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Abstract

Bone is a living composite material consisting of inorganic minerals, organic proteins, and
water, which approximately account for 60%, 30% and 10% of bone mass, respectively. In
the reported experimental studies on bone mechanical properties, attention has been fo-
cused on the effect of inorganic minerals while the role of organic proteins and water has
been ignored. This neglect may explain why the existing bone mechanical models are not
accurate. Furthermore, a reliable experimental protocol for the study of bone compositions
and their effects on mechanical properties has not yet been established. In this thesis, the
combined effect of organic proteins and water was studied by developing a novel experi-
mental protocol. First, to reduce the effect of bone anisotropy, a unique technique was
designed for the fabrication of bone specimens; Second, for the analysis of bone inorganic
and organic compositions, a new ashing procedure was developed; Third, the effects of
bone inorganic and organic contents on bone mechanical properties were studied by statis-
tical analyses. The obtained results showed that there is a close correlation between bone

organic content and bone stiffness.
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Chapter 1

Introduction

1.1 Motivation

Osteoporosis is a degenerative bone disease characterized by bone mass loss, which makes
bones susceptible to fracture [1]. Osteoporotic fracture occurs most frequently at the hips,
spine, and forearm and results in adverse outcomes such as disability and even mortality
[2]. Based on the increase in global life expectancy, previous studies have estimated that
hip fractures would increase from 1.3 million in the year 1990 to 21.3 million by 2050
[1,3-5]. Such a dramatic increase would place a more significant burden on the healthcare
system. The National Hospital Discharge Survey [6] reported that the number of hip re-
placements performed in the United States (on people aged 45 and over) between 2000 and
2010 increased from 138,000 to 310,000. These statistics mean that although technological
advancements have increased life expectancy, the older population has an increased chance
of bone-related health problems [7,8]. Increased incidences of hip fractures have, therefore,

been linked with greater life spans and higher fall rates [9-11]. It is therefore critical to take
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measures to combat hip fractures and alleviate the burden on the healthcare system. A
deeper understanding of these fracture mechanisms would aid clinicians in reducing mor-
tality related to hip fractures. The study of bone mechanical properties would, therefore,
be necessary for the understanding of these fracture mechanisms.

Osteoporosis directly affects the functionality of the bone. Researchers have thus
sought to understand the mechanism of bone strength in order to provide a solid knowledge
base to combat osteoporosis. They aim to provide working solutions for managing bone
health problems through various bone-testing techniques. The gold standard for testing
bones and estimating their corresponding mechanical properties is direct functional me-
chanical tests [12]. These mechanical properties depend on the subject, composition (in-
clusive of biological processes), anatomic site, age and structure [13,14]. Researchers,
therefore, conduct bone testing experiments with the inclusion of different combinations
of those dependent factors [14].

Existing research examines the dependence of mechanical properties of bone on bone
mineral density. However, bones are mainly composed of mineral content (65% by
weight), organic content (35%), and water (10%). While mineral content affects the stiff-
ness of the bone, organic content affects flexibility and ductility. The optimal combination
of the mineral and organic components of the bone gives rise to its strength. This suggests
that research on bone mechanical properties should examine the organic component con-
tribution as well. Carefully designed experimental protocols that incorporate the organic
component information would, therefore, need to be utilized.

Most existing experimental protocols focus on examining the dependence of mechani-

cal properties on bone mineral density. While multiple works studying bone mechanical
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properties exist, significant inter-study variations in experimental techniques are present
[15]. The inter-study variations exist because there is no standardized testing protocol for
examining bone mechanical properties. Without standardized protocols, most experimental
protocols report essential procedures generically. For example, Kopperdahl [16] reports
that “specimens were also cored parallel to the trabecular orientation.” The process of de-
termining the trabecular orientation was not mentioned. This omission presents an issue
because research shows that misalignments of the trabecular orientation yield underesti-
mations of mechanical properties [17]. A generic procedure like the above does not high-
light the process of ensuring uniformity across fabricated test specimens. A solution to this
issue is the use of more detailed protocols.

The premise of this work is, therefore, the experimental study of the effect of bone
inorganic-organic composition on the mechanical properties. The results of this study will

further enhance the knowledge of the mechanism of bone strength.

1.2 Aim of this Thesis

The main objective of this thesis is to experimentally investigate the effect of bone inor-
ganic-organic composition on its mechanical properties. This work includes:

e Design of the testing fixtures and procedures.

e Sample preparation: managing anisotropy with a unique approach.

e Experimental test of cortical and trabecular specimens.

e Analysis of the inorganic and organic composition by a unique ashing procedure.



