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Abstract

Bone has the amazing ability to adapt its mass, structure and material properties to fulfill specific loading require-
ments. The bone of large and fast growing animals, such as cows and horses, has to solve two challenges: it has
to grow very quickly and, at the same time, it has to provide sufficiently high stiffness and toughness. In general,
the hierarchical structure of bone shows several strategies, at different length scales, to combine high stiffness
with high toughness. This is particularly true for secondary lamellar bone, which is a type of bone formed rather
slowly during the biological process of bone remodeling. The mechanical competence of fast growing bone is
usually inferior to secondary bone, however nature has found other strategies to reinforce fast growing bone, also
called fibrolamellar bone, such that it can sustain the high loads as required in large animals while allowing a
rapid growth.

Fibrolamellar bone has received only limited attention, nevertheless it is a very relevant type of bone to
better understand the rapid bone formation, as required, for instance during bone healing. The basic unit of
fibrolamellar bone is formed between two large blood vessels. Firstly, a layer of hypercalcified disordered bone
is quickly deposited. This serves, most likely, as a scaffold for the formation of parallel fibers bone, with the
mineralized collagen fibers well oriented along the longitudinal direction. Around the blood vessels, parallel
fiber bone is replaced by more classical lamellar bone. Although the structure of fibrolamellar bone is quite
well-known, its mechanical properties are largely unexplored. Specifically, there is no information on the local
mechanical behavior of the different basic blocks (i.e., hypercalcified layer, parallel fibers and lamellar region)
which constitute fibrolamellar bone.

This master thesis proposes to use a complex and fairly new nanoscopic mechanical characterization method
based on nanoindentation and called modulus mapping, to analyze with high spatial resolution the mechanical
properties of a fibrolamellar bone unit. The modulus mapping technique was first applied to a standard fused
quartz sample to tune the parameters and to establish a proper protocol to obtain reproducible data. This material
has a know Young’s modulus, allowing to calibrate the modulus mapping approach before going to bone.

In the second part of the thesis, fibrolamellar bone was investigated. Firstly, scanning electron microscopy was
used to characterize the microstructure of fibrolamellar bone, confirming the different building units, although the
mineral content of the central layer was not higher in comparison to other regions. Second, the local mechanical
properties were investigated by combining traditional static indentations and modulus mapping. Interestingly, the
central layer had a lower modulus then the other regions, suggesting a more disorganized arrangement of the min-
eralized collagen fibers. Additionally, the ratio of the elastic properties between thin and thick lamellae present
in the lamellar region could be well characterized by modulus mapping and was much higher than traditionally
reported in the literature. Furthermore, the parallel fiber region and the thick lamellae showed the highest elastic
properties. Finally, high load indentation was used to generate local fractures and the fracture paths were charac-
terized by electron microscopy. The results showed that fractures were deflected in the lamellar region around the
large blood vessels while cracks could propagate relatively straight inside the parallel fibers region.

In conclusion, the present work reports, for the first time, local nanoscale elastic and fracture properties of
fibrolamellar bone which are relevant to understand how nature combines the conflicting requirement of rapid bone
growth with good mechanical properties. Future work may focus on the central layer to determine its composition
using quantitative techniques such as qBEI and maybe apply this process to the unexplored cement line.
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Introduction

Nature is a source of inspiration for humans who try to reproduce what it is capable of doing. For exam-
ple, the first machines built to fly were inspired by birds; water-repellent surfaces like waterproof jackets
were invented by studying and reproducing the ability of the lotus to repel water; velcro was inspired
by a plant that uses small hooks to attach itself to the fur of animals and then go elsewhere... [1]. This
discipline, which consists of drawing inspiration from the composition, structure, form and properties
of living things present in nature, is called biomimicry. It requires close collaboration between sev-
eral domains such as biologists, engineers, physicists... . This branch was therefore born regarding the
incredible capacity of nature to adapt to its environment and to optimize each of its elements through
natural selection and evolution. The best that man can do is what nature does.
In addition nature has the ability to combine properties that are contradictory which is still a challenge
for humans. In general, what is stiff and strong is brittle and what is tough is deformable and therefore
has a low stiffness. However, nature is able to combine a high toughness with a high stiffness and a high
strength [2].

Bone is a perfect example of the combination of these two contradictory properties, that is why it is
interesting to study. The cortical bone present in humans is mainly investigated because a good under-
standing of its composition and structure allows, among other things, to produce implants. However,
there are different bone structures that are captivating. Among them, there is the fibrolamellar bone
structure. This bone present in many large mammals has been little studied while it has two very in-
teresting features that are difficult to combine. The structure allows to have at the same time a rapid
growth of the bone and strong mechanical properties needed to take up the weight of those large ani-
mals [3]. Nature has succeeded in combining a weak, randomly organized material, which guarantees
rapid growth with a material with high mechanical properties that can support the weight of the animal
and thus assure the strength of the skeleton [4].

The structure of the bone extends over several length scales and each level has its importance in the final
properties. However, to study microscopic or even nanoscopic elements, advanced techniques must be
used. With the evolution of technology, man is able to reach microscale and nanoscale resolution. Mod-
ulus mapping is one of such techniques created with the aim of studying the mechanical properties of
biocomposites like bone at the nanoscale thanks to its lateral resolution of 20 nm. However, this method
being highly challenging, recently developed and not widespread, its calibration is necessary to obtain
consistent results.

In this master thesis, the modulus mapping technique is studied in order to implement a protocol adapted
to bone. This allows to investigate the mechanical properties of the special structure of a fibrolamellar
bone unit. This report is divided into 4 chapters.

The first chapter is dedicated to a theoretical explanation of the different points that are addressed in
this master thesis. At the beginning, a consequent reminder on bones is made in order to understand
their structure and to describe their components. It ends with a part of what is known for the structure
and the mechanical properties of the fibrolamellar bone. Then the techniques of static indentations and
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modulus mapping are explained in order to instill the necessary basis for understanding the tests per-
formed with them. To close this chapter, a brief explanation of the operating principle of a scanning
electron microscope is given to be able to correctly extract the information provided by these images.

The second chapter focuses on the experimental part that has been conducted throughout this master
thesis. First the preparation of the samples is explained. Next comes the whole calibration of the mod-
ulus mapping with an overview of the main tests which were carried out during one month and a half
on fused quartz to finally establish a protocol which allows to have reproducible measurements on bones.

The third one presents the results. The images obtained with the scanning electron microscope of the
composition and structure are analyzed. Then the results of the tests carried out to study the mechanical
properties are stated. This chapter ends with a brief overview of the results obtained with the high load
indents that allow to watch the propagation of cracks.

The last chapter includes a discussion of the results of each test by comparing them with the previ-
ous measurements and with other studies from the literature. Then the limitations encountered during
this master thesis are exposed and some future works that are interesting to investigate are proposed.



Chapter 1

Background

The purpose of this chapter is to provide a context and a background of the elements that have been stud-
ied throughout this master thesis. In the first part, generalities on bone are presented, passing through
all levels of the hierarchy. Fibrolamellar bone, the structure studied in this work, is explained in more
detail at the end of this section. In the second section, the technique of nanoindentation and mainly the
technique of the modulus mapping are reviewed and in the third one, the scanning electron microscope
is briefly described. In the last part, the main contributions of this master thesis are outlined.

1.1 Bones

1.1.1 Generalities of bones

Bones representing stiff skeletal material are present in vertebrates [5]. With tendons, ligaments, carti-
lage and muscles, they are the major components of the musculoskeletal system whose role is to support
the weight of the body and to allow a living being to move [6]. Bones are therefore important and
accomplish vital functions. They play a role in the hematopoiesis. In fact, in some parts of the bones
there is some red bone marrow. This marrow is the center of production of red and white blood cells
and platelets. Bones also act as a ’mineral bank’ since they contain mainly calcium and phosphorous.
In the body, 99% of calcium (Ca2+) is stored in the skeleton and the level of calcium in the blood can
be regulated thanks to the remodeling process which allows to release it or not in the body. In addition
they play the role of protectors of vital organs. As examples, there are the cranial box that protects the
brain, the thoracic cage that guards the heart and lungs and the vertebrae that enclose the spinal cord.
They can ensure this role of protection through their ability to absorb high energy while having a low
weight. [7, 8, 9]

In the body, there are different types of bones which have their own specificities and their own roles.
They are characterized by their size and shape. The first type is long bone (FIGURE 1.1) like the femur.
This type of bone is elongated along a major axis and most of the time has a cylindrical shape [5]. Their
role is to provide stability against bending and buckling [7]. The second type is short bones (FIGURE

1.1) like vertebrae. They have approximately the same size in all directions and, they provide stability
against compression. A third type is plate-like bones (FIGURE 1.1) such as the skull. For these bones,
one dimension is always smaller than the other two. They are thin with a small curvature. This type
of bone is well suited to resist bending moments and their roles are to protect vital organs and allow
muscle attachment. [7, 8, 9]

3
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Figure 1.1: The three types of bone. From left to right: long bone, plate-like bone and short bone (adapted from
[10]).

For this master thesis, a peculiar structure present in long bones was studied. Therefore, we are focusing
on this type of bone in the rest of this section.

1.1.2 Long bone

Long bone can be cut in three main regions shown in FIGURE 1.2. The first one is the central part
called the diaphysis. It contains the bone marrow cavity. The second one is the epiphysis. This part is
located at each end of the bone and two growth plates separate it from the rest. They are responsible for
the growth of the bone along its main axis. The last region is the metaphysis. This is the transitional
part between the epiphysis and the diaphysis. It has a conical shape because it connects two relatively
cylindrical regions of different diameters. [7, 11]

Figure 1.2: General form of long bones (adapted from [12]).

The external surface of the bone is covered with a layer of cells called the periosteum. It is made of
dense connective tissue and contains a lot of blood vessels and nerves [13, 14]. It nourishes the sur-
face of the bone and ensures thick ossification [8]. On the internal surfaces, such as the cavities, there
is another kind of connective tissue layer: the endosteum. This layer contains quiescent cells that are
involved in bone remodeling (process presented in SUBSECTION 1.1.3). These cells play a role in the
bones’ homeostasis [13]. They are shown in FIGURE 1.2. Inactive surfaces of bone are also covered by
a cell layer called the bone-lining cells. These are old cells involved in the bone remodeling process that
have flattened. They serve to protect the bone and to control and regulate the movement of ions such as
calcium ions between the bone and the body [5, 15, 16].

In long bone, two opposite structures can be found. One is trabecular bone, also called cancellous
bone. This type is located at the extremities (epiphyses) and is distinguished by a high porosity. The
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second type is cortical bone forming the central part of the bone. This one is characterized by a very
low porosity. Both of them are identical in terms of chemical composition [17].

1.1.2.1 Trabecular bone

I Structure

Trabecular bone corresponds to 20% of the skeletal mass. It is a spongy type of bone characterized by
a very low weight. This feature is due to the presence of 3-dimensional (3D) interconnected pores filled
up with red bone marrow. The porosity of this type of bone ranges from 75 to 95% [18]. The size of one
pore is approximately equal to 103 µm [19]. Trabecula are arranged in a variable way which depends on
the location in bone, the location in the body, the morphological characteristics of the person and its age
[7]. This 3D trabecula network reflects the forces acting on the bone. Indeed, the bone is placed in such
a way as to take up the forces applied to it as well as possible: some trabeculae take up the compression
ones, the others support the tension forces [11]. This sort of bone can be found at the ends of long bone,
within flat and irregular bones and within the vertebral body. This type of structure makes it possible
to build bones that are quite large but do not weigh much. At the joints, the bones are wide, they take
up a large load but the corresponding stress is lower due to the larger surface. When we move to the
diaphysis part of the bone, it becomes less porous, more compact because as the section decreases, it
must be able to support a higher stress [18]. They also allow to absorb choc without lost of rigidity. The
thickness of a trabecula is approximately 100−150 µm [18]. Pores and a trabecula network are visible
in FIGURE 1.3.

Figure 1.3: General form of trabecular bone (adapted from [20]).

Due to bone remodeling and mineralization, trabecular bone exhibits heterogeneous patchwork-like
structures composed of various bone bundles that differ in mineral content, stiffness, and age (shown in
FIGURE 1.4). In these bones, which are relatively thin, there are no osteons built during bone remodeling
in general because nutrients can be supplied by diffusion. If the trabecula is thicker than 300 µm, blood
vessels are required to furnish the bone with what it needs. Secondary osteons may then be present [5].

Figure 1.4: Illustration of the patchwork-like structure present in trabecular bone (adapted from [21]).
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I Mechanical properties

The mechanical behavior of bone is an interaction between the structure of this one and the material
which constitutes it. Trabecular bone is generally described as an orthotropic material which means
that it has three planes of symmetry that are perpendicular to each other. This type of material is
characterized by nine elastic constants: Young’s modulus E, Poisson’s ratio ν and shear modulus G in
the three main axes of the planes of symmetry.
In FIGURE 1.5, typical stress/strain curves of trabecular bone for different relative density (the upper
curve corresponds to a higher relative density) in compression are shown. The two curves have the
same shape but the dissimilar regions are of different sizes. The first linear part represents the elastic
region. This means that if we stay in this region, after release, the material recovers its initial shape
and properties. After there is a peak: this is the yield point which characterizes the point from which
the deformations become plastic, i.e. irreversible. This is when the failures appear. The third part is
the plateau region. At this step, the system is collapsing and once the trabecula are broken, they cannot
carry any load. It leads to deformations at constant load. The last part is the densification. The porosity
decreases and in the end all trabeculae are broken [7].

Figure 1.5: Typical stress/strain curves of the behavior of trabecular bone under compression for different
relative densities (adapted from [18]).

At the apparent level, it is difficult to quantify mechanical properties of trabecular bone due to its high
heterogeneity. Nevertheless, the Young’s modulus (E) of trabecular bone can be linked to the appar-
ent density (ρapp) of the bone [19]. Indeed, the apparent density has a great influence on the elastic
properties of the trabecular bone. It can be defined as the ratio between the mass of the bone and the
bulk volume of this one (volume of bone plus volume of holes). If this apparent density increases, the
Young’s modulus increases. That seems logical since more material gives more stiffness. The relation-
ship between both is an exponential one and is the following:

E ∝ (ρapp)
2

The apparent density also has an influence on the failure properties of trabecular bone. The ultimate
stress (σu stress at which the material breaks) can also be linked to this density. The formula is the
following:

σu ∝ (ρapp)
2

It is important to note that different architectures can correspond to the same density. This influence of
the architecture must be taken into account and, a constant must be added. This one varies from one
bone to another or from one region to another.



CHAPTER 1. BACKGROUND 7/82

1.1.2.2 Cortical bone

I Structure

Cortical bone is found in different places: it forms the shafts of the long bones and also the shells that
enclose the trabecular bone [18]. It represents 80% of the skeletal mass [17]. The structure of cortical
bone is different in young and mature individuals. The structure of the latter is more ordered, uniform
and developed than the one of the young due to the remodeling process. In young individuals, primary
osteons are present. In all bovine adults, cortical bones are mostly composed of osteonal bone (sec-
ondary osteons), interstitial bone and the whole is surrounded on the endosteal and periosteal surface by
lamellar bone. This last one consists of large concentric lamellae of fibrolamellar bone in large animals
(explained in SECTION 1.1.5)[22]. Osteonal bone is made of 10-15 lamellae organized in concentric
cylinders around a central Haversian canal (where blood vessels pass) which has a diameter of ∼50 µm
oriented in the direction of the main axis of the bone. Osteons have a diameter of ∼100-200 µm with
a length of 1-3 mm. Between the osteons, there is bone called interstitial bone which consists of bone
remaining after the remodeling process [23]. Secondary osteons and interstitial bone can be seen in
FIGURE 1.6.

Figure 1.6: Cross-section image of cortical bovine bone of a mature individual (adapted from [23]).

Cortical bone is a dense solid but the porosity changes with age. It goes from 8 to 5 %. This can be
explained by the fact that young bones need more nutrients to grow [23]. The pores present in this
structure are osteocytes, canaliculi, blood vessels or Haversian canal and erosion zones [5]. Haversian
channel represents the main channel of the osteons, where the blood vessels pass. After there is the
lacuno-canalicular porosity which is due to the canaliculi and the osteocyte lacunae. These last ones
are ellipsoidal in shape with measurements of about 5 × 10 µm. These regions are not mineralized
and contain the osteocytes, hence their name. The canaliculi are canals that interconnect the Haversian
canals together and with osteocytes and also with the periost which represents the external layer of long
bones.

