e LI.EGEuniversité e
b Library .

https://lib.uliege.be https://matheo.uliege.be

Stress-strain characterization of human bone

Auteur : p207972

Promoteur(s) : Ruffoni, Davide

Faculté : Faculté des Sciences appliquées

Dipléme : Master en ingénieur civil biomédical, a finalité spécialisée
Année académique : 2022-2023

URI/URL : http://hdl.handle.net/2268.2/22264

Avertissement a l'attention des usagers :

Tous les documents placés en acces ouvert sur le site le site MatheO sont protégés par le droit d'auteur. Conformément
aux principes énoncés par la "Budapest Open Access Initiative"(BOAI, 2002), I'utilisateur du site peut lire, télécharger,
copier, transmettre, imprimer, chercher ou faire un lien vers le texte intégral de ces documents, les disséquer pour les
indexer, s'en servir de données pour un logiciel, ou s'en servir a toute autre fin Iégale (ou prévue par la réglementation
relative au droit d'auteur). Toute utilisation du document a des fins commerciales est strictement interdite.

Par ailleurs, I'utilisateur s'engage a respecter les droits moraux de I'auteur, principalement le droit a I'intégrité de l'oeuvre
et le droit de paternité et ce dans toute utilisation que l'utilisateur entreprend. Ainsi, a titre d'exemple, lorsqu'il reproduira
un document par extrait ou dans son intégralité, I'utilisateur citera de maniére compléte les sources telles que
mentionnées ci-dessus. Toute utilisation non explicitement autorisée ci-avant (telle que par exemple, la modification du
document ou son résumé) nécessite l'autorisation préalable et expresse des auteurs ou de leurs ayants droit.




université

% # LIEGE
&

UNIVERSITY OF LIEGE
FACULTY OF APPLIED SCIENCES

Stress-strain characterisation of
fibrolamellar bone

Master thesis conducted by
GAELLE SANDRONT
with the aim of obtaining the degree of Master in Biomedical
Engineering

Supervisor

DAVIDE RUFFONI

Co-supevisor
CANTAMESSA ASTRID

ACADEMIC YEAR 2022-2023






Abstract

Fibrolamellar bone is found in animals experiencing rapid growth phases, which makes it
intriguing to researchers studying rapid bone development, such as during bone healing. This
bone variety is composed of three discernible structures located between two blood vessels.
The initial stage involves the formation of hypercalcified bone, acting as a supportive scaffold
for the subsequent emergence of parallel-fibered bone. Eventually, a layer of lamellar bone is
laid down, further enhancing this structure. The mechanical characteristics of fibrolamellar
bone across these distinct layers remain largely unexplored, which is regrettable given its
potential significance and interest.

This thesis strives to enhance our comprehension of the mechanical characteristics exhib-
ited by fibrolamellar through a detailed analysis of its stress-strain behaviour with a keen
focus on the lamellar region. Furthermore, another objective is to gain deeper insights into
how variations in surface roughness impact the analyses. The results are derived using a
method known as nanoindentation, which is utilised to measure mechanical properties with
nanoscale precision. Utilising the data from nanoindentation, and applying the Olivier-Pharr
model, it becomes possible to compute stress-strain behaviour.

The initial phase of this thesis required a calibration procedure to ensure precise outcomes.
This calibration process was executed on fused quartz, chosen due to its well-established
Young’s modulus and being considered as perfect with no impurity.

In the second part, a more comprehensive exploration of fibrolamellar bone is conducted.
Nanoindentation is employed to derive stress-strain curves and determine the Young’s mod-
ulus in a specific location. Furthermore, scanning electron microscopy aids in pinpointing
indentation locations and quantifying lamellar thickness. The investigation revealed that
thick lamellae are stiffer than their thin counterparts. However, establishing a direct correla-
tion with the stress-strain curves proved challenging due to the influence of surface roughness
on the sample, which affected the outcomes. The curves of thick lamellae display an initial
linear elastic phase followed by a swift yielding, while those from thin lamellae showcase a
more compliant behaviour. This contrast is likely attributed to the differing orientation of
collagen fibers between the two lamellae types. Furthermore, the study also revealed that
parallel-fibered bone displays a high stiffness.

In conclusion, this study is pioneering, offering a methodology to comprehensively under-
stand and correlate mechanical properties with underlying structures. Future research could
apply this approach to further elucidate the impact of roughness on fibrolamellar bone or
explore its applicability to osteons, given their shared characteristics.
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Introduction

Bone is an intriguing material due to its unique propertie. Its remarkable combination of
strength and lightweight structure makes it a model for efficiency in engineering. Beyond its
mechanical attributes, bones play a crucial role in supporting and protecting the body, while
their ability to self-heal has implications for material design.

Due to its composition, bone possesses high stiffness and toughness. Nature achieves this
intricate balance of qualities, which is challenging to replicate artificially. While stiffness im-
parts stability, toughness allows bones to endure impacts without breaking. This remarkable
duality is only found only in nature.

Bone is classified as a hierarchical material, meaning that distinct structures are present
at different levels of observation. With advancements in technology, it is now possible to delve
into smaller scales, such as the nano or micro levels, for in-depth exploration. An interesting
type of bone is fibrolamellar bone found in animals experiencing rapid growth phases, which
makes it intriguing to study. This bone type consists of diverse structures, each holding its
own significance in enabling such rapid growth.

This thesis aims to deepen our understanding of the mechanical properties of fibrolamellar
bone by extensively analysing its local stress-strain behaviour, particularly in the lamellar
region.Additionally, it seeks to explore how surface roughness variations influence the anal-
yses. The study employs nanoindentation, a technique for nanoscale precision in assessing
mechanical properties. Utilising nanoindentation data and the Olivier-Pharr model enables
the computation of local stress-strain behaviour, a groundbreaking approach never before
applied to fibrolamellar bone. This thesis is organised into four main chapters.

The first chapter introduces the background information, elucidating the overarching con-
cepts central to this thesis. Within this section, insights into fibrolamellar bone are provided.
Additionally, a comprehensive understanding of the functions of scanning electron microscopy,
along with the underlying principles of nanoindentation techniques, is presented. The con-
cluding segment of this chapter is dedicated to outlining the objectives pursued throughout
the thesis.

The second chapter is devoted to the experimental part of this master thesis. First the
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sample preparation is explained. Subsequently, the methodology utilised for deriving stress-
strain curves is expounded upon. Within the same section, the calibration approach employed
is also detailed. Finally, the chapter concludes by outlining the method employed for data
acquisition using scanning electron microscopy.

The third one showcases the presented results. It features the presentation of stress-strain
curves that have been obtained, accompanied by an evaluation of the indents roughness. Fol-
lowing this, the chapter provides a visual representation of scanning electron microscopy
images, and in conjunction, outlines the measurements of lamellae thicknesses.

The final chapter of this thesis engages in a comprehensive analysis of the achieved re-
sults. Additionally, it addresses the limitations encountered during the study and provides
insights into future perspectives.



Chapter 1

Background

The aims of this chapter is to provide the general context of the project. In the first section
some generalities about the bone is be given as well as a deeper description of fibrolamellar
bone. Subsequently, a description of the scanning electron microscopy is given. Then a
section is devoted to the nanoindentation technique. Finally, the main aims of this thesis are
underlined.

1.1 Bones

1.1.1 Generalities

Bones are integral to the musculoskeletal system and play a crucial role in ensuring the
system fulfils its purpose. Indeed it has 4 functions |1} 2, |3]:

1. Haematopoiesis: It’s the formation of red blood cells and stem cells in the red bone
marrow found in trabecular bone.

2. Mineral storage: The skeleton is considered the mineral bank of our body as it contains
approximately 99% of the Calcium (Ca?") and Phosphorus. The rest of Calcium is
found in the blood and is regulated thanks to the remodelling process.

3. Protection of vital organs: Bone combines high energy absorption and low weight
allowing protection.

4. Support and motion: The skeleton supports the body and the combination of bones,
muscles and joints allows the motion of the body.

Bones are composed of an organic phase (protein), an inorganic phase (mineral crystals)
and water. Their proportion will differ if we consider their weight (wet) and volume as rep-
resented in FIGURE [I.I] The organic phase is mainly composed of collagen type I and the
inorganic phase is composed of hydroxyapatite |1}, 2, 13]. Bone composition is discussed later
in SUBSECTION [LT.0
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Figure 1.1: Composition of bone |[3].

Varieties of bones exist within the body, each characterised by unique structure and func-
tion. They are discernible based on size and shape, and their representation is depicted in
FIGURE [[.2] This section delves into these bone types, with a specific focus on long bones,
given their central role of study in this thesis.

» Flat bones

These types of bones protect vital organ and muscle attachment |3, |4]. They are mostly
part of the skull but they are also found in other parts of the body, e.g. the scapula.

» Short bones

These small bones offer resistance to compression and are present within the joints of the
skeleton, as well as in the ankle and wrist articulations |3, 4]. They have a plethora of shapes
and are lightweight and highly porous which made them suitable for energy absorption.

» Long bones

These bones provide stability against bending and buckling [3], 4]. They are found in the
legs, arms, fingers, and toes, e.g. the tibia. In order to achieve this function, it needs to have
a high rigidity and to be lightweight. They are elongated along the main axis, cylindrical
and rounded at the extremities.

The structure of long bone is divided into three main regions as illustrated in FIGURE[L.3]
At the extremities, the epiphysis contains the spongy bone also known as trabecular bones.
The central part, or diaphysis, is filled with compact bone called cortical bone. Finally, be-
tween these two regions, there is the metaphysis which also contains spongy bones|3, [5].

The epiphyseal line separates the metaphysis from the epiphysis. It progress from the
epiphyseal plate responsible for longitudinal bone growth [6]. The periosteum, an outer bone
membrane, comprises two distinct layers: the outer layer is more fibrous, while the inner one
contains more cells such as osteoblasts and endothelial pericytes, involved in bone formation
[7]. Another connective tissue, the endosteum, houses quiescent osteoblasts and osteoclasts
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[8]. Similar to osteoblasts, osteoclasts also contribute to bone formation and, more broadly,
to bone homoeostasis. As the name suggests, bone lining cells are located on the surfaces of
the bone and play a crucial role in bone remodelling |9]. These types of cells and processes
are described in more details in SUBSECTION [L.T.4]

Proximal

= Articular cartilage

- ! epiphysis |/ B
e { i
is- x\_Spongy bone
C%’q’? . Metaphysis '\;%Egg)g%/éeal line
—— | ed bone marrow
| S —— ———Endosteum
Short bones ——Compact bone
‘ K, 3 | Medullary cavity
’ // Diaphysis-{ - Yellow bone marrow
J\K P \ Periosteum
N
/ \ \ ‘ Nutrient artery
(Y [ L=l
Long bones Metaphysis+ |
Flat bones Distal %_ Y
epiphysis ; __/g Articular cartilage

Figure 1.2: Types of bones (adapted from  Figure 1.3: Structure of long bones (adapted
[4]). from [10]).

1.1.2 Trabecular bones

As previously stated, trabecular bones are located at the ends of long bones as well as within
flat and irregular bones and within the vertebral bodies [3]. They compose approximately
20% mass of the adult human skeleton [2].

» Structure

Trabecular bones consist of spongy and porous materials, composed of trabeculae and
pores. These trabeculae are either plate-like or rod-like, and the pores are interconnected
and filled with red marrow [6], 3| as shown in Figure . The pore dimensions are typically
in the order of 10®> ym, while the trabeculae are in the order of 10? um |3, [11]. This type
of bone presents low density, reaching a porosity of 75% to 95%. This density gradually
decreases as the shaft of the bone is reached, allowing the bone to remain lightweight while
carrying significant loads with low stress at the metaphysis and high stress at the diaphysis
(cortical bone) [12]. The shapes of trabeculae vary depending on their location, and they
measure approximately 100 — 150 pm thick [12]. Two more factors can also influence the
shape: loading and age. Indeed, with aging, the porosity increases, causing the trabeculae
to adopt a rod-like appearance |13]|. As for loading, in areas experiencing higher compressive
forces, the trabeculae become thicker and more closely spaced, looking more like plates. On
the other hand, in regions experiencing more tensile forces, the trabeculae become thinner,
appearing more like rods [3].

Trabecular bone displays a heterogeneous patchwork-like structure due to the ongoing
processes of remodelling and mineralisation. This structure is composed of various bone



CHAPTER 1. BACKGROUND Page 6/ [90]

packets, each exhibiting distinct mineral content, stiffness, and age, as represented in FIGURE
[1.5 The depicted figure showcases different levels of grey, corresponding to varying mineral
content within the bone. A dark shade indicates a lower mineral content while a light one
indicates higher mineral content. This variation in mineral content significantly impacts the
mechanical properties. Indeed, as the mineral content increases, the bone becomes stiffer |14].

Figure 1.4: Different structures of trabeculae: rod-like, Figure 1.5: Patchwork-like
hybrid and plate-like from left to right (adapted from  structure present in trabecular
[15]). bone (adapted from [16]).

» Mechanical properties

Trabecular bone displays anisotropy and is considered as an orthotropic material [17]. Its
mechanical behaviour is often attributed to the interaction between bone architecture and
bone tissue [3]. FIGURE illustrates the stress-strain curves, exhibiting three distinct re-
gions: the linear elastic region, the plateau region and the densification region. These curves
may vary depending on the relative densities of trabecular bones which differ based on their
location|3].

At low levels of strains, the bone behaves linearly until the trabecular rods and plates
start to collapse under increased stress. The peak observed at the end of this linear region
is known as the yield point. Beyond this point, the bone starts to be damaged plastically,
i.e. when the load is removed, the bone will not be able to recover its initial configuration.
The collapse of trabeculae enables the bone to undergo a large amount of compressive strain
without experiencing an increase in stress. Consequently, the bone can store a considerable
amount of energy. When the trabeculae come into contact with each other, causing a reduc-
tion in porosity, the stress quickly intensifies |3} |1].

Trabecular bone is a highly heterogeneous material, making it challenging to describe
its mechanical properties with a single average value. For this reason, the apparent density
is commonly chosen to describe this type of bone. Indeed, this parameter has the greatest
influence on the elasticity and failure characterised by the Young’s modulus E (the stiffness
of a material) and ultimate stress o, (stress a material can withstand before breaking) re-
spectively. A correlation between the apparent density and both mechanical parameters can
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Figure 1.6: Stress-strain curves of trabecular bone loaded under compression (inspired from
[12].

be computed and is written in EQUATION [I.I]and [I.2 respectively. In both cases, the Young’s
modulus and ultimate stress increase with the apparent density. Indeed, more material in a
bone increases its stiffness and strength |3} [1].

E o (papp)* (1.1)

Tu < (Papp) > (1.2)

It is important to note that two types of bone can have the same apparent density but not
the same architecture. Consequently, their mechanical properties will be different. Moreover,
the stress-strain presented here is obtained under compression. If the tests were conducted
under tension, the curves would be different.

1.1.3 Cortical bone

As previously stated cortical bone is located under the periosteum and in the diaphyses of
long bones. Approximately 80% mass of the adult human skeleton is composed of this type
of bone [2].