1.3 Structure of this Thesis 4

e Analysis of the effect of the inorganic-organic composition on mechanical proper-

ties.

1.3 Structure of this Thesis

This thesis comprises of 7 chapters.

Chapter 1 is the introduction, providing a brief overview of the motivation for the research
topic, the objective of this work, and outlining the structure of this thesis.

Chapter 2 is the literature review, providing a comprehensive review of the existing rela-
tionships utilized in predicting bone strength and Young’s modulus from bone density.
Also included is a challenge currently faced in studying the effect of bone composition on
mechanical properties. Next, in order to justify this work, the effect of organic content on
bone mechanical properties is examined. Lastly, existing experimental protocols and their
limitations are reviewed.

Chapter 3 provides an overview of the process for obtaining and storing bone samples, as
well as details on the fabrication of cylindrical specimens.

Chapter 4 provides the details of the mechanical testing process and compositional anal-
yses through bone Ashing techniques.

Chapter 5 provides the details of the statistical analyses conducted on fabricated speci-
mens, ashed specimens, and mechanical tests.

Chapter 6 summarises the results from the analysis of the obtained data.

Chapter 7 is the last chapter of the thesis and provides conclusions, limitations, and sug-

gestions for future work.



Chapter 2

Literature Review

Over the last few decades, bone research has shown significant signs of progress. These
works have explored bone mechanical properties in meso, micro and macro scales due to
the complexity of bone’s behaviour and structure.

This chapter briefly reviews the topics which comprise of and support the basis of this
thesis. Firstly, the existing relationships for quantifying bone strength from the density in-
formation are presented and examined. This examination reveals that the existing relation-
ships might be missing a component necessary for accurate characterization of bone me-
chanical properties — organic content. Next, a major challenge (anisotropy) facing the study
of the effect of bone composition on mechanical properties is addressed. This sub-section
justifies why this research avoided the study of the contribution of anisotropy. Next, the
effect of organic content on bone mechanical properties is explored. This sub-section jus-
tifies why organic content information might be the missing component in quantifying
bone mechanical properties. Lastly, existing experimental protocols and their limitations
are examined. The protocol review justifies the need to create a new protocol that includes

organic content.
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2.1  Density-Modulus Relationships

The most common tool for studying bone failure and assessing fracture risk is finite ele-
ment analysis (FEA) [12,18-20]. However, the accuracy of FEA is profoundly affected by
the material properties of bones under assessment [21-23]. An accurate characterization of
bone mechanical properties — including the accuracy of local bone density information — is
vital to making progress in the field [24]. As a result, the correlation of the mechanical
properties of bone to their densitometric measures has been the focus of several studies.

The correlation between these mechanical properties and different densitometric
measures is complicated. Mathematical models of these relationships have thus been de-
veloped from varying perspectives ranging from macroscopic (mm — cm) to microscopic
(um — mm) length-scales. Within these varying perspectives, relationships have been ex-
plored using tension or compression tests [25-32], bending tests [26,33,34], ultrasonic
tests [31,35,36], and indentation tests [37,38]. This review will focus on the macroscopic
length-scales perspective to expose a gap in these existing relationships. The microscopic
length scales are currently beyond the scope of this work. At the macroscopic level, nu-
merous studies have established strong relationships between bone Young’s modulus and
density. These relationships have been summarized by Helgason et al. [39]. The relation-
ships he explored are not an exhaustive list of the existing relationships but a curated se-
lection based on these inclusion criteria:

1. Human studies.

2. Explicitly stated mechanical tests performed on milled specimens.

3. Relationships established in text.
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Most of the explored relationships follow a power-law relationship. The resulting math-
ematical model is a deterministic model simulating the relationship based on the analysis
of small pieces of bone tissue [40]:

E =ap?, p,in [CI%], E in [MPa] (1)

Where E represents the Young’s Modulus and is utilized as the measure of elastic be-
haviour of bone samples, p, represents the densitometric measure, with the subscript x
standing for what kind of density information, @ and b are generic constants determined by
the researcher. The relationships utilize density information such as bone mineral density
(BMD), apparent density (papp), and ash density (pash). These densitometric measures are
used because they have been established as positively correlated with Young’s Modulus
(E) [41,42]. The recurring densitometric measures used in the literature include apparent
dry density, apparent wet density, bulk density, and ash density.

