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Osteoporosis is a current disease which is especially of concern to post-menopausal
women. It is characterized by a decrease of bone density and an increase in the risk of
fracture. Interest in the fracture mechanisms with respect to the underlying biological
structure of the bone is of great interest to researchers in this field. In this thesis, a
new method based on microindentation on rat femurs was developed to determine the
relation between the viscoelastic and the fracture properties of bone. The main goal is
to measure the viscoelastic properties by using a dynamic mechanical analysis
indentation method and then to induce a fracture by using a cube-corner indenter. As
a result of these tests, the propagation of the crack can be examined with respect to
the viscoelastic properties of the samples. In addition, these measurements show that
the fracture is greatly affected by the heterogeneous and anisotropic nature of bone;
the load applied in order to induce a fracture is different according to the sample and
the crack lengths differ with direction. In the future, this method could be used on
genetically modified mice which have different mineral density so that a better
understanding of the fracture process can be obtained and related to biological factors
affecting bone structure.
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Chapter 1

Introduction
The main objective of this thesis is to study the fracture of the bone by using
microindentation. Osteoporosis is a current disease which affects particularly postmenopausal women (80% of women, 50% of women over 50 years old). Currently, 28
million Americans are affected by osteoporosis [43]. The consequences of
osteoporosis are a decrease of the strength of the skeletal system, a decrease of bone
density and finally an increase of the fracture risk.
The World Health Organization (WHO) uses Bone Mineral Density (BMD) and the
notion of T-score (represents the bone mineral density) to evaluate the fracture risk of
the bones. Depending on the T-score, the condition of the patient can be different. For
example, a patient with a T-score < -2.5 is osteoporotic whereas a patient with a Tscore > -1 has healthy bone [42]. Currently, some treatments are available to decrease
the effect of the osteoporosis such as estrogen or calcium supplement. But all the
types of osteoporosis are not treatable.
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That is why the objective of this study is to better understand the mechanism behind
the fracture and to find a correlation between the different mechanical properties. A
method was established to create a crack in a bone sample and in order to obtain the
mechanical properties. Thanks to this method, it is possible to determine properties
such as the fracture toughness, the hardness, the modulus and the dynamic properties
of the bone. By relating all these parameters we could better understand the
mechanism. The first step was to establish this method on rat samples. The next
objective is to apply this method to test genetically modified mice which have
different bone density. In this case, it will be possible to find a correlation between the
density of the bone, the mechanical properties and the propagation of the fracture. The
work in this study was focused on the microindentation technique, on quasi-static
tests and on dynamic mechanical analysis (DMA).
This thesis is divided into several parts. The properties and organization of bones are
discussed in chapter two, while chapter three is focused on osteoporosis. Chapters
four and five present, respectively, the method and the results obtained. Finally,
conclusions are given in chapter six.
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Chapter 2

Bone Tissue
In this chapter the specific structure of bones and their different properties are
described. The structure of the bone is divided in two parts, the trabecular and the
cortical bone, as it is explained in the first part of this chapter. Then, the different
mechanical properties are described such as the fracture toughness or the
viscoelasticity of the bones.

2.1 Structure
Bone tissue has different functions such as protecting and providing structure for the
body and enclosing the bone marrow. Bone is considered as a living tissue and is
composed of an organic matrix of crystals of calcium and phosphate (99% of calcium
in the bones) and water (1/4 bone weight) [1].
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Bones are permanently in restructuration. Mechanical stress enhances bone formation
by increasing mass and bone strength. The higher the tensile or compressive loads, the
higher the bone formation.
Bone restructuring consists of three steps [3]:


Activation phase: Differentiation and reduction of the osteoclasts.



Attraction phase: Multiplication of the osteoblasts.



Forming phase: The osteoblasts synthesize the bone matrix and then the
matrix is mineralized [3].

A bone is composed of two main parts, the cortical bone and the trabecular bone.
Each presents different mechanical properties and different structures. The cortical
bone also is called compact bone whereas the trabecular is sometimes called
cancellous or spongy bone [2, 3]. Figure 2.1 shows that the cortical bone surrounds
the trabecular bone, and that the yellow marrow is at the center of the bone.
The cortical bone represents 80% of the bone mass and allows the protection of the
internal part of the bones (spongy tissues). This part is much denser, with porosity
ranging between 5% and 10%.
The trabecular bone represents 20% of the bone mass; it consists of the bones’ raw
materials. One can find three types of cells inside the bone tissue: the osteoblasts, the
osteoclasts and the osteocytes. The spongy bone is much more porous than the
cortical bone, with porosity ranging between 50% and 90%.
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Figure 2.1: The structure of the bone. The yellow marrow is in the center of the bone, the spongy bone (trabecular
bone) surrounds the yellow marrow, and then the compact bone (cortical bone) surrounds the trabecular bone [41].

Volume fraction
(mm3/mm3)
Surface / volume of bones
(mm²/mm3)
Total bone volume
(mm3)
Total internal surface

Cortical

Trabecular

0.90 (0.85 – 0.95)

0.2 (0.05 – 0.6)

2.5

20

1.4x106

0.35x106

3.5x106

7.0x106

Table 1 : Structural features of bones [3].

As shown in Table 1, the volume fraction of the trabecular bone is smaller than the
volume fraction of the cortical bone since the compact bone is denser. However, if we
compare the values of the surface/volume and the total bone volume, trabecular bone
has a greater surface than cortical bone.
The structure of the bone is divided into different levels, as shown in Figure 2.2.
Level 1 represents the basic building blocks of the bone which form an organic matrix
[6, 36]. At a higher length scale, the bone is composed of mineralized collagen fibrils
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arranged in regular staggered array (levels 2 and 3). Level 4 represents the structural
types; it is the sub-microstructure scale (lamellae). These lamellae are arranged in
several ways to form cylinders which contain the blood vessels and the nerves (level
5). Then, the next levels are at the microstructure scale, the compact and trabecular
bone forms the whole bone.

Figure 2.2: The structure levels of the bones (adapted from [6]).

All bones have different mechanical properties since each has a different function
within the body. We will see many aspects of these properties in the following
section.
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2.2 Mechanics of bones
In this section the different mechanical properties of the bones are explained. These
properties help show how the bones are used and how their properties can be
quantified.
2.2.1

Stress/Strain

If we consider a force F acting on a bar which tends to stretch from its original length
L as shown in Figure 2.3, we will see an increase ΔL. And in the same way, if ΔB
decreases, B will get thinner; likewise, B will decrease an amount ΔB [4]. By doing
this test, we obtain the load-displacement curve represented in Figure 2.3. Before the
yield point, the load varies linearly and proportionally with the deformation. After this
point, the curve is not linear anymore and the specimen will eventually break.
ΔL / L and ΔB/B are called the normal strains; ε is used as the notation for the strain
and ζ is used for the stress.
The stress

and the strain

tensors are related by [36],

,

(2.1)

is a fourth-order tensor corresponding to the material properties and is also
known as the elastic modulus tensor.
As shown in Figure 2.3, the Young’s modulus represents the slope of the
load/deformation curve during the elastic deformation (part 1 in Figure 2.3).
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Figure 2.3: Schematic of a tensile test on a bone specimen. The left part of the figure shows the modification of the
specimen shape whereas the right part shows the curve obtained during a tensile test. The slope of the curve 1
represents E, the Young’s modulus. The shape and the size of the specimen affect the actual values of stress and
strain.

Bones are designed in such a way as to resist to a current load during life; this load is
placed in the elastic region only. The difference between the fracture stress, which
usually is considered to be the strength of the bone, and the yield stress is usually
rather small.