» Structure

During the developmental stage in young individuals, the structure of cortical bone is
characterised by the presence of primary osteons. By contrast, in mature individuals, cor-
tical bone becomes more ordered, uniform, and developed due to the ongoing remodelling
process [12|. In adults, cortical bone is composed of lamellar and osteonal bone also called
Haversian bone as illustrated in FIGURE Lamellar bone is made of large concentric rings
of lamellae around the outer 2 — 3 mm of the diaphysis and within the osteons (interstitial
lamellae). Additional detail are given on them in SECTION [1.1.5] Osteonal bone consists of
roughly 10-15 lamellae, arranged in concentric cylinders encircling a central Haversian canal

7
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that facilitates the passage of blood vessels . This canal possesses an approximate diameter
of 50 um and is oriented parallel to the main axis of bone. The structural units of cortical
bone, known as osteons, typically have a diameter ranging from 100-200 pym and extend in
length from 1-3 mm , . In the areas between these osteons, interstitial bone can be
found, representing the bone tissue that remains after the remodelling process [12].

Compared to trabecular bone, cortical bone exhibits a lower porosity, resulting in a higher
density. This is due to the fact that it has to withstand compressive force as well as provide
support and protection. Its porosity varies with age from 8% to 5% as there is a higher
nutrient demand during bone growth. The porosity come from the Haversian and Volkmann
canals, as well as the osteocyte lacunae and canaliculi of the osteocyte lacunocanalicular net-
work . The Haversian canal serves as the primary channel within the osteons, allowing
blood vessels to pass through. Surrounding this, there is the lacuna-canalicular porosity,
formed by canaliculi and ellipsoidal-shaped osteocyte lacunae. These regions remain unmin-
eralised and house the osteocytes. The canaliculi are small canals connecting the Haversian
canals with osteocytes and also linking them with the periosteum, representing the external
layer of long bones. The changes in cortical bone porosity and the presence of these com-
ponents are essential for bone growth, remodelling, and overall bone health throughout an
individual’s life.

Interstitial bone Osteonal bone

Lamellar bone

Figure 1.7: Structure of cortical bone (adapted from )

» Mechanical properties

Cortical bone is assumed to behave like a ductile material, and as such, its stress-strain
curves can be represented by FIGURE obtained under compression. This curve is divided
into two zones: an elastic region and a plastic region. The slope of the first zone is used to
compute the Young modulus. The end of this elastic region, i.e. the elastic limit, is repre-
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sented by the yield point, characterised by a yield stress and strain. Beyond this point, the
bone is deformed plastically which means that once the load is removed, the bone do not
recover its initial shape. Then, in the plastic region, the bone continues to deform plastically
and the curve stops once the material break. This break occurs at the failure point, charac-
terised by the ultimate stress and strain.

Failure point
oy Ultimate siress _f
{maximal lead) * T = —YEH_F\THH_ _—— - 1
oy Viehd siness \ I
y DIEWLBEIESE | e o o o
iyield load) i 1
bl . {Bone stiffnessh I
slress F 1
(losad ) -
Elastle | Plastie 1
region | regicn '
T in (defl ]
. gl 5 it
£, Yield sirain £ siramn (delormation) &, Uiltinmate strain
(yield deformation) {ultimate deformation)

Figure 1.8: Stress-strain curve for a ductile material loaded under compression [21].

In fact, due to its specific structure, cortical bone exhibits anisotropic behaviour, meaning
its mechanical properties vary depending on the direction of the applied load, as depicted in
FIGURE([L.9 In longitudinal loading, the bone behaves as a ductile material and the ultimate
stress is higher in compression while the ultimate strain is higher in tension. In transverse
loading, the bone behaves as a brittle material and the ultimate stress and strain are both
higher in compression. However, the yield stress remains constant despite the anisotropy.

Furthermore, cortical bone exhibits greater strength in longitudinal loading, which is ex-
pected considering that most of the forces are applied in this direction, and the bone has
adapted its structure accordingly. Similarly, cortical bone demonstrates higher strength in
compression, as it is more frequently subjected to such forces. These observations are illus-
trated in FIGURE [L.9l

The mechanical properties of cortical bones are affected by porosity, mineral content, and
ageing. As time elapses, the porosity of cortical bones may change due to alterations in the
quantity, size, and dimensions of Haversian and Volkmann’s canals, consequently affecting
their overall mechanical behaviour. When the porosity decreases, the ultimate stress and
Young’s modulus increase as the amount of material increases too. Regarding the mineral
content, in healthy individuals there is not much variation, and thus it does not significantly
impact the Young’s modulus. Nonetheless, differences can be observed between young and
mature bone. Finally, the age also play a role. Indeed, the Young’s modulus decreases
slightly and the ultimate stress decreases by 1% every year. As a result old bone becomes
more brittle. Additionally, ageing also correlates positively with porosity.
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Figure 1.9: Stress-strain behaviour of adult human cortical bone samples in the transverse
and longitudinal direction for compression and tension (inspired from [3]).

In situ, water is found in the bone inducing a viscoelastic effect. Nonetheless, if phys-
iological strain rates are considered i.e. 0.01 — 1 %/second, these effects can be neglected.
Otherwise, the stiffness and strength increase whereas ultimate strain decreases. This ulti-
mately results in an increase in brittleness.

1.1.4 Bone remodelling process

Bone remodelling has 3 main functions, it allows the bone to [3]:

1. Regulate Calcium homoeostasis which refers to the regulation of calcium within the
body. It is essential for various physiological processes, and disturbances in the balance
of calcium, whether excessive or deficient, can result in significant medical disorders.

2. Adapt to changes in the loading environment. For instance, engaging in regular sports
activities and thus experiencing increased loading leads to an increase in bone mass and
reinforcement of bone architecture. In such cases, the cortical thickness can increase
up to 40 %. In opposition, if the loading decrease, bone masse reduces, and bone
architecture weakens.

3. Replace damaged or old bone. This process allows microcracks within the bone to be
repaired.

The process of bone remodelling entails three types of cells: osteoblasts, osteoclasts, and
osteocytes. Osteoblasts are responsible for bone formation and are derived from multipotent
mesenchymal stem cells [3]. They never work alone, always in clusters and first deposit col-
lagen that must be mineralised. At the end of their process, about 15 % of them become
entrapped in the matrix to form osteocytes and the rest remains at the surface to become
bone-lining cells [22, 23|. Osteoclasts, derived from multipotent precursor cells, are giant
multinucleated cells with a diameter of up to 100 mm. They are commonly located near cal-
cified bone surfaces and within lacunae and play a crucial role in bone resorption. They break

10
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down and remove old or damaged bone tissue by digesting the link between the collagen and
the hydroxyapatite crystals . They create small cavities in the bone, allowing space for
new bone deposition by osteoblasts . Osteocytes are a form of osteoblasts trapped inside
the bone matrix during the remodelling. They display different morphologies and activities
according to the age of cells. Their activity is reduced but they continue to produce protein
matrix. They are interconnected through canaliculi to establish a network capable of
detecting structural damage. In other words, they are acting as a strain sensor and detecting
detecting mechanical forces and strains [3]. There are digested by osteoclasts during the re-
sorption process. They play a role in the activation of osteoblasts and osteoclasts, although
the precise mechanism remains somewhat ambiguous , .

Therefore, bone remodelling is a dynamic process orchestrated by the coordinated assem-
bly of osteoclasts and osteoblasts, forming distinct and temporary anatomic structures known
as basic multicellular units (BMUs). These specialized bone cells work together within the
framework of the BMU to achieve efficient bone turnover. While the physical characteristics
of BMUs differ between cortical and trabecular bone, their underlying biological functions
remain comparable . In cortical bone, BMUs, also known as osteons, has the shape of
a cylindrical channel about 150-200 ym wide, as shown in FIGURE|1.11{whose length is about
2000 pum [22]. Ten osteoclasts dig into the bone at a rate of 20-40 pm per day to form this
cavity in the main loading direction. Following that, thousands of osteoblasts fill the tunnel,
rebuilding the bone. At the end of the process, the cylinder, i.e. osteon is formed and its
cavity is filled by one or two blood vessels. Encircling the osteons is a distinctive structure
known as the cement line, separating the remodeled portion from the non-remodeled one
[25]. Every year, roughly 2% to 5% of cortical bone is remodelled by this process [22]. On
the other hand, within trabecular bone, BMUs are bone packets. In this context, osteoclasts
have a higher digging speed about 25 pum per day, creating a hole of about 40-60 pm filled
by new bone material . At the end of this process, the bone has distinct mineral contents
depending on the age of their creation, resulting in a patchwork-like architectural appearance.
These bone packs are also bordered by cement lines.

Calcified osteoid tissue Blood vessels
200 Y
Osteocytes ' Osteoblasts Osteoclasts
' ‘ esorptlon
. Oste0|d cavity
Figure 1.10: Bone packets present at tissue

the end of the remodelling process
for trabecular bone (adapted from Figure 1.11: Remodelling process in cortical bone

3)). (adapted from [26]).
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FIGURE |1.12illustrates the four different phases the bone undergoes to remodel itself. The
initial stage of bone remodelling involves resorption, wherein mononuclear preosteoclasts
migrate to the targeted area and merge to form multinucleated osteoclasts. This phase
typically takes 2 weeks to be completed. Then, the reversal stage begins, during which
mononuclear cells appear. These cells play a vital role in preparing the resorbed area for
new osteoblasts to initiate bone formation and, providing essential signals that promote
osteoblast differentiation and migration. This second step requires approximately 4-5 weeks.
Subsequently, the bone remodelling process enters in the formation phase, during which
osteoblasts actively deposit new bone to replace the previously resorbed tissue. This phase
typically spans approximately four months. Once this phase is completed, flattened lining
cells cover the bone, signalling the end of the active remodelling cycle. Finally, the bone
undergoes the mineralization process. Subsequent to this mineralization, a resting period
commences, during which the bone remains relatively stable until the initiation of a new
remodelling cycle in response to the body’s physiological demands or external factors. Failure
of this process to function effectively can give rise to conditions like osteoporosis , .

Phase 1 / \

— — — ;) = - S )\ Bone-lining cell
ESESE S
“ - i Osteocyte
o -
\ o < \
. - \ Osteoclast
| \ . | precursor
9 [ 4
. ~ —— Mature
osteoclast
Phase 2 ® BRC Mse/ i
l 1 / osteoprogenitor
r - \ Osteoblast
®g |

Osteoclast-
derived factors

Factors embedded
in bone

Osteoid

Phase 3 BRC Normal bone

4(
EOmo o000 P o+

Abnormal bone

Phase 4 Normal bone remodelmg

Abnormal bone remodeling
(reduced bone mass and rigidity)

—

95 o&ﬁ% Q+ﬁ/¥

Figure 1.12: Bone remodelling process (adapted from )
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1.1.5 Hierachy of bones

Bone is an intriguing material that is composed of a plethora of structures spanning various
length scales. Gaining a complete understanding of its mechanical properties entails delving
into the mechanical traits displayed by its constituent elements, as well as comprehending
how these elements are interconnected across various levels of structure. This section explains
the hierarchical levels and structures that encompass the macrostructure, microstructure,
sub-microstructure, nanostructure, and sub-nanostructure. An overview of all the different
structures is provided in FIGURE |1.13

Collagen
molecule
Cancellous bone .
”
Collagen C(;.]:f glc n
Lamella fiber ks
Cortical bone :
Bone
Osteon Crystals
F
0.5 pm
| nm
10-500 pm 37 um
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 1.13: Hierarchical structural organisation of bone (from [28]).

» Macrostructure (cm - mm)

At this level, we encounter cortical and trabecular bone which were previously explained
in SECTION [LT.3 and [LT.2l

» Microstructure (10 to 500 pm)

At this level, mineralized collagen fibres organise into planar structures known as lamel-
lae, typically ranging from 3 to 7 pm in width [28|, and their arrangement contributes to
the formation of various structural patterns such as osteon (explained in SECTION ,
lamellar bone and woven bone. Additionally, individual trabeculae can also be observed at
this level of examination (explained in SECTION [1.1.2). Finally, there is fibrolamellar bone
which is explained in the next section as it is the main focus of this master thesis.

Woven bone is a type of bone tissue that is often formed during the early stages of devel-
opment and during the process of fracture repair [29]. Indeed, it has a high deposition rate
of 4 um per day and thus as a consequence this structure is found in areas that require bone
material to grow quickly. Its structure, depicted in FIGURE [1.14]is characterised by collagen
fibres with diameters ranging from 0.1 to 3 pm with a random orientation |19, 30|. This
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arbitrary organisation is due to the high deposition rate and results in a relatively porous
material at the microscale as there is a gap between the fibrils. Woven bone contains osteo-
cytes arranged randomly and connected by canaliculi. Although woven bone can achieve a
high degree of mineralisation through mineral deposition, its mechanical properties remain
weak due to its porosity and its lack of arrangement .

Lamellar bone is the mature form of adult bone illustrated in FIGURE [LI5l It has a
lower deposition rate than woven bone: less than 1 pm per day [19]. It is characterised by a
high level of organisation, with collagen fibrils and minerals arranged precisely in thin sheets
called lamellae with alternating thickness, either thin (about 1 um) or thick (about 5 pm)
lamellae. Their arrangement resembles a twisted plywood structure (illustrated in FIGURE
, with parallel fibres within each lamella and a consistent angle change between layers.
As a consequence, there is no preferred direction enhancing the mechanical properties of the
bones. Indeed, these lamellae with different orientations hamper microcrack propagation.
Lamellar bone is less mineralised compared to woven bone and thus is more flexible and it
can adapt more easily to different mechanical demands. It also contains osteocytes connected
together by canaliculi [19)].

ouaIsaloyd  poolg

Figure 1.14: Woven bone Figure 1.15: Lamellar bone Figure 1.16: Twisted-plywood

(from [30]). (from [30]). structure (from [31]).

» Sub-microstructure (1 to 10 pm)

At this level, single lamella can be found with an approximate dimension of 3 — 7um [28].
The way they are organised will lead to the following different pattern found in bones and
explained previously: arrays of parallel fibrils (which leads to parallel-fibered bone), woven
fibre structure (which form woven bone), plywood-like structures (which leads to lamellar
bone) and radial fibril arrays (which form osteon) [32].

» Nanostructure (100 nm to 1 pm)
At this level, mineralised collagen fibres are composed of tropocollagen molecules, miner-
als and water which are the basic building blocks of bone as depicted in FIGURE [[.17] The

tropocollagen molecules are aligning themselves sequentially and forming connections exclu-
sively with their adjacent molecules. These clusters of collagen molecules are then arranged in
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a stacked manner, where each stack is shifted by 67 nm, resulting in a gap between the start-
ing and ending points of each array of collagen molecules within the structure. Within those
holes, mineral crystals nucleate and start to grow in a specific direction forming platelets
aligned with the collagen fibrils. The mineral particles have dimensions ranging from 2-10
nm in thickness, 15-30 nm in width and 20-50 nm in length while the collagen molecules
have diameter of 1.5 nm and a length of 300 nm .

