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A B S T R A C T

Bone is a composite material with five distinct structural levels: collagen molecules, mineralized collagen
fibrils, lamellae, osteon and whole bone. However, most fracture testing methods have been limited to the
macroscopic scale and there is a need for advanced characterization methods to assess toughness at the
osteon level and below. The goal of this investigation is to present a novel framework to measure the fracture
properties of bone at the microscopic scale using scratch testing. A rigorous experimental protocol is articu-
lated and applied to examine cortical bone specimens from porcine femurs. The observed fracture behavior
is very complex: we observe a strong anisotropy of the response with toughening mechanisms and a com-
petition between plastic flow and brittle fracture. The challenge consists then in applying nonlinear fracture
mechanics methods such as the J-integral or the energetic Size Effect Law to quantify the fracture tough-
ness in a rigorous fashion. Our result suggests that mixed-mode fracture is instrumental in determining the
fracture resistance. There is also a pronounced coupling between fracture and elasticity. Our methodology
opens the door to fracture assessment at multiple structural levels, microscopic and potentially nanometer
length scale, due to the scalability of scratch tests.

© 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bone has evolved to a fascinating structure, being lightweight and
yet tough. Nonetheless, accidents, injuries or diseases make bone
fracture a common phenomenon with an estimated average of 2 frac-
ture events per individual during their lifetime. Unfortunately, bone
fracture is also among the 20 most expensive medical conditions,
leading to a heavy socio-economical burden(Office of the Surgeon
General (US), 2004). Like most biological tissues, bone has a complex
hierarchical design. It is mostly made up of collagen, hydroxyap-
atite and water molecules arranged precisely into 5 distinct length
scales - nanoscale (mineralized collagen fibril), sub microscale
(single lamella), microscale (lamellar structure), mesoscale (osteons)
and macroscale (whole bone). Fracture occurrences in bone are
related to the quality of bone, which in turn is influenced by several
biological factors, the mechanical behavior and the micro-structure.
Hence, understanding the toughness and fracture properties of bone
will help in developing better orthopedic treatments.
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Despite many investigations, the fracture response of bone is
not fully understood. On the one hand, previous approaches have
been limited by the use of single-size specimens in single mode
(mode I or mode II) fracture. The challenge here consists in capturing
the inelastic behavior that manifests at several length scales under
complex loadings. To-date most fracture assessment methods for
compact bone rely on pure mode I testing and very few mixed-mode
investigations (Norman et al., 1996; Zimmermann et al., 2009, 2010)
have been reported. Early studies focused on linear elastic fracture
mechanics (Norman et al., 1995; Phelps et al., 2000), based on tra-
ditional fracture tests such as the compact tension test (Behiri and
Bonfield, 1984, (1989; Bonfield and Datta, 1976; Norman et al., 1995;
Wright and Hayes, 1977) or the three point bending test on single-
edge notched specimens (Lucksanasombool et al., 2001; Robertson
et al., 1978; Yan et al., 2006). However, bone exhibits a rising R-curve
behavior (Malik et al., 2003; Nalla et al., 2004a, 2005a; Vashishth,
2004) due to multiple toughening mechanisms (Yeni et al., 1997)
such as microcracking (Vashishth et al., 2000), diffuse damage (Diab
and Vashishth, 2007; Parsamian and Norman, 2001), fiber bridging
(Nalla et al., 2004b), crack deflection (Koester et al., 2008) or osteon
pull-out (Cooke et al., 1973). As a result, the fracture energy or
critical energy release rate is a better metric than the critical stress
intensity factor because it also accounts for the non-linearity of the
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behavior or the presence of plastic flow during the fracture of bone
(Yan et al., 2007). Moreover, recent works (Yang et al., 2006a,b)
have recommended the use of a multi-parameter fracture criteria
such as cohesive fracture to fully capture the complex behavior. Yet
the coehsive fracture model was calibrated by testing specimens of
the same size. In contrast, a recent study (Kim et al., 2013) showed
that due to significant size effects, the fracture parameters must be
assessed by testing specimens of different sizes. The reason is the
non-uniqueness of the work-of-fracture method or cohesive frac-
ture method for tests on same-size specimens. Thus, new methods
are needed that can incorporate nonlinear fracture mechanics, size
effects and mixed-mode fracture.

On the other hand, previous studies have evaluated the fracture
parameters of the macrostructure instead of probing the behavior at
the level of the microstructure (haversian system, osteon or single
trabeculae), sub-microstructure (single lamella) or the nanostructure
(fibrillar collagen). Because bone is a multi-scale material, it is impor-
tant to capture the local behavior at smaller length scales to gain
a better understanding of crack initiation, propagation as well as
toughening mechanisms. A couple of methods have been proposed—
indentation fracture and nanoscratch tests–yet a rigorous frame-
work is still lacking. Although indentation fracture was introduced
(Mullins et al., 2007) to access the fracture toughness of bone as a
function of crack length, those tests tend to be unreliable and highly
subjective due to the need to measure the crack length, which highly
depends on the observer’s skill (Quinn and Bradt, 2007). In another
study, nanoscratch tests were employed in an attempt to assess
fracture toughness at the ultra-structural level (Islam et al., 2012).
However, owing to the use of a plastic limit model, the resulting met-
ric, scratch work consumed per unit volume of the scratch groove, is
very akin to a strength measurement. Thus, new methods must be
developed to evaluate the fracture characteristics at the microscopic
level.

Herein, we implement a novel approach, micro-scratch testing,
to quantify the fracture toughness of bone at the mesoscale (osteon
level) and micro-scale (concentric lamella). We use a recently intro-
duced experimental and analytical framework (Akono et al., 2012,
2011; Akono and Ulm, 2011, 2012) based on non-linear fracture
mechanics. The technique used here allows for fracture characteriza-
tion in both the longitudinal and transverse directions at the micro
scale. In what follows, we first present the experimental procedure
followed by a brief review of the scratch test model and a detailed
discussion of results.