Apparent dry density or dry density, as used by Keller and Ciarelli et al. [27,43], in-
volves defatting and drying the specimen. The dry weight is divided by the specimen vol-
ume. Apparent wet density or wet density or bulk density, as used by Linde et al., and
Nicholson et al. [44,45], includes fluids that contribute to the overall mass but not its struc-
tural or load-bearing capability. In some cases, specimens are defatted of marrow and dried
then rehydrated before weight measurement and testing. Both apparent dry and wet density
definitions have commonly been referred to as apparent density, which adds another layer
of complexity to the analysis of existing work. Ash density, as used by the existing body
of research [27,43,45], involves incinerating the specimen and shows high reproducibility

across protocols. Other relationships in the existing body of work [26,46—48] utilize bone
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volume fraction (Bone Volume / Total Volume) instead of density. The alternative use of
bone volume fraction is because it has been proven together with apparent density as a
significant factor influencing bone strength and stiffness [49,50]. These different densito-
metric measures compound the difficulty of inter-study across the existing bodies of re-
search.

Helgason et al. [39] investigated relationships by normalizing the above summarized
densitometric measures to apparent density (papp). An examination of the relationships re-
veals that the relationships differ vastly from each other even among similar animals and
site locations. They discovered that methodological differences (including specimen ge-
ometry, testing protocol, and anatomical differences) alone could not explain the major
discrepancies across studies. A possible explanation of the discrepancies might be that the
developed mathematical relationships are missing a vital component. Existing biomechan-
ical research of bone focuses on mineral content. This custom is because mineral content
accounts for the structure of the bone, by composition. However, mineral content only
accounts for 70% of the variation in the modulus [16,51]. Research has shown that the
inclusion of other microstructural parameters might improve the estimation/prediction of
E [29,30,52,53]. It was hypothesized that organic content is one such microstructural pa-
rameter. Organic content information could be the missing vital component of the devel-
oped mathematical relationships. To apply the mathematical relationships to whole bones,
researchers investigate both cortical and cancellous bone. These bone densities range from
0.02 g/cm® — 2.00g/cm’.

The power-law relationships (see equation (1) above) developed can be representative

of the examined bone type. For cortical bones, the exponent b is typically higher than that
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of cancellous bone which could be indicative of the tougher tissue structure of cortical
bone. Nobakhti and Shefelbine [51] suggested that this could also be explained by repre-
senting cancellous bone with a cellular solid under bending loads; and a rule of mixture
model for cortical bone. However, the rule of mixtures assumes that various phases in
bone are composite and isotropic which is an inaccurate representation of bone. An accu-
rate representation of bone would need to account for the anisotropic nature of bone. The

following section addresses this challenge.

2.2 Study of Bone Composition Issue

An understanding of the contributing factors that influence mechanical properties is nec-
essary for improving the empirical relationships. The difficulty in studying bone mechan-
ical properties can be attributed to the complexity of bone [54]. This bone complexity can
be classified as an internal factor. However, various factors (which can influence the in-
trinsic conditions of the bone) contribute to the difficulty, and can be summarised as: bone
storage, preparation and handling [55]; testing set-ups [56—58]; orientation and anatomical
location [17,59]; specimen geometry [44,60]; testing procedure [56,61,62]; and strain
measurement [60,63,64]. The orientation issue arises because of the anisotropic nature of
bone. Anisotropy is the property of bones that allows them to exhibit different mechanical
properties when loaded in different directions/orientations. This behaviour would impede

the collection of meaningful data if not appropriately managed. The study of the effect of
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anisotropy was avoided in this research as it is beyond the scope of this work. To under-
stand the magnitude of the contribution of anisotropy, an understanding of basic bone bi-

ology is necessary.

2.2.1 Bone Biology

Bones are composite materials that majorly exist to aid movement and provide mechanical
support and protection to the body [65]. They also provide metabolic support like storage
and mineral provision (like calcium). They consist mainly of an organic protein phase (type
I collagen), inorganic mineral phase (carbonated hydroxyapatite), and water [66]. The in-
organic mineral phase is responsible for the compressive strength of bone, while the or-
ganic protein phase is responsible for the tensile strength and ductility [67]. Structurally,
collagen fibres, minerals and collagen are bonded together by non-collagenous proteins
[68,69]. Anisotropic properties of bone can be attributed to the non-collagenous protein
bonding, stress oriented collagen and the orientation of hydroxyapatite crystals in bones
[70,71]. The nature of bone at different length scales provides an understanding of the an-
isotropic behaviour of bone.