67 nm

mineral particles collagen molecules ~

Figure 1.17: Minerelised collagen fibers (from )

» Subnanostructure (smaller than 100 nm)

As previously explained, the bone is composed of an organic phase, an inorganic phase
and water with the proportion stated in TABLE[1.1]

The organic phase is composed of different types of proteins:

e Collagen type I which is the main constituent of this organic matrix as it composes
90% of its weight. Its structure, depicted in FIGURE , , is composed of a
series of highly repetitive amino acid sequences i.e. Gly-X-Y forming a polypeptide.
Gly represents the glycerine, X and Y may vary but most of the time there are proline
and hydroxyproline respectively. Three polypeptide chains called a chains are folded
together into a triple-helical structure by hydrogen bonds to form the collagen molecule
also called tropocollagen that aggregates to form fibrils of collagen . Covalent
cross-links make the fibrils stable and as a result, the collagen molecule is formed [14].
Tropocollagen has a dimension of 1.5 nm in diameter and 300 nm in length while the
fibrils have a diameter of 80 — 120 nm , . This type of collagen is composed of
two different chains which are two a1 and one a2 , .

e Collagen types III and IV differ from collagen type I by the structure of their chain.
Indeed, type III collagen is composed of 3 al chains while type IV is composed of two
al-like and one a2-like genes , . Collagen type III is present on the surfaces
of the Haversian canal and the bone-periosteal junction. It plays a role in the creation
of trabecular bone. Research has shown that it can hinder proper bone formation and
bring about changes to the remodeling process while fractures are healing .

e Proteoglycans and non-collagenous proteins such as osteocalcin, osteonectin and osteo-

pontin , .
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R = residue
{glycine: R =H)

proline
Figure 1.18: Structure of the collagen molecule (a) Amino acid sequence (b) Glycine (c)
The triple-helical arrangement (d) Proline and hydroxyproline (Y) (from )

The inorganic phase is composed of mineral crystals called hydroxyapatite Cao(PO4)s(OH),
which is a form of naturally occurring Calcium phosphate. This crystal contains some im-
purities including potassium (K), magnesium (Mg), strontium (Sr), sodium (Na) that may
bound with the Calcium ion Ca”"; carbonate (CO3 ) that may interact with the phosphate
ion PO*~ and chloride (Cl), fluoride (F) that may link with the hydroxide ion OH™ [3]. The
crystals are tiny platelets with the following average dimension: 2 — 3 nm in thickness, 25
nm in width and 50 nm in length .

Lastly, water is a fundamental constituent, present in various forms within the crystal sur-
faces, in the interstitial spaces between collagen fibres when minerals are absent, and allegedly
within the canaliculi, lacunae, and blood vessels [29]. The presence or absence of water has
a significant impact on the mechanical properties of the structure. For example, dehydra-
tion leads to a reduction in the distance between collagen molecules, resulting in increased
stiffness and strength of collagen. Consequently, the overall toughness of bones decreases.|34]

Bone exhibits remarkable mechanical behaviour due to the contrasting properties of its
organic and inorganic phases. The proteins provide elasticity and toughness while minerals
provide stiffness to the bone. This combination of properties makes bones strong yet flexible,
allowing them to efficiently withstand various forces and impacts [34].
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1.1.6 Fibrolamellar bone

Fibrolamellar bone is a unique structure commonly found in larger animals that require rapid
growth in diameter. It acts as a temporary primary organisation during fast development,
providing both strength and support to bear the weight of the growing animal, including
handling compression and bending forces [19].

» Structure

Fibrolamellar bone is made of three different structures shown in FIGURE[LII It consists
of a hypercalcified central (PHL) layer acting as a scaffold for for the growth of parallel fibres
(PFL). Then lamellar bone (LB) is deposited on top of it and the whole structure surrounds
a blood vessel. The change between these structure is gradual, indicating that the bound-
aries do not possess distinct demarcations but instead meld seamlessly into one another . [37].

Blood vessel
Y
iz D) Lamelar bone (LB)

Y
Parallel fibered bone (PFL)

e Primary hypercalcified bone (PHL)
Al T

Blood vessel

Figure 1.19: Structure of fibrolamellar bone.

In the primary hypercalcified bone (PHL) represented in white in FIGURE , two dis-
tinct features can be found: fibrils and pores [37]. The first feature is organised into arrays,
each having a diameter of approximately 1-1.5 gm in minipig [37]. Inside each array, the
fibrils exhibit a parallel alignment with one another. However, it is important to note that
there is no specific preferred orientation of these arrays. Moreover, there is no indication of
a 67 nm gap between two consecutive fibres along the same line [37]. The individual pore
diameters measured in this structure are in the range of several tens of nanometers, consis-
tent with the measurements of individual pore volumes. These pores appear to be devoid
of any organic material. Additionally, the presence of canaliculi is relatively limited |37, |38,
39]. In this layer, osteocytes are also present, and while their organisation seems somewhat
random, they exhibit a specific alignment , with their primary axis parallel to the orientation
of the layer [38]. Based on these observations, it can be inferred that the PHL is expected
to demonstrate more or less isotropic material properties [37].

Parallel-fibered bone (PFL) is the primary component of the fibrolamellar unit found in
long bones and appears in white with black dots in FIGURE This type of bone is char-
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acterised by collagen fibrils demonstrating a distinct and consistent preferred orientation,
spanning approximately from 85° to 120 °, closely aligning with the main axis of the bone
[37]. These fibrils are organised into bundles of 1.5 to 3 um. The bundles closest to the PHL
(inner part) possess a distinctive enclosure, unlike those found farther away (outer part),
where thin layers separate the bundles [37]. Canaliculi are also located this layer, but they
are organised differently depending on whether they are in the inner or outer part. In the
inner part, canaliculi are notable for their relatively large diameter, measuring approximately
200 nm, and the presence of surrounding collagen fibres slightly flattens their shape. These
canaliculi demonstrate an irregular orientation, following complex and twisting pathways
[37]. Conversely, in the outer part of the bone, the canaliculi exhibit a more distinct and
defined orientation, aligning in straight lines parallel to the collagen fibrils. These canaliculi
possess ellipsoidal cross-sections in shape [37]. The difference in canaliculi orientation and
osteocytes arrangement serve as reliable markers, revealing changes in bone structure.

Lamellar bone is located alongside the blood vessels and exhibits both thin and thick
lamellae as previously stated in SUBSECTION [I.1.5] These lamellae consist of collagen fibres
arranged in various orientations. Within a lamella, these fibres can have two different kinds
of orientations. The first one is characterised by a change in the favoured direction, spanning
from 10° to 70°. The other orientation occurs when the fibres are predominantly oriented at
angles 10° and 90°, resulting in distinct plateaus where the collagen fibrils align consistently
in the same direction [37]. Additionally, osteocytes and canaliculi are also found in this layer.
Osteocytes are meticulously organized and aligned parallel to the lamellae, whereas canaliculi
are elongated and mostly oriented perpendicular to the lamellar interfaces |37, 38, 40].

» Mechanical properties

Barrera et al. (2016) conducted a study that centered around testing deer bone samples
in three distinct directions: axial, transverse, and radial, using compression as the testing
method [41]. The samples were harvested from the proximal diaphysis of the bone and re-
searchers observed that fibrolamellar bones demonstrated the highest Young’s modulus when
tested in the axial direction. Indeed, the axial direction is the one that needs to withstand
the highest loads, as it is aligned with the primary force direction. Following the axial orien-
tation, the transverse direction exhibited the next highest Young’s modulus value, indicating
its ability to withstand compression forces. Finally, the radial direction showed the lowest
Young’s modulus among the three orientations. The material behaviour of the bones in this
study demonstrated orthotropic characteristics, meaning that their mechanical properties
vary with different orientations.

Benecke et al. investigated the relationship between tensile stress and strain in a fibro-
lamellar unit obtained from a bovine femur. The range of analysis covered dimensions from
10 pm to 1 mm within the bone sample [42|. The researchers observed that up to the yield
point, the strain rate remained uniform throughout the bone. However, beyond this yield
point, the strain rate showed significant variation depending on the position within the sam-
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ple. In the regions where the bone was damaged, the strain rate increased sharply, indicating
higher levels of deformation. On the other hand, in undamaged regions, the strain rate re-
mained relatively constant. The findings suggest that the way bone responds to applied force
is not consistent across its entire structure. Instead, how bone reacts to force significantly
differs based on factors such as the presence of any damage within the bone and the specific
location within the bone structure where the force is being exerted.

In their study, Seto et al. (2008) performed different tests on fibrolamellar bone taken
from the periosteal region of a 12 month old calf’s femur [43]. Firstly, micromechanical
tensile loading was performed in different directions relative to the main collagen fibre axis,
ranging from 0° (parallel to it) to 90° (perpendicular to it). The results revealed a substan-
tial anisotropy, meaning that the mechanical properties of the bone varied significantly with
different orientations. Indeed, Young’s modulus and ultimate tensile strength are approxi-
mately 20 and 15 times higher in the sample with an orientation of 0°. In other word, the
bone is stiffer when the angle decreases which is illustrated by a higher Young’s modulus.
This trend was consistent for both wet and dry samples. Then, nanoindentation tests were
done and a similar trend was observed. Indeed as the indentation surface increased, the
indentation modulus decreased from 23.1 + 0.7 [GPal to 15.4 + 0.5 [GPal].

Limited information is available regarding local-level mechanical properties, as most avail-
able data pertains to tissue-level characteristics. Fortunately, a master’s thesis authored by
Pauline specifically focuses on fibrolamellar bone [44]. In her research, she discovered that
thick lamellae exhibit the highest storage modulus, followed by parallel fibers bone. The hy-
percalcified layer ranks third, while thin lamellae come in fourth. The specific values of these
storage moduli can be referenced in TABLE [I.I] Additionally, she calculated the thickness
of the lamellae and determined that thick lamellae range in size from 2.79 to 4.65 pm, while
thin lamellae exhibit a size varying from 1.39 to 2.6 um.

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 1.1: Young’s modulus in the different layer in the fibrolamellar bone (from [44]).
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1.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is an imagery technique that uses electrons to image
bone and bone cells with a resolution in the range of 1 um to 1 nm. Indeed, this approach
facilitates the examination of surface characteristics such as topography, crystalline structure,
chemical composition, and electrical properties within the uppermost layer of approximately
1 pum of the sample. The resolution depends on the type of microscope and the signal. It
works by generating an accelerated electron beam onto the sample which generates a high-
quality image. SEM offers several advantages over optical microscopy such as a large depth
of field, higher magnification and a wide range of information other than just surface topog-
raphy as previously stated [45)].

The FIGURE illustrates the main components of the SEM:

e Electron gun: It is the source to generate electrons with high energy (2 — 1000 £V,
wavelength of 0.027 — 0.009 nm). There are three main different types of electron gun
which are the tungsten hairpin filament heated, lanthanum hexaboride LaBg filaments
and field emission gun. The first type is the most common one and works by thermionic
emission, i.e. the filament is heated until it reaches a certain threshold, after which
electrons escape the material. The second type of gun also works by thermionic emission
with the difference that it emits a brighter beam. The last gun works by field emitters,
as the name suggests, and require no heat. Instead, a high electric field is applied
causing a minimal deviation in electron energy and resulting in a brighter beam [45,

16).

e Condenser lens: The beam converges and focuses on the aperture allowing for control
over the beam diameter [47].

e Objective lens: It is responsible for focusing the beam directly onto the specimen after
passing through the aperture. [46, |47].

e Scan coils: It is the deflection system responsible for scanning the designated zone and
deflecting the beam in a zigzag pattern above the sample 46| 48|.

e Detector: It detects the signal emitted from the surface of the sample. There are
different kinds of detectors according to the type of signal [48].

Electrons have the ability to penetrate the specimen, forming a teardrop-shaped volume
whose dimensions are determined by various factors including the energy of the electron
beam, the atomic masses of elements present in the specimen, and the angle at which the
electron beam interacts with the specimen. The term "penetration depth" refers to the
distance that electrons can travel into the specimen before being significantly scattered or
absorbed. It increases when the electron beam possesses higher energy, and has a large angle
of incidence and low atomic mass [45].
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Figure 1.20: Schematic of the scanning electron microscopy (from [49]).

The specimen can be either thin or thick. For thin samples, the electrons pass through it
without being significantly absorbed and are viewed using transmission electron microscopy
(TEM). On the other hand, if the sample is thick, the electrons no longer pass through the
sample. As a consequence, only particles emitted or scattered from the surface can pro-
vide information. These particles illustrated in FIGURE [1.21] are created by the interaction
between the electron beam and the specimen. These signals are the following: secondary,
backscattered and Auger electrons, X-rays and cathodoluminescence (emission of light). Af-
ter the signal is detected by the detector, it is fed to a monitor. The monitor’s rastering
process ensures that the image displayed on the screen aligns with the scanning pattern of
the electron beam. Finally, the magnification is determined by comparing the size of the
raster on the specimen to the size of the display on the monitor [45] 46].

In this master thesis, thick samples are measured with backscattered electrons (BSE), i.e.
incident electrons reflected back by the nuclei within the atoms of the sample as depicted in
FIGURE They possess a high energy with a good resolution despite their low abundance.
The deviation of electrons is impacted by the atomic number (Z) of the atom present on the
surface of the sample [45]. Specifically, a specimen containing a heavier element with a higher
Z exhibits more efficient backscattering than lighter elements as it re-emits more electrons.
Consequently, these heavier elements appear brighter in the BSE image providing a contrast
that indicates the composition of the sample [45] 49).
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Figure 1.21: Signal emitted from the sample  Figure 1.22: Generation of backscattered
(from [46]). electrons (BSE) (adapted from [50]).

1.3 Nanoindentation

Nanoindentation is a method employed to assess the mechanical properties, specifically the
Young’s modulus and the hardness of materials with nanoscale resolution. The technique
consists in applying a defined load on a sample using a diamond tip and measuring the
resulting displacement, as depicted in FIGURE [1.23] Throughout the process, the depth of
the probe and the applied load is continuously measured, allowing the generation of a load-
depth curve, as illustrated in FIGURE [1.24] This curve provides valuable insights into the
material’s mechanical characteristics 52].

Residual
impression Loading /
1
. W
Unloading (P

1 3_, /s

Load, P

m

Loading Unloading

'
————— b, — - J

Displacement, h

Figure 1.23: Schematic of the indenter that Figure 1.24: Load-depth curve (adapted from
penetrates the sample (adapted from [53 - [53]).

Olivier-Pharr proposes a model to extract the hardness (H) and reduced modulus (F,)
from the load-depth curve. The hardness is obtained by dividing the peak indentation load
(Pnaz) by the projected area at the corresponding contact depth h. (A) as depicted by
EQUATION 55]. Their model is based on Sneddon’s analysis of elastic contact by
a rigid and axisymmetric indenter . They propose the EQUATION known as the
fundamental equation of nanoindentation [51} 52|:

(1.3)
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2
S=2E.a=-——=E~VA 1.4
0= (14)

S is the stiffness, i.e. the slope of the load-depth curve and is derived from E, and a or
from E, and A, where FE, is the effective modulus depending on the material, a is the contact
radius and A is the contact area.

When conducting nanoindentation experiments, it is crucial to observe several precau-
tions, particularly concerning the penetration depth and indent spacing. The following points
should be considered:

e Penetration depth: The surface roughness of the sample should be minimised as much
as possible. A smoother surface ensures more accurate and reliable measurements.
To ensure that the roughness will not impact the results, it is advisable to limit the
maximum indentation depth to approximately 10 times the roughness of the sample
surface, as recommended by previous studies |56}, 57].

e Indent spacing: During the indentation process, inelastic deformation occurs, leading to
a larger affected area than the visible mark on the surface, known as the influence area.
Ensuring accurate and independent measurements for each indent requires preventing
the overlap of influence areas. To achieve this, maintaining a gap between indents, at
least three times the contact radius of the tip as suggested in prior research [58], is
recommended. This spacing helps prevent interference between adjacent indentations
and ensures reliable results during the testing process.