2. Materials and methods

2.1. Specimen preparation procedure

Fresh bones from 22–26 weeks old porcine animals were har-
vested 24 h after slaughter from the Department of Animal Sciences
at the University of Illinois, Urbana-Champaign. The donor pigs had
an average diet of corn and weighed about 275 lbs. To keep the
bone fresh, femurs were stored at −20 ◦C before use. Cortical bone
specimens were thawed and then sampled using first a table-top
band saw and then a diamond precision saw (Isomet 5000®, Buehler,
LakeBluff, IL). Two set of specimens were prepared to observe the
fracture behavior in two different orientations. On the one hand,
longitudinal-transverse (LT) specimens were used to study fracture
perpendicular to the long axis of bone and they were cut into about
5-mm thick sections as shown in Fig. 1. On the other hand, short
longitudinal (SL) specimens, approximately 15-mm long and 10-mm
wide, were used to study fracture parallel to the long axis of bone.
After sectioning, these smaller pieces were defattened, defleshed and
then cleansed in a solution of 1.5% Alconox + 5% bleach. For further
ease of handling during polishing and testing, each individual section
was embedded in polymethylmethacrylate, allowed to cure for

8–9 hours, cut into 5-mm thick discs using the linear precision dia-
mond saw and mounted onto aluminum discs using cyanoacrylate
adhesive. To assure a smooth and flat surface finish, a rigorous grind-
ing and polishing operation was carried out. Samples were ground
using consecutively a 400, 600, 800 and 1200 grit size of alumina
oxide abrasive pads. Wet coarse and fine polishing was ensued using
consecutively 3, 1 and 0.25 lm diamond suspension solutions along
with TexMet P® (Buehler, LakeBluff, IL) polishing cloths. Finally, a
0.05 lm Microcloth (Buehler, LakeBluff, IL) pad was used for ultra
fine polishing. The specimens were wrapped in a gauge soaked in
Hank’s Balanced Salt Solution to keep them wet and then stored at
4 ◦C until tested.

2.2. Scratch testing

A scratch test is performed by pulling a hard stylus across the
surface of a softer material, under a linearly increasing vertical
force. The method can be traced back to the mineralogist Friedrich
Mohs in 1820 and is currently extensively used in many materials
science applications, including strength assessment of rocks (Bard
and Ulm, 2010), damage of polymers (Wredenberg and Larsson,
2009), and adhesion and cohesion properties of thin films and coat-
ings (C1624-05, 2015; Randall et al., 2001). We employed an Anton
Paar Micro Scratch Tester (MST) (Anton Paar, Switzerland), with a
maximum loading capacity of 30 N, and used a Rockwell C diamond
scratch probe. The Rockwell C is a conical probe with a half-apex
angle of h = 60◦ and a spherical tip of radius R = 200 lm: in particu-
lar, the transition from hemisphere to cone happens for d/R = 0.13,
d being the penetration depth. During the test, the scratch forces
(both vertical and horizontal) and the penetration depth are con-
tinuously measured using high-accuracy linear variable differential
transformer sensors. In addition, fracture-induced acoustic waves
are recorded by the embedded acoustic sensors.

3. Microscopic scratch testing of cortical bone

Fig. 2 illustrates the micro-scratch test procedure on cortical
bone for both the longitudinal-transverse and short-longitudinal
directions. LT and SL specimens characterize the fracture toughness
perpendicular and parallel to the long axis of bone respectively. Due
to the small scale of our experiments and the natural variability of
bone, numerous complications needed to be addressed. First, bone
exhibits a high local variability in osteon density, shape and size.
Since, the toughening mechanisms and hence the fracture toughness
of bone are greatly influenced by surface features, this variability
demands meticulous efforts in finding appropriate spots to create
scratches. Second, the specimens must always be kept wet in order to
mimic in-situ conditions, requiring a constant relative humidity dur-
ing experimentation. Last but not least, a major problem, especially
for LT specimens, is the surface area available to create scratches of
a desired length. Porcine femur bones are thin-walled allowing only
2-mm long scratches in LT specimens. For the same reason, in SL
orientation, samples are thin and need careful polishing to ensure a
reasonable specimen thickness.

3.1. Experimental protocol

In order to obtain accurate measurements, it is important to use
a scratch probe that is clean and damage-free. Before conducting
scratch tests, the tip of the stylus is observed under an optical micro-
scope to make sure it is pristine. The sample is then mounted on
the testing platform and a desired area to create scratches is found
by monitoring the surface through optical microscope. Scratches are
carried out at a loading rate of 60 N/min on both LT and SL specimens
as per the parameters shown in Table 1.
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(a) (b)

Fig. 1. Optical microscopy and surface features: (a) digital photo of a Longitudinal-Transverse (LT) specimen and a representative optical microscopy image of the specimen
surface; visible surface features are circular osteons with central Haversian canal and evenly distributed lacunae. (b) Digital photo of a Short-Longitudinal (SL) specimen and a
representative optical microscopy image of the specimen surface; surface features are relatively elongated since the Haversian canals run parallel to this orientation. The final
polished surface is clean, smooth and free of abrasion marks.
Credits: Amrita Kataruka, UIUC, 2016.

(b) (c)

(a)

Fig. 2. Scratch test experiments on cortical bone: (a) digital photo of a scratch test being conducted on cortical bone. Credits - Amrita Kataruka, Kavya Mendu and Ange-Therese
Akono, UIUC, 2016. (b) Schematic of scratch test on LT specimen; probing in this orientation generates fracture surfaces in the transverse direction. (c) Schematic of scratch test
on SL specimen; probing in this orientation creates fracture surfaces parallel to the long axis of bone.

Fig. 3 shows representative load vs displacement curves for tests
in both orientations. The penetration depth ranges from 0.022 lm
to about 100 lm, spanning 5 orders of magnitudes. Given this broad
range of depths, the test is truly multi-scale. In return, the horizon-
tal force increases from 0.6 N to 10–15 N. The acoustic emissions
released during the process of scratching are also plotted against
the scratch length. These emissions support the existence of fracture
processes during scratch test. The optical microscopy panoramic pic-
tures of the top surface after testing in both LT and SL directions are

shown in Fig. 3: a residual groove is clearly visible, pointing toward
material removal processes such as cracking and chipping.

