezing chamber, a preparation chamber and a microscope
stage. The fluid-containing polished bone sample was bonded
on the specimen stub. The transfer device was fitted to the
freezing chamber which contains liquid nitrogen at −190 °C.
Each sample was cooled and maintained for 5 min at this
temperature by liquid nitrogen in the Cryotrans system.
Thereafter, the temperature of the frozen bone sample was
then raised to −90 °C to allow controlled sublimation of the



Fig. 4 – A series of CLSM section-scanning images of the indentation pattern on original hydrated cortical bone tissue at the
applied load of 9.8 N.
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Fig. 5 – A series of CLSM section-scanning images of the indentation pattern on the cryo-prepared cortical bone tissue at the
applied load of 9.8 N.
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water. Finally, the sample was coated with gold and examined
at −190 °C using the cryo-SEM. Backscattered electron (BSE)
imaging was performed at 20 kV accelerating voltage, a
working distance of 16 mm, and 350× and higher magnifica-
tions. After the cryo-SEM observations, bone samples were
cleaned with alcohol and stored in PBS solution at room
temperature.
2.3. Microhardness Indentation & Confocal Laser
Scanning Microscopy

The polished surfaces of both cryo-prepared and untreated
cortical bone tissues were indented along their longitudinal
axes with a Vickers diamond indenter in a microhardness tester
(MHT-1, Matsuzawa Seiki, Japan). Five indentation loads of
0.245 N, 0.49 N, 1.96 N, 4.9 N, and 9.8 N were applied for 10 s. Six
indentations were made at each load on each sample. This
resulted ina total of 30 indentations in each sample.Adistanceof
at least two times the impression diagonal was kept between the
indentations to prevent interactions betweenneighboring inden-
tations. The indentation diagonals were measured with optical
microscopy. Three samples were selected for repeat tests. The
indentations were completed within 45 min from the time each
bone samplewas takenout of thePBS solution.After indentation,
the indented samples were stored in PBS solution at room
temperature. ANOVA at a 5% significant level was applied for
statistical analysis of hardness.

The hydrated indented bone samples were examined using a
CLSM configured in reflection mode (Leica TCS-SP2-UV, Leica
Microsystems Heidelberg GmbH, Germany). The confocal scan
head was attached to a Leica DM6000 upright research micro-
scope. During the imaging process, water was dripped on the
bone sample surface for the purpose of hydration. Bone tissues
were imaged using 488 nm illumination, a RT 30/70 primary
dichroic mirror and a 485–490 nm detection window. Image
acquisitionwasperformedusinga×20, 0.70NA, planapochromat
objective lens, corrected for direct dripping water immersion.
Image intensity was optimized using detector offset and gain
controls to ensure that full dynamic range imageswere collected.
Scanning depths along the bone longitudinal direction (Z-
direction) were chosen to correspond to a full depth profile into
the cross-section of the indentation. Whilst this varied from
specimen to specimen, depths of 15–30 μm were typical. An
optical slice “Z step” spacing of 0.57 μm was utilized. This value
was chosen based upon a 2.3 over-sampling of the theoretical Z
resolution, as calculated by the Leica Confocal Software (LCS
version 2.61.1537). By scanning the sections of the indentation
patterns, at various focalplanesalong the indentationdirection, a
three-dimensional data set was acquired for the sample. From
thesedata sets two-dimensionalmaximumprojection and color-
codeddepthprojection imageswereobtained,using theLeicaLCS
software.
Fig. 6 – CLSM color-coded depth projection images of the
complete indentation patterns at the applied load of 9.8 N for
(a) the original hydrated cortical bone tissue and (b) the
cryo-prepared cortical bone tissue. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)
3. Results

Fig. 2 shows BSE cryo-SEM micrographs for the cryo-prepared
bone tissue. Numerous distributed microcracks are observed
in the osteonal structure of cortical bone tissue, as shown in
Fig. 2a. Microcracks are found distributed around the bound-
aries of haversian canals as shown in Fig. 2b at higher
magnification. They radiated around the osteons, which
were formed rather like plywood, from sheets of alternating
lamellae that can be laid flat, or curved around blood vessels.
Microcracks are also found to radiate around lacunae and
canaliculi, as shown in Fig. 2a, which are tiny channels
running through the laminae that comprise the osteon.
Furthermore, there are many microcracks inside the con-
centric lamellar layers of osteons as shown in Fig. 2a and the
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interstitial lamellae as shown in Fig. 2b. The lengths of
microcracks are up to 20 μm.

Fig. 3 a shows a CLSM image of the original hydrated bone
tissue. No damage was observed, in particular, in the
boundaries of the porosities formed from blood vessels and
lamellar layers of the bone tissue. Fig. 3b is a CLSM image of
the cryo-prepared hydrated bone tissue. Similar to those
observed using backscatter cryo-scanning electron micro-
scopy, microcracks are observed at the boundaries of different
types of blood vessels including haversian canals and lacunae
as well as in the concentric and interstitial lamellae. It is likely
that cryo-preparation induced microcracks in the cortical
tissue in comparisonwith the original cortical bone structures.