By adhering to these precautions, researchers can obtain more reliable and meaningful
results from nanoindentation experiments while minimising potential distortions caused by
surface roughness and influence area effects. These considerations are vital for obtaining
accurate mechanical property data at the nanoscale.

1.4 Main aim of This Thesis

The fibrolamellar bone structure is a prevalent feature within the animal kingdom, often asso-
ciated with rapid growth in larger organisms. Despite this, investigations into its mechanical
properties have been limited. A comprehensive understanding of the contributions of each
substructure within fibrolamellar bone to material properties necessitates a nano-scale study.
Fortunately, a novel methodology has emerged, introduced here for the first time to bone
tissue, previously utilised on biomaterials such as stomatopods [59]. This novel approach
offers the potential to establish a direct connection between structure and function at the
nanometre level, revealing promising avenues. Moreover, our research is driven by the mo-
tivation to investigate the effects of surface roughness and calibration methods in a unique
context, considering their pioneering application to bone tissue. This investigation not only
illuminates the mechanical attributes of fibrolamellar bone but also pioneers the application
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of state-of-the-art techniques in bone analysis, rendering it an appealing prospect for a mas-
ter’s thesis.

The aims of this thesis are twofold:

e The main goal of this research is to dive into the world of fibrolamellar bone and
understand its mechanical behaviour better. In particular, we seek to examine the
stress-strain curves of fibrolamellar bone, with a keen focus on the lamellar region.
Certainly, within the scope of this thesis, a substantial amount of data is gathered at
the local level, diverging from the prevailing focus of current studies primarily centred
on tissue-level analysis. By doing so, we aim to obtain a better understanding of the
structure-function relationship of fibrolamellar bone by analysing the correlation be-
tween the local mechanical properties with their underlying structure.

e The second goal is to explore the influence of the surface roughness and the calibration
method on the measurements. Through this investigation, we aim to enhance the preci-
sion of our results, facilitating a more comprehensive comprehension of the mechanical
properties of the bone.
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Chapter 2

Methodology

The purpose of this chapter is to provide a detailed description of the experimental proce-
dures undertaken in this project. The first section is dedicated to the sample preparation.
Subsequently, the second section is dedicated to the nanoindenter and elucidates the pro-
cess of obtaining stress-strain behaviour of biological materials. Finally, the use of scanning
electron microscopy is briefly explained in the last part.

2.1 Sample preparation

The samples used for this thesis were prepared by Astrid Cantamessa and the protocol em-
ployed to prepare them is explained below and summarised in FIGURE 2.1} This protocol is
the one currently followed by the Ludwig Boltzmann Institute of Osteology in Vienna which
has been established for several years and has proven effective since [60]-[63].

The initial step involves sample collection. One femur of calf whose age was unknown was
harvested from a butcher. To prevent the formation of micro-cracks occurring when stored
in the freezer, the cutting process was performed on the same day.

The long bone was first cut into several transverse sections of the diaphysis of the femur
and then refined into 2 cm cubes using a band saw. Subsequently, a low-speed diamond saw
was employed to further reduce the cubes size to 1 cm.

Next, the samples underwent a dehydration process in graded ethanol and acetone series
for 11 days. It is important to note that this dehydration process can impact the mechanical
properties of the bone, making it more rigid, as commonly observed.

Finally, the samples were embedded in poly-methyl methacrylate (PMMA), composed of

400 ml of MMA, 7 g of Benzoylperoxide (BPO), and 100 ml of Nonylphenylpolyethyleneglycol
acetate in a total volume of 500 millilitres (ml).
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Subsequently, the samples underwent grinding and polishing. Initially, a diamond saw
was used to cut the top of the sample in order remove the part that did not cure prop-
erly and it also frees the surface of the resin. This freed section was subsequently polished
and subjected to analysis. The grinding process involved two stages using carbide paper
(P1500 and P2500) with decreasing grains size. Both grinding stages lasted for 3 minutes
at a speed of 20 rpm, under ethylene glycol irrigation. After grinding, two polishing steps
were carried out with diamond suspension of 3 um and 1 pum. The first polishing stage
lasted for six minutes at 45 rpm, while the second stage lasted for seven minutes at 35 rpm.
To ensure a consistent and uniform polishing effect, a force of 10 N was applied to the sample.

As the nanoindentation technique concerned in this study is really sensitive, requiring
indents at small depths, further surface polishing was performed by Astrid Cantamessa and
Dr. Shahrouz Amini at Max Planck Institute of Colloids and interfaces in Potsdam. Two
methods were tested: ion sectioning and ion polishing. The first method is a technique used
to polish or thin a sample in a controlled and refined manner. A broad ion beam is directed
at the sample surface, and the ions cause sputtering, removing material from the surface |64].
However, this process resulted in extremely refined samples, making it impossible to locate
the various sub-regions of fibrolamellar units with an optical microscope. Therefore, the sec-
ond method, ion polishing, was employed to address this limitation. Indeed, this technique is
used to enhance the surface quality of the sample, by efficiently removing surface damage and
irregularities [65]. This technique proves to be the optimal choice for our specific application,
as it strikes a balance between achieving the lowest roughness possible while retaining the
ability to discern intricate microscopic features within each sub-region of fibrolamellar bone.

@ollec‘cion of samples Sample dehydratioHample embeddin@
Gdditional polishinHample grinding and polishin9<—

Figure 2.1: Process of the sample preparation.

A total of two different samples were utilised in the study. Despite both samples under-
going the same polishing process, the second sample exhibited superior polishing results.

2.2 Nanoindenter
The nanoindenter used is the Triboindenter TT 950, Bruker, US. A conospherical diamond

probe (5 pm tip radius) was used to perform the calibration and the cyclic indents enabling
to obtain the stress-strain behaviour.
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2.2.1 System

The system is a highly advanced and precise instrument used for material characterisation,
specifically for nanoindentation and scanning probe microscopy (SPM) imaging. It consists
of various interconnected components, each serving a specific purpose in achieving accurate
and reliable results which can be seen in FIGURE 2.2

e Sample stage: The sample is placed on this stage which is automated with X, Y,
and Z axis control. The platform is magnetic allowing the sample to be stabilised as
a magnetic disk is glued under the specimen. Additionally, the magnetic disk is glued
onto the stage to ensure that vibrations do not move the sample.

e Granite frame: It is a stable frame that provides thermal stability, reduces environ-
mental noise, and suppress the resonant frequencies.

e Piezo scanner: It is mounted on the granite frame and allows precise positioning of the
tip very close to the sample, ensuring accurate measurements during nanoindentation
and SPM imaging.

e Transducer: It is mounted on the piezo scanner and serves the purpose of measuring
the displacement of the tip during experiments.

e Optical microscope: It allows to view the sample and with a magnification capability
of the sample allowing users to view the sample at different magnifications which are
in the order of um.

To further enhance the instrument’s performance and accuracy, it is housed within an
acoustic enclosure. This enclosure reduces the influence of unwanted air currents, ensuring a
controlled environment for accurate measurements in a noise-sensitive setting.

Granite frame Transducer

Right fused quartz g J /‘H[

Left fused quartz © ‘,I--' Optical microscope

Aluminium Sample stage

Bone sample

Figure 2.2: Illustration of the Triboindenter TT 950, Bruker, US.
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2.2.2 Scanning probe microscopy

In this thesis SPM is the abbreviation of the scanning probe microscopy. In order to get
appropriate SPM images, one needs to adjust the following parameters.

e Scan rate (Hz): The value varies depending on the level of clarity that we wish to
achieve. A low value results in a scan that takes more time and therefore leads to a
better image resolution.

e Scan size (uIN): It represents the window of the sample that is scanned. This value
changes according to the use.

e Scan resolution: This is the number of pixels used to produce the image which is 256
by default and this value does not change throughout this these.

e Scan orientation: As the name said, it is the way the probe performs the scan which
is horizontal by default and does not change throughout this thesis.

e Setpoint (uN): This value was set at 2 uN and represents the force which is ap-
plied when the probe is in contact with the sample. Again, this value stay the same
throughout the use of the nanoindenter.

e Integral gain: This value was set at 240 and never change throughout the different
SPM.

When the appropriate parameters are selected, the user has the option to generate two
types of images: topographical or gradient. In this thesis, the topographical images are
predominantly favoured due to their ability to provide precise representations of various
lamellae. It involves mapping the three-dimensional surface structure of a sample, revealing
variations in height or depth. As a result, the images showcase a colour gradient, with
darker shades indicating lower elevations and lighter shades representing higher elevations.
Gradient images are used to reveal variations in specific properties across a surface. This
involves scanning a probe or sensor over the sample while measuring the property of interest,
in this case the difference in elevation. The resulting data points are then used to create
a visual representation. Analysing these images can be more challenging since their visual
interpretation is not straightforward.

2.2.3 Calibration of the transducer

Before starting any measurement, the first step is to calibrate the transducer which involves
what is called "Indentation Axis calibration". During this step, the nanoindentation probe
conducts an air indent with specifications preconfigured within the machine system, requiring
no adjustments from the user. Indeed, a triangular load function is employed, exerting a
peak load of 1300 NV, resulting in the probe’s displacement falling between 3.5-4.5 pm within
the air. Should the displacement exceed this range, force adjustments are made to ensure
the desired displacement range is attained. Following the calibration, a graph is generated
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which is compared with a fitted linear plot, and the Root Mean Square Error (RMSE) value,
indicating the difference between the two, is calculated. For the calibration to be considered
successful, the RMSE value must be in the order of 107° and 107°.

2.2.4 Cleaning of the tip

The subsequent calibration step involves a thorough cleaning of the tip to eliminate any
debris or particles that could potentially be present on its surface. To achieve this, 1 indent
is made in an aluminium sample using a basic QS trapezoid load function is employed with
a peak load of 10000 pN as illustrated in FIGURE [2.3] This specific load function, with its
relatively high peak load, ensures that the tip can penetrate the surface of the aluminium
sufficiently to remove any dirt or debris which guarantees an effective cleaning and ensures
that the tip is free from contaminants.

10000

8000 r

6000 r

Load [uN]

4000 r

2000 r

0 L L L L L
0 2 4 6 8 10 12
Time [s]

Figure 2.3: Load function used for the cleaning of the tip.

2.2.5 Tip calibration

In order to have accurate measurements, the tip must be calibrated after its cleaning. This
step is crucial and needs to be performed several times to ensure accuracy and reproducibility
of the results as the nanoindenter is very sensitive. It is performed on fused quartz as this
material is considered perfect with no impurity.

In the study of stress and strain dynamics, a fundamental requirement is to determine
the contact radius. This radius is intricately influenced by the depth of penetration, which
is quantified using nanoscale measurements. To comprehensively explore the relationship
between contact radius and penetration, a systematic investigation was undertaken, encom-
passing various series of indentation tests. In each indentation, a consistent load function was
applied, with the load varying. The load function is a basic QS Trapezoid and can be seen in
F1GURE 2.4l This approach facilitated an exploration of a wide spectrum of forces, resulting
in an array of displacements. These experiments were conducted on fused quartz, utilising
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its established modulus (E,) which is about 69.5 [GPal. The stiffness (5) and measurements
penetration depth (h.) obtained during each indentation to deduce the contact area (A).
From the contact area, one can also deduct the contact radius (a). The equation establishing
the relationship between these variables are given in EQUATION [2.2] and 2.1]

1000

800 1

600

400

Load [uN]

200

0

0 1 2 3 4 5
Time [s]

Figure 2.4: Load function used for calibration.

_71'52

é (2.2)

Formula for the contact area Formula for the contact radius

Once the contact radius (a) is computed, one can link it with the experimental point of
the penetration depth (h.) using the following fitting equations (EQUATION [2.3| to [2.5)):

a=Cyx hS"  (2.3) a=Cox (1+h)" (24) a=Cyx(Ci+h)? (2.5)
In practice, the following steps were executed:

> Scanning procedure

First, a scanning procedure is conducted on the fused quartz to inspect the surface and
identify any potential dirt or contaminants. The scanning zone has a size of 50 um. The
purpose of this scanning step is to assess the surface roughness and ensure that the Root
Mean Square (RMS) value, computed using EQUATION , is kept low. RMS is a measure
of the variability of the roughness and maintaining a low value is essential for achieving
a more accurate calibration of the nanoindenter. TABLE provides information about
the different roughness values observed in different zones of the sample. Once the scan-
ning procedure is completed, the indentation process can be carried out. This step is a
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RMS = NZ(@ — u)? (2.6)

1=0

RMS formula from [66] with N = the number of data points, x the specific value of the
point i and u the mean average of the region of interest.

crucial part of the calibration process and is essential for achieving reliable and precise
measurements during subsequent nanoindentation experiments.

CALO | CAL1 | CAL2| CAL3 | CAL4 | CALSb
Roughness || 13.153 | 6.6685 | 6.4670 | 6.9617 | 6.2111 | 6.7966

Table 2.1: Roughness of the fused quartz on a window of 50 um.

> Indentation grids

Afterwards, indentation grids were performed to determine the appropriate coefficients.
Different parameters were tested to obtain a dataset allowing a good fitting. The first
one consists of static indents. These methods are described in this section and the load
functions can be seen in Figure In fact, all the load functions have the same form
which is basic QS Trapezoid. The probe penetrates the fused quartz with increasing load
for 2 seconds. Then it stays at the same place for 1 second at the desired peak load.
Finally, the probe removes itself with decreasing load for 2 seconds. As a result, one
indent takes 5 seconds to be made. The difference between the methods resides in the
variation of the peak loads. All the important parameters are summarised in TABLE [2.2]

(i) The first method used consists of static indents with a peak load that starts at
1000 N and finishes at 10 4N with an increment of -15.7143. In total, 64 indents
performed arranged in a grid of 8 by 8 with a spacing of 6 um. The indents are
arranged in a serpentine pattern to minimise errors that may arise due to extensive
movement of the transducer. This method was done in four different regions.

(ii) The second method used also consists of static indents with a peak load that starts at
10000 N and finishes at 10 u/N. In total, 100 indents performed arranged in a grid
of 10 by 10 with a spacing of 6 um. The indents are also arranged in a serpentine
pattern for the same reason as previously stated. This method was performed in
three different zones.

(iii) The last method consists of using two different grids on two different regions. The
first region undergoes a peak force that starts at 500 /N and finishes at 10 uN. The
second region undergoes a peak load that starts at 1500u/N and finishes at 500 pu/V.
The number of indents is the same as the first method as well as the spacing and
the serpentine patterns.
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First method Second method Third method
Number of zone 4 3 2
Start load 1000 pN 10000 puN 500 uN and 1500 puN
End load 10 uN 10 uN 10 4N and 500 puN
Number of indent 64 (8X8) 100 (10X10) 64 (8X8)
Spacing 6 pum 6 um 6 um
CAL 0, CAL 1, CAL 4, CAL 5
Name CAL 2 and CAL 3 and CAL 6 CAL T and CAL 8

Table 2.2: Important parameters to perform the calibration.