3.2. Micro-mechanisms of fracture

Although the scratch panoramas show a residual groove, optical
microscope is unable to capture detailed surface phenomena. As
such, Scanning Electron Microscopy (SEM) was employed to observe
the top surface after testing. A JEOL 6060 V ESEM (Frederick Seitz

Table 1
Experimental parameters used for scratch testing of swine cortical bone.

Orientation Scratch length (mm) Maximum vertical force (N) Scratch speed (mm/min)

Longitudinal transverse 2 30 4
Short longitudinal 3 30 6
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Fig. 3. Load-displacement curves for scratch test on cortical bone. (a) Panorama of a scratch in LT direction. (b) Panorama of a scratch in SL direction. (c) Variation of the horizontal
force, penetration depth and acoustic emission along the crack length for LT specimen. (d) Variation of the horizontal force, penetration depth and acoustic emission along the
crack length for SL specimen. The magnitudes of both the horizontal force and penetration depth increase as the test progresses. In addition, acoustic emissions are observed.

Material Research Laboratory, UIUC) was used. Copper strips were
attached from the bone surface onto the metal surface in order to
enhance conduction during the imaging process for the otherwise
non-conductive and un-coated specimens. Back-scattering electron
detectors were used in a low vacuum mode. The accelerating voltage
was 15 kV with a working distance in the range of 10–14 mm and a
spot size in the range of 45–50 for LT Specimens and 60–62 for SL
Specimens.

Given that cement lines are weaker than the lamellae, cracks
in bone tend to grow along the cement lines. This phenomenon is
visible in the SEM images (Fig. 4) for fracture processes around the
Haversion canal. Since cement lines binding the concentric lamellae
together are circular within the osteons, the cracks too have a circular
path (Fig. 4). Additionally, in both the LT and SL orientations, newly
generated fracture surfaces can be seen on the surface of the residual
groove. Several toughening mechanisms (Peterlik et al., 2006) are dis-
tinctly visible in the scratch groove and there is a strong anisotropy
of the fracture behavior. For instance, for transverse fracture, crack

deflection has been reported to be a significant toughening mech-
anism (Koester et al., 2008; Nalla et al., 2005b). This is because in
this orientation, the prescribed direction is perpendicular to the pre-
ferred direction where cracks tend to grow along the weak cement
lines. In Fig. 5 almost perpendicular crack deflections are observed
along with microcracks, crack bridging and flaking. For longitudinal
fracture, crack bridging, which is thought to be an important tough-
ness contributor (Koester et al., 2008; Nalla et al., 2005b), is visible
in Fig. 5 in addition to micro-cracking and some crack deflections.

Therefore, scratch testing of cortical bone generates acoustic
emissions and leads to a residual groove. When observed under a
scanning electron microscope, fracture surfaces are clearly visible
along with well-known fracture toughening mechanisms. All these
observations serve as physical evidence supporting the hypothesis
of scratch-induced fracture processes in cortical bone. Consequently,
our findings suggest that scratch tests can be employed to assess the
fracture properties of cortical bone. In the next section, we provide a
brief overview of the theoretical models implemented in this study.

(a) (b)

Fig. 4. Failure micro-mechanisms around Haversian canal: scanning electron microscopy image of a scratch that shows fracture mechanisms around a Haversian canal. Cracks
grow in circular paths around the cavity. These circular paths are cement lines that bind the concentric lamellae together.
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(a) (b)

Fig. 5. Observed fracture mechanisms: (a) Scanning Electron Microscopy image of a scratch groove in LT specimen. The black arrow points in the direction of scratch. (b) A
magnified SEM image of the scratch groove; mechanisms like (1) crack deflection with almost perpendicular deviations, (2) crack bridging and (3) flaking or chipping are observed
along with microcracks.

4. Nonlinear fracture mechanics theory

4.1. General theory

In order to rationalize the observed fracture behavior, we
carry out a nonlinear fracture mechanics analysis based on two
approaches: the J-integral and the energetic size effect law. Consider
a straight horizontal crack emerging from the tip of the scratch tool as
schematically shown in Fig. 7. The crack propagates when the energy
release rate G reaches a threshold value equal to the fracture energy
Gf or critical energy release rate. We employ a path-independent
contour integral to evaluate G via the J-integral:

G =
1
p

∮
S

[
xnx − T •

∂n

∂x

]
dS (1)

Where p is probe perimeter. We select the closed contour S so that
the only non-zero contribution comes from the blade-material inter-
face (Akono and Ulm, 2011, 2012). We allow for inelastic plastic
dissipation; yet, we assume that plastic yield is confined to the crack
tip, below the scratch probe. As a consequence, the behavior is elas-
tic at the probe-tool interface and the J-integral can be evaluated
considering the linear elastic solution. In a first step, we apply an
isotropic model to correlate the scratch force FT and penetration
depth d to the fracture toughness Kc. Assuming the top portion of
material above the crack surface to behave like a beam, the stress
tensor ahead of the probe is given by s = − FT

A ex ⊗ ex + syyey ⊗ ey,
where A is the horizontally projected load area that depends on
the shape of the scratch probe as well as the depth of penetra-
tion d. In plane strain, the linear elastic strain tensor is given by
e = (1 − m2) sxx

E ex ⊗ ex + m(1 + m) sxx
E ez ⊗ ez. Herein, x indicates the

horizontal direction whereas z is the vertical direction. The elastic

free energy density is x = 1
2 s : e = 1

2 (1 − m2) s2
xx
E and the stress

vector at the blade-material interface is equal to T = −sxxnxex.
Therefore, the quantity under the integrand in Eq. (1) is equal to
xnx − T •

∂n

∂x = 1
2

1−m2

E s2
xxnx − sxxnxexx = − 1

2
1−m2

E s2
xxnx. By using the

definition of the horizontally projected area A =
∫

S −nxdS along with
the fracture criterion at the onset of cracking — G = Gf —, we derive
the following relation:

FT√
2pA

= Kc (2)

where Kc =
√

Gf E/(1 − m2) is the plane strain fracture toughness and
Gf is the fracture energy. The quantity 2pA is called the shape function
of the probe. For a spherical probe, we have 2pA ∝ d2 whereas for
a conical probe 2pA ∝ d3. In practice, the probe shape function is
calibrated prior to testing using a reference material (Akono et al.,
2012; Akono and Ulm, 2014).