Fig. 4 shows a series of CLSM section-scanning images of the
indentation pattern in the hydrated, original cortical bone tissue
indented at load 9.8 N. The section scan was begun at the
indentation apex and continued to the top indentation surface.
These section-scanning image series demonstrate that little
cracks in the indented bone tissue are observed. Fig. 5 shows a
series of CLSM section-scanning images of the indentation
pattern in the cryo-prepared hydrated cortical bone tissue
indented at load 9.8 N. These section-scanning image series
demonstrate that the cryo-inducedmicrcracks in bone tissue did
not propagate to fracture in indentation. Fig. 6 a shows a CLSM
color-coded depth projection image of the complete indentation
pattern for the untreated bone tissue. It shows that the
indentation induced plastic deformation and no radial cracks
are visible. Fig. 6b shows a CLSM color-coded depth projection
image of the complete indentation pattern for the cryo-prepared
bone tissue. It confirms that the microcracks in the bone tissue
did not further propagate at load 9.8 N. In particular, no radial
cracks are observed at the indentation cornerswheremechanical
stress was concentrated. Also, no visible extending cracks are
foundat the indentation apex, another stress concentration area.
The indentation reveals plastic deformation without visible
further crack propagation.
Fig. 7 – Vickers hardness values for the original and
cryo-prepared hydrated cortical bone tissues versus applied
load. Each point is the averagewith one standard deviation of
18 indentations in 3 samples and the error bar is ±one
standard deviation of 18 indentation measurements in 3
samples.
Fig. 7 shows Vickers hardness versus the applied load for
the original and cryo-prepared hydrated cortical bone tissues.
Each datum is the average, with one standard deviation, of 18
indentations in 3 samples. For the original bone tissue with
low-damage and cryo-induced microcracked hydrated bones
tissue, hardness values were found to be insignificantly
different (ANOVA, F=0.4218, p=0.5623, p>0.05). Fig. 7 also
demonstrates that hardness values for both microstructures
gently increased with the applied load, except that there was a
fluctuation for the original bone tissue at the load of 4.9 N.
4. Discussion

Because of the wide variety of bone shapes, sizes and ages, a
large number of variables must be considered when establish-
ing mechanical testing procedures for bone [29]. Experimental
design should follow valid scientific principles and replicate
the specific situation being investigated. The purpose of
selecting the industrially-raised, 6-month old lamb femurs
was to develop repeatable biomechanical testing methods for
the characterization of mechanical properties, deformation
and fracture performance of bone tissues. Further, most
previous research has been reported on dry samples or
semi-dry samples. These are different from biological bone
samples, which are in general, wet or submerged in solutions.
In fact, the water present in bone tissue is an important
contributor to bone properties [30]. Conventional preparation
techniques for imaging bone tissue with manymethodologies
require dehydration, which in turn, results in microstructural
change. In the current investigation, cryo-preparation, cryo-
SEM and CLSM were applied. Cryo-preparation methods offer
the opportunity for observation and microanalysis of biologi-
cal samples under conditions that are closely related to the
natural state. CLSM makes it possible to observe biological
samples at their natural states without dehydration.

Cortical bonehasapproximately5%porosity [6] andabout10%
water [1] in its bone structure. Cryo-preparation froze thewater in
the bone tissue, resulting in many microcracks in its micro-
structure. This is because the water crystallizes into an open
hexagonal form upon freezing and expands. The resulting high
pressure in bone tissue causedmicrocracks aroundpores formed
from blood vessels and at weak interfaces of lamellar layers
where water is stored as shown in Figs. 2 and 3b. Using BSE
imaging in cryo-SEM, the signals were observed on the same
specimen site as the incoming electron beam, and valuable
information about morphology, surface topology, and composi-
tioncouldbeobtainedat resolutionsbelow1nm[31].UsingCLSM,
the resolution applied in the current investigation was approxi-
mately 280 nm. This explains why Fig. 2, taken using backscatter
electron imaging in cryo-SEM, demonstrates the microcracks
more clearly than in Fig. 3b obtained using CLSM. In comparison
with bone tissue with the cryo-preparation, the original bone
tissue had low damage as shown in Fig. 3(a).

There are approximately 60% of ceramic nanoscaled
inorganic carbonated hydroxyapatite particles in cortical
bone [1]. It is expected that the indentation behavior of cortical
bone tissue could be similar with most polycrystalline
ceramics in which radial cracks extend from the four corners
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of the square indentation. However, CLSM images demon-
strate that the indentation on the microcracked bone tissue
did not produce radial cracks, as shown in Figs. 5 and 6. The
indentation behavior of themicrocracked bone tissue revealed
plastic, dissipating deformation energy without propagation
of the microcracks.