If a bone is subjected to an ever-increasing load, a little difference with the load at
failure will occur if the bone breaks at the end of the linear part or at the end of the
post-yield region. A material that breaks without showing any irrecoverable post-yield
deformation is said to be brittle. Characterizing a material as brittle gives no
information about whether it is weak or strong in the sense of how much stress it can
bear.
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Materials that show a reasonable amount of post-yield deformation are very often
called “tough.” Informally, a tough material is one that is resistant to the propagation
of a crack. In other words, a tough material is able to absorb energy before breaking
and the presence of small cracks does not weaken the material. In addition, the
mechanical properties of the bones are different according to the direction of the test,
an aspect called anisotropy.
2.2.2

Anisotropy

If the elastic behavior and other kinds of mechanical behavior of a material vary
according to the direction of loading the material is said to be anisotropic. Different
studies using nanoindentation technique [36] show that according to the direction the
elastic modulus of the cortical bone can be different (the modulus is greater in the
longitudinal direction than in the transversal direction). Concerning the trabecular
bone, its modulus is greater than the modulus of the cortical bone in the transverse
direction; this could be due to the interaction between the cortical bone and the
trabecular bone. Fan et al. [37] worked on the anisotropic properties of cortical bone.
They made nanoindentation tests in twelve directions in three principal planes in
osteonic lamellae and interstitial lamellae (main components of the cortical bone) as
shown in Figure 2.4.
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Figure 2. 4: Orientation of the indentations directions [37]. The indentations have been made in all these directions
for both components of the cortical bone.

The results show a significant difference of the modulus according to the direction
and to the location of the indentation. The difference is more important when the
angle between indentations increases. For example, if we consider the direction D23,
the modulus for the osteonic lamellae is 17.6±1.3GPa (at 30°), 18.2±1.4GPa (at 45°)
and 21.9±2.0GPa (at 60°) [37]. These different studies show that the mechanical
properties of the bone change according to the direction of the test, such that they are
clearly anisotropic.
For instance and according to experimental works, bone is often assumed to have
orthotropic symmetry with three mutually perpendicular planes of mirror symmetry,
three Young’s moduli, three shear moduli and six Poisson’s ratio of which only three
are independent.
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The elastic modulus tensor for an orthotropic material can be written by using the
Voigt notation [36],

(2.2)

The parameters of the Equation (2.2) can be determined by an experimental test. The
coefficients

are determined by using a tensile test, and the

coefficients

are determined by using a pure shear test. Next, the

viscoelastic properties of the bones are presented.

2.2.3

Viscoelasticity

In many materials, if one measured the Young’s modulus while loading the material
very slowly, one would get a lower value than if one measured it when loading very
quickly. In other words the Young’s modulus is to some extent strain-rate dependent;
it is one manifestation of the phenomenon of viscoelasticity.
Different reasons explain the interest in bone viscoelasticity. First of all, the bone
exhibits a viscoelastic behavior in its structural role in the body. The bone’s
viscoelasticity is linked causally to a variety of microphysical processes and can be
used as an experimental probe of these processes. More importantly, it allows the
viscoelasticity and the microstructure to be linked [5].
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Strain rates in highly strained parts of human long bone, such as tibia or femur, during
vigorous activity are of the order of 0.03s-1 [4] and strain rates as high as 0.08s-1 have
been reported in galloping horses [4].
If a viscoelastic material is strained and then held at that strain, the stress induced by
the strain will decline over time at an ever-decreasing rate, a process called stress
relaxation as shown in Figure 2.5.

Figure 2. 5: Stress relaxation at various constant strains. ε 2 = 2ε1, ε3 = 2ε2, adapted from [45].

Quaglini et al. [38] studied the viscoelastic behavior of bovine trabecular bone. They
executed compression tests on specimens of bovine femoral heads. Figure 2.6 shows
stress relaxation curves for specimens tested within six hours and after storage at 24°C for different overlap times. These tests have been performed to assess a storage
procedure in a saline solution to preserve the viscoelastic properties of the trabecular
bone over time. As we can see on Figure 2.6, the repeatability of the relaxation curves
is good so this procedure of storage can be used.
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Figure 2. 6: Stress relaxation curves for a specimen of trabecular bone from bovine femoral heads [38].

If a viscoelastic material is loaded to some stress and then held at that stress, it will
continue to deform, to show increasing strain, at an ever decreasing rate, a process
called creep, as shown in Figure 2.7.

Figure 2. 7: Creep strain at various constant stresses. ζ2 = 2ζ1, ζ3 = 2ζ2, adapted from [45].
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Creep is a progressive and slow deformation of a material under constant stress ζ0;
this kind of test quantifies the viscoelastic behavior of materials and the creep
processes that occur in the steady state loading of materials [5].
Creep is often quantified using the creep compliance function

,

(2.3)

where ε (t) is the ratio of time dependent strain and ζ0 is the stress level.
In viscoelastic materials, linearity refers to the proportionality between stress and
strain at a given time or frequency. In linearly viscoelastic materials, J(t) is
independent of stress level.
In general, there are three regions in a general creep curve as shown schematically in
Figure 2.8 [7]:


Primary: the rate of change of strain (creep rate: Δε/Δt) decreases with time
due to strain hardening of the material.



Secondary: steady state creep. The strain increases linearly with time. During
this stage of creep, there is a balance between strain hardening due to
deformation and softening due to recovery processes similar to those occurring
during the annealing of metals at elevated temperatures.



Tertiary: the strain increases rapidly until failure or rupture. The time to
rupture often is called the time rupture or rupture lifetime (tr).
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Figure 2. 8: Theoretical curve of a general creep test (adapted from [7]).

If loaded and then unloaded, the shape of the unloading curve is different from the
shape of the loading curve, a process called hysteresis.
At constant strain a gradual decrease of stress is observed [5]. This process, called
stress relaxation, is often quantified using the relaxation modulus defined as

,

(2.4)

Where ζ (t) is the ratio of time dependent stress and ε0 is the strain level. In linear
materials, E (t) is independent of strain level but is a function of time.

2.2.4

Mechanical damping

Mechanical damping refers to the phase δ between the stress and the strain. It is a
response to a stress ζ (t) which varies sinusoidally in time t.
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For example, consider a stress given by
,
where

(2.5)

is the amplitude,

is the frequency in Hertz and t is the time.

The dynamic stress/strain is defined as
,
where E* = E’+ i E’’,

(2.6)
and i² = -1.

E* is the dynamic, complex modulus. In the frequency domain, it is related to the
creep and the relaxation functions in the time domain, by Fourier transformation.

2.2.5

Constant strain rate

Use of a constant strain rate reveals indirectly the viscoelastic properties. In such an
experiment, the material initially has a strain of zero, and then the strain is made to
increase linearly with time until fracture occurs. For a linear viscoelastic material [5]:

.

(2.7)

Note that the slope of the stress/strain curve is higher for a higher strain rate as shown
in Figure 2.9. E (t) decreases with time so the slope decreases with time. The curve is
nonlinear even though the material is linearly viscoelastic.
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Figure 2. 9: Effect of the strain rate on the slope of stress/strain curve for a viscoelastic material [39].

In the case of linear viscoelasticity, the constitutive equation is the Boltzmann’s
superposition integral,

,

where

(2.8)

is the relaxation modulus tensor,

is the stress tensor and

is the

strain tensor. If we know the constitutive equation and the mechanical properties of
the material, we can calculate the response to any history of stress or strain.