Macroscopically, bone exists in two forms: cortical (compact) and trabecular (cancel-
lous) bone. Cortical bones are typically found at the diaphysis and outer “shells” of bones,
and trabecular bones are found at the metaphysis and epiphysis of long bones [67]. The
macroscopic composition of bone (65% wt. mineral, 25% wt. organic, 10% wt. water

[72,73]) is influenced by age, disease, anatomic site and diet. The anatomic site of bone
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affects the anisotropy of bone since cancellous bones possess location-dependent anisot-
ropy [74]. In contrast, cortical bones possess direction-dependent anisotropy. These aniso-
tropic properties are a direct consequence of the microscopic composition of bone.
Microscopically, osteonal bone and periosteal bone can be found in bone and contribute
greatly to the bulk mechanical properties of bone [71] (see Figure 1). Osteonal bone com-
prises of osteons that align parallel to the long axis of bone [65]. Interstitial lamellae can
be found in the space around osteons. Periosteal bone comprises circumferential lamellae
that are parallel to the bone surface. Osteonal bone is known to be weaker and less aniso-
tropic than periosteal bone [75]. The arrangement of these components of bone gives rise
to bone’s anisotropic properties. The anisotropic behaviour of bone is explored in more

detail in the following section.

Osteonal bone

Osteon
\ /
Interstitial

lamellae J

Ly

Vascular channel

Per.-osteal bone

Figure 1: Bone sample orientations. L = Longitudinal. T =
Transverse. R = Radial. Not to scale. [Novitskaya et al. 2011]
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2.2.2 Anisotropic Behavior of Bone

Bone exhibits anisotropy due to its formation with its mechanical properties being different
in its main directions: longitudinal (L), transverse (T) and radial (R) [76] (See Figure 1). As
a result, research has been focused on investigating bone in the L, T and R directions [71].

Much work [30,46,77,78] has been done to prove that bone is anisotropic by loading

bone at different orientations and measuring their mechanical properties (Figure 2). The
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Figure 2: Anatomic orientation/osteon direction influence on the mechanical properties of bone.
The hollow cylinder to the right represents a sample cylindrical specimen. Greyed smaller
cylinders represent osteon orientation loaded in y-plane.[Santiuste 2014]

results show that the highest mechanical properties occur in the longitudinal direction in
both cortical and trabecular bone. Reilly and Burstein [79] studied the anisotropic proper-
ties of cortical bone in compression and tension. They found that both the Young’s modu-
lus and ultimate strength in the longitudinal direction were nearly three times those in the
transverse and radial directions. This finding is in agreement with Li et al. [80], whose

work clearly shows that the longitudinal direction offers the best load-bearing capacity.
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These results imply that mechanical testing in other directions would yield underestima-
tions of the mechanical property. Several researchers thus investigated the contribution of
misalignment of the longitudinal direction of the bone.

Ohman et al. [17] investigated the effect of main trabecular direction misalignment on
Young’s modulus and compressive strength of cancellous bones. They found out that a
20% misalignment was responsible for a 40% reduction in both Young’s modulus and
compressive strength. This effect of misalignment is in agreement with the works of Bon-
field and Grynpas [78]. They studied the anisotropic behaviour of cortical bone at varying
angles to the principal trabecular orientation (ranging from longitudinal as 0° to transverse
as 90°) using ultrasonic techniques. They found that there was a gradual decrease in
Young’s modulus with increasing angles, with a plateau occurring between 20° and 70°.
These findings justify the magnitude of the problem anisotropy brings to bone mechanism
research. However, the contributions of the primary bone constituents need to be studied
to understand the anisotropic behaviour of bone fully.