Different from polycrystalline ceramics, bone is a complex
material based on collagen fibrils reinforced with nanosized
ceramic particles. Because rigid hydroxyapatite crystals can-
not dissipate much energy, the organic matrix, which is
mainly collagen, must be involved [32]. Our results show that
themicrocracked cortical bone is fracture resistant and that its
indentation behavior showed plastic deformation. This is in
agreement with the findings in cortical bone of different
species [4,33]. The high toughness of bone results from the
ability of its microstructure to dissipate deformation energy
without propagation of the crack [34,35]. Different toughening
mechanisms have been identified [3,34]. The molecular
mechanisms for plastic deformation of bone tissue were
found to be localized within 1 nm3 and with energy of the
order of 1 eV [36]. Plastic deformation processes occurred in a
small fraction of bone tissue, i.e., the extrafibrillar matrix, and
corresponded to the disruption of calcium-mediated ionic
bonds between the long and irregular chains of molecules
constituting this matrix [36]. The basic mechanism for
dissipating the energy of impact which keeps the bone from
fracturing is sacrificial bonding which toughened bone
structures under applied forces [37]. Recent studies using
molecular nanomechanics of nascent bone also show that the
characteristic nanostructure of mineralized collagen fibrils is
vital for its high strength and its ability to sustain large
deformation via a fibrillar toughening mechanism [38].
Furthermore, nanograin rotation and deformation in nacre
were discovered in situ observation using atomic force
microscopy [39]. Interestingly, it is observed that the aragonite
nanograins in nacre are not brittle but deformable [39].

Microhardness is measured from the penetration of a
Vickers diamond indenter, in the form of a pyramid with a
square base and an angle of 136° between opposite faces. The
indented patterns of microscopic sizes on the bone samples
had the measured average diagonals of the indentations
ranging approximately 35–210 μm at the loads 0.245–9.8 N.
At load 9.8 N, the indented patterns would randomly cover
several partial osteons shown in Fig. 2. In comparison, the
indented partial osteons with and without cryo-induced
cracks are demonstrated in Fig. 6. The insignificant differences
in hardness values between microcracked and original bone
tissues in Fig. 7 indicate that the microcracks in the cortical
tissue did not result in weaker mechanical properties in bone
tissue at the length scale probed by the current measure-
ments. In cortical bone, collagen fibrils are assembled into a
lamellar structure. From a mechanical viewpoint, bone con-
tains defects ranging in size from micrometers to millimeters,
for example, cavities for blood vessels and for bone cells
(osteocytes), or the network of canaliculi. Microstructurally,
osteonal bone is a laminated organic–inorganic composite
composed primarily of collagen, hydroxyapatite, and water
[37]. As a consequence, bone tissue must be flaw-insensitive
not only at the nanoscopic but also the microscopic levels.
Studies have shown that in three-point bending testing of
lamellar human bone, the collagen angle is decisive for
switching the fracture behaviour of bone from brittle to
quasi-ductile [34]. Polymers are often able to dissipate energy
by viscoplastic flow or the formation of non-connected
microcracks [34,40]. Therefore, the organic matrix of bone as
well as its function in the microstructure could be the key to
resistance to separation of mineralized collagen fibrils [41,42].

CLSM has previously been used to study microdamage in
trabecular bone [17], themorphology of in vitro microcracks in
compressive and bending testing of compact bone [24–27,43],
and dense arrays of ultra-microcracks in human tibiae [44].
Tensile microdamage was examined using CLSM in beam
specimens of bovine, equine and human long bone loaded in
vitro andwhole specimens of rat ulnae loaded in vivo [45]. The
resolution achievable with optical microscopy using single-
photon excitation, including CLSM, is fundamentally limited
to about half the wavelength of light. The new development
for imaging of biomaterials such as bone tissues is focused on
the combination of atomic force microscopy, CLSM and
fluorescent imaging to provide a more comprehensive under-
standing of biological systems [46]. Although the combined
confocal atomic force microscopy and combined fluorescence
atomic force microscopy are still very much in their infancies
[46], future work will provide a powerful platform to obtain
new complementary data on biological samples.
5. Conclusions

We have applied a cryo-preparation technique to induce
microcracks in low-damage cortical bone tissue. Using cryo-
scanning electron microscopy, we found that most the
microcracks were less than 20 μm long. We have conducted
microindentation testing to study mechanical loading effects
on microcracked bone tissue at loads 0.245–9.8 N. Confocal
laser microscopy was applied to visualize 3D indentation
patterns to better understand microstructural changes made
by themechanical loading. The results show that there was no
significant difference in microhardness between the original
and microcracked cortical bone tissues (ANOVA, p>0.05). The
cryo-induced microcracks in cortical bone tissue were not
further propagated under mechanical loading. The indenta-
tion mechanism in both hydrated and cryo-induced micro-
cracked bone tissues demonstrated plastic deformation.
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