2.3 Fracture and toughness
Fracture of materials can be produced by different techniques. In our case, the fracture
is produced by an indenter and the goal is to determine the fracture toughness. This
section presents the general ideas about fracture.
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Fracture mechanics characterizes the tendency of materials to fracture independently
of the actual geometry of the loading system which allows fracture to be defined as a
pure material property. Finally, the actual geometries affecting the fracture behavior
must also be known.
The phenomenon of fracture is divided into two parts, first the crack formation and
then the crack propagation. Depending on the type of material the rate of propagation
of the crack is different because it is related to the absorbed energy.
If the material is ductile, the crack propagates slowly and the absorption of energy is
significant. On the contrary, if the material is brittle, the crack propagates fast and the
amount of energy absorbed is low.
There are two ways of characterizing materials and cracks in them:
◘ The work required to produce a unit increase in crack area called the critical
strain energy release rate Gc. Assuming G is the energy release per unit area,
we can consider the three following cases [13]:
G < Gc

The crack is stable

G > Gc

The crack is propagating

G = Gc

A metastable equilibrium is obtained

◘ The critical stress intensity factor Kc or fracture toughness indicates the
amount of stress necessary to produce a crack. The stress intensity factor K is
dependent on the mode of failure [8, 9].
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The fracture toughness Kc and the critical energy release rate Gc can be related by
[46],
, (2.9)
where E is the modulus of elasticity.
The first mode is called opening or tensile mode. In this case, the crack plane is
normal to the direction with the higher tensile loading, as we can see in Figure 2.10.
The second mode is called sliding or in-plane shear mode, and the third mode is
known as the tearing or anti-plane shear mode. For these latter two cases, the crack
plane is parallel to the loading direction. [10]

Figure 2.10: Modes of fracture.

The indentation fracture was first an application for ceramic materials [11] and then
the technique was adopted to study biological materials. The indentation fracture is
explained in detail in Chapter 4.
2.4 Mechanical test on bones
Some mechanical properties reflect the properties of the bone. First, the ultimate load
generally represents the integrity of the bone structure. Second, the stiffness is related
closely to the mineralization of the bone, the stiffness is represented as S on Figure
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2.11. The work to failure is the amount of energy necessary to break the bone, this
property represents the area under the load-displacement curve and finally the
ultimate displacement, displacement until the fracture, is related inversely to the
brittleness of the bone [5].

Figure 2.11: Load/Displacement curve during a mechanical test on bone similar to Figure 2.3. The different
highlighting parameters allow reflecting the properties of the bones.

2.5 Mechanical and architectural properties of bone [5]
It is possible to use two different techniques to measure the elastic properties and the
hardness of the bone. The hardness is the capacity to resist to the penetration of a hard
indenter into the sample. However, according to the type of bone tested, the process
can be different.
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2.5.1 Cortical bone

Elastic properties
The elastic properties can be measured by using an ultrasonic technique, which
consists of using piezoelectric transducers applied directly to the bone specimens to
transmit and receive an elastic wave. The elastic properties can be deduced from
velocity measurements of longitudinal waves propagating in particular directions.
,

(2.10)

where E is the Young modulus (Pa), ν is the longitudinal acoustic velocity (m.s-1) and
ρ is the density (kg.m-3). Other techniques can be used to determine the elastic
properties, but the acoustic technique is quite accurate.
Micro-hardness
The nanoindentation allows the micro-hardness of bone tissue to be characterized as,
,

(2.11)

where H is the hardness (the unit depends on the type of indentation), P

max

is the

maximum load applied (N) and A is the contact area between the indenter and the
surface of the sample (m²). This technique is explained in detail in Chapter 4. In
general, cortical bone exhibits plasticity for which a permanent indent is left on the
surface.
The modulus can also be calculated from an indentation test by using the properties of
the unloading curve as shown in Chapter 5. For example, the elastic modulus is larger
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in the longitudinal direction of long bone (human: 17.4GPa) than in the transverse
direction (human: 9.6GPa). An orthotropic or transversely isotropic relation describes
cortical bone elastic properties fairly well.
2.5.2 Trabecular bone

The measurements of the trabecular bone properties are more difficult due to the
extremely small dimension of individual trabeculae in cancellous bone.
To know the elastic / inelastic buckling, one uses single trabeculae (component of the
trabecular bone) and the classical Euler equation,

,

(2.12)

where ζc is the critical buckling stress, K is the boundary condition constant and L/r is
the slenderness ratio of the specimen. Children can have this type of fracture because
they have softer bones. Their bone can break in one side but not on the other one. The
average modulus of the cancellous bone is about 11GPa [5].
Buckling is a mode of failure. In this test, the specimen is placed vertically and high
compression stress is applied on the top of the specimen and the bottom of the sample
is constrained. The specimen bends due to the applied load until fracture.
Certain diseases can change the properties of the bone by modifying the structure
such as the osteoporosis. This disorder is explained in the next chapter.
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Chapter 3

Osteoporosis
Osteoporosis is a disease which specially affects post-menopausal women. Over 200
million people are affected by this disorder in the entire world, 44 million for the
United States [31]. The estimated cost was US $17 billion in 2001 in the United States
and the cost is still increasing, since osteoporosis affects women at an increasing rate
with age. About 30% of the post-menopausal women are affected by osteoporosis and
more than 40% of them will suffer from fracture during their remaining life. The age
is the most important reason of this disorder but early menopause, maternal history,
low body weight or the condition of the patient can be also considered. In the United
States, approximately 1.5 million fractures are the consequence of osteoporosis. The
number of fractures increase along the years. In 1990, there was 1.7 million hip
fractures; this number could rise to 2.6 million in 2025.
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3.1 Modification of the bone structure
Osteoporosis provokes a decrease of the skeletal strength and of the bone mass; that is
why the fracture risk is very high. A fracture can occur due to a small trauma or even
daily activity [19]. As shown in Figure 3.1, the risk of fracture is more important
when the patient is older and when the bone mass is lower.

Figure 3. 1: Evolution of the bone mass and of the fracture risk according to the age of the patient [44].

The strength of the whole bone is determined by different parameters [15].
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Figure 3. 2: Strength of the bone

As shown in Figure 3.2, the whole bone strength is characterized by three parameters.
The mass of the bone and the morphology affect the strength of the bone. According
to the shape or the type of the bone, the mechanical properties will be different. For
example, a rat femur and a human femur have different mechanical properties. The
properties of the bone affect also the strength of the whole bone. In the case of
osteoporosis, the mineral density of the bone is low so the bone is more fragile. On
the contrary in the case of osteopetrosis (see definition at the end of this section), the
density is higher so a risk of fracture is less important. Low bone density can be
caused by a mineralization defect, such that the amount of mineral is not adapted to
the volume of mineralized bone tissue. Low bone mass can also be due to the decrease
of the amount of the component of the bone such as the trabeculae [44].
Finally, according to the condition of the bone (healthy or sick bone), the remodeling
or the bone formation can be different and this affects the strength of the bone as well.
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Figure 3. 3: Displacement/Load according to the density of the bone

The three primary bone diseases are:


Osteopetrosis: an increase in bone density due to a defect in the bone
resorption (osteopetrotic bone: stiff but brittle)



Osteoporosis: decrease in bone density (osteoporotic bone: weak)



Osteomalacia: softening of bone, particularly demineralization of the bone
(osteomalacic bone: compliant and ductile).

As shown in Figure 3.3, the condition of the bone changes the mechanical properties.
In each case, the density of the bone is different. For example, when the density is
very high, the bone is stiffer but more brittle. In the case of an osteoporotic bone, the
supported load is low and the risk of a fracture is very high. The weakness of an
osteoporotic bone can be explained by the higher percentage of cavities, which is 27%
on average compared to the average percentage for a normal bone, 16.3%. If the
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different mechanical properties (such as stiffness, strength and plastic energy
absorbed before fracture) that occur are compared, they decrease significantly for an
affected bone. On the other hand the yield stress and elastic energy absorption remain
almost unchanged. Concerning the modulus of elasticity, it varies in proportion to the
area of the cavities [16]. For example, an osteoporosis patient has very stiff and brittle
bones resulting in reduced work to failure and increased risk of fracture [5].