> Choosing the right data-set

When all the tests are done, one can compute the relevant information with the following
method:

The coefficients Cy, C1, and Cy of EQUATION [2.3]to are determined through the curve
fitting functionality provided by MATLAB. Subsequently, the fitting equation is calculated
based on the experimental data points, as depicted in FIGURE 2.5 It is worth noting
that an additional data-set called "Postdam" has been included in these figures. These
data-sets were acquired by Cantamessa A. and serve as a reference for performing the
calibration accurately. By comparing the fitting equation and experimental data with
the "Postdam" data-set, one can validate and ensure that the calibration process is being
carried out correctly.

When looking at the graph, one can remove the use of coefficients from CAL 4, CAL 5
and CAL 6 as they are best used for high penetration which means for higher loads which
is not the purpose of this thesis. Indeed, the stress-strain curves are obtained using low
loads, necessitating a focus on obtaining a majority number of experimental points at low
penetration depths. Afterwards, one can also remove CAL 2 and CAL 3 as their pattern
differ a lot from the other ones. This can be explained by the fact that there was a lot of
noise and vibration in the room next to the nanoindenter as well as someone left the door
open which influences the result. Moreover, CAL 3 was removed as it was done on an
old fused quartz which gave weird results. Finally, CAL 0 was removed as it is not close
to the result obtained at Postdam. As a result, CAL 7 and CAL 8 were selected, further
supported by their numerous experimental data points at low loads. These datasets are
combined to get the coefficient and FIGURE was obtained.
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(c) Third fitting (a = Co * (C1 + he)©?).

Figure 2.5: Calibration using all the fitting equations. The bullet represents the
experimental point and the line is the fitting. The value next to each line is the R-squared

value of the fitting.
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Figure 2.6: Final Calibration with all the fitting equations.

> Fitting choice

Now that we have the right data set for the computation of the coefficients, the last step
is to choose the appropriate fitting equation from EQUATIONS to[2.5] As the curves
look quite the same in FIGURE [2.6] the right fitting equation was chosen on the basis of
the results on bone. This is discussed in the SECTION 2.2.10]

> Stress-strain analysis

Having established the correlation between contact radius and displacement, we can now
elucidate the method for deriving stress and strain based on this relationship, which is
discussed in the next subsection.

2.2.6 Sample measurement

Once the calibration steps are completed, the nanoindentation tests can be initiated. The
process starts with an indentation axis calibration, followed by a cleaning step on the alu-
minium sample, as explained in previous sections.

After these preparatory steps, a new SPM is performed on the surface of the sample
to evaluate the roughness and analyse its influence on the results as well as to ensure that
lamellae are visible. The sizing and positioning of the scanning zone are established based

on particular goals, such as visualising lamellae or analysing specific structures like parallel
fibered bone (PFL).

Once the zone is defined, the actual testing phase begins and the indentation can be per-
formed. The indentation process involves pressing the nanoindenter’s tip onto the selected
zone with controlled force, measuring the resulting displacement and recording the data for
analysis. The choice of scan zone and indentation parameters is crucial, as it determines the
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accuracy and relevance of the obtained data. The test was performed on both fibrolamellar
bone (11 zones) and fused quartz (1 zone) by using a cyclic load as seen in FIGURE [2.7} This
cyclic load performs 20 indents with an increasing load which starts at 5 ©/N and ends at
200 uN. The first three indents at low load (5 pV) are performed to ensure the reproducibil-
ity of the results and the absence of drifts. This function was created and optimised by Dr.
Amini and Cantamessa A. in order to be able to reach the yield point in the stress-strain
curves.
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Figure 2.7: Cyclic load used on fibrolamellar bone and fused quartz.

When all the indents are performed, the stress-strain curves can be generated using the
following procedure:

First of all, we obtain the load P, and penetration h. from the nanoindenter. Then, one
can compute the contact radius (a) from either the fitting EQUATION [2.3] 2.4 or [2.5] With
this information, the tip radius R can be computed with EQUATION Lastly, one can
compute the stress o and strain € with the EQUATION [2.§] and [2.9] respectively. Then to get
the stress-strain curves, one can plot the stress as a function of the strain.

a he

By
o +5 (2.7) 0= —3 (2.8) € (2.9)

The final step of the nanoindentation test involves restarting the process, and there are
two possible scenarios for starting this step. The first one is to start at the indentation
axis calibration step. If the previous indentation test took a considerable amount of time
or was performed during the night, the nanoindenter might not have been in use for an
extended period. In this case, it is recommended beginning by performing the indentation
axis calibration again. This ensures that the instrument’s positioning and alignment are
accurate and reliable before proceeding with further tests. The second scenario is to start
at the step concerning the cleaning of the tip in aluminium. Indeed, if the nanoindenter
was not left unattended for a significant period, and the calibration and alignment are still
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considered reliable, one can proceed with the test directly after cleaning the tip in aluminium.
This scenario is suitable when the nanoindenter has been in use more frequently and recently.

2.2.7 Static indent

Some static indents were also performed for two different reasons.

e The first one is to get the Young modulus of the lamellae. For this purpose, the load
function illustrated in FIGURE [2.8 was used. This function is called Basic QS Trapezoid
Bone and has a peak load of 500 u/V. It has the same shape as the one used to calibrate.
The difference relies on the time it takes to perform one indent (40 seconds here) and
on the peak load.

e The second one is to create some boundaries around the indentation areas in order
to located them using the SEM. In order to create them the load function basic QS
Trapezoid used for the calibration was used with a peak load of 10000 pN.
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Figure 2.8: Static load used on fibrolamellar bone.

2.2.8 Summary of the protocol

As described, performing the nanoindentation test is a complex process that requires a strict
and well-established protocol to ensure the relevance and accuracy of the data obtained. The
steps involved in this protocol have been carefully developed and validated through numerous
tests, particularly on fused quartz. This protocol has been summarised in FIGURE [2.9

Firstly, it is essential to calibrate the nanoindenter. This involves calibrating the trans-

ducer and then cleaning the tip on aluminium before proceeding to calibrate it. This metic-
ulous process ensures accurate calibration for precise measurements.
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After this calibration process, one can finally perform the nanoindentation test which
consists of the calibration of the transducer then a cleaning of the tip. After this, the sample
measurement can be made. When the measurements are finished the user can choose to
perform static indents to create boundaries around the indentation area or not. Then one
can restart the process at the cleaning of the tip or at the calibration of the transducer if

needed.
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Figure 2.9: Summary of the various steps in the established protocol

2.2.9 Impact of the roughness.

Other load functions were used in order to flatten the roughness before performing the mea-
surements on the sample. These load functions are represented in FIGURE which are
cyclic and composed of 5 indents each. The difference between them resides in the load.
Indeed, all of them start at 5 uN and they end at 10 pN, 30 p/N and 50 p/N. These load
functions are used prior to the main cyclic load function.

Something to keep in mind is that the nanoindenter is very sensible, especially at low load.

The consequence is that even if we encode a low load value, the value that is applied differs a
bit as observed in the graph of the load function. Indeed, they all start at 7 /N and not 5 uN.
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Figure 2.10: Cyclic load to flatten the roughness. a) Load that varies from 5 uN to 10 uN,
b) Load that varies from 5 N to 30 uN and c¢) Load that varies from 5 uN to 50 pN.
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2.2.10 Impact of the fitting equation

As previously discussed in SECTION there are three fitting equations available for
determining the contact radius (a). For the sake of clarity, these equations are restated
below:

a=CyxhS" (210) a=Cyox (1+h) (211) a=Cyx (C,+h)? (2.12)

These equations provide valuable insights into calculating the contact radius and have a
great impact on the stress-strain curves, as depicted in FIGURE [2.11 These curves repre-
sent data obtained from fibrolamellar bone, within a 20 pum window. Although a total of
25 indents were performed in the region, this section focus on presenting the results of 4
indents, while the remaining ones are observed and discussed in greater detail in section [3]
and [ respectively. FIGURE was obtained using no other cyclic load function to flatten
the roughness while the FIGURE [2.11b] to [2.11d| used one with a load that varies from 5 uN
to 10, 30 and 50 uN respectively.

The impact of the fitting equations on the stress-strain curve is evident, particularly at
low loads when the strain is below 2%. At higher loads, the behaviour of the curves remains
consistent. Therefore, selecting an appropriate fitting equation involves examining the curve
below the 2% strain threshold. Usually, obtaining a low strain value requires applying low
stress, which is not the case for the first and third fitting equations (EQUATION and
2.12). These equations lead to curves that start at around 0.3 GPa, which is not ideal.
On the other hand, the second fitting equation (EQUATION [2.11)) presents a more suitable
curve as it starts with a stress of approximately 0.15 GPa. The higher stress value might
initially appear to be influenced by the roughness of the sample, but experimental evidence
reveals that even when a cyclic load is applied to flatten the roughness, the high stress value
persists as shown in FIGURE [2.11D] to 2.11dl Consequently, EQUATION [2.11] was chosen for
computing the stress-strain curves, and all subsequent stress-strain curves are generated using
this fitting equation. This choice ensures that the curves accurately represent the behaviour
of the material at low strains.
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Figure 2.11: Stress-strain curves of fibrolamellar bone in a 20 pm window (a) No other load
function was used in order to flatten the roughness (b) A cyclic load varying from 5 uN to
10 uN was applied to flatten the roughness (¢) A cyclic load varying from 5 uN to 30 uN
was applied to flatten the roughness (d) A cyclic load varying from 5 uN to 50 uN was
applied to flatten the roughness.
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2.3 Scanning electron microscopy

A Tescan Clara Ultra-High Resolution (UHR) SEM was used to capture some images of the
surface of the sample and of the indents locations. Fortunately, no coating was needed as
the resolution was already good. The samples were placed inside a low vacuum chamber,
maintaining a pressure lower than atmospheric pressure but not as low as in high vacuum
conditions. The typical accelerating voltage used during the experiment ranged from 10 to
20 keV.

The main objective behind capturing SEM images is to precisely locate the indent. Precise
coordinates of the indents and their boundaries can be obtained from the nanoindenter.
Moreover, in certain indentation areas, some high static loads were applied to border the
indented zones. These larger indents are visible in the SEM images and the parameters
chosen to perform those indents are explained in SECTION [2.2.7] Subsequently, it is possible
to generate a plot including both the deeper indents and the cyclic indents based on their
coordinates on MATLAB. By superimposing this plot onto the SEM images, the exact position
of all indents can be visually determined.
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Results

This chapter presents the obtained results. The first section explains the terminology used to
display the results. Then a section is devoted to the results acquired using the nanoindenter,
such as optical views of the indentation zones, SPM pictures of the indentation areas, stress-
strain curves and load-displacement over time. The last section encompass diverse pictures
and lamella thickness acquired using the scanning electron microscopy.

3.1 Data Structuring

As previously stated, two different Samples were tested and are referred as Sample 1 and
Sample 2. Within each Sample, multiple zones were subjected to indentation. To ensure
clarity, the following labelling scheme was employed for the different zones:

e In Sample 1, seven different zones were indented and identified as zone la, zone 1b,
zone lc, zone 2, zone 3, zone 4, and zone 5. The first three zones will not be analysed
in the context of this thesis as the accuracy of the results was not guaranteed due to
the possible drift of the nanoindenter. Nonetheless these results can be seen in the
APPENDIX [Al

e In Sample 2, four different zones were indented and identified as zone 6, zone 7, zone
8, and zone 9.

The method to get the stress-strain curves is explained in SECTION In zone 4,
zone 5, zone 6, and zone 7, a pre-load function was used in order to flatten the roughness
present on the surface of the sample. The pre-load used is the one that varies from 0 to 10
1N as shown in FIGURE Notably, zone 7 underwent a unique treatment involving five
distinct tests. The first one is a regular one without flattening the roughness. For the three
subsequent tests, a pre-load function was used with a varying peak loads. These different
tests were done to compare the result with and without a pre-load. The last one concerns
static indents to obtain the Young’s modulus.
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3.2 Nanoindentation tests

This section is dedicated to presenting all the data gathered from the nanoindentation tests.
It is structured as follows: first, an optical view of the indentation area is presented, followed
by an adjacent SPM picture illustrating the precise location of the indents. The acquisition
of these SPM images was conducted using the following specific parameters:

e Scan rate = 0.4 Hz e Scan orientation = horizontal
e Scan size = 20 um e Set point = 2 uN
e Scan resolution = 256 e Integral gain = 240

The term black lamella will refer to the lamellae that appear black on the SPM picture
while the term white lamella refers to the one that appears white. After these pictures,
the stress-strain curves are given the corresponding roughness of the indented zones. This
roughness is computed on a 1 pm-square around the indent with the EQUATION and
explained in SECTION [2.2.8] The value is provided next to its corresponding curve.

3.2.1 Sample 1

As mentioned earlier, the results for the first Sample are presented for four different zones:
Zone 2, Zone 3, Zone 4, and Zone 5. These zones are located within the lamellar bone.

No flattening of the roughness

Within this Sample, nanoindentation tests were conducted on Zone 2 and Zone 3. No pre-
load was applied to flatten the roughness.

» Zone 2

The optical view of the nanoindentation area is depicted in FIGURE [3.1a], with the in-
dented zone positioned in the middle. The two adjacent pictures (FIGURE and
represent the topographical and gradient images, respectively. A total of six indents were
conducted: three on a black lamella and three on a white one.

In FIGURES [3.2] the stress-strain curves for each indent are presented. The curves corre-
sponding to the indents within the black lamella are placed on the left side (FIGURE [3.2al),
whereas the curves for the indents within the white lamella are situated on the right side
(FIGURE [3.24). Information on each indent can be found in TABLE 3.1
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Stress [GPa]
o o o o
n w = (4,1

4

o

Indent O | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5
Location black black black white white white
Roughness 9.2673 5.2809 13.0507 | 10.0143 7.4352 16.6455

Table 3.1: Roughness and type of lamella of each indent of Zone 2.
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Figure 3.2: Stress-strain curves of zone 2 a) black lamella b) white lamella.

In FIGURE the behaviour of indents 0 and 2, situated on a black lamella, clearly
stands out. It exhibits a notable feature of a convex upward trend in both stress and strain,
culminating at around 0.4 GPa stress and 9% strain. In contrast, indent 1, positioned on a
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black lamella as well, showcases a different behaviour. It demonstrates a concave trend in
both stress and strain, reaching 8% strain and approximately 0.6 GPa stress. Transitioning
to indents 3, 4, and 5 (FIGURE located on a white lamella, they demonstrate an initial
rapid escalation in both stress and strain, reaching 2% strain and around 0.2 GPa stress.
Subsequently, the rate of increase becomes less important in stress, with indents 3 and 4
reaching 8% strain and approximately 0.44 GPa stress, while indent 5 reaches around 10%
strain and 0.3 GPa stress. In summary they have a similar behaviour.

» Zone 3

In FIGURE the optical view of the nanoindentation area is presented, with the
indented zone positioned in the middle. The two adjacent pictures, FIGURE[3.1bland FIGURE
illustrate the topographical and gradient images, respectively. Within this zone, a total
of seven indents were performed: four on a black lamella and three on a white lamella.

(a)

Figure 3.3: Indentation zone 3 a) Optical view b) Topographical SPM picture ¢) Gradient
SPM picture.