I Mechanical properties

Cortical bone behaves like a ductile material which means that its mechanical behavior in compression
can be represented by the FIGURE 1.7. At the beginning of the curve there is an elastic zone. The
slope of the straight line in this region is used to determine the Young’s modulus. It corresponds to the
stiffness of a material, i.e. the resistance that a material opposes its deformation. This stops at the yield
point which is the elastic limit. From this point on, irreversible deformations occur in the material. This
is called the plastic zone. The curve finally stops when the material breaks. This is the point of failure
[24].
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Figure 1.7: Stress/strain curve of a ductile material [25].

Due to the presence of osteons, orientation of collagen fibers and mineral crystals, cortical bone is
anisotropic which means that its mechanical properties change depending on the direction [24]. Indeed,
depending on this factor (longitudinal and transverse), the Young’s modulus, the compressive strength
and the ultimate stress/strain are different. However, this anisotropy does not affect the yield strain.
Bones are stronger longitudinally than transversely (see FIGURE 1.8 and TABLE 1.1) because it is in this
direction that the majority of forces are applied and bone has therefore adapted its internal architecture
to its external loads. In addition, bones are stronger in compression than in tension because they are
subjected to compression most of the time. This can be seen in FIGURE 1.8. Given its structure, cortical
bone is stronger than the trabecular bone [18]. It provides mechanical strength due to its high resistance
to bending and torsion [17].

Figure 1.8: Stress/strain behavior of cortical bone in tension and compression for longitudinal and transverse
directions [26].

Mechanical properties can be influenced by two factors: the porosity and the mineral content. The vari-
ations in cortical porosity can be due to changes in number, length and diameter of Haversian canals [7].
This is often correlated with age. Porosity effects mechanical properties because the more the volume
fraction increases, the more the bone is able to support large loads and the ultimate stress increases.
Moreover, mechanical properties are highly influenced by the mineral content as it is also shown in
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TABLE 1.1. The compressive strength and the Young’s modulus are higher for mature individuals which
have a bigger volume percentage of minerals than young one [23]. Indeed, these features are stiffer.

Sample Orientation Vol. % minerals Compressive strength [MPa] Young’s modulus [GPa]
Untreated mature Longitudinal 43 ± 1 184.1 ± 14.7 20.5 ± 2.3

Transverse 156.5 ± 5.3 13.0 ± 2.3
Untreated young Longitudinal 39 ± 1 131.3 ± 39.4 6.6 ± 1.9

Transverse 121.0 ± 3.2 5.3 ± 0.1

Table 1.1: Volume percent of minerals, compressive strength and Young’s modulus for untreated mature and
young individual in longitudinal and transverse section (adapted from [23]).

For the viscoelasticity, the effect can be neglected if a physiological strain rate is applied i.e. 0.01-1
[%/second]. That means that elastic properties and strength are poorly dependent on the rate and the
duration of the load. For higher strain rate, this is not the case. Bone has increased stiffness, increased
strength and decreased ultimate strain which makes it more brittle.

1.1.3 Biological process of bone remodeling

Bone remodeling is an important and complex process that occurs throughout life. This continuous
process consists of the replacement of old bones with new ones. It allows to repair microcracks by
replacing damaged bone with new bone, to adapt bone architecture in response to biomechanical forces
to meet environmental loads (if the load increases, the bone mass also increases, which strengthens the
bone architecture) and to regulate calcium homeostasis.

In this process, three different cells are involved in a coordinate way: osteoclasts, osteoblasts and
octeocytes. Firstly, osteocytes derive from osteoblasts that have been wrapped in the mineralized bone
matrix[11, 17]. These cells are then a little less active but, they still produce matrix proteins. Their shape,
size and activity vary according to the age of the cell. They are connected together by canaliculi which
form a dense network inside the bone. This network serves as a strain and a microdamage sensor [27].
In trabecular bone of cows (animal studied in this master thesis), the density (number of cells per bone
volume) of this type of cell is approximately equal to 30 000 mm−3 [28]. Secondly, there is osteoblasts.
They are responsible for the bone formation [11]. They are derived from multipotent mesenchymal stem
cells and they never function alone, always in clusters. At the end of the deposition process of the bone
matrix constituents, about 15% remain enclosed in the matrix and become osteocytes as explained be-
fore and another part remains on the surface and becomes flat lining cells. They first deposit a collagen
matrix and then this matrix must be mineralized [5]. Thirdly, the last type is osteoclasts. They derive
from precursor cells circulating in blood and allow the mineralized tissue resorption. They are present
on the surface of calcified bone and in areas eroded by their activity [17]. They are multinucleus cells
and are generally larger than other bone cells with a diameter ranging from 20 to 100 µm [11]. During
the resorption, first, the osteoclasts digest the links between the crystals and the collagen, which allows
the mineral to be mobilized. The collagen fibers are then digested mainly by activated collagenases [17].

Bone remodeling can occur both at the periphery and inside the bone. At the periphery the process
of erosion starts at the surface and is conducted by osteoclasts. Inside the bone, it is the osteocytes
that initiate bone remodeling [11]. The process (shown in FIGURE 1.9) begins with the migration of
mononuclear preosteoclasts in the region of interest where they constitute multinucleated osteoclasts.
They remove bone that is getting old or damaged. After this resorption, mononuclear cells prepare the
surface and produce a signal to attract osteoblasts. The latter then move on to replace the old bone. To
do that they put some collagen where bone is needed. The Ca2+ recognizes the collagen and binds to
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it [7]. Then mineralization starts i.e. the mineral content and the stiffness increase over time. All this
process is schematized in FIGURE 1.9. Most of the bone remodeling takes place in trabecular bone since
the latter has a larger surface area than the cortical bone. The resorption stage lasts about two weeks
while the formation stage remains about four months [17]. When this process is not effective, it leads to
diseases such as osteoporosis.

Figure 1.9: Scheme of biological process of bone remodeling [29].

The process differs slightly in trabecular and cortical bone but these differences are morphological and
not biological. Bone remodeling allows the construction of basic units that constitute the bones. It is
these units that are dissimilar between the different types of bones. In trabecular bone, the process is
done by bone packets and in cortical bone, it is done by secondary osteons [30]. These two structures
are in the order of 100 µm. Secondary osteons or Haversian systems consist of cylindrical concentric
layers of mineral collagen. They are formed in this way [5] (shown in figure 1.10): the osteoclasts
gather to come and remove bone. They are removing the bone by forming what is called a cutting
cone and thus form a hole in the shape of a cylinder with a base that has a diameter of 200 µm and is
2000 µm long [17]. As soon as the cavity is formed, it is filled with cylindrical layers of bone that are
deposited by osteoblasts. Ten osteoclasts are needed for the removal part of the process and thousands
osteoblasts reform the bone [17]. The whole gives a cylinder composed of different layers with a central
cavity where one or two blood vessels pass. Around these secondary osteons there is a special sheath:
the cement line. It is formed at the point where the osteoclasts stop removing bone and just before the
osteoclasts come to add bone to form lamellar bone. This is the boundary between old (bone matrix)
and new bone (secondary osteon) [7].

Figure 1.10: Scheme of biological process of bone remodeling in cortical bone (adapted from [18]).
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1.1.4 Composition and structure of bone at different levels

Bone is made of a very complex hierarchical structure that extends to different length scales. To un-
derstand how they function and their mechanical properties, it is important to know their structure at
different levels from the molecular scale to the millimeter scale.

I Molecular level

At the molecular level, three main components are present: proteins which constitute the organic phase,
mineral crystals which represent the inorganic phase and water [5, 7].

In the organic phase, the main protein is the collagen. This is a structural protein which is the strongest
and the most abundant found in the body. It has a well-defined structure shown in FIGURE 1.11. It con-
sists of a repetitive amino acid sequence which is glycine-X-Y where X often represents the proline and
Y sometimes the hydroxyproline. By repeating itself, this sequence allows to form polypeptides. Three
polypeptides of the same length then associate together to form the protein molecule called tropocolla-
gen. They are folded into a left-handed triple helical structure thanks to hydrogen bonds between the
three chains. These basic building blocks have a length of about 300 nm and a diameter of 1.5 nm [30].
The tropocollagen then aggregates to form fibrils of collagen [5] with a diameter of 80–120 nm [31].
The fibrils become stable due to intermolecular cross-links. This allows the collagen molecules to be
formed [5]. Collagen is present in three forms: collagen type I, type III and type IV. The difference
between the three is the type of chains that are distinguished by different secondary structures [32].
This type I is composed of two α1 chains and one α2 chain while the type III is composed of three α1
chains [17, 32]. The main one is the type I. It represents about 90–95% of the organic matrix [11]. In
addition to collagen, there are also non-collagenous proteins (osteocalcin, osteonectin and osteopontin
for example). They act as a glue between mineral parts and collagen fibrils and also play a role in bone
formation [22, 31]. The organic phase has the role to provide elasticity and toughness to the bone [33].
The rest of the organic components are proteoglycans, glycoproteins, sialoproteins, serum proteins and
lipids [11].

Figure 1.11: Structure of a collagen fibers (adapted from [34]).

The inorganic phase is made of mineral crystals as said before. This phase is a form of naturally oc-
curring calcium phosphate called hydroxyapatite whose smallest unit that repeats uniformly to form the
crystals is Ca10(PO4)6(OH)2. The crystals are present in version of tiny platelets with a thickness of
1.5-4 nm which form within the collagen molecules [31, 35]. The role of this phase is to provide stiff-
ness to bones [36]. Sodium and magnesium ions associated with the mineral phase can also be found.
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Their percentage in this phase is small, but of the total amount present in the body it is large, represent-
ing about 60% [11].

The last phase is water. This part is important for the mechanical behavior of the bone. Water is
present at different places. There are some on the surface of the crystals, between the tropocolagens
molecules, in the blood vessels, in the canaliculi and in the lacunae [31].

The proportion of these three mains components is given in the TABLE 1.2.

Weight [wet] Volume
Inorganic : 60% Inorganic : 40%
Organic : 30% Organic : 35%
Water : 10% Water : 25%

Table 1.2: Relative amounts of the three mains constituents in human bone in % of the wet weight and in % of
the volume [7].

Collagen and minerals have opposite mechanical properties. Indeed, collagen has a good toughness but
is soft, whereas minerals are stiff but brittle. The structure of the bones at several length scales has made
it possible to combine the advantage of each component: the material is tough thanks to the proteins and
rigid due to the minerals [37].

I Basic building block level: mineralized collagen fibers

These different constituents are arranged in a particular way as shown in FIGURE 1.12. To form the
basic building block, the tropocollagen molecules line up in a row but they do not bind with the other
molecules that precede or follow them. They bind with their neighbors which are next to each other.
The packets of collagen molecules formed in this way are one on top of the other with a constant offset
each time. This creates a gap between the head and the end of two molecules that are in the same file.
As they are all stacked on top of each other and they all follow each other, this creates repeating features
like this 67 nm hole that is visible in FIGURE 1.12. Mineral crystals nucleate in these holes and start to
grow at the end form platelets parallel to collagen fibers [31]. The crystals are about 3 nm thick, 15 nm
wide and 50 nm long while the tropocollagen molecules are 1.5 nm in diameter and 300 nm in length.
These values are true for humans, they may differ slightly from other species such as bovine (the width
and thickness are the same, only the length changes and is about 27.3 nm).

Figure 1.12: Arrangement of collagen fibrils and mineral crystals in bone [38].

I Micrometers level

At the micrometer level, molecules of collagen can be arranged in two different structures: woven bone
which is immature bone and lamellar bone which is mature bone.

The woven bone (visible in the left part of FIGURE 1.13) is created very quickly and can grow about 4
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µm and more per day. This type of bone is found especially in fast-growing fetuses and in areas that
have been broken and need to be rebuilt [39]. The collagen fibers that make up this structure vary in
diameter from 0.1 to 3 µm and are randomly organized. The arbitrary organization is due to the fact that
bone grows quickly [11]. Given that the minerals are randomly arranged and leave space between them,
the woven bone is relatively porous at the micron level. It contains a large number of cells called osteo-
cytes which are included in extended and rather round spaces. Osteocytes are also arbitrary distributed
and are connected to each other by canaliculi. Woven bone can reach a high degree of mineralization
[11]. This structure is mechanically weaker than lamellar bone, which takes a longer time to build (see
next paragraph) [4]. The bone is weaker due to the fact that the mineral crystals that give the bone its
stiffness are oriented in the direction of the collagen fibers. Since these fibers are arranged in a random
way, the crystals are also organized in a non-regular fashion so that the bone is not stiff in any direction
[40].

The lamellar bone (visible in the middle part of FIGURE 1.13) is created slower than the woven bone at
approximately 1 µm per day. In this type of bone, collagen fibrils and minerals are arranged in a precise
way: lamellar bone corresponds to a high level of organization [11, 39]. They are organized in sheets
that are called lamellae and the thickness of these lamellae alternates. There is a repeated variation
between a thick lamella of about 5 µm and a thin lamella of about 1 µm. Collagen fibers and minerals
are organized in a twisted plywood structure (visible on the right in FIGURE 1.13). In this arrangement,
there are many layers and the collagen fibers are parallel in the same layer. Between the layers, the
direction of the collagen fibers changes by a certain angle constant in size and direction. Due to this
architecture, there is no preferential direction in these bones. The lamellar bones also contain osteocyte
cells that are in flattened spheroid spaces and are connected with few canaliculi [11]. The smallest di-
rection of the spheroid is parallel to the orientation of the lamella thickness. The lamellar bone is less
mineralized than woven bone [5].

Figure 1.13: From left to right: diagram of woven and lamellar bone [39] and scheme of the twisted plywood
structure (adapted from [41]).

I Millimeters level

At this level four different types of bone are present: woven bone, lamellar bone, Haversian system and
fibrolamellar bone. The first three are explained briefly in this section. The fourth one, being the subject
of this thesis, is investigated in more detail in the following section.

The first one is the woven bone that is described in the previous section. This type of bone is present at
this level because it can extend uniformly over millimeters in all directions.
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Secondly, there is lamellar bone also present in the previous section. They can occupy large spaces
and are generally organized in a cylinder with a bony cavity in the center.

In third place, there is Haversian system or secondary osteon. It is a structure made of cylindrical
and concentric layers around a cavity in which one or two blood vessels and nerves are found. The way
this structure is built is explained in the previous SECTION 1.1.3. The secondary osteons are delimited
by a special layer called the cement line which has a thickness of 1 or 2 µm.

1.1.5 Fibrolamellar bone

Fibrolamellar bone is a structure that is often found in rather large animals that need to grow rapidly in
diameter. In addition to fast development, this transient primary organization must be strong enough to
support the weight of the animal which creates compression and bending. The structure of the fibro-
lamellar bone is not a consensus. Two structures are highlighted. Old studies have put forward a certain
structure but, new technologies have allowed to discover a new architecture different in some points.

I Structure

In fairly old studies (Martin et al. (1998), J.D. Currey et al. (2003), Mori et al. (2007)), researchers
found that the fibrolamellar bone is composed of a scaffold made of woven bone and that the holes are
filled with lamellar bone which consolidates them. As said in SECTION "Micrometers levels", the woven
bone has the advantage of animals that need to grow rapidly to have a high rate of construction. This
is due to the fact that the collagen fibers constituting it are deposited in a random manner which takes
less time to build than well-ordered fibers [40]. The lamellar bone is there to reinforce the structure
of woven bone because this one, as explained previously, due to its random organization, has poor
mechanical properties [4]. In some studies, they found a hypercalcified line on which the woven bone
was deposited [18, 42].

Figure 1.14: Scheme of the formation of fibrolamellar bone [5].

In FIGURE 1.14, the formation of the fibrolamellar bone is schematized. Blacks arrows show the posi-
tion of the original surface. It is possible to see in this illustration that the blood vessels are the first to
be put in place. Then, the woven bone comes to surround these vessels from quite far and grows leaving
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large holes. These holes are used for the lamellar bone to attach to and surround the blood vessels more
closely. These structures around the blood vessels are called primary osteons. They are different from
the secondary osteons mentioned before and can be distinguished by the fact that they do not have a
cement line.

In more recent studies (Kerschnitzki et al. (2011), Stein and Prondvai (2014), Rotem Almany Ma-
gal (2014), Barrera et al. (2016)), researchers highlight another structure. This one is arranged around
a network of blood vessels and, the construction is done in several steps like the previous one. The first
step is the creation of a thin, porous and hypercalcified layer (PHL). This layer will serve as a scaf-
fold on which the various components of the fibrolamellar bone will be deposited. This first step is the
fastest. The second one is the deposition of bone on this scaffold. This part of the bone is composed of
parallel-fibered bone (PFL) which is composed of collagen parallel fibers. Once this bone is deposited
on the hypercalcified layer, large holes remain around the blood vessels. The third step is to fill these
holes with lamellar bone (LB). By folding around the blood vessels, they form primary osteons. Their
role is to consolidate the structure [5, 43]. Due to the remodeling process they are replaced when the
animal has matured by Haversian bone tissue also called secondary osteons which are embedded in the
matrix [3, 44].