3.2 Diagnosis of osteoporosis
According to Albright and Reifenstein (1948), primary osteoporosis has two separate
entities: firstly, menopausal estrogen loss and secondly, aging. In 1982, Riggs et al.
declared there were two types of osteoporosis:


Type I  loss of trabecular bone after menopause



Type II  loss of cortical and trabecular bone in men and women, a loss
related to the age of the patient

The World Health Organization (WHO) has defined a T-score which represents the
value of the standard deviation for the bone mineral density (BMD) of a young adult.
In the case of an osteoporotic patient, the T-score is less than -2.5. The minus sign
means that the BMD is 2.5 standard deviations below the average BMD of a young
adult. In the case of a healthy patient, the T-score is less than -1. The measurement of
the bone mineral density can be made by using a dual energy X-ray absorptiometry of
the hip or lumbar spine. Despite the fact that the osteoporosis can be diagnosed,
before or after the presence of a fracture, treatment is not frequently implemented.
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Different therapies are available to reduce the incidence of new fracture from 30% to
50% in women at high risk of fracture. Therapies such as selective estrogen receptor
modulators (SERM) or strontium ranelate increase bone formation and decrease bone
resorption, but the use of these treatments is still very low and many cases of
osteoporosis remain undetected.
A method is described in Chapter 4 to better understand the phenomenon of the
fracture in bone. The objective is to see how osteoporosis can affect the propagation
of a crack.
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Chapter 4

Testing methods

In this chapter, the experimental methods used to achieve the goal of this study are
described. Different processes have been used to obtain all the parameters and
information needed to determine the relation between the fracture toughness and the
viscoelasticity of bones.

4.1 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis allows the viscoelastic mechanical properties of a
material to be determined. The sample is placed in oscillation as a function of time
and temperature by subjecting it to an oscillating force. The applied load is
proportional to a stress, which corresponds to a certain strain at a time t [20].Different
parameters can be calculated from a DMA test, such as the complex modulus E*, the
storage modulus E’, the loss modulus E” and the phase angle δ.
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In the case of a linear viscoelastic material, Figure 4.1 highlights a typical result.

σA: stress amplitude
εA: strain amplitude
δ: phase angle

Figure 4.1: Dynamic mechanical analysis (DMA) curve. This curve represents the stress and the strain as a
function of time. The phase angle is the difference between the dynamic strain and the dynamic stress in a
viscoelastic material. In most cases, a known load is applied and the strain is calculated.

The complex modulus E* is defined as
,

where

and

(4.1)

are the amplitudes of the stress and strain respectively.

The complex modulus is composed of the storage modulus (E’, real part) and by the
loss modulus (E”, imaginary part), such that:
.

(4.2)

These parameters give the dynamic elastic characteristics of a material. They are
specific to the material, the test condition and the history of the sample.
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The storage modulus E’, may also be defined by
,
where

(4.3)

is the phase angle between the stress and the strain. This parameter represents

the stiffness of a viscoelastic material since it is proportional to the energy stored
during a loading cycle.
The loss modulus E”, is defined by
.

(4.4)

The loss modulus is proportional to the dissipated energy during a loading cycle.
The loss factor, tan δ, is defined by

(4.5)

This parameters quantifies the ratio of the loss modulus to the storage modulus. For a
nonelastic material the value will be high, whereas for a more elastic material the
value of the loss factor will be low. In some special cases the complex modulus can
be equal to the storage modulus or to the loss modulus.

Figure 4.2: Curve describing the relation between the different dynamical modulus and the phase angle.
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For example, for a purely elastic material such as the steel, the stress and the
deformation are in phase (δ=0), such that E* = E’. For a purely viscous material, such
as a liquid, δ = 90°, such that E*= E”. A vectorial representation of these relations is
given in Figure 4.2.

Different types of measurements can be made using a DMA test as shown in Figure
4.3. For three-point bending, a load is applied on the middle of the sample, and the
ends are freely supported. This technique essentially is used to test very stiff materials
such as metals, ceramics and composites. In the case of amorphous polymers, it is
necessary to clamp the sample to both supports because the material is very soft above
the glass transition temperature. For a tensile mode test, the sample is clamped on the
top and on the bottom. It is then be subjected to an underlying tensile stress. This
tensile mode is ideal for thin samples such as fibers or films. For a compression mode
test, the specimen is placed between two plates and is exposed to an axial load. This
technique is very good when applied to soft rubbers. In the case of a uniaxial
compression only one size-parameter of the specimen changes and in the case of bulkcompression the shape of the sample changes in all directions. For a shear loading, the
sample is placed between two plates and is subjected to a cyclical shear by the
displacement of a central push-rod. This technique is useful for testing soft materials.
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3-point bending

Tensile mode

Compression mode

Shear loading

Figure 4. 3: Examples of loading types for a DMA test.

In this study, dynamic mechanical analysis is realized by using an indenter. In the
next section, the indentation technique is described to better understand the technique
used for the measurements here.

4.2 Indentation

The indentation technique allows us to determine the hardness of a material. The
hardness is the resistance to the penetration of a hard indenter. This test consists of
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applying a force on the indenter and then measuring the material’s resistance to the
surface penetration. By using analytical models, it is possible to determine the
dynamics modulus, the hardness and other mechanical properties [21].
One can find two scales of indentation: microindentation and nanoindentation. In each
case, a load is applied to the indenter which is in contact with the sample and then the
load is removed. For microindentation (load range: N), measurement of the deformed
area allows the mechanical properties and information about the elastic-plastic
transition to be determined. For nanoindentation (maximum load range: mN), it is
possible to obtain results with high accuracy and precision. In this case, the depth of
the penetration is measured in order to define the mechanical properties of the
specimen. The contact area is determined by measuring the penetration depth and by
using the known angle (or radius) of the indenter. The ratio of the load to the contact
area gives the hardness of the material and the slope of the unloading curve provides a
measure of the elastic modulus.
Different indenters can be used to test materials, such as the Vickers indenter or the
Berkovich indenter. These two indenters have a different geometry as shown in
Figure 4.4.

Figure 4. 4: On the left we can see a Berkovich indenter and on the right a Vickers indenter [40].
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For the measurements in this thesis, a cube corner indenter, as shown in Figure 4.5 is
used. Compared to a Vickers or a Berkovich indenter, the very sharp angle of a cubecorner indenter will reduce the cracking threshold by 1 or 2 orders [14, 22].

Figure 4.5: Cube corner indenter [22].

The main goal of this study is to use the indentation to provoke some cracks in the
specimen and then measure the length of the cracks. To do that, the cube corner
indenter is the most suitable because it is a sharp indenter. In the case of a brittle
material, a crack is possible during the loading and the unloading of the sample.
When the load is applied, the radius of the plastic zone increases because of the
tensile stress. When the load is removed, additional stresses occur outside the plastic
zone. The nature of the crack depends on the test conditions (load, sample, and
environment). Generally, one can find three types of cracks [23]:


Radial cracks appear on the corner of the print area on the surface of the
specimen such as the cracks produced by a cube-corner indenter [14].



Lateral cracks appear beneath the surface and are symmetric to the load axis.
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Median cracks appear beneath the surface and along the load axis. They are
aligned with the corner of the impression. These cracks can appear after
different cycles of loading and unloading [11].