Eq. (2) assumes small-scale yielding and is valid as long as brittle
fracture is the dominant failure mechanism. This leads to two major
questions: (1) is there brittle fracture and (2) when does the shift
from ductile behavior to brittle cracking occur? One may try to
answer these questions by pointing to the acoustic emissions peaks
(cf. Fig. 3) as well as the crack surfaces observed on the residual
groove post-testing as displayed in Figs. 4–6. However, the pictures
only provide a qualitative answer. To reply assertively and in a quan-
titative fashion, we resort to the famous energetic Size Effect Law
(Bažant, 2002; Bažant and Planas, 1997):

sN =
Bf ′

t√
1 + D/D0

(3)

(a) (b)

Fig. 6. Observed fracture mechanisms: (a) Scanning Electron Microscopy image of a scratch groove in SL specimen. The black arrow points in the direction of scratch. Fracture
processes are evident on the surface (b) A magnified SEM image of the scratch groove; apart from micro-cracking, other fracture mechanisms like (1) crack bridging and (2) crack
deflection are observed.
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sN is the ultimate nominal strength, D is the structure nominal size,
f ′
t is the tensile strength and B and D0 are the size effect law param-

eters. The energetic size effect law describes the release of stored
energy to generate new fracture surfaces. Size effect law has been
extensively applied for the last 30 years to describe the failure behav-
ior at the macroscopic length-scale of various quasi-brittle materials
including but not limited to concrete, cement, rock, ice and bone.
We recently extended the size effect law to scratch tests (Akono,
2016; Akono et al., 2014; Bouche and Akono, 2016). For progres-
sively loaded scratch tests with a conical probe of half-apex angle
h, the ultimate nominal strength is given by sN = FT

d2 tan h
and the

structure nominal size is defined by D = d sin h
4 (Akono, 2016). As a

consequence, if failure occurs via plastic flow, the horizontal force
should scale as FT ∝ d2. Instead, if fracture processes are dominant,
we expect to have FT ∝ d3/2. Thus, by monitoring the force scaling
with respect to the penetration d, we can verify the existence of a
fracture-driven regime, in which Eq. (2) would be suitable to yield
the fracture properties. Another route toward the fracture properties
is through the size effect law itself; in fact, the fracture toughness Kc

is a function of the size effect law coefficients, B and D0 according to:

Kc = Bf ′
t

√
D0 (4)

Thus, both the J-integral and the size effect law provide two rigorous
methods to extract the fracture characteristics from scratch tests.

4.2. Application to anisotropic materials

The last step consists in connecting the scratch fracture toughness
Kc to the fracture energy Gf while taking into account the anisotropic
behavior of the material. The problem of scratch testing in a trans-
versely isotropic medium was solved by Laubie and Ulm (2014) and
Laubie (2013) using the method of complex potentials as well as
finite element simulations. Herein, we recall their final analytical
expressions. Let e3 be the axis of symmetry and (e1, e2) be the plane
of symmetry. In the case of cortical bone, e3 corresponds to the lon-
gitudinal direction or long axis of the bone, meanwhile e1 and e2
represent respectively the circumferential and radial directions as
shown in Fig. 7. Rigorously speaking, bone is an orthotropic material;
nevertheless, in many instances (Kim et al., 2013; Reilly and Burstein,
1975; Yang et al., 2006a,b) the behavior is approximated by trans-
verse isotropy and we will work under this hypothesis. Assuming
then a transversely isotropic response, the fracture toughness in
the longitudinal transverse, Kc(LT), and the short longitudinal, Kc(SL)
directions depends on the fracture energy values measured in those
directions, Gf(LT) and Gf(SL), and on four—out of five— transverse
isotropy elastic constants, (E1, E3,m12,m31), according to:

Kc(LT) =

√
E1

1 − m2
12

Gf (LT); Kc(SL) =

√√√√ E3

1 − m2
31

E1
E3

Gf (SL) (5)

Fig. 7. Schematic representation of scratch testing of anisotropic materials. a) Short
longitudinal orientation. b) Longitudinal transverse orientation.

Both Kc(LT) and Kc(SL) are determined using Eqs. (2) and (4) for tests
on respectively longitudinal transverse and short longitudinal spec-
imens. In the next section, we apply this nonlinear and anisotropic
theoretical framework to cortical bone.

5. Results & discussion

5.1. Ductile-to-brittle transition

Plastic dissipation is known to precede bone fracture (Yan et al.,
2007). However, as the prescribed vertical force and hence the pen-
etration depth is increased, fracture processes develop. The reason is
the ongoing competition between plasticity and fracture. Fig. 8 dis-
plays the force scaling during scratch testing. In Fig. 8 (a), a clear
ductile-to-brittle transition is observed as the curve FT/

√
2pA con-

verges toward a straight and horizontal line for d/R ≥ 0.26. For
lower penetration depths, the fracture toughness is much higher due
to plastic flow. In particular, Fig. 8 (b) shows that below a depth of
20 lm, there is a strong deviation from the straight line predicted by
the LEFM model. In other words, plasticity is predominant at depths
of 20 lm and below. This result confirms previous investigations that
concluded to the intrinsic plastic nature of bone at scales of 10 lm
(Luczynski et al., 2015) and below (Ritchie et al., 2009; Zimmermann
et al., 2010). Plasticity in bone is the result of the sliding of hydroxya-
patite crystals in the extrafibrillar space (Eberhardsteiner et al., 2014;
Fritsch et al., 2009), along with sliding at the hydroxyapatite/collagen
interface, or molecular uncoiling (Zimmermann et al., 2010, 2011).