In summary, the structure of fibrolamellar bone is as follows: a hypercalcified central layer on which
parallel fibers are deposited, followed by lamellar bone that surrounds a blood vessel. This structure is
orthotropic [3]. A unit of fibrolamellar bone is shown in FIGURE 1.15.

Figure 1.15: Schematic unit of fibrolamellar bone.

The different parts of this bone have been studied in more depth and are shown in FIGURES 1.15 and
1.16.

In the primary hypercalcified layer (appearing brighter in FIGURE 1.16), two different features are
present. The first one is fibril arrays. Their size is approximately equal to 1-1.5 µm in minipig [43].
The fibers present in one array are parallel. The orientation of these arrays is random, there does not
seem to be a trend. Also, there does not appear to have a 67 nm gap between two fibers that follow each
other on the same line. Since this characteristic is not present, Rotem Almany Magal et al. think that it is
type II collagen. The second distinct feature is pores. They have diameters of several tens of nanometers
and, they are free of organic matter. They do not have a regular shape or specific orientation. Canaliculi
are also present but in small numbers [44, 45]. The osteocytes in this layer are not well organized but
they are aligned with respect to this layer which means that their main axis is parallel to the layer [45].
Since PHL does not show any preferential orientation, it can be considered as an isotropic material [43].
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Figure 1.16: From left to right: backscattered electrons image of a periosteal region of fibrolamellar bone
with bright lines which represent the PHL and a Scanning Electron Microscope (SEM) image of a fracture of a
fibrolamellar unit where each structure is presented (adapted from [43]).

The parallel-fibered bone is the major component of the fibrolamellar unit. As the name suggests, these
fibers are parallel to each other and their orientation is along the main axis of the long bone (in relation
to a transverse section, they form an angle ranging from 85 to 120°). They also have the characteristic
distance of 67 nm between two consecutive fibers. They are arranged into bundles whose diameter is in
the range 1.5-3 µm and close to the PHL, a kind of sheath surrounds them. The composition and orga-
nization of this sheath are not known. The arrays in the outer part of this layer are surrounded by a thin
disordered material [31]. The transitions between the different structures are not sudden, they are done
gradually. Canaliculi are also present in this layer of parallel fibers bone. They are organized differently
depending on whether they are in the inner or outer part. In the inner one they are relatively large in
diameter (200 nm) and the collagen fibers surrounding them flatten them a little. Their orientation is
not well defined because they follow tortuous paths. In the outer part, their orientation is better defined:
they go in a straight line and are parallel to each other in the direction perpendicular to collagen fibrils.
Their cross-sections are ellipsoidal in shape [43, 45]. The change in orientation of the canaliculi and
the organization of osteocytes are a precise indicator to show the change in structure of the bone [40, 44].

Lamellar bone is found all around the blood vessels. As seen before, thin and thick lamellae are present.
They are characterized by collagen fibers oriented in different directions. Two different patterns of
change are observed inside a lamella: the first is a gradual change in fiber orientation and the second
is a plateau where the fibers appear aligned in the same direction. Two plateaus are observable at 10
and 90°and between the two the changes seem to be gradual. The main motif is the gradual change.
Canaliculi are also present in this layer. They are mainly oriented in the direction perpendicular to the
lamellar boundaries and are elongated [43, 44]. The osteocytes are well organized and their main axis
is parallel to the lamellae [45].

The canaliculi network explained for the three kinds of structures present in a fibrolamellar bone unit is
shown in FIGURE 1.17.
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Figure 1.17: Network of canaliculi present in a fibrolamellar bone unit. The red arrows indicate the area of
lamellar bone, the blue arrows indicate the area in the parallel fibers bone where they are in a straight line, the
green arrows also represent the parallel fiber bone but this time when the canaliculi are parallel to the collagen
fibers and finally the white arrow represents the hypercalcified layer where almost no canaliculi are present. The
missing part is due to a technical problem (adapted from [43]).

I Mechanical properties

In a study conducted by Barrera et al. (2016), they tested some deer samples under compression in three
directions: axial, transverse and radial. These samples were harvested from the proximal diaphysis.
They found that fibrolamellar bones present the greatest Young’s modulus in the axial direction. This is
logical since this is the direction which has to support the highest loads. This direction is followed by
the transverse orientation and after by the radial one. The material shows an orthotropic behavior. The
values of Young’s modulus in these different orientation are given in the TABLE 1.3.

Orientation Young’s modulus [GPa]
Axial 21.6 ± 3.3

Transverse 17.6 ± 3.0
Radial 14.9 ± 1.9

Table 1.3: Means values and standard deviation of the Young’s modulus of different deer samples tested in
different orientations (adapted from [3]).

They also tested a sample from the mid-diaphysis to be able to compare their results with the study of
Reilly et al. (1974) [46]. The latter measured the Young’s modulus of a cow femur by subjecting a cube
taken from the mid-diaphysis to compression. Reilly et al. found a Young’s modulus equals to 30.3 GPa
and Barrera et al. found an average value for the Young’s modulus equals 30.87 ±5.0 GPa. These results
are almost identical. They notice that they are 30% higher than what they had found before for axial
compression. This is due to the fact that the mid-diaphysis is a thinner diameter region than the proximal
diaphysis, which means that a cross section in this area is smaller on the surface. Therefore, stresses are
greater in this region and that the bone has had to increase its stiffness by raising mineralization in order
to be able to withstand these stresses.

Benecke et al. studied the correlation between tensile stress and strain in the range of 10 µm to 1
mm in a fibrolamellar unit harvested from a bovine femur [47]. They found that up to the yield point,
the strain rate is the same throughout the bone and beyond this limit, this rate varies strongly depending
on the position in the sample. The strain rate increases sharply in the damaged regions and in the others
it remains more or less constant. Bands of high strains are of the order of 10 mm.

Seto et al. performed micromechanical tensile loading and nanoindentation tests on fibrolamellar bone
harvested from the periosteal region of the femur of a calf [48]. They tested different directions, ranging
from 0° to the orientation of the collagen fibers to 90°. They found that there is a very large anisotropy
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in this structure. Indeed, for tensile tests, they found a ratio of 1:20 for the Young’s modulus and 1:15
for the ultimate tensile strength between 0°and 90°. As the angle to the collagen fibers increases, the
Young’s modulus decreases [22]. This is true for wet and dry samples as shown in FIGURE 1.18.

Figure 1.18: Young’s modulus and tensile strength from microtensile measurements as a function of collagen
fibers orientation (adapted from [48]).

They found the same trend for nanoindentation tests when the indentation surface is oriented at a certain
angle of the direction of collagen fibers. They obtained 23.1±0.7 GPa for the Young’s modulus along
the collagen fibers axis and 15.4±0.5 GPa for the surface at 90°. This also proves the anisotropy of the
fibrolamellar bone [48].

1.2 Nanoindentation and modulus mapping

1.2.1 Static indents

Nanoindentation is a technique used to locally characterize mechanical properties -Young’s modulus
and hardness- at the nanoscale of material. The basic operation of this method is to apply a certain load
on a sample with a diamond tip and to register the corresponding displacement. A load-depth curve can
be generated with this data (FIGURE 1.19) [49].

Figure 1.19: Load-depth curve obtained after performing a static indentation test on fused quartz [49].
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By applying the formula of the method described by Oliver and Pharr [50], which comes from the theory
of Hertz for the elastic contact, the Young’s modulus of the sample tested can be calculated:

Er =

√
πS

2
√

A
(1.1)

where S is the contact stiffness and A is the indenter contact area. S can be obtained easily by calculat-
ing the slope of the first part of the unloading curve.

The hardness (H) can also be calculated based on its definition:

H =
Pmax

A
(1.2)

where Pmax is the maximum load applied by the indenter and A is the projected area of the hardness
impression [50].
To obtain a map (image where the color of each pixel represents the Young’s modulus value obtained
for this indent), there are two limitations. The first one is the space between two indents which need to
be sufficient and the second one is the fact that this technique is time consuming [51].

1.2.2 High load fracture

In bones, microcracks can appear due to the daily loading. That is why it is interesting to look at how
cracks propagate in their structure. For this purpose, high load indents are performed. The goal is to
make an indent that creates cracks and to observe their propagation. The indents are made with a sharp
diamond tip, a Berkovich one, bigger than the one used for nanoindentation in order to create observable
cracks [52]. The load function applied to the tip had a triangle shape. Its peak value is determined in
function of the penetration of the tip. In a material the crack is supposed to propagate in a straight line.
An example of an indent performed in a cortical human bone is shown in FIGURE 1.20.

Figure 1.20: Example of a high load indent perform with a Berkovich tip in human cortical bone (adapted from
[53]).

1.2.3 Modulus mapping

The mechanical behavior of a material is influenced by the structure and properties of all scale levels
of this material. To investigate the nanoscale level different methods exist and among them the nanoin-
dentation and the modulus mapping. The modulus mapping was created to improve the nanoindentation
technique which allows to measure mechanical properties (hardness, contact stiffness and local Young’s
modulus) of a sample. This method of nanoindentation has limitations. Indeed, at the nanoscale, the
areas of interest can be small. The problem is that the size of the indents can exceed 1 µm, which
means that certain characteristics that could be interesting are not measurable (for example the thin
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lamellae which have a thickness of 1 µm as seen previously). Moreover, depending on the penetration
distance, plastic deformation can appear which can distort the calculation of the Young’s modulus [54].
The modulus mapping was then created to overcome these weaknesses. This technique allows to obtain
quantitative information about the distribution of several mechanical properties of a sample such as stor-
age modulus with a high spatial resolution (in the order of 20 nm) on a window of a few micrometers
[55]. For this purpose, the machine is equipped with the same tip which is used for nanoindentation. It
combines nanoindenter with a force modulation system. For the modulus mapping, the tip is subjected
to a weak static force (FDC) and it scans the sample thanks to a piezoscanner which will be introduced
in the SECTION 2.3.1. Since the static force is low, the tip only penetrates a few nanometers into the
surface, which means that no plastic deformation is created and the surface remains intact after the
measurement. Furthermore, this allows a high spatial resolution as the contact air between the surface
and the tip remains small. Thanks to this force and the piezo scanner that scans the area, it is possible
to obtain the profile of the height. An oscillating force (FAC show in black in FIGURE 1.21) is added
to this static force. The oscillating force must always have a smaller amplitude than the static force to
ensure continuous contact with the surface. The frequency of this force is given by f = ω/2π with ω

the period. The static force allows to stay in contact with the surface and the oscillating force rastes the
surface and allows to obtain viscoelastic data of the sample. The displacement of the tip (show in green
in FIGURE 1.21) is analyzed to obtain its amplitude Uo and its phase shift δ which will be used through
calculations explained in SECTION 1.2.4 to obtain the storage and loss modulus. The storage modulus
is the real part of the Young’s modulus and represent the elastic contribution and the loss modulus is the
imaginary part and represents the viscoelastic contribution.

Figure 1.21: Representation of the force applied and the corresponding measured displacement of the tip
(adapted from [54]).

This method is very interesting for biological materials because of its resolution. Indeed, these materials
are very heterogeneous at different length scales, especially at the nanometer level, which means that
they have a complex structure. The modulus allows to measure the mechanical properties of the different
regions of this structure which can vary strongly from stiff to smooth, for example.

1.2.4 Equations of modulus mapping

Firstly, the displacement of the tip U can be described by the following standard differential equation of
motion:

mÜ +CU̇ +KU = FAC exp(iωt) (1.3)

where FAC exp(iωt) is the periodic force applied on the tip, m represents the effective mass, C the
effective damping coefficient and K the stiffness of the sample-tip configuration [56]. The solution of
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this equation is given by the following periodic displacement:

U =Uoexp[i(ωt−δ)] (1.4)

By putting EQUATION 1.4 in EQUATION 1.3, the amplitude is obtained:

Uo =
FAC exp(iδ)

K−mω2 + iωC
=

FAC√
(K−mω2)2 +ω2C2

(1.5)

The contact stiffness K* is equaled to the ratio of the load and the displacement. By knowing the load
applied on the tip and using the EQUATIONS 1.4 and 1.5, the variable can be calculated:

K∗ =
FAC exp(iωt)

U
=

FAC exp(iδ)
Uo

= K−mω
2 + iωC = K′+ iK′′ (1.6)

where K′ = K−mω2 the real part of K* represents the storage stiffness and the imaginary part K′′ = ωC
represents the loss stiffness (elastic and viscoelastic components respectively).

The absolute value of this contact stiffness can be computed to measure its amplitude:

|K∗|=
√
(K−mω2)2 +ω2C2 =

FAC

|Uo|
(1.7)

K′ and K′′ can also be expressed in another form using the formula z = a+ib with a = r cos(θ) and
b = r sin(θ):

K′ = |K∗|cos(δ) = K−mω
2 and K′′ = |K∗|sin(δ) = ωC (1.8)

The phase shift visible in FIGURE 1.21 can be obtained using EQUATIONS 1.8 [51]. That gives:

K′′

K′
=

sin(δ)
cos(δ)

=
ωC

K−mω2 ⇔ δ = tg−1( ωC
K−mω2

)
(1.9)

By knowing |K∗| and δ which are measured values and by using EQUATION 1.8, variables K and C can
be calculated:

K = |K∗|cos(δ)+mω
2 and C =

|K∗|sin(δ)
ω

(1.10)

At this step, an hypothesis is used: the sample and the indenter can be represented by a Kelvin-Voigt
mechanical equivalent model which is visible in FIGURE 1.22 [51, 54, 57].

Figure 1.22: Representation of the sample and the indenter using the Kelvin-Voigt mechanical equivalent model
with Ks and Ki the contact stiffness of the sample and of the indenter respectively and Cs and Ci the damping
coefficients of the sample and of the indenter respectively (adapted from [54]).

The sample and the indenter are considered to be in parallel. Knowing this, the formula of the spring
(K) and the damper (C) equivalent can be applied which gives:

K = Ks +Ki and C =Cs +Ci (1.11)
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with Ks and Ki the stiffness of the sample and the indenter respectively and Cs and Ci the damping
coefficient of the sample and the indenter respectively. By using EQUATIONS 1.8 and 1.11, that leads to:

Ks = |K∗|cos(δ)+mω
2−Ki and Cs =

|K∗|sin(δ)
ω

−Ci (1.12)

As for the contact stiffness, the Young’s modulus can be expressed by two components: the storage
modulus E ′ which represents the elastic part and E ′′ the loss modulus which represents the viscoelastic
part:

E = E ′+E ′′i (1.13)

To go from storage and loss stiffness to storage and loss modulus, the Hertz contact mechanics which
describes an elastic contact between a sphere (here the tip) and an elastic half-space (here the sample)
are applied [54, 55, 56]. The relations between storage modulus and loss modulus with the contact
stiffness and the damping coefficient are as follows:

E ′ =
Ks

2

√
π

Ac
and E ′′ =

ωCs

2

√
π

Ac
(1.14)

where Ac is the area of the contact between the tip of the indenter and the sample when the tip applies
a contact force FDC. For a spherical tip, Ac = πa2 with a the radius of the contact. By putting this
information into the equations, they become:

E ′ =
Ks

2a
and E ′′ =

ωCs

2a
(1.15)

with a =
(3RFAC

2Ks

)1/2 where R represents the radius of the tip. By putting this value in EQUATION 1.15,
the reduced storage modulus of the sample can be know:

Es =
K3/2

s√
6RFAC

(1.16)

The storage modulus obtained correspond to the reduced modulus Er. The calculation of Er involves
the tip of the indenter parameters and the parameters of the samples investigated. The formula is the
following:

1
Er

=
1−ν2

E
+

1−ν2
i

Ei
(1.17)

with Ei and νi the Young’s modulus and the Poisson’s coefficient of the tip and E and ν the Young’s mod-
ulus and the Poisson’s coefficient of the sample. Often, if the tip is in diamond, Ei » E and EQUATION

1.17 can be simplified:
E = Er(1−ν

2) (1.18)

To apply this procedure, several parameters of the indenter tip (Ci, Ki, m and Ac) are needed. To find
them, a calibration of the system is necessary before performing a modulus mapping. It consists of
the application of a periodic force (FACexp(iωt)) on the tip which is in the air, i.e. not in contact with
a sample. The frequency ( f = ω

2π
) of this force will then vary between 10 and 300 Hz. During this

time, the amplitude of the movement of the tip is recorded and finally a graph of this displacement as a
function of angular frequency (ω) is generated. This displacement is represented by the same equation
(EQUATION 1.5) used for the modulus mapping. By fitting this equation with the experimental data
curve, the coefficients Ci, Ki and m can be determined. An assumption is made in this calibration step:
the mass m is considered to be constant during the measurement of mechanical properties [51, 55].