Fracture indentation allows the fracture toughness of the material to be determined.
The indentation cracks are stable with an increasing load and it is possible to make
different indentations on the surface of the specimen. Fracture toughness can be
calculated by an empirical equation for a Vickers indentation [14]. But this formula
also is effective for a cube-corner indentation. Determination of fracture
toughness

, is given by [11]:

,

(4.6)

where P is the maximum indentation load, E and H are the modulus and the hardness
of the material, respectively; c is the length of the crack, α is an empirical constant,
which depends on the indenter shape. For a cube corner indenter the value α is equal
to 0.04 [11]. It should be noted that Equation (4.6) includes assumptions of sample
isotropy so that the average values of hardness and modulus have to be used when
anisotropic samples are examined. Figure 4.6 shows schematically the measurement
of the crack length c.
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Figure 4.6: Measurement of the crack length

4.3 Test equipment

The main goal of this study is to find links between the viscoelasticity and the fracture
toughness of bone. In order to do that, two different tests have been performed using a
Bose Electroforce 3200, Figure 4.7. Since this machine is not designed for indentation
testing, the entire process was established in order for the Bose machine to be used as
a microindenter.
The Bose machine allows DMA tests and quasi-static tests in different modes such as
traction or compression. The maximum load is 225N and the frequency for DMA tests
is up to 200Hz. The software Wintest® can be used to calculate the different
properties such the dynamic modulus or the phase angle from a DMA test if a
standard tension or compression test is made. Since the software is not adapted to a
microindentation test, it is not possible to obtain directly the modulus; it has to be
calculated from the stiffness.
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Figure 4. 7: Bose Electroforce 3200

The first test consists of a dynamic mechanical analysis using data from
microindentation. A cube-corner indenter is placed in contact with the sample and a
load is applied at different frequencies, with the test done in displacement control.
During this test, the depth of the indentation stays small (<0.1mm) and the dynamic
stiffness of the sample is determined (coefficients K*, K’ and K”). These coefficients
can be related to the modulus E*, E’ and E”, as described in detail in Chapter 5.
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Figure 4.8: Dynamic mechanical analysis test. This figure represents the data gives by the software of the Bose
machine. We can see the displacement and the load as a function of time on the top. By using the button Export,
we can save the stiffness and the phase angle data to an Excel file.

A quasi-static test is then made at the same location; an increasing load is applied to
go deeper in the specimen. The quasi-static test usually is divided into three steps.
First of all, an increasing load is applied. Then a hold period is used such that the
maximum load during a time t is held constant and finally we return gradually to a
zero-load in order to avoid a propagation of the crack during the unloading and to
limit the viscoelastic effects. Example load profiles and the resulting loaddisplacement curves are shown schematically in Figure 4.9 and Figure 4.10 [26].

Figure 4. 9: Indentation without a holding segment.
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Figure 4.10: Indentation with a holding segment.

Figure 4.11: Displacement and load versus time.

An example trace from a real experiment in a trabecular bone of a mouse is shown in
Figure 4.11. The loading rate is usually 0.2N/sec in order to obtain a crack. Different
loading rates were tested but this one is found to be the most appropriate. When a
crack appears on the surface of the specimen, we should see a jump of the load
(increase) and of the displacement (decrease), as shown at about 256 seconds on Fig.
4.11. In fact if there is a fracture, the indenter goes deeper faster. Using the software
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Wintest® it is possible to export the data and then draw the graph of
displacement/load for further analysis.
4.4 Scanning Electron Microscope (SEM) [24, 25]

A critical aspect of this work is the measurement of the crack length. This
measurement was first tried by observing the sample by using an optical microscope.
However it is not possible to see the crack due to the topography of the sample. After
consulting different previous research [11], [12], it was determined that a SEM
(scanning electron microscope) would allow the cracks to be observed on the sample
surface.
All electron microscopes are based on the same characteristics and all use a beam of
highly energetic electrons to observe specimens on a very fine scale. We can obtain
different information by using an electron microscope, such as:
o Topography (surface texture, roughness),
o Morphology (shape and size of the particles),
o Composition (components, quantity) and
o Crystallography (atoms arrangement).
There are different steps to obtain images with an electron microscope. First of all, a
stream of electrons is formed and then accelerated toward the specimen by using a
positive electrical potential. The stream is confined and focused into a thin,
monochromatic beam using metal apertures and magnetic lenses; then it is focused on
a specimen using a magnetic lens. The different interactions inside the specimen are
detected and transformed into an image.
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4.5 Summary
This chapter describes the techniques used for this study. The main goal was to find a
process to use the Bose machine as an indenter device in order to make a DMA test
and a quasi-static test. In order to do this, it was important to determine the best
indenter to provoke a fracture in a bone sample. The cube-corner indenter is the best
for this application due to its shape. A tip was designed and manufactured to fit with
the Bose machine. It was also determined that the available software cannot provide
the modulus directly. The different calculations necessary to determine the modulus
are explained in the next chapter as are the different steps of the test procedure.

43

Chapter 5

Results
This chapter describes the tip calibration and the different steps of the test method.
Different tests have been made in order to determine the best parameters to provoke a
fracture in a bone and to obtain the data necessary for the calculation of the fracture
toughness, the modulus and the hardness.
5.1 Tip calibration
The indentation force divided by the contact area represents the hardness of the
material, which is why the contact area must be measured precisely. The technique to
measure the contact area was developed by Oliver and Pharr [28]. First of all, we
make different indentations in a known material and then use the load-displacement
curve for the loading and unloading. By using this curve, we can obtain the peak force
Pmax, the depth at Pmax, hmax, and then the final depth hc. As shown in Figure 5.1, hc is
the contact depth and hmax represents the total displacement of the indenter during the
test. In Figure 5.2, hmax is the displacement corresponding to the maximum load Pmax
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and hc is the displacement corresponding to the intersection between the abscissa and
the tangent of the unloading curve.

Figure 5. 1: Geometry of the indentation, Ac and a are the projected contact area and its radius; hc is the sink-in
depth [28].

Figure 5. 2: Curve load-displacement, S is the initial unloading stiffness, Pmax and hmax the peak force and its
corresponding depth; hc is the final depth. [28]

If the tip exhibits ideal cube-corner geometry, the area function can be calculated as
[31]:
,

(5.1)

where hc is the indentation contact depth and A is the contact area.
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In most cases, the tip is not geometrically perfect so we have to determine the real
area function. This area function should have the following form, [28], [29], and [30]

,

(5.2)

In order to find the coefficients of this function, a sample of polycarbonate is used for
which the properties are known. Five indentations are used for four different loads
(25, 50, 75 and 100N). Lower loads have been tried as well, but did not produce
accurate results. Resultas for the tip calibration process are shown in Figures 5.3-5.6.

Loading to 25N
Contact depth (mm)

-0.1200

-0.1000

0
-0.0800

-0.0600

-0.0400

-0.0200

0.0000
-5
QS1

-10

QS2
QS3

-15

QS4
QS5

-20

-25

Load (N)

Figure 5.3: This figure represents the loading-unloading curves for a load of 25N. We can see that the
displacement is almost identical for tests 2.3 and 5. For tests 1 and 4, a defect on the surface could be the cause of
the higher displacement.
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Loading to 50N
Contact depth (mm)

-0.2000

0
-0.1500

-0.1000

-0.0500

-50.0000
-10
-15
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-25

QS3
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-35

QS5

-40
-45
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-50

Figure 5.4: This figure represents the loading-unloading curves for a load of 50N. In this case, all the tests are
similar and if we look more precisely the tests 3 and 5 we can that the curves are the same.