Hasegawa et al. [81] and Iyo et al. [82] investigated the contributions of these two main
bone constituents to anisotropy. Hasegawa et al. [8§1] measured acoustic velocities on de-
mineralized and deproteinized dog femur in both the longitudinal and transverse directions.
They found that collagen exhibits little anisotropic behaviour, and mineral crystal contrib-
utes to most of the anisotropic behaviour. This finding, however, is in contrast with the
finding of Iyo et al. [82]. Iyo et al. investigated the effect of anisotropy on the relaxation
of Young’s modulus of cortical bone in 3-point bending. They examined two processes: a

slow relaxation process, attributed to a mixture of collagen and mineral phases, and a fast
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one, attributed to the collagen matrix. Their results suggest that the former process (colla-
gen and mineral phase mixture) was responsible for the anisotropic nature of bone [81].
Novitskaya et al. [83] confirmed the findings of Iyo et al. [82] with her work, which exam-
ined anisotropy of compressive mechanical properties of untreated, demineralized and
deproteinized bovine cortical bones. They found that the bones all exhibit anisotropic me-
chanical behaviour. The longitudinal direction was the strongest for both demineralized
and deproteinized bones. A possible explanation for the discrepancy in Hasegawa's find-
ings lies in the isolation techniques used. The isolation techniques had not been well estab-
lished in 1994 when Hasegawa’s study was done, which means that the structural integrity
of demineralized bone might have been compromised.

The magnitude of a single misstep due to the effect of anisotropy on mechanical prop-
erties has become more evident. This phenomenon is the case in Szabo and Thurner’s work
[84], where cortical bone tissue strains and microdamage were investigated in the three
main anatomical directions using bending tests. They reported that the transverse direction
yielded a higher Young’s modulus than the radial direction — in agreement with existing
literature. The transverse direction was defined as normal to bone growth, while the radial
was defined as normal to both the longitudinal and transverse direction. However, they also
reported that the Young’s modulus in the longitudinal direction was equal to that in the
transverse direction. This finding does not agree with the reviewed works in the previous
paragraphs, and the larger body of literature. This discrepancy could be explained by the
mechanics of bending deforming material. Since the bones deform in all directions through
the induction of both compression and tension, their behavior in longitudinal and transverse

directions appear similar. Another explanation for the discrepancy might be their technique



2.2 Study of Bone Composition Issue 15

for aligning their samples to the longitudinal direction. It has been demonstrated that off-
axis orientation can lead to decreases in Young’s modulus and compressive strength [17].
Szabo and Thurner’s method of fabricating samples might have led to some of their spec-
imens being misaligned with the desired axis.

To obtain accurate results, researchers have sought to correctly ascertain and align their
specimens with the principal trabecular orientation. The studies that examined empirical
relationships between bone and its mechanical properties were also examined for the han-
dling of anisotropy. Different techniques have been used so far, but they can be classified
into two main classes: manual and digital. All the studies reviewed by Helgason et al [39]
utilized various forms of visual inspection of their specimens to align them in the main
trabecular orientation before cutting. However, Lotz et al. [85], determined trabecular ori-
entation using CT scans. Digitized inspection techniques have been used by researchers to
ensure higher alignment accuracy than manual techniques.

Bourgnon et al. [86] utilized a microscopy camera to ensure accurate alignment during
their experiment. Morgan and Keaveny [59] quantified the degree of alignment using mi-
croCT scanning. Zhou et al. [87] ensured that the cylindrical axis was aligned to the tra-
becular orientation by utilizing x-ray radiographs on two orthogonal planes, parallel to the
specimens. Majumdar et al. [88] also determined trabecular orientation using x-ray radio-
graphs. The use of cameras and radiographs ensure misalignment is minimized. The draw-
backs to utilizing these methods, however, are that they are both time-consuming and not
necessarily readily available.

Visual inspections are cheaper but prone to human error. One such example is Schwie-

drzik et al. [89], who reported yield stress values lower than literature values. This can be
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explained by their utilization of bone specimens that were extracted perpendicular to the
main trabecular orientation. Lv et al. [90] circumvented this issue by designing a custom
mould for each femoral head used in their study to ensure extraction was from the same
location for each bone. This process ensures higher precision and standardized sample ex-
traction but is impractical for the preparation of large numbers of specimens [91].

The literature reviewed above shows that anisotropy is a major factor that can influence
bone mechanical properties. However, the effect of anisotropy is beyond the scope of this
work. Hence, the study of bone anisotropy was completely avoided by using a consistent
process for fabrication of the bone specimens. This process would allow the focus of this
work to remain on the study of bone inorganic-organic composition on its mechanical prop-

erties.