Another parameter that is also necessary to have to make the calculations is the radius of curvature
whose value can change due to wear and tear and must therefore be recalculated every certain time. To
obtain it, fused quartz, which is a material whose Young’s modulus is known precisely, is used. An
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indentation will be made in the unknown sample. On the load versus displacement curve, the displace-
ment corresponding to the static force used to make the modulus mapping is retained. An indent is
then made on fused quartz and thanks to the load vs displacement curve, the force corresponding to the
displacement made in the unknown sample is obtained. A modulus mapping of the fused quartz is then
done by applying the load found. The modulus mapping being done, the machine applies the EQUATION

1.16 but with the tip radius as unknown because the Young’s modulus is known. And so the tip radius
is identical for the unknown sample.

The contact theory of Hertz is used to pass from stiffness to storage modulus. This theory is based
on several assumptions: the surface must be flat and smooth, its structure and composition must be
homogeneous and only elastic contacts are present. Given these assumptions, the topography and inho-
mogeneity of a material can therefore lead to errors in the calculations. Indeed, since the tip only sinks a
few nanometers, the topography has an important influence. To ensure a good topography, the grinding
and polishing of the sample are crucial. Moreover, the sinking of this tip generates an elastic volume
underneath it. It is this volume that must be elastic and homogeneous, which is not always the case.
Finite element analysis can be used to simulate the process and to study the influence of inhomogeneity,
topography and plastic or elastic deformations. If some values seem suspicious, these simulations can
explain what is going on.

1.3 Scanning electron microscope

Scanning electron microscope (SEM) is a microscope using electron to scan the surface of materials at
high resolution in the range of 1 µm to 1 nm [58]. This technique allows to investigate the topography
and the morphology of the surface and the chemical composition of the studied sample. The method
uses an accelerated electron beam as a source to produce the images.

Several signals can be emitted by the interaction between the electron beam and the studied sample
depending on the atomic number of atoms, their concentration and the energy of the electron beam that
is sent. Among them, there are secondary electrons (SE), backscattered electrons (BSE), visible light
or X-rays (left on FIGURE 1.23). The signal will be picked up by a detector which will give different
information depending on the type of signal received [59, 60].

Figure 1.23: From left to right: different interactions between the incoming electron beam and the sample
studied and generation of secondary and backscattered electrons (adapted from [61]).



CHAPTER 1. BACKGROUND 24/82

In this master thesis, SE and BSE were used. The SE provides information about the morphology and
the topography of the surface of the sample studied while the BSE gives compositional contrast infor-
mation. For SE, the electron beam is used as energy to release electrons of the sample, called secondary
electron, by transferring energy to them. These electrons are the ones that are on the K-shell. A specific
detector is used to capture and collect them to reconstitute the image of the topography or the morphol-
ogy of the surface. Indeed, since they have a rather low energy, only the electrons close to the surface are
emitted. The intensity captured by the detector depends on the number of second electrons that arrive
on it. The vacuum must be made in the microscope to avoid any interaction of second electrons with
molecules present in the air [59].
BSE corresponds to the primary electrons that have been sent to the sample and that are deviated and
returned by the nucleus of atoms of the sample (right on FIGURE 1.23). BSE are backscattered depend-
ing on the atomic number [61]. The angle of deflection is a function of the atomic number Z of the atom
and depending on that the contrast differs because the heavier elements will re-emit more electrons than
the lighter elements, which makes them appear brighter. They will then be captured by a detector placed
in front of the sample since the BSE are only slightly deviated. The images thus produced give an indi-
cation of the contrast of the sample composition at the atomic scale [59].

The system, shown in FIGURE 1.24 is composed of several parts. The three main ones are the elec-
tron gun, the magnetic lenses and the scanning coils. The first one is the part that generates the electron
beam which can have different energies. Electrons can be produced by two types of sources: thermionic
emitters or field emitters. For the first one, a current flows in a filament of tungsten to heat up it. When
the heat reaches a certain threshold, the electrons escape from the material. For the second type, a
filament of tungsten is used, a huge electric field is applied to it and electrons are emitted [59, 61].

Figure 1.24: Schema of the SEM instrument [62].

For the second component, magnetic lenses consist of solenoids. A current is applied to these coils and
it generates a magnetic field. Its role is to condense or deflect the electron beam. Just before the sample,
an objective lens is placed. This one, thanks to magnetic fields allows to command the final focus of the
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electron beam. An aperture is also added to refine the beam if necessary. The last one is the scanning
coils. There are used to scan the samples by deflecting the electron beam in a zigzag fashion [59, 61].

1.4 Main aim of this master thesis

As seen in this background, fibrolamellar bone is a very interesting structure because of its ability
to grow quickly while presenting high mechanical properties. Indeed, it must be able to support the
weight of large animals. The structure of this bone is relatively unexplored but a consensus has been
established through recent studies. However, the mechanical properties have hardly been studied. An
investigation of these at the nanoscale would be useful to complete the information about the structure
already available in literature. For this purpose, a recent technique, little used but with many advantages
seems appropriate: the modulus mapping. The objective of this master thesis is therefore twofold:

1. The first goal is the investigation of modulus mapping method. This one being complex, the
implementation of a protocol of use is necessary to guarantee the consistency of the results on
bones.

2. The second aim is to investigate a fibrolamellar bone unit through different tests:

• Scanning electron microscope to highlight the topography and the chemical composition.

• Static indentations to get an idea of the distribution of the Young’s modulus of the different
parts constituting the fibrolamellar bone.

• Modulus mapping to map with high lateral resolution the storage modulus of all features of
a unit.

• High load indentations to see the propagation of cracks in the different part of a unit.

After this work, the goal is to have a protocol for using modulus mapping that works on bone and to
know more about the mechanical properties of fibrolamellar bone at the microscopic level.



Chapter 2

Material and method

2.1 Introduction

The purpose of this chapter is to describe the experimental parts that have been performed for this master
thesis. The first part was the collection and the preparation of the samples for the modulus mapping and
for the scanning electron microscope. The preparations for these different techniques differ at the final
step. After that, the implementation of the modulus mapping protocol is explained and this one is written
at the end.

2.2 Samples preparation

To realize these experimentations, bovine bones were used for several reasons. The first are the fact they
are easily available and their use does not pose any ethical problem. Moreover, since bones of cows are
relatively big, the features of the structure are readily visible.

The protocol followed in this work was put in place and is used at Ludwig Boltzmann Institute of
Osteology in Vienna. The researcher Markus Hartmann helped us in the implementation of this proto-
col [63]. This very precise way of preparing the bones has to aim to reduce the risk of the formation of
microcracks that could be seen under the microscope and that could change the mechanical properties of
the sample. A second goal is to obtain very flat surfaces to perform modulus mapping on them. Indeed,
a too high roughness could cause artifacts during the measurement.

2.2.1 Collection of samples

The samples came from a local butcher located near the Sart-Tilman (the Mosanne butcher). Two cows’
femurs were collected. The age of these animals was not known. The fresh bones were directly cut
the day of their collection to avoid their storage in the freezer which could cause the formation of
microcracks inside.

2.2.2 Sample cutting

After obtaining the bones, they were cut at the Faculty of Veterinary Medicine with the help of Professor
Marc Balligand. Fresh bones were divided into smaller samples with a band saw. Both heads of the
femur were removed and then transverse sections were made in the diaphysis of the femur. Finally,
these slices were cut into two centimeters side cubes. These different steps are shown in FIGURE 2.1. It

26
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is important to use the band saw very carefully. Some materials are taken to push the bone in order to
avoid any contact between the blade and the fingers.

Figure 2.1: Illustration of the sample cutting. From the left to the right : removal of the heads, slice of the
diaphysis of the femur and cut of the slice into small cubes.

After obtaining these pieces, samples were cut with a low-speed diamond band saw (BUEHLER ISOMET)
into small cubes with an average length size of 1 cm. The speed of the diamond band was 300 rotations
per minutes (rpm) and it was constantly irrigated with distilled water. In this step, glycol was not used
because the microcracks that water could have caused are removed by polishing at the end of the pro-
cess.
It is important to take notes on how the bone was cut (which transverse section) and from where in this
section (anterior/posterior) because the load is not the same in the entire bone due to remodeling which
can lead to differences in mechanical properties within the same bone. This step was not performed
during the bone sample preparation due to an omission. This is a point to improve in future work.

2.2.3 Sample dehydration

Samples were dehydrated in ascending grades of ethanol, acetone and methylmethacrylate (MMA) so-
lutions by following the protocol below:

• day 1: ethanol 80%

• day 2: ethanol 96%

• day 3: ethanol 100%

• day 4: ethanol 100%

• day 5: ethanol 100% + acetone (1:1)

• day 6: acetone

• day 7: ethanol 100% + acetone (1:1)

• day 8: ethanol 100%

• day 9: ethanol 100%

• day 10: MMA

• day 11: MMA

Each step was performed at room temperature. The last two steps with MMA were made under a fume
hood given the strong odors.

The bones must be dehydrated to allow a better infiltration of the resin which is hydrophobic [64]. But
dehydrating the bones has an impact on the mechanical properties of the bones. Indeed, it is well doc-
umented in the literature that dehydrated bones are more rigid than wet bones. It is therefore important
to take this into account when comparing the values in the literature to be consistent.
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2.2.4 Sample embedding

Once the samples were dehydrated, they were embedded in resin. The composition of this resin for 500
milliliters (ml) was the following:

• 400 ml MMA

• 7 grams (g) Benzoylperoxid (BPO)

• 100 ml Nonylphenylpolyethyleneglycol acetate

BPO was used as a starter for the polymerization. It was supplied with 25% water. To be exploited, it
must be dried for 24 hours at 30-35ºC in an incubator before dissolving it in MMA. Special attention
should be paid to BPO when it is dry because it becomes more explosive.
To realize the medium, MMA and BPO were first mixed and after, the nonylphenylpolyethyleneglycol
acetate was added. This last one was used as a softener.
Once the medium was ready, the bones were first placed in the molds provided for this purpose (FIGURE

2.2) and resin was added. The resin should flow on top of the bone, at about 1.5 centimeters (cm) to
avoid problems of evaporation and strengthening of the resin on top of the bone which would cause
the bone not to be longer embedded entirely in the resin. The molds must be sealed using paraffin to
ensure that the resin does not leak underneath. In addition, they must be covered with paraffin as well
to prevent evaporation, especially in the incubator (FIGURE 2.2).

Once the molds were ready with the samples, they were placed first in the refrigerator and then in
an incubator. Samples were stored for two days at a temperature of 4°C in the refrigerator. After that,
they were moved to an incubator for five days. The first two days, the temperature was 34°C. Then it
was increased to 42°C for the next two days and finally for the last day it was increased to 50°C.

In the incubator, the temperature was increased step by step to avoid the formation of bubbles which can
happen when the temperature becomes initially too high. The temperature to start the polymerization is
34 °C. Moreover, also to avoid the formation of bubbles, not more than 8 samples can be put at once in
the incubator. Indeed, the polymerization reaction being exothermic, if too many samples are placed at
the same time in the incubator, the temperature will increase too quickly which can cause the formation
of bubbles as said just before. [63]

Figure 2.2: Illustration of the embedding process of samples. From left to right : cylindrical mold with sample
inside, paraffin and embedded samples obtained.

2.2.5 Sample grinding & polishing

The last steps of the protocol of the samples preparation were the grinding and the polishing.
The first thing to do was to remove the samples from the mold. For that, the use of a scalpel has been
helpful. Once they were taken away, the top of the sample was cut with the same diamond saw used in
the SECTION 2.2.2. This step can be seen in FIGURE 2.3. This cut is necessary for two reasons. First,
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on top of each sample, a layer of about 4 mm had not cured as it should, this layer had remained a little
slimy. Hence it had to be removed by cutting. Secondly, this cut also allows to free a part of the sample
from the resin. It is this section which was polished and then analyzed.

Figure 2.3: Illustration of the diamond saw cut.

After that, the grinding and the polishing were performed with the machine BUEHLER METASERV 250.

Firstly, samples were ground with a carbide paper P1500 at 20 rpm for three minutes and after with
a paper P2500 (which corresponds to smaller grains than the P1500) also at 20 rpm for three minutes
under ethylene glycol irrigation. Glycol was added approximately every fifteen seconds to ensure proper
lubrication and, removal of particles produced by grinding.

Secondly, the polishing was performed. To do this, a first polishing was done with a 3 µm diamond
spray (diamond suspension in alcohol) on a silk cloth at 45 rpm for six minutes. Finally, a second pol-
ishing was done with a 1 µm diamond spray on a silk cloth at 35 rpm for seven minutes. During the
polishing, a force of 10 N was applied with the machine on the sample to ensure a good and uniform
polishing.

The diamond suspension was sprayed about every 30 seconds to ensure proper lubrication. However, an-
other method would be preferable: put spray once on the silk disc and wait for the alcohol to evaporate,
then polish on this disc under glycol irrigation again. This other method allows to avoid a prolonged
contact of the sample with the alcohol which decreases the risk of microcracks formation. However,
having used the first method, we did not observe a high density of cracks which means that the polish-
ing has been correctly performed anyway.
After several tests of modulus mapping, a second polishing was conducted to try to improve the results
obtained with this test. For that, the second method was employed. No great difference was obtained,
the results still seemed to be of high quality (the RMS roughness passed from 5.6461 nm to 5.8641 nm
for a flat region).
Care must be taken to ensure that the samples are not too thin, otherwise they will pass between the disc
and the machine. Therefore, they are not polished and can also be damaged.

Finally, samples were cleaned manually. For this purpose, benzine and a silk fabric were used.

After this last step, samples were glued on a magnetic disk with epoxy glue. They could thus be ana-
lyzed.
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2.2.6 Scanning electron microscope (SEM)

The samples were viewed under a scanning electron microscope. For this purpose, a short preparation
of the samples was necessary to facilitate the visualization. They were coated with silver using the
BALZERS SCD 030 and two tapes of carbon were added. These last ones are conductive and they
allow to evacuate the negative charges on the ground due to the electron beam to avoid an overcharging
of the sample. Without that, nothing would be visible, it allows to increase the contrast [58]. To coat
the samples, they were placed in a tube. The vacuum was then made and the little remaining O2 was
replaced by argon. The reason for putting argon in the tube allows to control the pressure in this one
thanks to the pressure of the bottle where the argon comes from. It also allows for proper control of the
air constituents in the tube. The samples were placed between a cathode and an anode and on the top
part was the silver. A current was applied and passed by the two extremities. This changed the state of
the silver into plasma. This one then moved around and deposited on the sample. The duration of the
application of the current allows to determine the thickness of the silver layer which is deposited on the
sample. Silver was chosen not to interfere with the quantification of bone constituents because it does
not contain any.

Figure 2.4: Illustration of silver coated sample.

A second treatment was done to highlight the orientation of collagen fibers. This is called etching and
for this, HCl 1% acid was put for two seconds on the bone sample. This acid allows to dissolve a part
of the minerals present in the bone and the collagen fibers are then highlighted.

Then a scanning electron microscope (XL 30 ESEM-FEG) was used. It was put in a low vacuum
and an accelerating voltage of 15 kV was applied. Results obtained with this microscope are shown in
the CHAPTER 3.
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2.3 TriboIndenteur

The machine used to perform tests is the HYSITRON TI 980 TRIBOINDENTER. It allows to carry out
several nanomechanical testing. For this thesis, static indentations, modulus mapping and high load
fractures tests were applied.

2.3.1 System

The system is composed of different parts. Their functioning and role will be explained in this section.

Firstly, the machine is equipped with an automated X, Y and Z axis staging system. The motors that
allow the movements in the three directions are controlled by micro-steps to have the most precise
movement possible.
Moreover, the platform on which the samples are placed is magnetic which allows to make an attraction
with the magnetic disk fixed on the back of the sample. Nine places where samples can be put are
available. The defined locations help to avoid any risk of damaging the machine or the samples.

Secondly, a Z axis stage, a system composed by a piezo scanner and a transducer as well as an optical
microscope system are mounted on a granite frame. This frame has several advantages: it contributes to
thermal stability of the instrument and reduces environmental noise and resonant frequencies.

Figure 2.5: Illustration of the Hysitron TI 980 TriboIndenteur.

Thirdly, the instruments are housed in an acoustic enclosure that minimizes the amount of acoustic noise
and blocks drafts.