Loading to 75N

Contact depth (mm)

0
-0.3000

-0.2500

-0.2000

-0.1500

-0.1000

-0.0500

0.0000
-10
-20
-30
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-40
-50
-60
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QS4
QS5

-70
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Figure 5.5: This figure represents the loading-unloading curves for a load of 75N. In this case, only the test 2 is
very different than the other this could be due to the surface.
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Loading to 100N

Contact depth (mm)

0
-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05 -10 0
-20
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-40
-50
-60
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Figure 5.6: This figure represents the loading-unloading curves for a load of 100N. The same explanation presents
in the figures 4.3, 4.4, 4.5 and 4.6 can be used for these tests.

The values of hc and hmax can be found by drawing the tangent of the unloading
curves. Then, the Amax is calculated by the following equation:
,

(5.2)
2

hc (mm)
Area (mm )
0.038
0.003751512
0.039
0.003951558
0.043
0.004803702
0.073
0.013844742
0.086
0.019214808
0.112
0.032589312
0.114
0.033763608
0.115
0.03435855
0.119
0.036790278
0.122
0.038668632
0.16
0.0665088
0.16
0.0665088
0.168
0.073325952
0.173
0.077755542
0.203
0.107060982
0.213
0.117868662
0.223
0.129195942
0.225
0.13152375
0.237
0.145927062
0.272
0.192210432
Table 5. 1: Data for the area function.
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The next step is to plot the area as a function of hc and then fit the curve in order to
find the area function. This is done by using a Matlab® curve fitting toolbox. The
curve fit is shown in Figure 5.7 for the tip used here.

Figure 5. 7: Area function of our cube corner indenter.

From the curve fit, the area function is found to be,

,

(5.3)

This area function can be used in order to calculate the hardness and the modulus of
the sample for a specific contact depth.
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Another method can be used to determine the area function that consists of using the
indentation SEM pictures, but it is harder to define the contact area for shallow
indentations.
5.2 Method

The Bose machine is normally used to run tension tests or compression tests, so the
first step was to find out if we could use it as a microindenter. The cube-corner tip
was manufactured at UNL to fit perfectly with the Bose machine.
Different types of samples were first tested, beginning with samples of polycarbonate.
It is possible to observe the print of the indent but no fracture or cracks were
observed. Next microscope slides were tested. This kind of material is too fragile; the
cracks propagated too quickly and the sample broke immediately. The goal of these
tests was to better understand the different parameters of the Bose machine.
Since the main objective is to test bones, the next step was to test cow and pig bone
samples. These two types of samples were cut in small samples, about 2x2 cm2. Due
to the different shapes of the basic specimen, all the specimens were different. No
polishing or surface treatment has been made to avoid the creation of any cracks
during the preparation of the specimen. Samples were placed on the Bose machine,
directly on the pattern available and maintained using a double-side tape.
The pig samples available were old and were kept with no specific protection. The
first expectation was to test a fragile bone, but no crack was observed on the four
tested samples. A cow bone was then used; the bone was very dense. In these cases,
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too, no crack was observed but a print of the indent was clearly visible even without a
microscope.

After these preliminary tests, it was determined that the Bose machine could be used
with the cube-corner indenter, but that the range may not be adapted for certain types
of bone.
The next step was to try the tests using mouse trabecular bone. Some samples of
mouse bone were embedded as shown in Figure 5.8 in order to test the trabecular
bone.

Figure 5. 8 : Embedded mouse bone.

For this type of specimen, the indenter is too big. It is possible to crack the bone but
the sample is too damaged to use the SEM picture. As shown in Figure 5.9, we do not
have a clear print of the indentation and the trabeculae are totally broken.
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Figure 5. 9: SEM pictures of the mouse bone. The red circle represents the area of the fracture. We can see that a
trabeculae has been broken in two parts.

We can conclude that this cube-corner indenter is not adapted to test the trabecular
bone of mice, so it is better to use a nanoindentation technique for this kind of
specimen.
Finally rat femur bones were obtained for testing, since these bone are quite similar to
mouse bones but are larger. Seven rat femurs were used to make the preliminary tests
in order to obtain a process to cause a crack in the bone and to check the testing
system. All the samples were stored in alcohol such that they cannot be considered as
fresh specimens. For each sample, we followed the same process to test and analyze
the results.
First the sample was prepared and mounted. Because we wanted to be able to make
many indentations on the same sample, before testing a straight line was drawn on the
top surface of the sample to allow us to place the indenter in the same direction for all
the tests, as shown schematically in Figure 5.10.
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Figure 5. 10: Schematic of the indentations

Figure 5. 11: Specimen Rat 5. This specimen is a right femur of a rat divided in two parts. We can see the head of
the femur on the left.

Then, the sample was glued on a piece of polycarbonate using a hot glue gun. The
sample needed to be placed in such a way that the top surface was flat.
The first step is the dynamic mechanical test. The indenter loads the sample using a
frequency sweep with the frequency ramping up to 46Hz and the mean displacement
level of -0.01mm. This first step allows us to measure the stiffness and then to
calculate the modulus. We do not want to go too deep in the sample to avoid any
cracks. The Bose machine is primarily adapted to make tension or compression tests
so the software is not able to provide the modulus information directly. Instead, the
stiffness data are obtained for later post-processing. Example data from sample Rat 5
are shown in Table 5.2.
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Frequency
Hz
1
6
11
16
21
26
31
36
41
46

K*
(N/mm)
379.7224
380.4285
358.0128
426.9145
400.4779
392.0799
407.3351
416.5297
442.6549
485.381

K'
(N/mm)
372.4048
365.3286
357.5077
405.5927
400.177
390.8504
405.5919
415.0026
440.3077
485.2728

K"
(N/mm)
74.1871
106.1171
19.0098
133.2313
15.523
31.0263
37.6447
35.6344
45.5242
10.2496

Table 5. 2 : Data from DMA test, specimen Rat 5. K*, K’ and K” represents the stiffness.

Calculation of the reduced modulus
The storage modulus is calculated from the different values of the coefficient K’, K”
by using:

,

(5.4)

where K’ is the stiffness (N/mm), A the area function (mm²) calculated from the
quasi-static data. The loss modulus and the complex modulus can be calculating from
the Equations (4.2) and (4.5).
The second part of the measurement is the quasi-static test at high load. For each
indentation we obtain the load-displacement curve. When we have a crack in the
sample, we normally have a jump on the curve, as shown in Figure 5.12.
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Figure 5. 12: Load - Displacement curve, Rat 5.

We observe the three different parts of the quasi-static test, the loading, the holding
and the unloading. Different steps on the loading curve can be observed, this could be
due to the different stages of the fracture. During the loading part, the indenter goes at
a certain rate into the specimen, so the fracture is progressive. If there is no crack, we
observe only a curve without jumps as in Figure 5.13.
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Figure 5. 13: Load-Displacement curve, no crack appeared on the specimen.

Determination of the area
For each sample, we draw the tangent of the unloading curve to determine hc and hmax
in order to calculate the area from the area function, Eq. (5.2).
Calculation of the reduced modulus [28]
The reduced modulus is then calculated by

,

(5.5)
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where S is the stiffness that is the slope of the tangent of the unloading curve and A is
the area. The reduced modulus is related to the tip indenter modulus, but we assume
that the reduced modulus is quite similar to the modulus E for this method.
Calculation of the fracture toughness
The fracture toughness is determined from

,

(5.6)

The value of c (distance between the center of the indent print and the extremity of the
crack) is determined by measuring the length of the crack on the SEM picture. This
measurement can be done directly using the SEM software.

Figure 5. 14: SEM observation, Rat 5.
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Figure 5. 15: SEM picture Rat 5, Crack length measurement (l =264.10m).

This measurement represents the crack from the apex of the indent print. The length
used in the calculation of the fracture toughness is the distance between the center of
the indent print and the end of the crack. According to Figure 4.6, the length on
Figure 5.15 is l. Thus the length c must be determined and then we can compare the
propagation of the crack according to the mechanical properties and determine the
fracture toughness.