Within FIGURES the stress-strain curves for each indent are displayed. The curves
corresponding to the indents within the black lamella are placed on the left side (FIGURE
, while the curves for the indents within the white lamella are situated on the right side
FIGURE [3.4al Information on each indent can be found in TABLE [3.2

Indent O | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5 | Indent 6
Location black black black white white black white
Roughness | 11.9596 | 10.2074 7.6681 6.4538 8.1719 5.7462 5.3050

Table 3.2: Roughness and type of lamella of each indent of Zone 3.
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Figure 3.4: Stress-strain curves of zone 3 a) black lamella b) white lamella.

As depicted in FIGURE [3.4a] indents 0, 1, and 2 positioned on a black lamella exhibit
a comparable behaviour characterised by a swift linear increase in stress and strain. This
pattern persists until around 2% strain and 0.2 GPa in stress. Beyond this point, the increase
remains linear in both stress and strain but the rise in stress is not as substantial, culminating
at 8-10% strain and approximately 0.3-0.5 GPa in stress. Indent 5, also located on a black
lamella, appears to only increase linearly until it reaches 8% in strain and 0.55 GPa in stress.
Transitioning to indents 3, 4, and 6 (FIGURE [3.4b]), which are situated on a white lamella,
they demonstrate different behaviours. Indents 3 and 4 share a similar characteristic, with
an initial linear increase in both stress and strain up to 2% in strain and 0.25 GPa stress
for indent 3, and 0.2 GPa stress for indent 4. Following that, the pace of escalation notably
decelerates for stress, eventually attaining 9% strain and 0.4 GPa stress for indent 3, and
approximately 11% strain and 0.3 GPa stress for indent 4. In contrast, indent 6 also undergoes
a linear increase in both stress and strain, but the slope is more important, reaching 3% strain
and 0.4 GPa stress. The increase persists, leading to a final point of 6.5% strain and 0.65
GPa stress.

Flattening of the roughness

In this particular Sample, nanoindentation tests were performed on Zone 4 and Zone 5. The
roughness in these zones was flattened using a pre-load of 10 uN, as detailed in SECTION [2.2.6]

» Zone 4

The optical view of the nanoindentation area is illustrated in FIGURE [3.5a] with the cen-
tral location of the zone highlighted by the static indent as explained in SECTION [2.2.7] The
two adjacent pictures (FIGURE and display the topographical and gradient images,
respectively. A total of six indents were performed within this zone: three along the black
lamella and three along the white lamella.
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(a)

Figure 3.5: Indentation zone 4 a) Optical view b) Topographical SPM picture ¢) Gradient
SPM picture.

In FIGURES [3.0] the stress-strain curves for each indent are displayed. The curves of the
indents within the black lamella are positioned on the left side (FIGURE [3.6a]), while the
curves for the indents within the white lamella are located on the right side (FIGURE [3.64).
Information on each indent can be found in TABLE [3.3]

Indent O | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5

Location white white white black black black
Roughness 6.9857 9.6136 8.3719 6.5343 8.8955 13.3108

Table 3.3: Roughness and type of lamella of each indent of Zone 4.

As depicted in FIGURE [3.6a), indents 3, 4, and 5 positioned on a black lamella exhibit
a similar behaviour characterised by a swift linear increase in stress and strain. This pat-
tern persists until around 2% strain and 0.3 GPa in stress. Beyond this point, the elevation
continues in a linear fashion for both stress and strain, albeit with a reduced gradient, cul-
minating at 8% strain and approximately 0.5 GPa in stress. Transitioning to indents 0, 1,
and 2 (FIGURE located on a white lamella, they demonstrate an initial rapid escalation
in both stress and strain, reaching a peak at 2% strain and 0.25 GPa stress. Subsequently,
the linear rise in both stress and strain persists, although the increase in stress is less pro-
nounced. For indentations 1 and 2, the strain reaches 10% with an approximate stress of 0.4
GPa, while for indentation 0, the strain reaches around 12% with a stress of 0.3 GPa. In
summary the black lamella appears stiffer than the white one.
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Figure 3.6: Stress-strain curves of zone 4 a) black lamella b) white lamella.

» Zone 5

The optical view of the nanoindentation area is presented in FIGURE with an em-
phasis made by the static indent on the central location of the zone. The two adjacent images
(FIGURE and depict the topographical and gradient picture, respectively. Within
this zone, a total of eight indents were conducted: four along the black lamella and four along
the white lamella.

(a)

Figure 3.7: Indentation zone 5 a) Optical view b) Topographical SPM picture ¢) Gradient
SPM picture.

In FIGURES [3.8] the stress-strain curves for each indent are showcased. Specifically, the
curves pertaining to the indents within the black lamella are situated on the left side (FIGURE
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3.8a)), whereas the curves corresponding to the indents within the white lamella are positioned
on the right side (FIGURE [3.8a)). Information on each indent can be found in TABLE (3.4

Indent O | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5 | Indent 6 | Indent 7
Location black black black black white white white white
Roughness | 11.3789 | 12.0346 7.7327 10.4238 6.9168 9.3989 6.9469 17.4489
Table 3.4: Roughness and type of lamella of each indent of Zone 5.
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Figure 3.8: Stress-strain curves of zone 5 a) black lamella b) white lamella.

In FIGURE [3.8a, the behaviour of indents 1 and 2, positioned on a black lamella, is
distinctly evident. It showcases a prominent characteristic of a linear increase in both stress
and strain. This pattern persists until approximately 2% strain and 0.2 GPa stress, at which
point the progression maintains linearity but at a reduced pace. Ultimately, they conclude at
approximately 0.5 GPa stress and 8% strain. Meanwhile, indent 3, also on a black lamella,
exhibits a behaviour similar to indents 1 and 2, but diverges after reaching 2% strain. The
linear escalation slows down for stress and only attains a stress level of 0.3 GPa. Indent 0,
positioned on a black lamella as well, diverges from the aforementioned behaviour. Its stress
and strain experience a more rapid linear augmentation in both stress and strain until they
reach 2% strain and 0.4 GPa stress. Beyond this point, the progression remains linear for
both stress and strain, nonetheless the increase in stress is less pronounced, although still
more significant compared to the other cases. It ultimately reaches 6% strain and 0.7 GPa
stress. Shifting focus to indents 4, 5, 6, and 5 (FIGURE located on a white lamella, they
display an initial minor yet swift rise in stress and strain, reaching a culmination at 1.75%
strain and 0.2 GPa stress. Subsequently, the linear increase becomes less significant for the
stress. Indeed, it only reaches 0.3 GPa stress. In summary, the black lamella demonstrates
a higher stiffness compared to the white lamella.
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3.2.2 Sample 2

As mentioned earlier, the results for the second sample are presented in this part. Focusing
on four distinct zones: Zone 6, Zone 7, Zone 8, and Zone 9. The first two zones, Zone 6
and Zone 7, are located in the lamellar bone, while the latter two, Zone 8 and Zone 9, are
situated in the parallel fibered layer.

» Zone 6

In this particular zone, a pre-load of 10 u/N was applied to flatten the roughness, as previ-
ously discussed in the preceding chapter. The optical view of the nanoindentation area is
shown in FIGURE with a specific focus on the central location of the zone. The two
adjacent images (FIGURE and provide visual representations of the topographical
and gradient characteristics, respectively. Within this zone, a total of seven indents were
conducted: four along a black lamella and three along a white lamella.

Figure 3.9: Indentation zone 6 a) Optical view b) Topographical SPM picture ¢) Gradient
SPM picture.

In FIGURES [3.10, the stress-strain curves for each indent are presented. The curves
corresponding to the indents within the black lamella are positioned on the left side (FIGURE
, while the curves for the indents within the white lamella are located on the right side
(FIGURE [3.104)). Information on each indent can be found in TABLE [3.3

Indent 0 | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5 | Indent 6

Location black black black black white white white
Roughness 7.7592 3.0090 7.5642 8.5476 5.0092 8.9181 2.7939

Table 3.5: Roughness and type of lamella of each indent of Zone 6.
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Figure 3.10: Stress-strain curves of zone 6 a) black lamella b) white lamella.

As depicted in FIGURE [3.104], indents 0, 1, 2, and 3 positioned on a black lamella exhibit
a shared initial linear rise in both stress and strain. This trend culminates at 2% strain, reg-
istering around 0.1 GPa stress for indent 0 and approximately 0.2 GPa stress for the others.
Subsequently, the rate of increase becomes significantly milder. Specifically, it only reaches
about 0.35 GPa stress and around 10% strain for indent 1, and about 0.3 GPa stress and
around 12% strain for indent 2. It is noteworthy that the rise of indent 0 is not linear but
slightly convex in nature. In FIGURE [3.10D] the behaviour of indents 4, 5, and 6 situated on
a white lamella takes a distinct turn. Indent 4 exhibits a pronounced linear ascent in both
stress and strain. This pattern persists until approximately 2% strain and 0.25 GPa stress,
at which point the progression takes on a slightly concave shape. Eventually, they conclude
at around 0.4 GPa stress and 9% strain. Indent 6 follows a different trajectory, with a minor
linear increase until it reaches 1.8% strain and 0.15 GPa stress. Subsequently, the increase
becomes notably slower, reaching 0.4 GPa stress and 9% strain. In contrast, indent 5 devi-
ates from the aforementioned patterns. Its stress and strain experience a more pronounced
linear increase until they reach 2% strain and 0.25 GPa stress. Beyond this point, the rise
remains linear but less steep, though still more accentuated than the other cases. Ultimately,
it reaches 8% strain and 0.55 GPa stress.

» Zone 7

In this zone, different nanoindentation tests were performed in order to analyse the impact
of the roughness. The optical view of the nanoindentation area is depicted in FIGURE [3.11a],
with the indented zone positioned in the middle and surrounded by the boundaries created
by static indents as explained in SECTION 2.2.7] In total, the following five different tests
were performed:

1. Zone 7Ta: No pre-load was applied to flatten the roughness of the surface before con-
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ducting four indents. Two indents were performed on the black lamella, and two ad-
ditional indents were made on the white lamella. FIGURES [3.11b| and 13.11cl show the
topographical and gradient image of the surface, indicating the locations of the indents.

2. Zone Tb: A pre-load of 10 uN was applied to flatten the roughness of the surface before
conducting four indents as explained in SECTION [2.2.6] Two indents were performed on
the black lamella, and two additional indents were made on the white lamella. FIGURES
13.11d| and [3.11¢| show the topographical and gradient image of the surface, indicating
the locations of the indents.

3. Zone Tc: A pre-load of 30 u/N was applied to flatten the roughness of the surface before
conducting four indents, as detailed in SECTION 2.2.6] Two indents were performed on
the black lamella, and two additional indents were made on the white lamella. Both
the topographical and gradient images of the surface, show indent locations and are
depicted in FIGURES |3.11f and |3.11g], respectively.

4. Zone 7d: A pre-load of 50 uN was utilised to flatten the surface roughness before
conducting four indents, as explained in SECTION Two indents were carried out
on the black lamella, and two additional indents were performed on the white lamella.
Both the topographical and gradient images of the surface display the indent locations
and are presented in FIGURE [3.11h|and [3.111} respectively.

5. Zone 7e: Several static indents were performed as explained in SECTION [2.2.7] to get
the Young’s modulus. Twelve indents were performed, six on the black lamella and six
and the white one. The topographical image in FIGURES and the gradient image
in FIGURE both display the locations of the indents on the surface.

FIGURE depicts the stress-strain curves without any pre-load applied. The stress-
strain curves presented in FIGURES [3.14] and [3.18 corresponding to pre-loads of 10
ulN, 30 uN, and 50 uN, respectively. For each figure, the left side represents the stress-strain
curve for the black lamella, while the right side represents the white lamella. Information on
each indent can be found in TABLE [3.6]
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Indent 0 | Indent 1 | Indent 2 | Indent 3

Location black white black white
Roughness || 12.1080 2.9651 11.8590 4.5201

(a) Zone Ta
Indent O | Indent 1 | Indent 2 | Indent 3
Location black white black white
Roughness || 9.1698 6.0605 | 10.8363 | 8.2019

(b) Zone 7b
Indent O | Indent 1 | Indent 2 | Indent 3
Location black white black white
Roughness || 10.0682 | 7.4823 5.0238 6.3862

(c) Zone Tc
Indent O | Indent 1 | Indent 2 | Indent 3
Location black white black white
Roughness || 6.4078 6.7800 3.8094 4.8504

(d) Zone 7d

Table 3.6: Roughness and type of lamella of each indent of Zone 7.

Below the stress-strain curves, additional graphs are represented that highlight the rela-
tionship between load and displacement over time. These curves aim to demonstrate whether
the pre-load has any effect on the roughness, specifically if the displacement returns to zero
in the case of the use of the pre-load. Within these graphs, the blue curves represent load
variations over time, while the red curves depict displacement changes over time.

In Zone T7a, where no pre-load was employed, indents 0 and 2 are situated on a black
lamella, while indents 1 and 3 are positioned on a white lamella. Illustrated in FIGURE
[B.12a] indents 0 and 2 exhibit comparable behaviour. They initially rise linearly in both
stress and strain, reaching a peak at 2% strain and approximately 0.2 GPa stress for indent
0, and around 0.3 GPa stress for indent 2. Subsequently, the linear increase in stress and
strain continue although the slope diminishes. Indents 1 and 3 (FIGURE on a white
lamellae display linear increments until they reach 10% strain and 0.4 GPa stress for indent
1, and 9% strain and 0.5 GPa stress for indent 3. Notably, the slope of the curve for indents
located on the white lamellae is more pronounced compared to those on the black lamellae.
In reference to FIGURE indents 0 and 3 immediately manifest a non-zero displacements.
Conversely, indents 1 and 2 shifts to a zero displacement following the 4*® cycle for indent
1 at a load of 8.5 uN, and during the 8" cycle for indent 2 at 18.1 uN. It is important to
consider an alternative perspective, which suggests that the transition to zero displacements
might occur earlier in the 5% cycle at a load of 10.39 uN for indent 2.
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(1) ’ (k)

Figure 3.11: Indentation zone 7 a) Optical view b) Topographical SPM picture with no
pre-load applied d)-f)-h) Topographical SPM picture with a pre-load of 10 uN, 30 uN and
50 uN respectively ¢) Topographical SPM picture with no pre-load applied e)-g)-i) Gradient
SPM picture with a pre-load of 10 uN, 30 uN and 50 uN respectively j) Topographical SPM

picture of the static indent k) Gradient SPM picture of the static indent.
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Figure 3.14: Stress-strain curves of zone 7b a) black lamella b) white lamella.
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Figure 3.15: Load-displacement time plot of the indent of zone 7b.