Fourthly, there is an active vibration isolation system. This part is very important due to the fact that
the measurements made are very precise and sensitive which means that little perturbation can disturb
them. Active refers to a system that reacts dynamically to the vibrations. The system is located below
the granite frame and is composed of 2 rails which are on each side of the granite base. Four piezo-
electric accelerometers are put in each rail and are placed in different orientations to capture change in
all degrees of freedom. They allow to detect variations through a feedback loop. Feedback systems are
made to correct incoming vibrations in a continuous way. At low frequencies (between 0 and 200 Hz),
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the vibrations felt by the accelerometers are rectified thanks to four electrodynamic transducers which
send compensating vibrations. If it is at a higher frequency, there is no more active correction but a
passive one which is done with a stiff metal springs and the granite frame mass [65, 66].

On the granite bridge, as said before, there are three instruments fixed as it can be seen in FIGURE

2.5. They are used to perform static indentations, high load fractures and modulus mapping.

The first one is the optical microscope. This system allows to see the sample with a zoom of time
20. An additional zoom from time 1 to time 10 is possible in the TriboScan system which permits a total
zoom from 20 to 200. To obtain images, an optic illumination is needed [66].

The second one is the high load system. It is composed of a diamond tip, sharp, which is larger than
the one used for modulus mapping and static indents. It allows to make indents that create cracks in the
samples.

The last one is the assembly of a piezo scanner and a transducer. The piezo scanner allows to approach
the tip close to the sample in a very precise way giving an accurate final positioning before starting
measurements. The accuracy given by this piezo scanner is higher than the one allowed by the sample
stage. This is why, when the probe is close to the sample, the piezo scanner controls the positioning. It is
used to perform Scanning Probe Microscopy (SPM) imaging of the sample but during nanoindentation,
it stays stationary. The piezo scanner is composed of a piezoelectric ceramic tube as it can be seen in
FIGURE 2.6. The inverse piezo effect of ceramic is used: voltage is applied to the ceramic which induces
deformation of it [67]. The tube is cut horizontally, resulting in an upper and a lower part. The upper
one is again cut in four parts which gives quarter cylinders. Each quarter allows to precisely control the
movement in one direction: X, -X, Y and -Y. The movements in these directions are possible because
when a voltage is applied to one of the parts, it extends along the main axis of the cylinder which bends.
The lower part is entirely dedicated to control the movement according to Z. If the voltage is applied to
this part, it extends which allows a movement according to Z.

Figure 2.6: From left to right: Picture of the transducer mountained on the piezo scanner and illustration of the
piezo ceramic tube construction [66].

The transducer is mounted on the piezo scanner. Its role is to measure the displacement of the tip. This
is possible thanks to three-plate capacitive force/displacement transducer shown in FIGURE 2.7. It is
composed of two outer plates in the middle of which is the central plate, connected to the structure by
springs. These allow the motion of the central plate at which the probe is fixed [57]. This configuration
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permits to give high sensitivity and a linear force or displacement output signal [66].

Figure 2.7: Cross-sectional scheme of the three-plate capacitive force/displacement transducer (Adapted from
[68]).

The measurement of the displacement works in the following way. The central plate picks up a voltage
that is applied to the two outer plates. These voltages have the same amplitude but they are in phase
shift which is equal to 180°. This means that they are opposite. The displacement of this central plate
between the two other ones can be obtained by measuring the voltage amplitude at the center plate. This
captured voltage amplitude will be changed into a DC signal by the drive circuit board. This signal is
equal to zero when the center plate is exactly in the middle of the outer plates. It will change and become
positive or negative depending on whether the center plate is attracted to the lower or upper outer plate.
The displacement of the probe is then obtained thanks to a relation that links the voltage amplitude and
the position of the center plate between the two outer ones [66, 69].

Figure 2.8: Schematic explanation of the operating three plate capacitive transducer [69].
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2.4 Modulus mapping

Initially, several measurements were made on the bones but the results were not conclusive. Firstly, the
values obtained for the storage modulus were much higher than those known for bone. Indeed, the mean
value was around 80 GPa while the average real value is between 20 and 30 GPa [70]. Secondly, the
results were not reproducible since two tests done at the same place with the identical parameters did
not give the same values. It was decided to work first on fused quartz to be able to establish a protocol
and study the influence of the parameters.

2.5 Modulus mapping on fused quartz

Firstly, tests were performed on fused quartz because it has several interesting properties such as its high
chemical purity and its high resistance [71]. The purity makes it very flat after polishing which is really
interesting to test several parameters because the results will not be influenced by the topography. Since
the fused quartz comes from the company Hysitron and is given as reference for the nanoindenter, we
know that the polishing which has been done by them is of high quality. Moreover, properties of the
fused quartz are well known such as the young modulus which is equal to 69.6 GPa [66]. By know-
ing this information, results can be analyzed and if they match the theoretical values, it means that the
method works.

To perform a modulus mapping, there are two kinds of parameters that must be taken into account. The
first category consists of the imaging parameters and the second one is the parameters which are related
to nanoscale Dynamic Mechanical Analysis (nanoDMA). The next section describes these parameters
and explain how they were chosen.

2.5.1 Imaging parameters

There is a list of parameters that represent all physical properties of the SPM image. They are the
following: scan rate (SR), scan size, set point and integral gain.

• Scan rate: it represents the number of back and forth performed in one second so it defines the
speed of the probe. The value of this scan rate can go from 0.01 Hz to 12 Hz. The basic value
is equal to 1 Hz to perform a scan. The lower the scan rate, the better the resolution because the
machine will spend more time on the same area and conversely, the higher the scan rate, the worse
the resolution will be and streaks may appear.

• Scan size: it represents the size of the windows that will be scanned. This window can be up to
60 µm in size.

• Set point: it represents the force applied on the surface of the sample when the probe is in contact
with it. The default value is 2 µN.

• Integral gain: it represents the feedback loop between the transducer and the piezo scanner. The
default value is 240.

2.5.2 Specific parameters of the modulus mapping

Different parameters are involved in modulus mapping: frequency (FAC), load amplitude, lock-in time
constant and low pass filter.
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• Load amplitude: it represents the dynamic force imposed on the probe during the measurement.
This one can go from 0.001 µN to the maximum force allowed by the transducer. The basic value
is 2 µN and must always remain below the value of the set point. If the value exceeds the set point,
it could cause the loss of contact with the surface.

• Lock-in time constant: it represents the length of time the lock-in remains on a signal before
changing it. This means that it is the time during which the signal will be recorded and over
which it will be averaged. If the value of this parameter is too high, the time over which it is aver-
aged will be too large and this will decrease the lateral resolution, streaks may appear. If the value
is smaller, the lateral resolution is improved but the measurements may contain too much noise
because it is not averaged over a long enough time. It is therefore necessary to find an appropriate
lock-in time constant to have a compromise between these two different behaviors. Basic values
are 3 or 10 ms.

It is possible to calculate the lock-in time constant that best fits the parameters chosen for the
measurements. For this, several points must be known.
The first one is that when scanning a region, its size is a parameter that can be decided by the user.
Nevertheless, this window will always be a square composed of 256 × 256 pixels. It is therefore
the size of the pixels that will change. Secondly, since a line is traveled back and forth, the probe
must travel 512 points to form a line.
By knowing this, the time (tb f ) needed by the probe to scan one back and forth is equal to :

tb f =
1

SR
[s]

The time (tp) spent at each location can then be calculated using this formula:

tp = tb f ·
1

512

To have a high enough resolution, the locking time constant should be one third of this value. This
is to avoid averaging over too long a period and to have a high resolution.

• Frequency: it represents the oscillation frequency imposed on the probe. This frequency can be
between 1 and 300 Hz and the default frequency is 200 Hz [66]. It can influence the resolution of
the measurement. Indeed, to have a high resolution, the probe must make at least one oscillation
or several at the same place. Therefore, there is a way to calculate the number of oscillations per
pixel (N) which allows to verify that the frequency is high enough. It is as follows:

N = FAC · tp

• Low pass filter: its role is to prevent the piezo scanner from moving (i.e. expanding or contract-
ing) during the measurement. This low pass filter can be enabled or disabled by the user. To
perform a modulus mapping, this filter must be enabled, as recommended by the user manual.

2.5.3 Calibration of the protocol

A whole series of tests were conducted for about one month and half to understand the influence of the
different parameters. This allowed us to set up a protocol that gives consistent measurement. Consistent
means that they are reproducible and that the values obtained are those expected.
In the rest of this section, the different tests carried out on the same fused quartz but at different locations
are described and their results are given. One type of region tested in fused quartz can be seen in FIGURE
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2.9. This picture shows that the fused quartz is really homogeneous since no features are visible. Only
few points are present on the surface but they are impurities.

Figure 2.9: Optical microscopy image of a region of fused quartz.

Before performing each modulus mapping, a scan is done to check the root mean square (RMS) rough-
ness and the global topography.

As a reminder, the RMS roughness is defined as the average of the height deviation of the mean value
of the surface. The formula to calculate it is the following [72]:

RMS roughness =

√
1
n

n

∑
i=1

(hi−hmean)2 (2.1)

with n the sample size, hi the value number i of the height and hmean the average value of the height.

First test phase

A first region was investigated. Its roughness was 1.2194 nm which is positive result since that means
that the surface is flat. A modulus mapping was performed with the values recommended in the manual
for the fused quartz. The parameters were:

• Scan rate = 0.2 Hz

• Scan size = 5 µm

• Set point = 4 µN

• Frequency = 200 Hz

• Load amplitude = 2 µN

• Lock-in time constant = 30 ·10−3 sec

• Filter ON

This test was repeated four times on this region in order to ensure that the results were reproducible.
Results are shown in FIGURE 2.10. For the height (FIGURE 2.10a), all four tests gave the same results.
This makes sense given that the study area is the same for all four tests. For the amplitude (FIGURE

2.10b) which is the parameter measured by the machine, different results were obtained. That is not
normal because measurements should be reproducible since the same parameter is measured at the same
place. For the storage stiffness (FIGURE 2.10c), the graph is in mirror with the graph of the amplitude.
This result is obvious since the EQUATION 1.6 seen before. For the storage modulus (FIGURE 2.10d),
the histograms are centered on the same value but their height differs. The centering of the histograms
can be easily explained by the fact that the storage modulus is calculated thanks to the tip radius which
has been adapted so that the average value is 69.6 GPa, the known value of the young modulus of fused
quartz.
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(a) Frequency distribution of the height [nm] for four same
tests.
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(b) Frequency distribution of the amplitude [nm] for four
same tests.
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(c) Frequency distribution of the storage stiffness [N/m] for
four same tests.
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(d) Frequency distribution of the storage modulus [GPa] for
four same tests.

Figure 2.10: Results obtained for the first test phase: Frequency distribution of the height, the amplitude, the
storage stiffness and the storage modulus.

Second test phase

For these tests 2, a new region was analyzed. Its roughness was 1.2283 nm which again means that the
surface is of high quality. To perform a modulus mapping, the scan rate and the lock-in time constant
were changed with the aim of improving results. The scan rate has been changed from 0.2 to 0.1 to
increase the resolution as explained earlier in the SECTION 2.5.1. The lock-in time constant was also
changed because when performing the calculations shown in SECTION 2.5.2, we realized that the default
value was too large. By applying the equation, the new value for the lock-in time constant was :

lock-in time constant =
1
3
· 1

0.1
· 1

512
= 0.006 sec = 6 ms

Results obtain with these new parameters are:
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(d) Frequency distribution of the storage modulus [GPa] for
four same tests.

Figure 2.11: Results obtained for second test phase : Frequency distribution of the height, the amplitude, the
storage stiffness and the storage modulus.

Exactly the same observations as those obtained for the first test phase can be made. This leads to the
conclusion that the parameters will not resolve the problem of reproducibility of the results. Another
path was investigated in the following tests.

Third test phase

For these new tests, another approach was investigated. The goal of these measurements was to see
if another method can improve the reproducibility of the results. In the previous tests, between each
measurement, the tip was disengaged, i.e. it was lifted and therefore did not remain in contact with the
surface. The new method is to always leave the tip engaged between each measurement. This ensures
that the tip always starts in the same place. Indeed, if the tip is lifted, there will always be a drift of the
sample which makes that the tip does not return to the same place.

A new region on the fused quartz with a roughness of 1.0694 nm was investigated with this new method.
The same parameters as those used for the previous tests were applied:
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• Scan rate = 0.1 Hz

• Scan size = 5 µm

• Set point = 4 µN

• Frequency = 200 Hz

• Load amplitude = 2 µN

• Lock-in time constant = 6 ·10−3 sec

• Filter ON

Results obtained with this new method are shown in FIGURE 2.12
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Figure 2.12: Results obtained for third tests phase: Frequency distribution of the height, the amplitude, the
storage stiffness and the storage modulus.

A point that stands out with these graphs is the fact that for all tests except the first one, the curves ob-
tained are almost identical. These results are therefore consistent because they are reproducible. Only
the first test is different from the following ones. This may be due to a problem of stabilization of the
tip. This has been taken into account in the protocol established afterwards.

Thanks to numerous tests carried out over a month and a half on a bone sample and on fused quartz,
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a rigorous protocol was created. This protocol allows us to obtain reproducible results with correct
mechanical property values. This protocol is written in the following SECTION 2.6.

2.6 Protocol for the modulus mapping

Performing a modulus mapping is not so straightforward. A strict protocol has to be followed to ensure
that the data are relevant. The steps to follow have been established on fused quartz by checking the
results of numerous tests.

Before using the nanoindenter, the system must be calibrated and more particularly the transducer.
This can be done in two steps. The first step consists of the calibration of the Indentation Axis. This
calibration is done with the nanoindentation probe which performs an indent in the air so the instrument
must be kept away from the samples to be sure not to touch them. This calibration is done with a load
function in the shape of a triangle and with a peak force of 1300 N so that the displacement of the probe
is in the range of 3.5-4.5 µm in the air. If the displacement is not in this range, the force must be adapted.
Once the calibration is done, a graph giving the electrostatic force constant versus the displacement is
generated. It is then compared with the fitted linear plot. The RMSE value that indicates the difference
between the two is given. This value must be less than 5 · 10−5 µN/V so that the calibration can be
considered correctly conducted [66].

Before proceeding to the second step of the calibration, the tip was cleaned to remove all the waste,
all the particles which could be on it. To do this, 3-4 indents must be made in the fused quartz. The
load function chosen is the basic trapezoidal function with a force of 10 000 µN. This force is large
enough to ensure that it goes deep enough into the fused quartz for the tip to be completely cleaned.
Basic trapezoidal function represents a function which increases, stabilizes at the imposed force and
after decreases until 0. This cleaning can also be done in the sample itself.

After this cleaning, the second calibration can be done. This second one is dynamic and gives as a
result the calibrated value of the elements necessary to realize the modulus mapping: the spring con-
stant in N/m, the mass in kilograms and the damping in kg/s. This calibration, like the first one, is
performed in the air. The instrument must be far enough from the samples to ensure that it does not
touch any samples during the process so as not to damage itself or the sample. The calibration is suc-
cessful if the stiffness RMSE is less than 0.1 µ N/nm and the Phase RMSE is less than 1.0 ° [66].

Once the calibration and cleaning of the tip are done, the measurements can start. A scan is carried
out for the first step. This one is performed with a scan rate of 1 Hz, a tip velocity of 10 µm/sec, a
scan size of 5 µm and a set point of 2 µN. This scan is done for two reasons. First, it will permit to
verify the region that will be analyzed. It allows to see the topography and thus to check if the surface
is cleaned without too many defects. The roughness can also be investigated since more accurate results
are obtained with smooth surfaces. The mechanical properties measured are influenced by the roughness
which in turn depends on the polishing procedure. A second polishing can be considered to improve
this roughness. Example values for the RMSE roughness of bone and fused quartz obtained during tests
performed on a window with a size of 5 µm on the side are given in the TABLE 2.1.

RMSE Roughness
Fused quartz 1.2 nm

Bone 6 nm

Table 2.1: Mean values of the RMS roughness of fused quartz and bone obtained during several tests.
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The second thing is the fact that the scan allows to stabilize the tip. Once the tip is engaged for this first
scan, it must remain engaged until the end of the measurements to ensure reproducibility.

While it continues to scan, the modulus mapping parameters must be encoded. The scan rate and
the set point are the first parameters to modify. The changes are immediately effective. The scan rate is
decreased to improve the resolution. Then, the modulus mapping parameters can be entered. These are
the frequency, the load amplitude, the constant lock-in time and the activation of the low pass filter. The
modulus mapping with these parameters only starts when the start button is pressed. Modulus mapping
is therefore performed in continuity with the scan.