The convergence of FT/
√

2pA toward a straight line is charac-
teristic of brittle fracture where energy is dissipated via brittle
crack propagation. Fig. 8 (c) shows an SEM panorama of the resid-
ual groove: in the strength-driven region, the surface is smooth. In
contrast, in the fracture-driven region, micro-cracking and chipping
processes can be observed. Finally, the ductile-to-brittle transition
can also observed by application of the size effect law (cf. Eq. (3)) as
shown on Fig. 8 (b). In the brittle fracture regime, the curve (sN vs.
D) coincides with the Linear Elastic Fracture Mechanics asymptote
(sN ∝ D−1/2).

5.2. Fracture characteristics

We applied the J-integral model (Eq. (2)) and the energetic size
effect law (Eq. (4)) in order to assess the fracture toughness in
both the transverse and longitudinal directions. The mean tough-
ness obtained in the LT direction was 3.15 ± 0.56 MPa

√
m and that

in SL direction was 3.49 ± 0.80 MPa
√
m. Our test results fall within

the range of toughness values reported in the scientific literature for
macroscopic fracture tests: 2.2 − −4.6 MPa

√
m (Bonfield and Datta,

1976; Bonfield et al., 1978; Norman et al., 1995; Wright and Hayes,
1977). At the microscopic level, very few studies have attempted to
measure the fracture resistance. Mullins et al. (Mullins et al., 2007)
carried out indentation fracture tests on bovine cortical bone and
reported a fracture toughness Kc in the range 0.5–2.3 MPa

√
m. They

attributed the lower values they measured to short crack lengths,
5–65 lm. However, indentation fracture methods are notorious for
their subjectivity and inaccuracy due to the need to visualize and
measure the crack length (Quinn and Bradt, 2007). In contrast, our
scratch tests rely on objective force and depth measurements —
recorded using high-accuracy sensors. In our tests, the fracture
toughness values were higher, in the ranges given above.

5.3. Variability

Bone possesses a high local variability in structural features at
the microscopic scale. This is the reason why we conducted multiple
scratches in both directions. Based on the quality of our specimens
and the availability of cortical bone area for each specimen, we
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Fig. 8. Nonlinear fracture analysis of scratch test data on cortical bone. (a) Representative J-integral fracture scaling. d is the penetration depth and R = 200 lm is the probe tip
radius. FT is the horizontal force and 2pA is the scratch probe shape function. (b) Energetic size effect law: the solid black line is the nonlinear fracture mechanics estimate and the
red line represents the experimental data. sN is the nominal strength and (Bf ′

t , D0) are the size effect law parameters. (c) SEM panorama of residual groove after scratch testing.

conducted 35 scratches on LT specimens and 52 scratches on SL
specimens. Each test data was analyzed in MATLAB to yield a single
fracture toughness and the combined histogram of the result was
created as shown in Fig. 9. For both orientations, there is a wide
spread in the individual results. This high variability is due to local
structural heterogeneity and variability in osteon density. An impor-
tant factor that might be contributing to this variation is the presence
of minerals in bone microstructure (Alexander et al., (2012; Lees et
al., 1984, 1994). Since, the volume fraction of minerals in the intersti-
tial part of cortical bone plays a significant role in the elastic proper-
ties of bone (Crolet et al., 1993; Eberhardsteiner et al., 2014; Hellmich
and Ulm, 2002; Morin and Hellmich, 2014), any localized variation in
mineral content would ultimately affect the fracture toughness. We
also expect some environmental factors to have contributed to this

large dispersion of the results. Particularly, the temperature in the
testing environment varied from 15–20 ◦C and the relative humid-
ity varied from 20% to 60%. Because bone is sensitive to degree of
hydration and temperature, these factors could have added to the
variability of toughness for different tests.

5.4. Anisotropy

As seen in Fig. 1 and Table 2, bone is highly anisotropic and
we expect this trait to be reflected in the fracture response. Fig. 9
shows that in the case of scratch testing, the fracture toughness
is higher for short longitudinal specimens compared to transverse
longitudinal specimens. This behavior seems contrary to the trend
most commonly reported in the literature: the fracture toughness
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Fig. 9. Fracture toughness of swine cortical bone: (a) Histogram of fracture toughness of bone in LT direction. In total, 35 2-mm long scratches were carried out. (b) Histogram of
fracture toughness of bone in SL direction. A total of 52 3-mm long scratches were carried out for this orientation. The value of fracture toughness is within the range reported in
the scientific literature.
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Table 2
Measured fracture energy, Gf of cortical bone for both the longitudinal transverse (LT) and the short longitudinal (SL) orientations. (E1, E3,m12,m13) are four of the five transversely
isotropic elastic constants. The subscripts 1, 2 and 3 correspond to the circumferential, radial and longitudinal directions.

Source E1 (GPa) E3 (GPa) m12 m31 Gf(LT), J/m2 Gf(SL), J/m2

Fritsch and Hellmich (2007) 12.3 20.8 0.38 0.37 690 538
Franzoso and Zysset (2009) 9.2 24.7 0.25 0.56 1011 445

was higher for transverse specimens than longitudinal specimens
(Behiri and Bonfield, (1989; Koester et al., 2008; Lucksanasombool et
al., 2001; Yan et al., 2006). This apparent discrepancy is connected
to the mode of fracture induced during the test. Most experimen-
tal studies in the past have heavily focused on single-mode fracture,
either mode I—via compact tension tests on single-edge notched
bend specimens— or mode II. Indeed, if only a single mode of fracture
is present, pure tension or in-plane shear, then fracture propagates
along the path of least resistance and as a result, longitudinal spec-
imens exhibit a lower fracture toughness compared to transverse
specimens. However, in mixed-mode fracture as is the case for
scratch testing, the behavior becomes much more complex and there
is no clear-cut trend. Zimmerman et al. (Zimmermann et al., 2009,
2010) carried out asymmetric bend tests on cortical bone specimens
and they reported opposing trends: in the longitudinal orientation,
the critical energy release rate increases as the phase angle, x =
tan−1(KII/KI), increases. In contrast, in the transverse orientation,
the critical energy release decreases as the phase angle increases.
Due to these two competing tendencies, they concluded that trans-
verse fracture yield higher values of the fracture energy compared
to longitudinal fracture for ratios KII/KI less than 1/21. On the other
hand, Akono and Ulm (2014) carried out finite element simulations
of scratch testing and they showed that the scratch test induces a
mixed-mode fracture, and the mixity angle, x, is a function of the
probe back-rake angle as well as the friction coefficient at the blade-
material interface. Nevertheless for all 120 configurations simulated,
the ratio KII/KI, was much greater than 2. Thus the high value of the
phase angle for scratch testing may explain why for cortical bone
the critical stress intensity factor, Kc, is higher for short longitudinal
specimens than for longitudinal transverse specimens.