95



CHAPTER 3. RESULTS Page 56/

o
®
1
o
@
1

O Indent0 O  Indent1
O Indent2 O Indent3

o =} =]
13 = ~
T T T
o o o
13 = ~

o
~
T

. 5.0238
0% © 10.0682

Stress [GPa]
o
=

o

w

Stress [GPa]
o

w
o

o
N
T

oo
o
N

o
T
o

o
o

Strain [%] Strain [%]
(a) (b)

Figure 3.16: Stress-strain curves of zone 7c a) black lamella b) white lamella.
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Figure 3.17: Load-displacement time plot of the indent of zone 7c.
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In Zone 7b, where a pre-load of 10 uN was applied, indents 0 and 2 are located on a black
lamella, while indents 1 and 3 are positioned on a white lamella. As illustrated in FIGURE
3.144] indents 0 and 2 showcase a comparable pattern. They initially demonstrate a linear
rise in both stress and strain, peaking at 2.5% strain and approximately 0.15 GPa stress for
indent 0, and around 0.2 GPa stress for indent 2. Subsequently, this linear increase in stress
and strain continues, albeit with a diminishing slope, though not to the extent observed in
Zone T7a. Indents 1 and 3 (FIGURE on a white lamella exhibit linear increments until
they reach 2% strain and 0.3 GPa stress for indent 1, and 9% strain and 0.3 GPa stress for
indent 3. Following this, a linear increase in stress and strain still persists, although the slope
is less prominent, as depicted in Zone 7a for the black lamella, until reaching 11% strain and
0.3 GPa stress. In FIGURE the observations indicate a common trend where all cycle
returns to a zero-displacement until a certain load is applied. For indent 0, this transition
occurs at the 4" cycle with a load of 8.32 uN. In the case of indent 1, the transition happens
during the 7 cycle at a load of 14.73 uN. Indent 2 achieves a non-zero value at the 3™ cycle
with a load of 6.5 uN. Lastly, the displacement of indent 3 shifts to a non-zero value during
the 5 cycle at 10.46 uN.

In Zone Tc, where a pre-load of 30 uN was applied, indents 0 and 2 are situated on a black
lamella, while indents 1 and 3 are located on a white lamella. As depicted in FIGURE [3.164),
indents 0 and 2 exhibit a similar trend. They initially display a linear increase in both stress
and strain, reaching a peak at 2% strain and approximately 0.2 GPa stress for both indents.
Subsequently, the curve takes on an upward-curving shape in both stress and strain. Indents
1 and 3 (FIGURE on a white lamella demonstrate linear increments until they reach
2% strain and 0.2 GPa stress for both indents. Following this, a linear increase in stress and
strain persists, although the slope is not identical to indents 1 and 3. Indent 3 presents a
steeper slope than indent 1. The curve for indent 3 concludes at 9% strain and 0.4 GPa
stress, while the curve for indent 1 concludes at 12% strain and 0.2 GPa stress. In FIGURE
.17 it is clear that indents 0, 1 and 2 start with a few cycles without residual displacement
until a specific load is applied. For instance, indent 0 deviates from zero displacements at
the 4% cycle with a 7.80 uN load. Similarly, indent 2 follows suit during the same cycle cor-
responding to a load of 4.8 uN. Indent 1 shifts to a non-zero value at the 5% cycle, reached
10.47 puN. However, indent 3 does not start at 0 but its displacement decreases during the
5 cycle as the load reaches 10.33 uN.

In Zone 7d, where a pre-load of 50 uN was employed, indents 0 and 2 are situated on a
black lamella, while indents 1 and 3 are placed on a white lamella. As depicted in FIGURE
3.12al, indents 0 and 2 exhibit a similar pattern to the indents located on a black lamella in
Zone 7c. The peak is also evident at 2% strain and approximately 0.2 GPa stress. Indents
1 and 3 (FIGURE display a pattern comparable to the indents on a white lamella in
Zone Ta. However, in this zone, a peak becomes apparent at 2.1% strain and 0.1 GPa stress
for both indents. Subsequently, a linear increase in stress and strain still persists, although
the slope is similar to that of indent 3 in Zone 7c. Based on the observations depicted in
FIGURE [3.19] it is evident that all indents return to approximately 0 nm displacement until
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a certain load is applied. For indent 0, the displacement begins to deviate from zero at a load
of 14.69 uN during the 7*" cycle. Similarly, indent 1 exhibits a return to a non-zero value
at the 6" cycle, corresponding to a load of 12.19 uN. At the same number of cycles, indent
3 also reverts to a non-zero values, reaching this state at a load of 15.30 uN. Subsequently,
indent 2 follows suit during the 4" cycle, with a load of 8.26 uN inducing the transition.

Finally, the box plot of the Young’s modulus computed from the static indents performed
in zone 7e thanks to EQUATION based on the model of Oliver and Pharr, are represented in
FIGURE This plot clearly highlights that white lamellae are stiffer than black lamellae
with a significance of p = 0.0411. The average Young’s modulus of the black lamellae is 17.90
+ 2.26 GPa, whereas the white lamellae have an average stiffness of 21.23 4+ 2.37 GPa. For
specific data regarding each indent, refer to TABLE [3.7]

Indent O | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5

Location black black black white white white
Roughness 5.2832 7.0145 4.1235 4.4161 5.1671 5.2867

Indent 6 | Indent 7 | Indent & | Indent 9 | Indent 10 | Indent 11

Location black black black white white white
Roughness 7.1477 7.7505 4.4067 7.6392 7.4447 3.7436

Table 3.7: Roughness and type of lamella of each indent of Zone 7e.
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Figure 3.20: Boxplot of the Young’s modulus of black and white lamellae located in zone 7e.
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Parallel-fibered bone

Nanoindentation was also performed in parallel-fibered bone in two distinct zones: zone 8
and zone 9. For both of these zones, no pre-load function was used to flatten the roughness.

» Zone 8

In FIGURE the optical view of the nanoindentation area is presented, with an
emphasis on the zone of indentations. Adjacent to it, FIGURES [3.210| and [3.21d display
the topographical and gradient characteristics, respectively. A total of nine indents were
conducted within this zone.

\

(a)

Figure 3.21: Indentation zone 8 a) Optical view b) Topographical SPM picture ¢) Gradient
SPM picture.

FIGURE presents the stress-strain curves for each indent. Each graph depicts three
indents that are situated in the same line. Information on the roughness of each indent can
be found in TABLE [3.§

Indent O | Indent 1 | Indent 2 | Indent 3 | Indent 4
Roughness || 4.5744 6.5059 5.7490 5.4218 3.9258

Indent 5 | Indent 6 | Indent 7 | Indent 8
Roughness 7.3713 3.9233 5.0569 5.8047

Table 3.8: Roughness and type of lamella of each indent of Zone 8.

As observed in FIGURE Indent 0 demonstrates a distinct behaviour from the oth-
ers. It exhibits a linear rise in both stress and strain, marked by unusual points. Meanwhile,
indents 1 and 2 share a similar pattern, displaying linear increases until reaching 1.7% strain
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Figure 3.22: Stress-strain curves of zone 8.

and 0.2 GPa stress. Following this, a plateau emerges, more pronounced for Indent 2, ex-
tending to around 5% strain and 0.2 GPa stress for Indent 2, and approximately 2% strain
and 0.2 GPa stress for Indent 1. Subsequently, both indents experience a renewed linear rise,
concluding at 11% strain and 0.3 GPa stress for Indent 2, and about 9% strain and 0.4 GPa
stress for Indent 1. Turning to FIGURE [3.22D] it is apparent that Indents 3 and 4 share a
common behaviour. Both stress and strain increase linearly until reaching 10% strain and
approximately 0.4 GPa stress. Indent 5 also follows a linear trend, but with a higher slope,
reaching 8% strain and 0.6 GPa stress. Finally, referencing FIGURE [3.22d Indents 6 and 7
exhibit similar behaviours. The curves rise linearly until reaching around 2% strain and 0.3
GPa stress. Afterwards, they enter a plateau until 5% strain and 0.3 GPa stress. Following
this, they resume a linear ascent, culminating at around 8% strain and 0.5 GPa stress for
Indent 6, and approximately 9% strain and 0.4 GPa stress for Indent 7. Notably, Indent 8
experiences a rapid linear increase in both stress and strain until reaching 7% strain and 0.6
GPa stress.

» Zone 9

The optical view of the nanoindentation area is displayed in FIGURE [3.23a], with indenta-
tion zone emphasis by the static indent. Adjacent to it, FIGURES [3.23D] and [3.23d depict the
topographical and gradient pictures, respectively. Within this zone, a total of nine indents
were conducted.

FIGURE display the stress-strain curves for each indent. Within each graph, three
indents are depicted, all situated along the same line. Information on the roughness of each
indent can be found in TABLE [3.9

As observed in FIGURE [3.24a] Indent 2 displays a unique behaviour compared to the
others. It follows a linear rise until reaching 12% strain and 0.3 GPa stress. On the other
hand, Indents 0 and 1 share a similar trend, exhibiting linear increases until they reach
5% strain and around 0.3 GPa stress. Subsequently, they slightly diverge in their linear
progression, with a more pronounced increase for Indent 1. This pattern concludes at 7.8%

61



CHAPTER 3. RESULTS Page 62/

()

Figure 3.23: Indentation zone 9 a) Optical view b) Topographical SPM picture ¢) Gradient
SPM picture.

Indent 0 | Indent 1 | Indent 2 | Indent 3 | Indent 4
Roughness 5.5037 4.1554 6.3547 10.3184 6.9977

Indent 5 | Indent 6 | Indent 7 | Indent &
Roughness 4.0933 3.7078 4.1615 7.0577

Table 3.9: Roughness and type of lamella of each indent of Zone 9.

strain and 0.6 GPa stress for Indent 1, and approximately 8.1% strain and 0.45 GPa stress
for Indent 0. Referring to FIGURE [3.24D] indents 4 and 5 display a comparable behaviour.
Both stress and strain exhibit linear growth until reaching a 3% strain and approximately
0.2 GPa stress. Subsequently, they enter a plateau phase lasting until around 6% strain and
approximately 0.2 GPa stress for indent 4, and 0.3 GPa stress for indent 5. Afterwards,
the increase in Indent 5’s values shows a slightly gentler incline in both strain and stress,
eventually reaching 9% strain and approximately 0.4 GPa stress. Meanwhile, Indent 4 attains
10% strain and approximately 0.35 GPa stress. As for Indent 3, it demonstrates a rapid linear
surge in both stress and strain, reaching 8% strain and approximately 0.5 GPa stress. Finally,
turning to FIGURE Indents 6 and 8 exhibit analogous behaviour. The curves show a
linear ascent in both stress and strain until they reach approximately 10% strain and 0.4
GPa stress. In contrast, Indent 7 displays a distinct pattern, characterised by a rapid linear
increase in both stress and strain until it reaches 2% strain and 0.4 GPa stress. Subsequently,
the stress decreases to 0.35 GPa while the strain remains relatively constant. The curve then
continues to rise linearly in both stress and strain until it reaches 8% strain and 0.5 GPa
stress.
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Figure 3.24: Stress-strain curves of zone 9.

3.3 Scanning electron microscopy

In this section some SEM images are shown from Samples 1 and 2. Additional images can
be found in APPENDIX [Bl

3.3.1 Sample 1

Unfortunately, for this sample, even if some indented zone were highlighted thanks to deeper
indents, it was not possible to locate them using SEM. Nonetheless, some pictures were
taken to display the difference between the two samples. FIGURE showcases two differ-
ent zones from the Sample 1 located in the lamellar region: Zone a (FIGURE and Zone
b (FIGURE . These pictures were taken with an accelerating voltage of 20 keV.

(a) (b)
Figure 3.25: SEM pictures of Sample 1 a) Zone a b) Zone b.

The width of some lamellae was computed using F1J1 and the following results are present
in FIGURE([3.26] Thick lamellae have a width of 2.97 + 0.94 pm in average while thin lamellae
have an average of 1.97 4+ 0.64 pm.
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Figure 3.26: Boxplot of the lamella width in Sample 1.

3.3.2 Sample 2

SEM pictures in Sample 2 are available for four distinct zones: Zone 6, Zone 7, Zone 8, and
Zone 9.

» Zone 6

FIGURE depict Zone 6, which is situated in the lamellar region. Although the boundaries
are present, they might not be clearly visible. To enhance the visibility, adjustments such as
contrast enhancements and zooming are applied. The magnified image, providing a better
view of the location of the indent, is presented in FIGURE [3.27b] The acceleration voltage
used to take this image is 10 keV.

From the magnified picture, one can locate the position of each indent. The information

can be found in TABLE B.10

Indent 0 | Indent 1 | Indent 2 | Indent 3 | Indent 4 | Indent 5 | Indent 6
Location thin thin thin thick thick thick thick

Table 3.10: Location of lamellae of each indent of Zone 6.

"1 For indent 3, its location is close to a thin lamella.
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(b)
()

Figure 3.27: SEM pictures of zone 6 a) Indentation zone b) Zoom of the indentation zone.

The widths of certain lamellae were calculated using F1J1, and the corresponding outcomes
are displayed in FIGURE[3.28] thick lamella width exhibit a mean of 2.18 & 0.36 ym, whereas
thin lamellae displays a mean of 1.19 £ 0.19 um. The significance is p<0.01

n
T

Lamellae thickness [pm]
[o2}

12F Q

I I
Thick lamellae Thin lamellae

Figure 3.28: Boxplot of the lamella width in Zone 6.

» Zone 7

In this zone, as previously explained, five different tests were performed whose indents are
represented in different colour depending on the kind of test. The colour orange (Zone 7a)
is for the indent made without the use of a pre-load. The colour pink (Zone 7b), red (Zone
7c) and green (Zone 7d) are for the indent made with a pre-load of 10 uN, 30 uN and 50 uN,
respectively. Finally, the colour blue (Zone 7e) is for the indent made with the static load to
get the Young’s modulus. FIGURE [3.29| illustrates the indentation zone with the colour code
provided. The picture was taken with an accelerating voltage of 10 keV.
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()

Figure 3.29: SEM pictures of zone 7 a) Indentation zone b) Zoom of the indentation zone.

From the magnified picture, one can locate the position of each indent. These positions
are detailed in TABLE [3.111

Indent ° 0 1 2 3 Indent ° 0 1 2 3
Location || thin | thick | thin'2 | thick Location || thin | thick | thin | thick

(a) Zone Ta (b) Zone b
Indent ° 0 1 2 3 Indent ° 0 1 2 3
Location || thin | thick 3 | thin | thick Location || thin | thick ™3 | thin'2 | thick

(¢c) Zone Tc (d) Zone 7d
Indent ° 0 1 2 3 4 5 6 7 8 9 10 11
Location || thin | thin | thin'2 | thick | thick | thick | thin | thick® | thin | thick | thick | thick

(e) Zone Te

Table 3.11: Roughness and type of lamella of each indent of Zone 7.

*2 Even if located on a thin lamella, these indents seem to be in proximity to thicker ones,
potentially impacting the results.

“s Although situated within a thick lamella, these indents appear to be adjacent to thin-
ner lamellae, which could potentially influence the observed outcomes.

The computation of lamella widths was carried out using F1JI, and the outcomes are

illustrated in FIGURE [3.30] Thick lamellae have a width on average of 2.54 4+ 0.46 pum while
the thin one displays an average of 1.46 + 0.35 pm. The significance is p = 0.0159.
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Figure 3.30: Boxplot of the lamella width in Zone 7.

» Zone 8

FIGURE showcases Zone 8, located in the parallel fibered layer. However, the bound-
aries of this figure are also not discernible. To improve visibility, contrast enhancement
and zooming techniques are applied. The resulting magnified image, displayed in FIGURE
provides a clearer view of the indentation location. These pictures was taken with an
acceleration voltage of 10 keV.

(b)
(a)

Figure 3.31: SEM pictures of zone 8 a) Indentation zone b) Zoom of the indentation zone
with a change in contrast.

It is worth mentioning that both indents 2 and 6 are positioned along a canaliculi, poten-
tially impacting the observed outcomes. Additionally, indents 3 and 7 are in close proximity
to canaliculi as well.
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» Zone 9

FIGURE displays Zone 9, situated in the parallel fibered layer, where the boundaries
are distinguishable without any modification needed. However, to offer a clearer view of the
indentation location, we provide a zoomed of the region of interest in FIGURE The
pictures was taken with an acceleration voltage of 10 keV.