5.3 Results
Seven specimens of femur rats were tested, but only two clear cracks have been
obtained. In spite of this, the calculation of the hardness and of the modulus is
possible for all the specimens.
For some indentations, the unloading was not possible due to a major crack in the
bone. Indeed, when the crack breaks the entire bone it is unnecessary to continue the
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test since the indenter is not in contact any longer and all the data will be incorrect.
Table 5.3 represents a summary of the mechanical properties of each bone, according
to the location of the indentation. Two fractures toughness values have been
calculated since only two clear cracks were created.
crack
length
(m)

Kc
(MPam)

1.586
0.956
1.090
0.545

0.000556

0.578

2.252

0.00111

0.359

Rat

location

hc

hmax

Pmax

S (N/m)

A(m2)

H
(GPa)

Er
(Gpa)

1

2
1
2
1
2
3
4
5
1

2
3
4

0.031
0.738
1.456
0.905
0.355
0.56
0.455
0.61
0.172
0.15
0.13
0.412
0.325
0.145

0.355
0.811
1.565
0.94
0.46
0.665
0.565
0.715
0.233
0.202
0.185
0.458
0.412
0.246

8.01
80.01
29.96
29.99
30
29.99
30.01
30
50.02
40
60
40.01
40.01
40

24646
1080946
305204
788684
275138
193484
256496
1300870
1563125
1052632
560654
800000
384615
430108

2.497E-09
1.415E-06
5.508E-06
2.128E-06
3.274E-07
8.147E-07
5.379E-07
9.667E-07
7.686E-08
5.846E-08
4.391E-08
4.410E-07
2.744E-07
5.462E-08

3.208
0.057
0.005
0.014
0.092
0.037
0.056
0.031
0.651
0.684
1.367
0.091
0.146
0.732

0.437
0.805
0.115
0.479
0.426
0.190
0.310
1.173
4.997
3.858
2.371
1.068
0.651
1.631

1
1
2
3

0.33
0.23
0.104
0.196

0.401 79.98
0.324
40
0.198
20
0.338
28

952143
399800
206186
194444

2.829E-07
1.374E-07
2.810E-08
9.980E-08

0.283
0.291
0.712
0.281

1

0.458

1875833

5.450E-07

0.165

2
rev

3

3
rev

4
5
6
7

0.5

90

Table 5.3: Mechanical parameters obtained from the quasi-static tests.

According to Ritchie et al. [32], the fracture toughness is between 0.1 and 1.2MPam
for human cortical bone with no known skeletal pathologies. In our case, the bones
used were from dried healthy rats and we can see that the fracture toughness is
between 0.3 and 0.6MPam. It seems that the range is reasonable; of course more
data are needed to confirm this result. When we compare these values, we can see that
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the lower one corresponds to a sample with a lower hardness, so the propagation of
the cracks is higher in a hard material. Now, if we look at the hardness according to
the contact depth, Fig 5.16, we can observe that the hardness is higher for a smaller
penetration in the material. The behavior of the curve for hc < 0.2mm can be
explained by the roughness of the surface [33]. The surface of the bone cannot be
polished before the test to avoid the creation of any microcracks on the surface. A
roughness test can be used in order to know the best depth to use to avoid the effect of
the surface roughness. After 0.2 mm, the hardness decreases. This decrease could be
due to the effect of the trabecular bone. The effect of the spongy bone increases when
we go deeper into the rat femur.

H (GPa)

Er (Gpa)

6
5
4
H, Er

3
2
1
0
0

0.2

0.4

0.6

0.8
hc (mm)

1

1.2

1.4

1.6

Figure 5. 16: Relation between the hardness, the modulus and the contact depth
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The behavior of the modulus is similar as shown in Fig. 5.19, the modulus decreases
when we go deeper into the specimen.
The modulus can also be calculated from the dynamic mechanical analysis. By using
the stiffness coefficient K’ we calculate directly E’ and then by fitting the curve
E’=f(ω), where ω is the frequency in Hertz, we can obtain E when the frequency is
equal to zero (quasi-static). A Matlab program was used to find the best fit of the
curve and then determine the modulus. For example, when we use the data for the
specimen rat 1, location 2 we obtain result shown in Figure 5.17 for the modulus as a
function of the frequency.

Rat 1, location 2
2
1.8
1.6

E' (Gpa)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

10

20

30

40

ω (Hz)

Figure 5. 17: Variation of E' as a function of the frequency.

The curve fit, shown in Figure 5.18, allows the quasi-static value to be found.
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Figure 5. 18: Fitting by using Matlab.

The coefficient p6 represents the value of the modulus when the frequency is equal to
zero, so in this case we have E = 0.6113GPa. This method can be used to determine
the modulus for each test. The modulus obtained by the quasi-static test and by the
DMA test can then be compared.

Modulus obtained from quasi-static
E (GPa)

Modulus obtained from DMA

6
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4
3
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Figure 5. 19: Comparison of the modulus.
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As shown in Figure 5.19, the values calculated from the DMA are lower than those
obtained from the unloading curve. In spite of the difference between the values, the
behavior is the same. The values of the modulus could be verified by doing a
microindentation test with another device to know which test (DMA or quasi-static)
gives the most accurate value.
The software of the Bose machine also gives the value of tan δ, defined in Chapter 4.
Thus the loss modulus and the complex modulus, respectively E” and E*, are given in
Table 5.4. (Recall that

).

Finally the behavior of the modulus according to the frequency can be observed in
Figure 5.20.
Frequency
(Hz)
1
5
6
10
11
15
16
20
21
25
26
30
31
35
36
40
41
45

E'

E"

E*

0.396261
0.323773
0.590566
0.321588
0.405453
0.380512
0.585579
0.354292
0.492888
0.327729
0.521961
0.330572
0.40106
0.307111
0.483209
0.314961
0.422263
0.277136

0.073073
0.087123
0.11961
0.009226
0.179535
0.054784
0.195711
0.020232
0.118303
0.105827
0.143219
0.141077
0.149544
0.189094
0.17397
0.121879
0.151014
0.151629

0.366828
0.335412
0.622885
0.357556
0.543858
0.402945
0.650102
0.380827
0.517376
0.358851
0.545604
0.364518
0.567501
0.36984
0.582148
0.341701
0.607327
0.353694

Table 5. 4: Modulus calculated from the stiffness
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Figure 5.20 shows that the moduli are oscillating according to the frequency. When
we look at the values of E’, we can see that the oscillations are less important after
20Hz. Maybe we need to increase the frequency for the two other moduli to have
stable values.
At this point, it is too soon to compare the values of the loss modulus, the storage
modulus and the complex modulus with fracture toughness values since only two
cracks were observed. We know that we can obtain the viscoelastic properties and
link them to the fracture toughness by using this method of test.

E'
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E*

0.9
0.8
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Frequency (Hz)

40

50

Figure 5. 20: Comparison of the different moduli.

5.4 Remarks
Finally, a few additional remarks are made with respect to the tests described here.
During the test of this method, different problems or questions appeared. First of all,
the sample has to be glued on the entire surface to avoid any movement. At the
beginning the glue was just put at the two extremities but with this configuration the
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sample is not stable during the test and the test is not valid. When the sample moves,
an indent print such as the one in Figure 5.21 is noticeable.