In Table 2, we apply the anisotropic fracture model, cf. Eq. (5), to
calculate the fracture energy, Gf, from the average values of the criti-
cal stress intensity factor for both the longitudinal transverse and the
short longitudinal orientations. The values of the anisotropic elas-
tic constants for bones are drawn from micro-scale studies in the
scientific literature based on ultrasonic velocity measurement tests
(Fritsch and Hellmich, (2007), and nano-indentation tests (Fan et al.,
2002; Feng et al., 2012; Franzoso and Zysset, 2009). There is a clear
coupling between fracture and elastic characteristics. In particular,
the ratio E3/E1 of the longitudinal Young’s modulus to the trans-
verse modulus plays a significant role. As a consequence of values
E3/E1 > 1.5, the fracture energy is greater for longitudinal transverse
specimens than for short longitudinal ones. Thus, it is only when we
factor in the stiffness tensor that our results agree with the trend
reported in the scientific literature.

6. Conclusion

In this study, we investigated the fracture response of cortical
bone at the osteon level using microscopic scratch tests along with

1 Zimmerman et al.’s derivations are not fully accurate as they employed a linear
elastic isotropic model (G = (K2

I +K2
II )/E′ with E′ = E/(1−m2)) to interpret the results

from asymmetric bending tests on single-edge notched specimens. Yet their results
provide an insight into the effect of mixed-mode on the fracture resistance of cortical
bone.

advanced imaging. The resulting behavior is complex and calls for a
nonlinear fracture analysis. On the one hand, there is a competition
between brittle fracture and ductile fracture, which is evidenced in a
ductile-to-brittle transition. On the other hand, the presence of both
mode I, tensile opening, and mode II, in-plane shear, combined with
microstructural features results in a marked anisotropy of the frac-
ture response. Finally, there is a strong coupling between fracture
and elastic characteristics. The methodology and findings presented
are unique as they make it possible to measure the fracture tough-
ness and fracture energy directly at the microscopic length-scale.
Given the scalability of scratch tests, this study represents an impor-
tant step to gain a fundamental understanding of fracture in hard
biological tissues.

Acknowledgments

This work was funded by the Department of Civil and Environ-
mental Engineering and the College of Engineering at the University
of Illinois at Urbana-Champaign. We acknowledge the Distinguished
Structural Engineering Fellowship that supported Okeoghene Orieka
during his Master’s program and the Ravindar K. and Kavita Kinra
Fellowship for supporting Kavya Mendu during her Master’s degree.
SEM imaging for this investigation was carried out at the Frederick
Seitz Materials Research Laboratory Central Facilities at the Univer-
sity of Illinois.

References

Akono, A.T., 2016. Energetic size effect law at the microscopic scale: application to
Progressive-Load scratch testing. J. Nanomech. Micromech. 6 (2).

Akono, A.T., Randall, N.X., Ulm, F.J., 2012. Experimental determination of the fracture
toughness via microscratch tests: application to polymers, ceramics, and metals.
J. Mater. Res. 27 (02), 485–493.

Akono, A.T., Reis, P.M., Ulm, F.J., 2011. Scratching as a fracture process: from butter to
steel. Phys. Rev. Lett. 106 (20), 204–302.

Akono, A.T., Ulm, F.J., 2011. Scratch test model for the determination of fracture
toughness. Eng. Fract. Mech. 78 (2), 334–342.

Akono, A.T., Ulm, F.J., 2012. Fracture scaling relations for scratch tests of axisymmetric
shape. J. Mech. Phys. Solids 60 (3), 379–390.

Akono, A.T., Ulm, F.J., 2014. An improved technique for characterizing the fracture
toughness via scratch test experiments. Wear 313 (1), 117–124.

Akono, A.T., Ulm, F.J., Bažant, Z.P., 2014. Discussion: strength-to-fracture scaling in
scratching. Eng. Fract. Mech. 119, 21–28.

Alexander, B., Daulton, T.L., Genin, G.M., Lipner, J., Pasteris, J.D., Wopenka, B.,
Thomopoulos, S., 2012. The nanometre-scale physiology of bone: steric modelling
and scanning transmission electron microscopy of collagen-mineral structure. J.
R. Soc. Interface

Bard, R., Ulm, F., 2010. Scratch hardness strength solutions for cohesive-frictional
materials. Int. J. Numer. Anal. Methods Geomech. 36, 307–326.

Bažant, Z.P., 2002. Scaling of Structural Strength. Hermes Penton Science, London.
Bažant, Z.P., Planas, J., 1997. Fracture and Size Effect in Concrete and Other Quasibrittle

Materials. CRC Press LLc, Florida.
Behiri, J.C., Bonfield, W., 1984. Fracture mechanics of bone the effects of density, spec-

imen thickness and crack velocity on longitudinal fracture. J. Biomech. 17 (1),
25–34.

Behiri, J.C., Bonfield, W., 1989. Orientation dependence of the fracture mechanics of
cortical bone. J. Biomech. 22 (8-9), 863869–867872.

Bonfield, W., Datta, P., 1976. Fracture toughness of compact bone. J. Biomech. 9 (3),
131–134.

Bonfield, W., Grynpas, M.D., Young, R.J., 1978. Crack velocity and the fracture of bone.
J. Biomech. 11 (10-12), 473–479.