(a)

Figure 3.32: SEM pictures of zone 9 a) Indentation zone b) Zoom of the indentation zone.

Certainly, it is noteworthy that both indents 6 and 7 are situated in close proximity to a
canaliculi, which could potentially influence the observed outcomes. Furthermore, indent 4
is positioned directly on an emerging canaliculi.
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Chapter 4

Discussion

This chapter is dedicated to the discussion. The first section discuss about the SEM pictures
obtained and on which information we can extract and compare to the literature. The second
part is devoted to the results obtained with the nanoindentation tests. Then a section is
dedicated to outlining the limitations of the obtained results. Finally the consideration of
potential avenues for future research is discussed.

4.1 Scanning electron microscopy
From the Scanning electron microscopy (SEM), several OBSERVATIONS can be attested.

First of all, what has bee refereed to as thick lamellae are, actually, thick lamellae, whereas
the black ones are thin lamellae. This association becomes evident when linking the SEM
image with its corresponding SPM image, as depicted in FIGURES and respectively.
For example, in these images, the indent labelled as 0 in the SEM picture is situated within
a thick lamella, whereas the indent labelled as 4 is within a thin lamella. In the SPM image,
the indent labelled as 0 is categorised as a thick lamella, while the indent labelled as 4 is
categorised as a black one. Throughout the remainder of this thesis, the term thin and thick
are used.

Secondly, upon observing the SEM images within the parallel-fibered bone layer, one can
discern the existence of canaliculi and osteocytes, aligning with findings presented by Rotem
Almany Magal et al. [37]. These canaliculi also exhibit a discernible preferred direction, and
as certain indents coincide with their presence, it may potentially impact the measurements.
The implications of this influence are elaborated in SECTION [4.3]

Lastly, with regard to the lamellae thickness of fibrolamellar bone, there is no relevant
information in the current literature to the best of our knowledge. Fortunately, as previously
stated in SECTION [l Pauline Muraro, a former student, conducted a master thesis focusing
on fibrolamellar bone focused on fibrolamellar bone. The student’s research revealed that
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thin lamellae measure between 1.39 and 2.6 pym, while thick lamellae range from 2.79 to 4.65
pm. These measurements are consistent with our findings. Furthermore, a comparison can
be drawn between the thickness of lamellae in fibrolamellar bone and lamellae in osteons.
In a study conducted by Zhou et al. (2020) [67] on bovine cortical bone, it was determined
that thick lamellae possess a width ranging from approximately 2.8 to 13.8 pum, while thin
lamellae measure between 1.7 and 2.4 pum. Interestingly, our findings once again align with
these results, despite the relatively high upper limit for thick lamellae, which was not observed
in fibrolamellar bone. This difference can be due to the technique Zhou et al. employed known
as Peakforce tapping Atomic Force Microscopy. Our findings align better with the thickness
of lamellae observed in human osteonal bone, where thin lamellae generally fall within the
range of 1 to 3 um, while thick lamellae tend to measure between 3 and 6 pum [68].

4.2 Static indentation

Based on the static indentation data, it can be inferred that the thick lamellae are stiffer than
the thin ones, with a statistically significant level of p = 0.0411. However, when compared
to Pauline’s findings, who reported a storage modulus of 40.46 4+ 3.56 GPa for thick lamellae
and 32.8 + 4.17 GPa for thin lamellae, the values are not closely aligned with our obtained
results of 17.90 £ 2.26 GPa for thin lamellae and 21.23 £ 2.37 GPa for thick lamellae. The
substantial discrepancy in our findings can be attributed to the methodologies employed.
Indeed, Pauline utilised the modulus mapping method, a technique that involves scanning

the sample’s surface with low penetration. In contrast, I employed the model proposed by
Olivier-Pharr.

In comparison with the existing literature, a study conducted by Zhou et al. (2020) [67]
on bovine cortical bone highlighted that thick lamellae exhibited higher stiffness compared
to thin ones, registering a modulus of 21.49 + 6.58 GPa for thick lamellae and 9.67 4+ 2.69
GPa for thin lamellae. The value obtained for thick lamellae harmonises with our result
while the value of thin lamellae is notably lower than our computed value. This difference
in the higher value could potentially be attributed to the variations in the method used, as
previously explained (Zhou et al. used Peakforce tapping AFM). Moreover, it is important
to note that the samples they tested were hydrated, which is known to have an impact on
the mechanical properties as explained in SECTION Our findings can also be contrasted
with those obtained by Gupta et al. (2006) [69] and Xu et al. (2003) 68| in their studies on
human bone. They reported a modulus ranging from 23 to 27 GPa for thick lamellae and
21 to 24 GPa for thin lamellae. These measurements are slightly higher than our obtained
values, a difference that might be attributed to the tip they used. Indeed, they employed
a Berkovich indenter tip, resulting in higher penetration into the material compared to a
conospherical one.
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4.3 Stress-strain curves

In this section, the different curves obtained are discussed and a comparison between the
different zones of indentation is given.

4.3.1 Parallel-fibered bone

The stress-strain curves observed for indents positioned near a canaliculi (e.g. indent 6 in
Zone 8 FIGURE or on it exhibits a behaviour resembling that of trabecular bone when
subjected to compression (FIGURE . This behaviour becomes evident through the de-
lineation of three distinct phases: an initial linear elastic response, followed by a plateau,
and concluding with a densification phase, as depicted inFIGURE [3.22d This pattern can
be comprehended by examining how trabecular bone responds to pressure. Under pressure,
the trabeculae within the bone initiate a process of collapsing, a phenomenon attributed to
the presence of pores. When pressure is exerted, the interconnected pores and voids within
the trabecular structure undergo compression, ultimately leading to the collapse of the tra-
beculae [1]. Given that osteocyte lacuno canaliculi network are considered a type of pore in
bone tissues, and considering the proximity of these indents to such regions, it is reasonable
to infer that a similar process could be occurring for these indents.

On the other hand, the remaining indents display a rather consistent behaviour, char-
acterised by a linear relationship between stress and strain. Notably, these indents exhibit
a substantial slope, aligning with the findings of Pauline, who discovered that the storage
modulus is notably high for indents located within parallel-fibered bone [44]. Based on these
observations, it is reasonable to infer that parallel-fibered bone material possesses significant
stiffness.

4.3.2 Lamellar bone

As mentioned earlier, two specimens were employed to compute the different stress-strain
curves. The initial sample appears to have a higher roughness compared to the second one.
The variation in roughness becomes evident when observing the optical microscopy images.
Indeed, in for Sample 2, the fibrolamellar bone exhibits a clearer appearance, causing the
lamellae to be more challenging to discern. This surface roughness has been observed to
influence the resulting curves.

In general, all the stress-strain curves initially undergo a linear increase, halting at ap-
proximately 2% strain and 0.2 GPa stress. This segment of the curves corresponds to the
material’s elastic phase. When the applied load is below the yield stress (in this instance, 0.2
GPa), the bone will revert to its original shape once the load is removed. Subsequently, the
bone enters the plastic deformation phase, during which it does not fully recover its initial
shape after the load is released. To evaluate the stiffness of a material, the slope of the
elastic phase, known as the Young’s modulus, is analysed. A higher Young’s modulus value
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indicates a greater stiffness in the material.

In the case of Sample 1, a general observation is that thin lamellae exhibit higher stiff-
ness compared to thick ones. This finding contradicts the results obtained from the static
indentation tests, which demonstrate the opposite relationship. Furthermore, these findings
also diverge from the results presented by Pauline, who asserted that thin lamellae are the
stiffest |[44]. These discrepancies can be attributed to surface roughness. For instance, in the
case of certain indents, such as indent 6 in Zone 3 (FIGURE [3.4D)), the observations align with
the expectation that thick lamellae are indeed stiffer. Notably, the roughness at this specific
indent is relatively low.

On the other hand, in Sample 2, it is evident that the thick lamellae exhibit greater
stiffness, aligning with the findings put forth by Pauline [44]. The disparity in results could
potentially arise from variations in surface roughness. In this particular sample, the roughness
is noticeably reduced.

4.3.3 Impact of roughness

When observing the behaviour of thick lamellae, a consistent pattern emerges, particularly
starting from a pre-load of 10. The initial 5-6 data points follow a steep linear trend, after
which yielding occurs. By identifying the yield stress within this yielding phase, an esti-
mated value of approximately 0.23-0.25 GPa is obtained. This value is intriguing because
the macroscopic yield stress of cortical bone is considerably lower, averaging 147.89 + 16.36
MPa as reported by Mirzaali et al. (2016) |70], making it nearly twice as small. This dif-
ference may stem from the fact that the analysis conducted here operates at a local level,
specifically testing the individual fibers themselves. In contrast, the other analysis is per-
formed at a macroscopic level, encompassing the overall tissue. This comparison essentially
contrasts properties at the microstructural (fibers) level versus those of the larger tissue.

On the other hand, for thin lamellae, the points forming a linear trend are slightly fewer,
and the yield stress appears slightly lower, around 0.2 GPa. With the roughness flattened
out, these lamellae seem to exhibit a more compliant behavious. Moreover a gradual increase
in the stress-strain curves can be seen. The different mechanical behaviour between thick
and thin lamellae might arise from the varying orientations of collagen fibers.

Considering these findings, an observation can be drawn regarding the reproducibility of
the results. It seems that when a pre-load function is applied to level the results, there is an

enhancement in the consistency (FIGURES and [3.18)).
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4.4 Limitations

The primary limitation to acknowledge is that all the bone samples underwent dehydration,
a process known to affect mechanical properties, as discussed in previous studies. Indeed, it
was discovered that in the dehydrated sample, the Young’s modulus was increased. [43].

Secondly, another significant limitation relates to the annotated SEM images. Even
though great care was taken in their generation, confirming the precise localisation of the
indentation remains a challenging task, lacking absolute certainty.

Furthermore, an additional limitation stemmed from the constrained number of samples
employed. Because of the limited time available, only two samples were at our disposal for
test execution. Consequently, there was insufficient time to conduct a more comprehensive
series of tests.

Last but not least, the nanoindenter is a device designed to measure extremely small
loads and displacements. Consequently, it exhibits high sensitivity and demands meticulous
calibration. Additionally, a low surface roughness is essential, as it significantly influences
the outcomes. To mitigate this effect, a pre-load is necessary to flatten the surface roughness.

Finally, the last limitation pertains to the load function used. It would be highly benefi-
cial to incorporate additional cycles within the load range of 0-0.3 GPa. This augmentation
could significantly enhance our ability to capture responses under low loads. Consequently,
stress-strain curves would more accurately represent behaviour in this low-stress regime, and
pinpointing the yield point would become a more straightforward task.

4.5 Future Works

In the context of future research, it is worth exploring the impact of surface roughness in
greater detail. Notably, our current analysis focused primarily on roughness effects within a
single zone. However, an intriguing avenue for future investigation involves expanding this
analysis to encompass multiple zones. This can also be combine by using different pre-load
than the one established in the context of this thesis. Moreover, one could use the Finite
Element Method (FEM) to reconstruct the bone and conduct simulations to verify the accu-
racy of the results, as well as to assess the impact of surface roughness.

Another intriguing approach is to delve deeper into the investigation of the exact location
of the indentation. It is worth noting that there is not absolute certainty that the indentation
occurred precisely where we initially indicated, even with the SEM image. To address this,
a potential solution is to strategically mark the area of the specimen where the indentations
were carried out using additional static indents. By doing so, the alignment of the SEM im-
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age with the graph containing coordinates of all indentation points becomes more accurate
and precise.

In conclusion, as soon as the impact of roughness is comprehended and the accuracy
of indent location is enhanced, there is potential to delve deeper into the examination of
fibrolamellar bone. Exploring additional samples could also be pursued to gather more data,
consequently enabling more comprehensive statistical analyses to be conducted. Additionally,
similar investigations could be conducted on human bone or on other biomaterials, thereby
broadening the scope of research in this field.
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Conclusion

The aims of this thesis were twofold: firstly, to enhance the understanding of the mechanical
attributes demonstrated by fibrolamellar bone, achieved through an intricate examination of
its stress-strain behaviour with a specific emphasis on the lamellar region. Secondly, the goal
was to gain a deeper insight into the effects of surface roughness variations on the conducted
analyses. To achieve this, the nanoindentation technique is employed, providing precise anal-
ysis at the nanoscale level. By integrating the acquired data with the Olivier-Pharr model,
stress-strain curves can be computed.

The project’s initial phase centres on calibration methods, leading to the determination
of the subsequent points:

e The choice of the calibration dataset holds significant importance. It is crucial to
consider both the environmental conditions during indentation and ensure that the
points acquired are obtained under low load conditions.

e The choice of the fitting equation is also of critical importance, as an ill-suited selection
can yield to inaccurate results. This becomes particularly evident when dealing with
low loads.

The second phase concentrates on establishing and analysing stress-strain curves, yielding
the following observations:

e Parallel-fibered bone displays higher stiffness compared to other structures.

e Thin and thick lamellae coexist within the lamellar bone structure. Notably, the thick
lamellae exhibit higher stiffness than their thin counterparts. However, this observation
might not be immediately evident when tests are conducted on samples with higher
surface roughness.

e The curves originating from thick lamellae exhibit an initial linear elastic phase followed
by a rapid transition to yielding. In contrast, the curves from thin lamellae demon-
strate a more compliant behaviour. This distinction is probably due to the variation in
collagen fiber orientation between the thick and thin lamellae.

e Lamellar bone exhibits similarities with osteons, encompassing distinctions in lamellar
size and modulus.
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e The roughness need to be flatten using pre-load.

This study represents a pioneering effort, introducing a method capable of elucidating
and connecting mechanical properties to underlying structures. In subsequent research, this
methodology can be extended to further comprehend the impact of roughness on fibrolamellar
bone, or even applied to osteons to establish connections given their shared characteristics.
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Appendix A

Nanoindentation test

The stress-strain curves displayed in the following sections were obtained using the same
protocol as describe in SECTION but the dataset chosen is CALO.

A.1 Zone 1b

(a)
Figure A.1: Indentation zone 1b a) Optical view b) Topographical SPM picture.
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Figure A.2: Stress-strain curves in Zone 1b for indent on parallel-fibered bone.
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Figure A.4: Stress-strain curves in Zone 1b for indent on white lamellae.
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Figure A.3: Stress-strain curves in Zone 1b for indent on black lamellae.
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A.2 Zone 1lc

(a)
Figure A.5: Indentation zone lc a) Optical view b) Topographical SPM picture.
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Figure A.6: Stress-strain curves in Zone 1lc for indent on parallel-fibered bone.
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Figure A.7: Stress-strain curves in Zone 1lc for indent on parallel-fibered bone or
hypercalcified bone.
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Figure A.8: Stress-strain curves in Zone lc for indent on parallel-fibered bone or a) on
black lamelae b) on white lamellae.
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Figure A.9: Stress-strain curves in Zone 1c for indent on white lamellae.
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Figure A.10: Stress-strain curves in Zone lc for indent on black lamellae.
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SEM picture

B.1 Sample 1

Figure B.1: SEM pictures of Sample 1.

B.2 Sample 2

Figure B.2: SEM pictures of Sample 2.
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