Again, to give the system time to stabilize and settle the components (electronics...), the modulus map-
ping must run for several minutes to have time to scan a few lines. Once the system is stabilized, we
must ensure that the amplitude of the tip ranges between 0.3 and 1. If it is not in this range, the set point
and load amplitude can be changed which will have an impact on the amplitude of the tip. The higher
the load amplitude, the higher the observed amplitude and vice versa. When all parameters are correct,
a modulus mapping can be restarted from the bottom or the top of the scanned area. The measurement
takes approximately one hour with a scan rate equals 0.1 Hz.
It is important to note that to perform a sensitivity analysis of the parameters, a full scan is not necessary.
To save time, just a few lines are enough to observe the trend.

Once the data are acquired, a calibration of the tip radius is necessary to ensure the veracity of the
storage modulus measurement. Indeed, as seen in the explanation of the EQUATIONS 1.14 and 1.15, to
pass from the storage stiffness to the storage modulus, the tip radius of curvature intervenes. To de-
termine it, fused quartz is used because its average complex modulus has a defined value of 69.6 GPa.
The machine then uses this information to calculate the tip radius so that the complex modulus is equal
to this value. To calculate the tip radius of a sample whose mean complex modulus is not known, the
procedure is as follows [66]:

• Modulus mapping is performed on the unknown sample.

• An indent is performed on the unknown sample with a load function with a peak of 20 µN which
gives a load-displacement curve. The peak is fixed at 20 µN because higher force is not nec-
essary and this value is enough to see the displacement corresponding to the force used for the
modulus mapping. By knowing the force used during the modulus mapping, the displacement
corresponding to this force can be known.

• An indent is performed on the fused quartz. On the load-displacement curve accessed, it is possi-
ble to extract the force to be applied to obtain the same displacement as determined in the previous
step in the unknown sample. Since the tip radius depends on the depth of penetration, it is impor-
tant to determine the same depth in the fused quartz and in the unknown sample.

• Modulus mapping is performed on the fused quartz with the set point force determined at the
previous point. This modulus can be stopped after a few lines to save time. The system is now
capable of calculating the tip radius by knowing the value of the complex modulus of the fused
quartz.

• This tip radius determined, it can be applied to the measurements made in the unknown sample
which allows to correct them.

To save the data correctly for analysis, it must be saved in .txt format.

All these steps are resumed in FIGURE 2.13.
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Figure 2.13: Resume of the different steps of the established protocol.

2.7 Statistical testings

In the following two sections (results and discussion), values are compared. To evaluate whether their
difference is significant or not, a statistical analysis was then conducted. Since the two sets of data
were independent, the two-sample t-test is used. To apply this test, two conditions must be met. The
first is that each population must follow a normal distribution. A Kolmogorov-Smirnov test can be
used to determine this. Second, the populations must have equal variances. This can be tested with a
two-sample F-test. If at least one of the two conditions is not respected, another option must be used:
Mann-Whitney U-test. This test also allows to determine if two sets of data are significantly different
or not. The only difference is the null hypothesis which tests the probability that a random value in one
set is greater or less than a random value in the second set. To achieve this, Matlab functions have been
used. Statistical testings were conducted for the thickness and the storage modulus of the lamellae, for
the storage modulus of the thick lamellae and the parallel fibers bone and finally for the parallel fibers
bone and the central layer. A significance level equals 0.05 was used for this master thesis [73].



Chapter 3

Results

In this chapter, the different results obtained with the methods previously presented in the CHAPTER

1 are analyzed. Firstly, the results acquired with the SEM of the topography of the surface and its
composition are investigated. Then those of the static indentations and those of the modulus mapping
are explored to study the mechanical properties of a fibrolamellar unit. And finally, high load indents
are analyzed qualitatively.
Before performing all these tests, the four samples were looked at under the optical microscope in order
to check the quality of the polishing which, as seen before, must be of high quality to realize a modulus
mapping.

(a) Optical view of the sample number 1. (b) Optical view of the sample number 2.

(c) Optical view of the sample number 3. (d) Optical view of the sample number 4.

Figure 3.1: Optical view of the four samples with a zoom times 10.

43
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These pictures (FIGURE 3.1), show that samples 1 and 3 have been badly polished because large black
lines left by the process are visible. These two samples will not be used in order to guarantee the high
quality of the measurements. Given the size of the units studied (about 140 µm) and the size of the
sample (about 1.5 cm by 1 cm), only one sample is needed. The sample 2 was used throughout the
measurements. In FIGURES 3.2 and 3.1b, the structure described in the SECTION 1 is present. Indeed,
a network of blood vessels is visible, represented by the largest black holes with lamellar bone around
them and the whole is attached by bone that looks uniform with a slightly different central layer. The
osteocytes are also visible and are represented by the small black dots.

Figure 3.2: Optical image of the sample number 2 with a zoom times 2.5.

After this verification of the quality of the polishing and the choice of the sample to be studied, the
measurements were started.

3.1 Electron microscopy

The goal of this part is to explore the features of a fibrolamellar bone unit and its composition and make
the link with literature. As explained in SECTION 1.3, two different signals are analyzed using the SEM
but the main part focuses on the BSE images.

3.1.1 Structure

First, a fibrolamellar bone unit can be observed by performing BSE images that provide compositional
contrasts and allows to see features. In FIGURE 3.3, the different parts of a fibrolamellar bone unit are
visible. Two blood vessels delimit the unit. They are then followed by lamellar bone (LB) that surrounds
them.
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Figure 3.3: Image BSE of a fibrolamellar bone unit with its different features annotated.

Next comes what is assumed to be the parallel collagen fiber bone (PFL)1 that sandwiches a central
layer (CL). This central part is also described in the literature as a brighter layer than the other part as
shown in FIGURE 1.16. In our case, this layer is not visible because of its compositional difference in
this image but by the fact that there are lines that intersect in a random fashion. This structure confirms
what is found in recent studies except that the middle line is not brighter. Higher resolution images
were then taken to verify that no differences appeared between the regions or at their interface. After
the verification of the zoom obtained, no dissimilarity is observed. From the FIGURE 3.3, the size of the
different parts making up the unit of fibrolamellar bone can be estimated. The range of different values
calculated from the scale is shown in TABLE 3.1.

Regions Size [µm]
White lamellae 2.79 - 4.65
Black lamellae 1.39 - 2.6
Central layer 11.6 - 13.95
Parallel fibers 39 - 41

Table 3.1: Size range of the different zones composing a fibrolamellar bone unit.

The lamellae that appear white and black have differences in size: the white are thicker than the black
with a significant difference (p<0.05). They are therefore called thick lamellae and the black ones are
called thin lamellae. The entirety of a fibrolamellar bone unit, from one blood vessel to the next parallel
to it, can also be measured. One unit ranges from 133 to 146 µm. It is important to note that these are
ranges of values obtained from the BSE images acquired with the microscope, which represent only a
few regions. Values outside these ranges can be found for other fibrolamellar bone units but still close
to the ones presented here and therefore give a good idea of sizes and proportions.

To try to highlight the orientation of collagen fibers, an etching 2 was performed. It aims at dissolv-
ing a part of the minerals and leaving only the collagen. Once this treatment was done, the sample was
again looked at with SEM. The image obtained is visible in FIGURE 3.4. On this one, the lamellae and

1We are not sure if the collagen fibers are parallel because we have not observed it, but we will call it that (corresponds
to the literature) in the following work.

2This method was actually done last since it damages the surface by removing some of the minerals.
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the osteocytes are highlighted. The osteocytes appear aligned with respect to the lamellae. In addition,
a central area between two blood vessels appears to show a denser line of osteocytes that are still well
aligned. Unfortunately, the orientation of the collagen fibers is not visible.

Figure 3.4: SEM image of a fibrolamellar bone unit after etching has been performed on the sample.

3.1.2 Composition

Since different features are visible in BSE images, the composition is investigated to see the difference
of constitution in all regions. Several chemical composition tests were performed. A first image was
done by making a map of a fibrolamellar bone unit. The second one consists of a profile that also crosses
a fibrolamellar bone unit. The region used to make the composition map is visible at FIGURE 3.5. The
same features as those seen in FIGURE 3.3 are observable.
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Figure 3.5: BSE image of fibrolamellar bone with a zoom of a fibrolamellar bone unit.

Results for composition in calcium, carbon, magnesium, phosphorous, oxygen and sodium (sets of com-
ponents present in the bones) are visible in FIGURE 3.7. It can be seen that the composition appears to
be homogeneous in the fibrolamellar bone unit for all components. Indeed, the only features that differ
in composition are in images of Ca, C, O and P and they represent the holes in the bone such as blood
vessels and osteocytes that are filled with resin and therefore clearly have a difference in composition
from the bone.

The results of the profile (visible in FIGURE 3.6) can also be analyzed. They are shown in FIGURE

3.8. The observations are the same as those made for the map: the structure seems quite homogeneous.
At the level of the central line, no increase in calcium concentration is observed. This is contradictory
to the literature. This point will then be discussed in SECTION 4.

Figure 3.6: Line crossing from top to bottom a fibrolamellar bone unit used to study the possible changes of
composition between the different features.
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(a) Distribution of calcium. (b) Distribution of carbon.

(c) Distribution of magnesium. (d) Distribution of sodium.

(e) Distribution of oxygen. (f) Distribution of phosphor.

Figure 3.7: Distribution of different components in a fibrolamellar unit.
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Figure 3.8: Profile in atomic percentage of the composition of a fibrolamellar bone unit.

A last kind of information can be obtained with SEM: these are SE images that allow to see the topog-
raphy. A SE image is visible in FIGURE 3.9. When we compare this image with the BSE image shown
in FIGURE 3.5, we notice that the images are almost identical, the same features are presented.

Figure 3.9: SE image of fibrolamellar bone.

3.2 Nanoindentation

In this section, the mechanical properties of a fibrolamellar bone unit are studied. For this purpose, 150
static indentations were made on a 5×30 indentations grid that covers a fibrolamellar bone unit from
top to bottom. They are separated by 6 µm each to ensure that the plastic deformations generated by an
indent do not disturb the area of the following indent. The resulting grid is shown in FIGURE 3.10 where
the little black points represent the indents.
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Figure 3.10: Image of the static indentation grid obtained with the nanoindenter optical microscope.

Each indent was obtained by applying the load function presented on the left in FIGURE 3.11. The load
starts at zero and increases linearly during the first 20 seconds to reach a load of 3000 µN. Then, for the
next 20 seconds, this load is constantly held at 3000 µN and, for the last 20 seconds is decreased linearly
back to zero.

Figure 3.11: From left to right: trapezoidal load function used to perform each indent and load-depth curve
obtained for a typical static indent.

At each indent, a load-depth curve is obtained, as shown on the right in FIGURE 3.11. The first part
corresponds to the loading with depth which increases with the load. Then, when the load is kept
constant, a plateau is observed on this curve where the load remains constant but the depth continues
to increase due to viscoelastic/plastic deformations. And finally, the last part of the curve represents
the unloading, part during which the depth decreases because the tip is removed. The curve does not
return to its initial position which proves that there is a hysteresis phenomenon present, irreversible
deformations have occurred and the material does not return to its initial state. Thanks to these curves,
a Young’s modulus could be calculated for each point as explained in SUBSECTION 1.2.1 by measuring
the slope of the line at the very beginning of the loading curve which gives the stiffness. Note that the
value obtained is actually the reduced modulus, as explained in SECTION 1 to EQUATION 1.17. However,
the Young’s modulus of the tip being very high, the second term divided by a much larger value can
be neglected and the value we get is therefore very close to the Young’s modulus of the element under
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study. The hardness can also be obtained but the same trend as the Young’s modulus was observed. It
was then decided to study only the latter since the hardness did not bring new information.

Figure 3.12: From left to right: value of the Young’s modulus obtained for each static indentation and superpo-
sition of these values and all static indents.

The value of the Young’s modulus for each indent is shown in FIGURE 3.12. The image of the left was
also superimposed on the image of the indents to be able to correlate the value of a point to what it cor-
responds. When analyzing these images, several observations stand out. First, the middle line which is
approximately between 100 and 110 µm in the image, assumed to be the hypercalcified layer mentioned
in the literature, appears to have a lower Young’s modulus than the bone containing parallel collagen
fibers with values between 20 and 25 GPa compared to values between 26 and 33 GPa. These last values
are the highest. In the lamellar part of the bone, the lamellae are not distinguishable. The resin-filled
part of the blood vessel has much lower Young’s modulus values than the other parts, which is logical
since the resin is relatively soft. In this image, it is also visible that the structure presents the symmetry
of mechanical properties at the level of the central layer.

The profiles of the Young’s modulus of each line of indents that connect one blood vessel to another
can also be analyzed. They have been represented in FIGURE 3.13. For this analysis, the value of the
points of the two osteocytes that are filled with resin were excluded and replaced by an average of dots
that surround it and are part of the same structure. For example, the point on the left, which is about
50 µm from the top, has been replaced by an average of three points, the one to the right of it, the one
just below it and the one diagonally down. The two top points belonging to a lamella are not taken into
account, being part of another structure. The resin filled dots belonging to the blood vessel were kept.
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(a) Profile of the Reduced modulus of the line 1. (b) Profile of the Reduced modulus of the line 2.

(c) Profile of the Reduced modulus of the line 3. (d) Profile of the Reduced modulus of the line 4.

(e) Profile of the Reduced modulus of the line 5.
(f) Profile of the mean value of the Reduced modulus
of the 5 lines and the corresponding standard deviation.

Figure 3.13: Profile of the Reduced modulus for each line and the mean of these lines.
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When analyzing these profiles, a similar trend is observed. The blood vessel region (delimited by two
dashed red lines on the graphs) is represented by a large downward peak which is consistent with the fact
that it is filled with a softer resin. The middle part (delimited by two dashed green lines on the graphs)
also presents a downward peak but this peak drops less with a higher average value for the Young’s
modulus equal to 24.2 ± 1.26 GPa. The surrounding parts, which are thought to be composed of paral-
lel collagen fibers (first part between the red zone and the green zone and second part between the green
zone and the yellow zone), are represented by bumps and have the highest mean Young’s modulus of
29.29± 1.47 GPa. The lamellar bone is the latest feature. One of the areas made up of this type of bone
is shown by the yellow dotted lines on the right of the image. Looking at this, no difference between the
lamellae is visible. The profile just seems to decrease from the parallel fibers bone to the blood vessel.

When mapping the Young’s modulus and plotting profiles, the same observation can be made: the
lamellae are not visible, one can only notice that these regions have a lower Young’s modulus than the
regions where the collagen fibers are parallel. In order to improve that, modulus mapping was used.

3.3 Modulus mapping

3.3.1 Calibration of the implemented protocol on bone samples

The protocol being established on fused quartz in SECTION 2.4 can be applied to bone. Before perform-
ing the real measurement, several steps need to be investigated on bone.

First, reproducibility was tested to verify that the protocol worked properly on this type of sample.
These tests were performed in a region as flat as possible as shown in FIGURE 3.14. A flat region was
chosen so that the results would not be influenced by the topography of the sample.

Figure 3.14: Optical microscopy image of a region of sample number 2.

Three tests were done on this same flat region and with the same parameters following the protocol
established on fused quartz. The parameters were the following:

• Scan rate = 0.1 Hz

• Scan size = 5 µm

• Set point = 4 µN

• Frequency = 200 Hz

• Load amplitude = 2 µN

• Lock-in time constant = 6 ·10−3 sec

• Filter ON

The results obtained on the bone are as follows:
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Figure 3.15: Results obtained for three tests performed on the sample number 2: Frequency distribution of the
height, the amplitude, the storage stiffness and the storage modulus.

With these new results we can say that the protocol established works well since results are reproducible.
The only disadvantage visible on these graphs is the fact that the values for the storage modulus are again
too high compared to the expected values (the values obtained are around 110 GPa whereas the expected
values should be 20-30 GPa). To fix this, other parameters must be changed.

After that, the influence of the frequency was investigated. To do that several tests were performed
at the same place with the same parameters with only the frequency changing. Frequencies 140, 170,
200, 230, 260 and 290 Hz were tested.
During these tests, the modulus mapping was stopped after about 15 minutes to save time. Indeed, the
influence of the frequency was already visible in the part that had been run. Consequently, for the anal-
ysis, only the upper part of the images was taken into account. These results are shown in APPENDIX A.
Several results emerged from these tests. First, the Belgian network is supplied by an alternating current
with a frequency of 50 Hz [74]. In order to avoid any interference between this frequency and the one
measured, multiples of the network frequency must be avoided. The default frequency of 200 Hz is
therefore changed. Secondly, after observing the images of the storage stiffness obtained, it was noticed
that the low frequencies decreased the sharpness of the image (noisier) while the higher frequencies
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increased it (less noisy). The frequency of 290 Hz did not bring more sharpness than that of 260, the
latter was thus retained as a choice of frequency.

After these measurements were made, the sample was again observed under the optical microscope.
The window did during the modulus mapping was then visible because traces on the sides appeared as
shown in FIGURE 3.16.