Bouche, G., Akono, A.T., 2016. Shallow and deep scratch tests as powerful alternatives
to assess the fracture properties of quasi-brittle materials. Eng. Fract. Mech. 58,
23–38.

http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0005
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0010
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0015
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0020
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0025
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0030
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0035
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0040
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0045
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0050
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0055
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0060
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0065
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0070
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0075
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0080


A. Kataruka et al. / Bone Reports 6 (2017) 17–25 25

C1624-05, A.S.T.M., 2015. Standard test method for adhesion strength and
mechanical failure modes of ceramic coatings by quantitative single point scratch
testing.

Cooke, F.W., Zeidman, A., Scheifle, S., 1973. The fracture mechanics of bone - another
look at composite modeling. J. Biomed. Mater. Res. Symp. 4, 383–399.

Crolet, J.M., Aoubiza, B., Meunier, A., 1993. Compact bone: numerical simulation of
mechanical characteristics. J. Biomech. 26 (6), 677–687.

Diab, T., Vashishth, D., 2007. Morphology, localization and accumulation of in vivo
microdamage in human cortical bone. Bone 40, 612–618.

Eberhardsteiner, L., Hellmich, C., Scheiner, S., 2014. Layered water in crystal inter-
faces as source for bone viscoelasticity: arguments from a multiscale approach.
Comput. Methods Biomech. Biomed. Engin. 17 (1), 48–63.

Fan, Z., Swadener, J.G., Rho, J.Y., Roy, M.E., Pharr, G.M., 2002. Anisotropic properties of
human tibial cortical bone as measured by nanoindentation. J. Orthop. Res. 20 (4),
806–810.

Feng, L., Chittenden, M., Schirer, J., Dickinson, M., Jasiuk, I., 2012. Mechanical properties
of porcine femoral cortical bone measured by nanoindentation. J. Biomech. 45
(10), 1775–1782.

Franzoso, G., Zysset, P.K., 2009. Elastic anisotropy of human cortical bone secondary
osteons measured by nanoindentation. J. Biomed. Eng. 131 (2), 021001.

Fritsch, A., Hellmich, C., 2007. ‘Universal’ microstructural patterns in cortical and tra-
becular, extracellular and extravascular bone materials: micromechanics-based
prediction of anisotropic elasticity. J. Theor. Biol. 244 (4), 597–620.

Fritsch, A., Hellmich, C., Dormieux, L., 2009. Ductile sliding between mineral crystals
followed by rupture of collagen crosslinks: experimentally supported microme-
chanical explanation of bone strength. J. Theor. Biol. 260 (2), 230–252.

Hellmich, C., Ulm, F.J., 2002. Are mineralized tissues open crystal foams reinforced by
crosslinked collagen? – Some energy arguments. J. Biomech. 35 (9), 1199–1212.

Islam, A., Dong, X.N., Wang, X., 2012. Mechanistic modeling of a nanoscratch test for
determination of in situ toughness of bone. J. Mech. Behav. Biomed. Mater. 5 (1),
156–164.

Kim, K.T., Bažant, Z.P., Yu, Q., 2013. Non-uniqueness of cohesive-crack stress-separa-
tion law of human and bovine bones and remedy by size effect tests. Int. J. Fract.
1.81, 67–81.

Koester, K.J., Ager, J.W., Ritchie, R.O., 2008. The true toughness of human cortical bone
measured with realistically short cracks. Nat. Mater. 7 (8), 672–677.

Laubie, H.H., 2013. Linear elastic fracture mechanics in anisotropic solids: applica-
tion to fluid-driven crack propagation. Master Thesis. Massachusetts Institute of
Technology.

Laubie, H., Ulm, F.-J., 2014. Plane-strain crack problem in transversely isotropic solids
for hydraulic fracturing applications. J. Eng. Mech. 140 (12), 04014092.

Lees, S., Bonar, L.C., Mook, H.A., 1984. A study of dense mineralized tissue by neutron
diffraction. Int. J. Biol. Macromol. 6 (6), 321–326.

Lees, S., Prostak, K.S., Ingle, V.K., Kjoller, K., 1994. The loci of mineral in Turkey leg
tendon as seen by atomic force microscope and electron microscopy. Calcif. Tissue
Int. 55 (3), 180–189.

Lucksanasombool, P., Higgs, W.A.J., Higgs, R.J.E.D., Swain, M.V., 2001. Fracture tough-
ness of bovine bone: influence of orientation and storage media. Biomaterials 22
(23), 3127–3132.

Luczynski, K.W., Steiger-Thirsfeld, A., Bernardi, J., Eberhardsteiner, J., Hellmich, C.,
2015. Extracellular bone matrix exhibits hardening elastoplasticity and more
than double cortical strength: evidence from homogeneous compression of non–
tapered single micron-sized pillars welded to a rigid substrate. J. Mech. Behav.
Biomed. Mater. 52, 51–62.

Malik, C.L., Stover, S.M., Martin, R.B., Gibeling, J.C., 2003. Equine cortical bone exhibits
rising R-curve fracture mechanics. J. Biomech. 36 (2), 191–198.

Morin, C., Hellmich, C., 2014. A multiscale poromicromechanical approach to wave
propagation and attenuation in bone. Ultrasonics 54 (5), 1251–1269.

Mullins, L.P., Bruzzi, M.S., McHugh, P.E., 2007. Measurement of the microstructural
fracture toughness of cortical bone using indentation fracture. J. Biomech. 40 (14),
3285–3288.

Nalla, R.K., Kruzic, J.J., Kinney, J.H., Ritchie, R.O., 2004a. Effect of aging on the toughness
of human cortical bone: evaluation by R-curves. Bone 35 (6), 1240–1246.

Nalla, R.K., Kruzic, J.J., Kinney, J.H., Ritchie, R.O., 2005a. Mechanistic aspects of fracture
and R-curve behavior in human cortical bone. Biomaterials 26 (2), 217–231.

Nalla, R.K., Kruzic, J.J., Ritchie, R.O., 2004b. On the origin of toughness of mineralized
tissue: microcracking or crack bridging. Bone 34, 790–798.