Figure 5. 21: SEM picture, specimen that moved during the test

In addition, a bone is heterogeneous and anisotropic material. For example, the results
of two similar indentations can give different mechanical properties. To find a range
for the load in quasi-static mode, a solution is to check the values of the stiffness
obtained from the DMA test. If the stiffness is high a bigger load is chosen to try to
create a crack and inversely if the stiffness is low. Even with this data, it can happen
that the range of load is not enough to obtain a crack. That is why it is almost
impossible to reuse the exact same parameters for two different tests.
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The choice of indent location is also important. We want to make different
indentations in the same sample, but if the indentation is too close to the edge the
sample is going to be totally broken.

Figure 5. 22: Schematization of indentation locations

For example, to break the sample rat 5, a load of about 80N was used. However if the
indentation is near the edge of the sample a load of only 40N is sufficient to break the
whole bone. This phenomenon could be due to the fact that the sample bones came
divided into two parts. It is possible that the cutting process induced microcracks near
the cut edge.

Figure 5. 23: Samples that broke during the test (Specimens Rats 3 and 4, these samples were dried out in alcohol
and there not represent the fresh tissue).
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The load-displacement curve is similar to the one for the sample rat 5, but if we
compare these two curves, Figures 5.12 and 5.24, we can see that the displacement for
the same load is much higher on the edge than in another location.
0
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Displacement (mm)

-1.5

-1
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0

-10
-15
-20
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-30
-35
-40
-45
Load (N)

Figure 5.24: Load-Displacement curve for a totally broken specimen.

The calculation of the mechanical properties is based on the crack coming from
summit of the indent print. The indentation weakens the bone; so a crack can appear
on the side of the indent print as well.
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Figure 5.25: Uncracked-ligament bridging presents inside the red circle. The beginning of the crack does not start
at the summit of the indent print.

A crack is present on the right side of the indent print but it is not coming from the
edge of the print, we have an uncracked-ligament bridging between the edge of the
print and the crack [34]. This result is shown in Figures 5.25 and 5.26.

Figure 5.26: Crack propagation. The picture on the left shows that there is a gap (inside the red circle) between the
beginning of the crack and the indent print, the picture on the right is just a zoom.
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So it is important to keep a certain distance between the indentations. If an indent is
made on a crack, the resulting data will not be useful for further analysis.

5.5 Discussion
A new method of fracture using microindentation has been tested on seven specimens
of rat femurs. This method allows a correlation between the different mechanical
properties to be established thanks to a dynamic mechanical analysis and to a quasistatic test. The tests show that the parameters used to provoke a crack change
according to the sample. The mechanical properties can affect the propagation of the
fracture. The microindentation results show that the hardness depends on the contact
depth but it is important to notice that the roughness of the surface can also affect the
value of the hardness. The samples do not have exactly the same shape and the same
surface, some particles can be present on the surface of the bone, and can increase the
apparent toughness. The first solution must be polishing the sample to obtain a clear
surface, but this process could provoke some microcracks into the bone and then
distort the measurements. So, to compare the hardness, the best way is to take the
value for a contact depth superior or equal to 0.2mm. For this range of depth, the
hardness is between 0.0054 and 0.2805GPa. The hardness decreases when we go
deeper in the bone and this result could be due to the effect of the trabecular bone.
The roughness of the surface has the same effect on the modulus for a small contact
depth and we can observe approximately the same behavior. The hardness and the
modulus tend to decrease for a higher contact depth, especially for hc > 1mm because
we are getting closer to the trabecular bone.
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The procedure developed here was divided in different parts. First, a cube-corner
indenter has been manufactured to fit with the Bose machine. We chose this type of
indenter, because a sharp indenter induces a fracture more easily. According to Kruzic
et al. [12], a Vickers indenter or a cube-corner indenter can be used to initiate cracks,
but the Vickers indenter involves a larger scale of errors and some sub-critical cracks
can occur after the indentation. The next step was focused on the parameters to use for
the DMA test and for the quasi-static test. During the DMA test, the important thing
was to obtain the stiffness for a low contact depth (0.01mm). Regarding the quasistatic test, the biggest challenge was to find the adapted range of load to initiate a
crack without breaking the whole sample. Bones are heterogeneous so a single load
for all the tests is not enough. Furthermore, a smaller load has to be applied if the
indentation is close to the edge if we want to avoid breaking entirely the sample, this
could be due to the fact that the femur of the rat has been divided in two parts.
According to the shape of the bone, it can be easier to initiate a crack in certain cases.
In fact, when the sample is not flat enough the indenter can slip and we do not create a
crack if the indenter does not stay at the same location during the test. Furthermore
the thickness of the cortical bone can be related to the fracture toughness. If the
thickness is low it should be easier to induce a crack in the sample. Cracks were
obtained for approximately the same loads. The lengths of the crack obtained are
556m (H=0.2827GPa) and 1000m (H=0.1651GPa) for the two femur rats. If we
consider the hardness of each sample we can observe that the propagation of the crack
is smaller in a harder material. The fracture toughness has been also calculated, the
values are respectively 0.578MPam and 0.355MPam. We can see that this
parameter follows the same behavior as the hardness.
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These values can be compared to the data obtained from the DMA test (loss, storage,
complex modulus) and then we can find a relation between the viscoelastic properties
and the fracture toughness. In our case, a real comparison is not possible due to the
small number of crack obtained but the goal was to develop the procedures to initiate
a crack and find the different mechanical properties.
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Chapter 6

Summary and Conclusion
Osteoporosis is a current disease which affects especially post-menopausal women.
This disease is internationally known but the mechanism behind the fracture of the
bone is not entirely understood. Osteoporosis decreases the bone density, and since
the bone is more fragile and a fracture can occur more easily. Some actions can
prevent osteoporosis but it cannot allow avoiding it, some treatments are also
available to increase the strength of the bone [35]. We know the relation between the
bone density and the fracture but the reason of the modification of the density during
the life is not well understood.
The relation between the viscoelastic properties and the fracture toughness of the bone
could help to better understand the mechanism behind the fracture of the bone in the
case of an osteoporotic disease. A new method has been developed to find this
relation; this method allows linking the viscoelastic mechanical properties to the
fracture toughness.
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The first goal of this study was to conclude that a Bose Electroforce 3200 device can
be used as microindenter. At first, this device is manufactured to run tension,
compression or creep test. An adapter has been manufactured to install an indenter on
the Bose machine and many measurements were made using it.
The second objective was to develop a test process to initiate cracks in bone and to
obtain the mechanical properties of these samples. Rat femurs have been used to test
the method. These femurs were dried out in alcohol and were used to develop the
testing method. The first step of the test is a dynamic mechanical analysis (DMA) in
order to obtain the loss modulus, the storage modulus and the complex modulus in
sweep frequency by using the cube-corner indenter. The goal of the DMA tests is to
obtain the parameters and not to initiate a crack. That is why the penetration of the
indenter into the bone is kept small and constant (0.01mm). The second step is a
quasi-static test which consists of loading and unloading the specimen to initiate a
crack in the bone without breaking the entire sample. The unloading curve allows the
modulus and the hardness for a specific location to be determined. Furthermore, the
use of a SEM allows the length of the crack to be measured, length between the center
of the indent print and the extremity of the crack. Normally, the fracture appears on
the summit of the indent print but in some cases a crack can appears on the side of the
print. The length of the crack is used to calculate the fracture toughness. Thus, we can
link this property to the parameters obtained from the DMA test and see how the
mechanical properties of the bone can affect the propagation of the crack and the
fracture toughness of the specimen.
Only two cracks have been obtained using this procedure, but the process to initiate a
fracture in a bone is now known. The next step is to use this method on genetically
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modified mice. These mice have different mineral bone density, in order to represent
the density of a normal bone or of an osteoporotic bone. The method explained in this
study could allow the propagation of cracks to be studied so that the fracture
toughness may be examined with respect to the mineral density of the bone.
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