Figure 3.16: Optical microscopy image of a damage region of the sample number 2.

This is a problem since the modulus mapping is not supposed to change or damage the surface. It was
then concluded that the set point equal to 4 µN and the load amplitude of 2 µN were too high. This
resulted in too deep penetration into the bone and causing plastic deformation. The solution was then
to decrease these two forces. After this discovery, many tests were performed again with smaller forces
in order to obtain consistent results. This means that the modulus mapping does not damage the sample
anymore and that the values obtained for the storage modulus are correct. These objectives were met
for a set point equals 1 µN and a load amplitude of 0.35 µN. With these parameters, modulus mapping
was performed in three different test regions: a relatively flat region, a region with lamellae and a region
between the two called interface. The results obtained are shown in FIGURE 3.17.
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(a) Storage modulus image [GPa] of a flat region.
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(b) Storage modulus histogram [GPa] of a flat region.
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(c) Storage modulus image [GPa] of an interface region.

0 10 20 30 40 50 60 70 80 90 100

0

500

1000

1500

2000

2500

3000

3500

(d) Storage modulus histogram [GPa] of an interface region.
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(e) Storage modulus image [GPa] of a lamellar region.
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(f) Storage modulus histogram [GPa] of a lamellar region.

Figure 3.17: Results of storage modulus in GPa obtained for tests performed on three different region: flat,
interface and lamellar.

Firstly, these results show us that, thanks to the established protocol, the images are not too noisy.
The flat region is quite homogeneous as expected while in the lamellar region the different lamellae
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are clearly distinguishable. The fact that this feature is visible means that the lamellae have different
mechanical properties. As explained in SECTION 1, lamellae alternate between stiff and soft. Secondly,
the histograms show that the average storage modulus is around 30 GPa which is consistent with the
values described in the literature.
After these measurements, the learning of the use of the modulus mapping on bone is completed. We
then moved on to real measurements on an area of interest of fibrolamellar bone.

3.3.2 Modulus mapping on a complete fibrolamellar bone unit

The modulus mapping method was applied to map each area of a fibrolamellar bone unit and to study
its mechanical properties. This unit was covered by performing 6 scans of 30 µm each with an overlap
of 2 µm in order to guarantee continuity of the measurements. For this purpose, the protocol established
in the SECTION 2.6 was implemented. In addition, between each scan, the tip was kept engaged to
ensure agreement between measurements. During these scans, a set point of 1 µN was applied and a
load amplitude of 0.35 µN for the first scan and 0.65 µN for the next five was used. The load amplitude
was increased to keep the amplitude in the range of 0.3 - 1 nm, as required by the technique. The region
studied is the area shown in FIGURE 3.18. It corresponds to the one used to realize the indent grid. The
modulus mapping was therefore carried out first. Having as advantages to leave the surface intact, the
indent grid could then be performed exactly in the same area which guarantees the comparability of the
results.

Figure 3.18: Region of interest on which 6 windows of 30 µm of modulus mapping have been performed.

Each scan of regions of interest is analyzed to extract information. Several types of information were
examined and for this purpose, particular Matlab functions were used.

Firstly, the images, before being observed, are processed to remove all outliers that could distort the
data and therefore the analysis. To do this, the function FILLOUTLIERS of Matlab was used with the
argument "nearest" which means that each detected outlier is replaced by the neighboring pixel which
is not an outlier. A value is considered as an outlier when its value exceeds three median absolute
deviations (MAD) from the median with the MAD being defined as:

MAD = median(|Ai−median(A)|)
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where A represents the matrix of the data, Ai is the element i of this matrix and i is equal to the number
of data present in it [75].

Secondly, the profiles of the storage modulus averages are filtered to remove possible noise and high-
light the trend of the curve by smoothing it. To do this, the function FILTER of Matlab was used to apply
a moving-average filter. This consists of a window, whose size is to be determined, in which the average
of the values is made [76]. The window then moves to process each point and thus smooth the data. The
choice of the window size was made by trial and error, making sure that noise was eliminated but that
no information was lost.

Finally, the correlation between the storage modulus and the height is analyzed. It is analyzed to de-
termine whether the data are influenced by topography or not. If the correlation is zero, it means that
the measurements have not been influenced by polishing, that they are true and that no artifact biases
the data. To do that, the function CROSSCORR of Matlab is used. This function allows to quantify the
similarity between two data sets. The lag permits to look at the correspondence between a set and a
shifted version of the other set. The lag was chosen equal to ± 5 values which make a lag of about 0.6
µm. Since the measurements were made at the same location without disengaging the tip which guaran-
tees that the measurements were made in the same region, a higher lag is not necessary. The coefficient
returned for each lag indicates the correlation rate. If it is close to 0, there is almost no correlation, if it
is close to 0.5 or -0.5, it is strong and if it is close to 1 or -1 the correlation is very strong. 1 means that
the two data sets tested are identical [77].

I Zone 5: lamellar bone

The first zone investigated was zone 5, which corresponds to a region of lamellar bone. The height and
storage modulus obtained for this area are shown in FIGURE 3.19.

Figure 3.19: From left to right: map of the height in nm and map of the storage modulus in GPa, both for the
region 5.

From these images, several things can be retained. First, we notice that the lamellae are weakly displayed
on the image of the height and an artifact is apparent due to the resin. They are also present in a more
visible way in the image of the storage modulus. The different lamellae that we have characterized in
the results obtained with the scanning electron microscope show dissimilar mechanical properties. The
thick lamellae, being of a more yellow color, present a higher storage modulus than the thin lamellae
which appear more blue. To verify this, a profile was made perpendicular to the lamellae. A line with
a thickness of 25 pixels (2.3 µm) was drawn and averaged over its width. Then the data was filtered as
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explained before with the function FILTER to remove the noise and better show the trend. The results
are visible in FIGURE 3.20.

Figure 3.20: Profile of the storage modulus [GPa] crossing perpendicularly a lamellae zone of the sample.

The trend is the same as seen for the whole image: the thin lamellae have a lower storage modulus
than the thick lamellae. The storage modulus of the different lamellae was then quantified. For this,
several data sets were taken in the different areas of interest and the mean and standard deviation were
calculated. After a statistical test, their difference was determined to be significant (p<0.05). The values
obtained are visible in the TABLE 3.2.

Storage modulus [GPa]
Thick lamellae 46.46 ± 3.56
Thin lamellae 32.8 ± 4.17

Table 3.2: Average and standard deviation of storage modulus for thick and thin lamellae.

The correlation between height and storage modulus can also be investigated. Using the Matlab function
described above, the graph in FIGURE 3.21 is obtained. For a lag equals 0, the coefficient is equals to 0.5
approximately. This means that the correlation is strong between the height and the storage modulus.

Figure 3.21: Graph of correlation coefficients between the heigth and the storage modulus of zone 5 for different
lag.



CHAPTER 3. RESULTS 60/82

I Zone 4: parallel fibers bone

Secondly, zone 4 can be analyzed. It corresponds to an area that is believed to contain parallel fibers
bone. The height and storage modulus map for this region are shown in FIGURE 3.22.

Figure 3.22: From left to right: map of the height in nm and map of the storage modulus in GPa, both for the
region 4.

Several things can be learned from this. First of all, some scratches are visible on the image of the height
but they are much less visible on the image of the storage modulus. This means that the storage modulus
has not been influenced by the topography, which gives high quality data that represents what it should.
Secondly, overall, no features stand out in the images, the maps seem more or less uniform. The parallel
fibers bone therefore has mechanical properties that are uniform. To verify this, a profile was made by
drawing a line from top to bottom of the area. The average of each thickness of the line was calculated
as in the case of zone 5. The result obtained is shown in FIGURE 3.23. We can see on this graph that the
signal oscillates a lot but the average remains relatively constant.

Figure 3.23: Profile of the storage module through a bone region with parallel fibers.
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The storage modulus of this area was quantified by calculating its mean and standard deviation taking
into account several areas. The values obtained are in the TABLE 3.3.

Storage modulus [GPa]
Parallel fibers bone 42.65 ± 3.93

Table 3.3: Average and standard deviation of storage modulus for parallel fibers bone.

Then the correlation between the height and the storage modulus can be investigated. For that, the graph
presented in FIGURE 3.24 was generated. We can see that the correlation coefficients found remain very
low whatever the value of the lag. This means that the correlation between the two is almost zero. This
supports what has been observed earlier thanks to the maps which show well that scratches are present
on those of the height and much less on those of the storage modulus.

Figure 3.24: Graph of correlation coefficients between the heigth and the storage modulus of zone 4 for different
lag.

I Zone 3: central layer

The last area that needs to be studied to have reviewed all the different parts of a fibrolamellar bone unit
is zone 3 which contains the central part.

Figure 3.25: From left to right: map of the height in nm and map of the storage modulus in GPa, both for the
region 3.
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The maps for the height and for the storage modulus have been generated again. They are represented
in FIGURE 3.25. Looking at the height, the bottom half seems to have more yellow and blue areas which
means that they have some valleys and hills. As for the storage modulus, the map is clearly cut in half
with the bottom half looking bluer than the top half which means it has a lower storage modulus. This
area probably corresponds to the central layer explained in the literature and identified by SEM and
indentations since the position matches to the position identified with the static indents. A profile, going
from the top to the bottom of the region, was generated in the same way as for the other areas. The
result is presented in FIGURE 3.26.

Figure 3.26: Profile of the storage module through the central layer.

The right part of the graph obtained corresponds to the lower part of the map. The graph shows the trend
observed on the complete map: the right part has a lower storage modulus than the left part. The values
of this storage modulus have been quantified with the same technique as for the two other areas studied.
The results are written in the TABLE 3.4. They were compared to the results obtained for the parallel
fibers bone and a significant difference was found (p<0.05).

Storage modulus [GPa]
Central layer 38.11 ± 1.89

Table 3.4: Average and standard deviation of storage modulus for central layer.

Finally, the correlation between height and storage modulus for the latter area can be studied. For this,
the graph of FIGURE 3.27 was generated. We can see in this case that the correlation is negative and that
for a lag of 0 the coefficient is -0.2 which means that the correlation is poor. This confirms what has
been observed for both maps, the fact that the hills and valleys visible for the height are not apparent in
the storage modulus.
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Figure 3.27: Graph of correlation coefficients between the heigth and the storage modulus of zone 3 for different
lag.

I Summary of results of the modulus mapping technique

In this section, we investigated the mechanical properties of the different parts of a fibrolamellar bone
unit. The values represented in the TABLE 3.5 were found.

Storage modulus [GPa]
Thick lamellae 46.46 ± 3.56
Thin lamellae 32.8 ± 4.17

Parallel fibers bone 42.65 ± 3.93
Central layer 38.11 ± 1.89

Table 3.5: Summary table of the average and standard deviation of the storage modulus values found for the
different parts constituting a fibrolamellar bone unit.

Thick and thin lamellae show a large variation in storage modulus with a difference of about 14 GPa on
average. Their difference was determined to be significant (p<0.05). The central layer shows a lower
storage modulus than the area where the collagen fibers are parallel. These two areas also showed a
significant difference (p<0.05). Overall, the thin lamellae represent the parts with the lowest mechanical
properties and the thick lamellae with the highest. In addition, the correlation between height and
storage modulus was investigated and it was found that only the area where lamellae are present has a
high coefficient indicating a strong correlation.

3.4 High load fracture analysis

A last test was performed in the framework of this master thesis to investigate qualitatively more deeply
the mechanical properties of a fibrolamellar bone unit. This test consists of making indents in the bone
but this time with a high load, which can potentially induce cracks. If the material is uniform, the crack
created at the corner moves in a straight line, whereas if it is not uniform, the crack may be deflected.
The load chosen was equal to 0.5 N, which is much higher than the loads used during modulus mapping
and static indents. The different features of a unit have been studied: lamellar bone, parallel fibers bone,
interface between both and the central layer. Two different units were investigated. The first one is
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shown in FIGURE 3.28. In this area, an indent, representative of other indents in the same type of area
will be studied. This one is framed by a square and is named 1 in FIGURE 3.28.

Figure 3.28: Zone 1 investigated with high load indents.

A zoom of this indent was made to better see the cracks created by it. The upper right corner has a crack
that is not in a straight line but is deflected as further shown by zooming in on this crack in FIGURE

3.29. This means that the material is not uniform. This corresponds to the interface between the parallel
fibers bone and the lamellar bone.

Figure 3.29: From left to right: zoom on the studied indent number 1 and zoom on the upper right corner with
the crack highlighted in red.

A second area was investigated and in this one, three indents, representing the behavior of other indents
of the same type of structure are be studied.
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Figure 3.30: Zone 2 investigated with high load indents.

First, indent 2 lies entirely within the lamellar bone. On its zoom present on the left in FIGURE 3.31, it
can be seen in the three corners that no crack has appeared. Secondly, the indent 3 can be analyzed. This
one is entirely in parallel fibers bone. On the right in FIGURE 3.31, cracks are visible at the three corners.
These are in a straight line to the indent, which means that the material is uniform. This confirms the
fact that the parallel fibers bone is organized in a very precise and uniform way.

Figure 3.31: From left to right: zoom on the indent number 2 and zoom on the indent number 3.

The last indent, number 4 and visible in FIGURE 3.32, can be studied. Its upper right corner appears to
be in the central area. Not really knowing the location of this area, the observations made for this indent
will only be guesswork. At these corners, two cracks are visible: one at the upper right corner and the
other at the bottom corner. The two cracks are not of the same length, the one at the top, present in what
we think is the central line, is bigger than the one at the bottom corner, present in the parallel fibers
bone.
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Figure 3.32: Zoom on the indent number 4.



Chapter 4

Discussion

In this last chapter the results are discussed for the different tests performed and they are compared with
the literature. After, the limitations encountered throughout this master thesis are exposed and some
perspectives are proposed.

4.1 Scanning electron microscopy

Thanks to the scanning electron microscope, several points can be deduced.

Firstly, with all the observations did with the chemical composition tests, it would seem that the fibro-
lamellar bone has a homogeneous composition throughout its structure. The fact that features present
in the bone are visible in the BSE image does not indicate a difference in composition in our case. This
is probably due to the influence of the topography which is still visible in this type of image which
indicates, for example, that they have not all reacted in the same way to grinding and polishing.

Secondly, if the composition is considered homogeneous, the fact that the lamellae are highlighted
after etching is not due to a difference in minerals but is due to different degrees of demineralization.
Two reasons can explain this variance: whether it is due to different orientations of collagen fibers or to
a dissimilar packing of these fibers. The collagen fibers and minerals are arranged differently between
the lamellae, so the acid does not penetrate in the same way and the dissolution of the minerals is not
the same everywhere. These findings remain theories since we were unable to see the orientation of the
collagen fibers.

Thirdly, the fact that the osteocytes are aligned with respect to the lamellae and the central line was
also observed by Kerschnitzki et al. [45] as said in SECTION 1. Indeed, they found that the osteocytes
were aligned on the surface of the primaries. In the case of fibrolamellar bone this corresponds to the
central line on which the bone structure grows. The fact that this structure is a primer explains that more
osteocytes are found in this layer where the osteoblasts begin their synthesis process at the same time.
This is typical of bones that must grow rapidly. These observations prove that there is a difference in
the organization of the central layer if the line of osteocytes observed corresponds to this line.

Then, the central layer deserves a deeper investigation to know its composition. Indeed, in this work we
found that it had the same composition as the other parts, and it differs only by its structure which seems
different from the other parts (random lines). The composition is in contradiction with the literature.
We must then test by improving the contrast and/or the resolution of the microscope to see if we obtain
results similar to those of the literature.

67
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Finally, to our knowledge, no study has quantified the size of the lamellae present in fibrolamellar
bone. Therefore, a comparison with the lamellae present in osteons is made. This will allow to see the
differences and/or similarities between these lamellae. The size of the lamellae has been investigated in
several studies for both human (Hengsberger et al. (2002) [78] and Xu et al. (2003)[79]) and bovine
bones (Zhou et al. (2020) [80]). They found similar ranges of values (3-5 µm for thick and <1-3 µm for
thin lamellae) to those established in this work. As noted in studies and in the results of this work, these
values differ in the structure of the bone, but this nevertheless gives an idea of the size and proportion.
In the paper by Xu et al. they also investigated the Ca and P composition of the lamellae of osteons.
They found no difference which means that the lamellae have the same chemical composition [79]. This
supports the results obtained in this work which also shows a uniform composition of the whole bone
and therefore of the lamellae.