Nalla, R.K., Stölken, J.S., Kinney, J.H., Ritchie, R.O., 2005b. Fracture in human cortical
bone: local fracture criteria and toughening mechanisms. J. Biomech. 38 (7),
1517–1525.

Norman, T.L., Nivargikar, S.V., Burr, D.B., 1996. Resistance to crack growth in human
cortical bone is greater in shear than in tension. J. Biomech. 29 (8), 1023–1031.

Norman, Timothy L., Vashishth, D., Burr, D., 1995. Fracture toughness of human bone
under tension. J. Biomech. 28 (3), 309–320.

Office of the Surgeon General (US), 2004. Bone health and osteoporosis: a report of
the surgeon general. Rockville (MD): Office of the surgeon general (US);. The Fre-
quency of Bone Disease. 4. Available from: http://www.ncbi.nlm.nih.gov/books/
NBK45515/.

Parsamian, G.P., Norman, T., 2001. Diffuse damage accumulation in the fracture
process zone of human cortical bone specimens and its influence on fracture
toughness. J. Mater. Sci. Mater. Med. 12 (9), 779–783.

Peterlik, H., Roschger, P., Klaushofer, K., Fratzl, P., 2006. From brittle to ductile fracture
of bone. Nat. Mater. 5 (1), 52–55.

Phelps, J.B., Hubbard, G.B., Wang, X., Agrawal, C., 2000. Microstructural heterogeneity
and the fracture toughness of bone. J. Biomed. Mater. Res. 51 (4), 735–741.

Quinn, G.D., Bradt, R.C., 2007. On the vickers indentation fracture toughness test. J. Am.
Ceram. Soc. 90, 673–680.

Randall, N.X., Favaro, G., Frankel, C.H., 2001. The effect of intrinsic parameters on the
critical load as measured with the scratch test method. Surf. Coat. Technol. 137,
146–151.

Reilly, D.T., Burstein, A., 1975. The elastic and ultimate properties of compact bone
tissue. J. Biomech. 393–405.

Ritchie, R.O., Buehler, M.J., Hansma, P., 2009. Plasticity and toughness in bone. Phys
Today 62 (6), 41–47.

Robertson, D.M., Robertson, D., Barrett, C.R., 1978. Fracture toughness, critical length
and plastic zone size in bone. J. Biomech. 11, 359–364.

Vashishth, D., 2004. Rising crack-growth-resistance behavior in cortical bone: impli-
cations for toughness measurements. J. Biomech. 37 (6), 943–946.

Vashishth, D., Tanner, K.E., Bonfield, W., 2000. Contribution, development and mor-
phology of microcracking in cortical bone during crack propagation. J. Biomech.
33, 1169–1174.

Wredenberg, F., Larsson, P.L., 2009. Scratch testing of metals and polymers:
experiments and numerics. Wear 266, 76–83.

Wright, T.M., Hayes, W.C., 1977. Fracture mechanics parameters for compact bone
effects of density and specimen thickness. J. Biomech. 10 (7), 419–430.

Yan, J., Clifton, K.B., Mecholsky, J.J., Reep, R.L., 2006. Fracture toughness of manatee
rib and bovine femur using a chevron-notched beam test. J. Biomech. 39 (6),
1066–1074.

Yan, J., Mecholsky, J.J., Clifton, K.B., 2007. How tough is bone? Application of elastic–
plastic fracture mechanics to bone. Bone 40 (2), 479–484.

Yang, Q.D., Cox, B.N., Nalla, R.K., Ritchie, R.O., 2006a. Fracture length scale in human
cortical bone: the necessity of nonlinear fracture models. Biomaterials 27,
2095–2113.

Yang, Q.D., Cox, B.N., Nalla, R.K., Ritchie, R.O., 2006b. Re-evaluating the toughness of
human cortical bone. Bone 38 (6), 878–887.

Yeni, N., Brown, C.U., Wang, Z., Norman, T.L., 1997. The influence of bone morphology
or fracture toughness of the human femur and tibia. Bone 21, 453–459.

Zimmermann, E.A., Launey, M.E., Barth, H.D., Ritchie, R.O., 2009. Mixed-mode fracture
of human cortical bone. Biomaterials 30 (29), 5877–5884.

Zimmermann, E.A., Launey, M.A., Ritchie, R.O., 2010. The significance of crack-re-
sistance curves to the mixed-mode fracture toughness of human cortical bone.
Biomaterials 31, 5297–5305.

Zimmermann, E.A., Schaible, E., Bale, H., Barth, H.D., Tang, S.Y., Reichert, P., Busse, B.,
Alliston, T., Ager, I.I.I.J.W., Ritchie, R.O., 2011. Age-related changes in the plasticity
and toughness of human cortical bone at multiple length scales. Proc. Natl. Acad.
Sci. 108 (35), 14416–14421.

http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0085
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0090
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0095
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0100
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0105
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0110
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0115
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0120
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0125
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0130
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0140
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0145
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0150
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0155
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0160
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0160
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0135
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0165
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0170
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0175
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0180
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0185
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0190
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0195
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0200
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0205
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0210
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0215
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0220
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0225
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0235
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0240
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0245
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0250
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0255
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0260
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0265
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0270
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0275
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0280
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0285
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0290
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0295
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0300
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0305
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0310
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0315
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0320
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0325
http://refhub.elsevier.com/S2352-1872(16)30053-5/rf0330

	Microscopic assessment of bone toughness using scratch tests
	1. Introduction
	2. Materials and methods
	2.1. Specimen preparation procedure
	2.2. Scratch testing

	3. Microscopic scratch testing of cortical bone
	3.1. Experimental protocol
	3.2. Micro-mechanisms of fracture

	4. Nonlinear fracture mechanics theory
	4.1. General theory
	4.2. Application to anisotropic materials

	5. Results & discussion
	5.1. Ductile-to-brittle transition
	5.2. Fracture characteristics
	5.3. Variability
	5.4. Anisotropy

	6. Conclusion
	Acknowledgments
	References