4.2 Static indentations

When observing the results obtained with the static indentation grid, we noticed that the lamellae were
not distinguishable. This is due to too low a resolution that does not allow us to differentiate them.
Indeed, each indent is separated by 6 µm so as not to influence the others. But given the size of the
lamellae calculated thanks to the BSE images, this resolution is not sufficient to detect them. In addition,
the indents are not correctly placed, i.e. they do not follow the lamellae. On the same line, some points
are in the thin lamellae, some are on the thick lamellae and the last ones are in between. In order to
properly study the properties of the lamellae, it is necessary to place the indentations correctly i.e. that
the indentations follow the lamellae. Moreover, we also need to make sure that the deformation area
induced by the indentation is just influenced by the characteristics of the region under study and not by
the features of the neighboring regions. A solution would be to program them all manually to choose
exactly where they are made but this is very time consuming. To overcome these problems, the modulus
mapping method, with a lateral resolution of 20 nm, is the most suitable solution.

4.3 Modulus mapping

In this subsection, the results obtained with the modulus mapping technique are discussed and compared
to the results of other sections and to the literature.

I Modulus mapping results

Firstly, we can talk about the correlation between the height and the storage modulus of each zone. For
the three areas, only area 5 which corresponds to the lamellar bone shows a strong correlation. The
other regions show a weak one which proves that the topography has no influence on the storage modu-
lus measurements. As for the 5, the fact that the correlation is strong between the height and the storage
modulus can be explained. Indeed, the thick lamellae show a higher storage modulus while the thin ones
appear softer. During the polishing stage, the less stiff areas have been the most eroded, they appear
more hollowed while the stiffer areas appear more rounded because they have been less polished due
to their mechanical properties. The same observation has been made by Xu et al. who found that thin
lamellae are easier to wear out during polishing than thick ones [79].

Secondly, the collagen fibers of the thick lamellae must be mostly oriented in the direction of the main
axis of the bone since they present the highest storage modulus values. Following a statistical test, the
difference between their storage modulus was shown not to be significant (p = 0.1528). This reinforces
the hypothesis that the fibers are potentially oriented in the same direction along the main axis of the
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bone. This remains to be verified, but it has already been shown in osteons that lamellae containing
mainly parallel fibers are thicker than those containing oblique fibers [81]. The difference between the
thick lamellae and the parallel fibers bone would then be due to a difference in packing.

I Comparison with the other results

The results can be compared with those obtained for the chemical composition. In the latter tests, it ap-
pears that the bone has a uniform composition. The mechanical properties prove that the different parts
of the bone are not similar due to their variations. The difference in properties cannot be explained by
the fact that there are more minerals or not. The solution would then be that the dissimilar parts present
differences in the organization of collagen fibers and minerals. This observation supports the one made
with etching.

For the map of the height of the central area, valleys and hills appear. This can be correlated with
the BSE images obtained with the microscope. Indeed, on the latter, the central area is visible thanks to
lines that intersected randomly. This corresponds to the observation made with the modulus mapping.
It would seem that we can conclude that the central line presents a different organization which would
be made of collagen fibers arranged in all directions, as said in the literature.

Then the storage modulus values obtained for the central layer and the parallel fibers bone with the
static indents and those with the modulus mapping can be compared. A comparison of the lamellae can-
not be made, as they are not visible during the static indentation test. The same trend can be seen: the
central layer presents a lower storage modulus than the part of parallel fibers. However, higher values
were obtained with the modulus mapping for both the central part (39.11 vs. 20-25 GPa) and the parallel
fibers (42.65 vs. 26-33 GPa). Since the two methods are different, only the relative difference between
the values can be compared. The fact that the central layer has worse mechanical properties than the
parallel fibers bone zones is due to its random organization.

I Comparison with the literature

In terms of composition and structure, in the literature, researchers found that the central zone is hy-
percalcified. Looking at the chemical composition, we did not find any difference in calcification there.
One explanation could be the fact that the bone is of a certain age which makes the mineralization maxi-
mum everywhere and therefore equal in all parts of the bone. Weaker mechanical properties may then be
due to the organization of collagen fibers in this layer. The part with parallel fibers has high mechanical
properties because the fibers are oriented in the direction of the stress and it is in this direction that they
are strongest since it is reinforced. While in the central part, the fibers are randomly oriented, as seen in
the literature and in our observation of the topography, so that no direction is strengthened and therefore
it has less strong mechanical properties.

In terms of mechanical properties, for fibrolamellar bone, we have seen in the background that the
different parts of a unit have not been studied separately except by Seto et al. who investigated the part
containing the parallel collagen fibers of wet bovine sample. They found by static indentations that this
part had a Young’s modulus of 23.1±0.7 GPa. In this work, the Young’s modulus of this same part is
equal to 30 GPa for the static indents and 42.65±3.93 GPa for the modulus mapping. The value obtained
by Seto et al. can be compared to the value acquired with static indents but not with modulus mapping
because they are two different methods. They found a lower value than the one we calculated. This can
be explained by the fact that they tested wet samples while this work is based on dehydrated samples. It
has been proven that dehydrated samples have a higher Young’s modulus than wet ones.
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In view of the lack of literature about the mechanical properties of fibrolamellar bone, the values ob-
tained for the thick and thin lamellae can be compared to the values found in the literature of osteon
lamellae. Different studies have tested bovine (Zhou et al. (2020) [80], Carnelli et al. (2013) [82]
and Liu et al. (2018)[83]), humans (Gupta et al. (2006) [84] and Xu et al. (2003)) or porcine sam-
ples (Feng et al. (2012)[85]), wet or dehydrated. In each case the same trend is observed: the thick
lamellae have elastic modulus higher than the thin one. This corresponds to what was obtained with
the modulus mapping in this master thesis. Since the different studies worked on wet and dry samples,
only the relative differences can be compared. In most studies, a small difference between thick and
thin lamellae is observed, ranging from 3 to 4 GPa while in ours a much higher difference of 14 GPa is
obtained. Only one study, conducted by Zhou et al., found a difference of 12 GPa, close to ours. This is
the only study that has used modulus mapping like the one conducted in this master thesis. Even if the
static indentation method and the modulus mapping method cannot be compared, such a gap between
the relative difference of the Young’s modulus of the lamellae can be explained. The indents have a
low lateral resolution because they must be spaced far enough apart to ensure that the plastic zone they
generate does not influence the others. The distance between two indents in our case has been defined
at 6 µm. The thin lamellae having a thickness of 1 µm, it is possible that their plastic deformation zone
encroaches on the thick lamellae. The thick lamellae being then taken into account in the measurements
and having a higher Young’s modulus, the Young’s modulus obtained for the thin lamellae is higher.
This reduces the relative difference between the two types of lamellae. Looking at this, we can say that
fibrolamellar bone lamellae seem to follow the same trend as osteon lamellae since thin lamellae always
present lower mechanical properties than thick ones.

4.4 High load indentations

In this part, we found that the cracks seem to be deflected by the lamellae and that they do not penetrate
them. It thus appears that the lamellae hinder the propagation of the microcracks to potentially protect
the blood vessels. This may mean that there is an interface between them and the parallel fibers bone.

Second, no cracks were observed when the indent was entirely contained in lamellar bone. This obser-
vation reinforces the fact that the lamellar bone is there to protect the blood vessels. Its well-organized
structure prevents crack formation.

Then, the corners present in the parallel fiber bone present cracks that go in a straight line. This means
that this area is uniform and well arranged.

Finally, an indentation between the central layer and the parallel fibers bone was made. The crack
present in the central layer is greater than the one in the parallel bone. With these findings, it would
seem that the central layer is more conducive to crack propagation than the parallel fibers bone. This
is consistent with the fact that this layer presented weaker mechanical properties due to its poorly order
organization in static indents and modulus mapping measurements.

4.5 Limitation

Several limitations were encountered during the realization of this master thesis. To improve the results
obtained, it is interesting to work on them.

The most substantial limitation that caused the most problems was the resin. The protocol for using
this resin comes from the Ludwig Boltzmann Institute of Osteology in Vienna, which is renowned in
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bone research. Their sample preparation procedure is well established and the samples they obtain are
of high quality, that is why it was chosen. However, some issues encountered with this resin probably
remain due to a bad reproduction of the protocol. The first problem was the evaporation of the resin in
the incubator. The solution of closing the molds entirely with paraffin allowed to reduce the evaporation
but it was not completely eliminated. Because of this, some prepared samples were not embedded in
enough resin, which made them unusable. Also, on the top of the molds, about 0.5-1 cm of resin did
not cure and had to be cut off. If the resin has evaporated, only this part remained to embed the sam-
ple but being soft, the sample was again not usable. One additional remark to make is that this resin,
even after polymerization, kept being relatively soft in contrast to more conventional resins. After the
samples were prepared, other complications occurred with the resin. Indeed, bubbles appeared on the
sample when the electron beam of the microscope was scanning it. The heat brought by this beam acti-
vated the polymerization of the resin which was visibly not polymerized in the holes and this one then
came out of certain holes making these parts of the sample unusable. This phenomenon can be seen in
FIGURE 3.5 where a first scan was performed and when a zoom was executed on a part, a resin bubble
appeared. Finally, we also noticed that the resin was not stable in time. Indeed, the samples were stored
in a temperature-controlled cabinet in the nanoindenter room for about 3 weeks. After this time, a new
exploration with the microscope allowed to see that large resin bubbles/stains had appeared everywhere
on the sample, this time larger than those caused by the electron beam. Theses bubbles are visible in
FIGURE 4.1. In conclusion, the resin remains a considerable point to improve to ensure a better quality
of our samples.

Figure 4.1: BSE image of the sample number two after 3 weeks of storage.

The second limitation is the unknown age of the samples. This is important when studying the bones as
their composition and structure (due to bone remodeling) depend on it. For future studies, it is interesting
to take note of it. Moreover, due to a forgetfulness, the position from which the samples were collected
was not noted. However, the mechanical properties depend on the position in the bone. Knowing the
location would be a plus to analyze the mechanical properties and to compare the results of different
locations. As the results were very time consuming, few areas were investigated. To consolidate the
results, it would be interesting to explore more areas on different samples from different locations.

The last limitation encountered is the modulus mapping. Indeed, this technique is recent, highly com-
plex and not widely used, so the results obtained with it should be taken with care. Moreover, this
method being super precise, it makes particularly sensitive. Some measurements give higher values
than expected and we have not been able to explain this. Ideally, results should be verified by FE sim-
ulations. However, during this master thesis, a lot of time was dedicated to the understanding of this
method and to the implementation of a protocol which did not leave enough time to perform simulations.
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4.6 Future works

As a first perspective, it is interesting to continue this work on fibrolamellar bone with deeper analysis.
First, the limitations encountered in this work must be resolved such as the resin, the age of the animal
and the location of the sample in the femur. For the resin, after a discussion with Markus Hartmann of
the Ludwig Boltzmann Institute of Osteology in Vienna, it appears that the quantities used to manufac-
ture the resin must be reviewed and that more suitable molds, higher, made of PMMA (same material
as the resin) and provided with a cap solider than paraffin can be used. It is therefore interesting to try
these new improvements. Then, other techniques can be exploited to provide additional information.
For example, it would be interesting to perform Quantitative Backscattered Electron Imaging (qBEI).
This method allows to quantify the concentration of calcium in the different parts of the bone whereas
BSE images only allow to see the contrast of the differences in composition. This is particularly inter-
esting for the central layer to support the results of this work or the results of the literature. In addition,
fracture tests can also be used to quantify the fracture toughness of the material. The fact that the lamel-
lae deflect the cracks should also be studied in depth to try to determine whether or not an interface
exists, specifically dedicated to this deflection much like the cement line in osteons.
In addition to the work, FE simulations can be performed to verify the results obtained with the modulus
mapping method. Indeed, as explained in this work, modulus mapping being a very complex technique
and the bones having microscale features (1 µm for fine lamellae for example), some measurement prob-
lems may appear. For example, measurements on inclusions smaller than the tip radius could be altered
since the tip would rely on adjacent regions which do not have the same mechanical properties. Also,
the impact of surface roughness due to polishing on the measurements is not known. Measurement
problems could appear if a height difference is too important at the level of the lamellae, for example.
These phenomena can then be explained and their impact evaluated through simulations.

A second interesting perspective would be to apply the protocol implemented in this work to the ce-
ment line, a peculiar structure of great interest. As explained in the background, the cement line is a
particular layer that surrounds secondary osteons in cortical bone and bone packets in trabecular bone.
It has been shown in experiments that microcracks are more likely to occur in the interstitial bone (bone
that remains after bone remodeling and surrounds osteons) than in the osteons [86]. The cement line
could then play a protective role for the blood vessels by deflecting the microcracks [2, 87]. This layer
seems to play a crucial role in crack propagation, but it is not well understood and remains a controver-
sial subject [88]. Some researchers thought and demonstrated by experiments that the cement line was
hypo-mineralized [89, 90], and others found that it was on the contrary hyper-mineralized [2, 11, 91].
In more recent studies, the researchers, thanks to the scanning electron microscope, have highlighted a
cement line that appeared brighter than what surrounds it, that is to say with a higher atomic contrast
[92]. The organic matter in this layer is also a problem. Researchers do not agree on whether it is rich or
poor in collagen, which is the arrangement... . Moreover, the mechanical properties (fracture toughness
and Young’s modulus for example) are not known. We can therefore say that the cement line in cortical
bones is little studied and that it needs to be investigated. This structure is complex to study because of
its size (between 1 and 5 µm) and because it is a 3D structure and when 2D measurements are made,
nothing ensures that it is the cement line that is studied. For trabecular bones, no data are available. The
cement line presenting interesting properties, it would be useful to study it more in depth by applying
this high resolution tool that is modulus mapping. This method would allow to highlight the difference
in mechanical properties between the cement line and the surrounding bone tissue further supporting
the assumption that cement line acts as an effective interface which dissipates energy and hinders crack
propagation.



Conclusion

The aim of this master thesis was to use a complex and fairly new nanoscopic mechanical character-
ization method based on nanoindentation and called modulus mapping, to analyze with high spatial
resolution the mechanical properties of a fibrolamellar bone unit.

The implementation of a protocol for using the modulus mapping was the first part of the master thesis.
From this, the following important points have been drawn:

• The tip must be washed because tiny particles on it can falsify all measurements.

• On the bone, a static force of 1 µN and a load amplitude lower than this value must be used.

• The tip must remain engaged between each measurement so that they are reproducible and to
ensure consistent results between them.

In the second part of the thesis, fibrolamellar bone was investigated at the nanoscale using several
techniques including modulus mapping. With the results, we concluded the following points:

• The chemical composition of the fibrolamellar bone is homogeneous.

• The central layer has a different architecture from the other parts and contains many osteocytes
that are in its direction.

• The central layer has a smaller storage modulus than the parallel fibers bone zones. This may
be due to its weak organization. The thin lamellae are less stiff than the thick ones. The thick
lamellae and the parallel fibers bone represent the stiffest parts of the fibrolamellar bone unit.
Probably being oriented in the same way , the non-significant difference of the two may be due to
a higher packing density.

• Since fibrolamellar bone has different mechanical properties in different parts of a unit but has a
uniform chemical composition, the changes must be due to a difference in the organization of the
collagen fibers and minerals especially their orientation and packing.

• The lamellae surrounding the vessels deflect the cracks and are therefore there to protect them.

• The central line appears to be more conducive to crack propagation than the parallel fibers bone.
The latter with straight line cracks can therefore be considered as uniform.

• The lamellae of fibrolamellar bone resemble the lamellae of osteons in many respects. They have
the same size range for their thickness, in both cases the chemical composition is uniform and
finally, the same trend in mechanical properties is observed.

This work provides for the first time a consistent method to study in detail the local nanosclale elastic and
fracture properties of fibrolamellar bone and reports them in order to understand how nature combines
the conflicting requirement of rapid bone growth with good mechanical properties. Future work may
focus on the central layer to determine its composition using quantitative techniques such as qBEI and
maybe apply this process to the unexplored cement line.
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Appendix A

Calibration on bone samples

Here are the values obtained for height, amplitude, storage stiffness and storage modulus for different
frequency values on fibrolamellar bone and after there are the map for the storage stiffness for the 6
frequencies.

(a) Mean of the height [nm] for each frequency. (b) Mean of the amplitude [nm] for each frequency.

(c) Mean of the storage stiffness [N/m] for each frequency. (d) Mean of the storage modulus [GPa] for each frequency.

Figure A.1: Mean of the height, the amplitude, the storage stiffness and the storage modulus for each frequency.
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(a) Storage stiffness with a frequency = 140 Hz.
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(b) Storage stiffness with a frequency = 170 Hz.
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(c) Storage stiffness with a frequency = 200 Hz.
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(d) Storage stiffness with a frequency = 230 Hz.
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(e) Storage stiffness with a frequency = 260 Hz.
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(f) Storage stiffness with a frequency = 290 Hz.

Figure A.2: Storage stiffness [GPa] obtained for different frequencies.
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