2.3 Effect of Organic Content

The organic content of bone was briefly introduced in sub-section 2.2.1 as the protein phase
called type I collagen. Type I collagen protein is the flexible and ductile component of bone
that is primarily responsible for tensile properties of bone [23]. Collagen is one of the con-
stituents of the bone matrix. The bone matrix can be described simplistically as a two-phase
system consisting of mineral hydroxyapatite held together by a collagen scaffold [54]. This
viewpoint provides the understanding that in addition to providing the tensile strength, it
is responsible for the mineral rigidity of bone since it serves as a template for the deposition
orientation of the mineral component [92]. An examination of the individual properties of

hydroxyapatite and type I collagen suggests that an optimal synergy is reached to attain the
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superior macroscopic properties of bones [23]. The collagen fibres are stabilized within the
bone structure because of their organization as parallel aligned, end-overlapped, and quar-
ter-staggered molecules [93]. This organization structure is achieved by inter cross-linking
and formation of minerals within the gaps of alignment. Thus, collagen inter-molecular
cross-links have been thought to play a significant role in defining the mechanical proper-
ties of bone.

Many studies [92,94-97] in biomechanical research have examined reductions in bone
strength and other parameters (like anisotropy) to determine variations not explained by
bone density. However, only a minority of studies have investigated the biomechanical
properties with organic content. Banse et al. [54] evaluated the mechanical properties of
bone against the intermolecular cross-linking of collagen in adult human vertebral cancel-
lous bone by compression. They confirmed that density information could not explain ~20-
30% of the variation in modulus. They reported that differences in matrix composition
could, however, explain a significant part of this variation. They further hypothesized that
since non-collagenous proteins influence the quality and extent of mineralization, the me-
chanical properties of bone could be affected as well. They, however, failed to produce any
valid correlations between compressive strength and organic content. This shortcoming
was because they examined behaviour without accounting for the principal loading direc-
tion in their specimen fabrication. Other researchers examined the contribution of protein
by investigating age-related changes.

Grynpas et al. [98] reported decreased protein production with age in their investigation

of cancellous bones harvested from human femoral necks. They found that older individu-
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als (aged 51 — 79 years) had less extracellular bone matrix proteins than younger individu-
als (aged 18 — 37). If the reduction of protein increases with age, organic content infor-
mation could be one of the contributing factors to decreased bone strength with age. Mo-
sekilde et al. [50] investigated age-related changes in cancellous bone quality that cannot
be explained by bone density. They found that the biomechanical competence of the bone
decreased significantly with age. They also investigated age-related changes in ash density
differences. Their results show that changes in ash-density were not as pronounced as
changes in biomechanical competence. These findings imply that organic content plays a
significant role in the biomechanical property of bone. Mirzaali et al.’s work [38] with
similar goals on cortical bone show that ageing did not affect microtissue properties. This
result might be because they performed nanoindentation tests with a high order of magni-
tude for indentation — the former utilized compression tests. These findings elicited more
profound attention in the field of bone research. Several works have, therefore, been exe-
cuted at the nanoscale level to isolate either the mineral content or organic content before
testing mechanical properties.

Chen and McKittrick [99] investigated the compressive mechanical properties of de-
mineralized and deproteinized cancellous bone. They found that a strong synergistic effect
was apparent from the interaction between the mineral phase and the protein phase. Novit-
skaya et al. [83] confirms this by proving that the weighted sum of demineralized and
deproteinized bone is not equal to the strength of untreated bone. They further show that
the Young’s modulus decreased close to 100 times between the untreated and demineral-

ized bones. This result affirms the contribution of the mineral component to bone stiffness.
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However, the deproteinized bone did not have stiffness almost equal to that of untreated
bone, and so, the contribution of organic content cannot be understated.

Since the contribution of organic content has been demonstrated to be impactful, work
should be done to include it in biomechanical research. To effectively study the inorganic-

organic composition on the mechanical properties of bone, a detailed process needs to be

followed.

2.4  Existing Protocols and Limitations

The utilization of any experimental technique, whether compression or tension testing, re-
quires strict protocols in order to produce useful and accurate data. As Helgason [39] iden-
tified, a large inter-study variation in experimental techniques for the completion of these
tests exists. Examining the existing experimental protocols is therefore essential for iden-
tifying and resolving their limitations.

Section 2.2 briefly categorized the factors that influence the tested properties of bone.
These factors — bone storage, preparation and handling, testing set-ups, orientation and
anatomical location, specimen geometry, testing procedure, and strain measurement — are
the reason inter-study approaches differ greatly. No standard for mechanical testing of bone
has been established [15]. As a result, researchers [17,27,105-108,44,58,64,100-104] con-
tinuously modify existing protocols to achieve their research goals. While these researchers

have documented their methods following strict journal article guidelines for methodology
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summaries, reproducibility of experiments remains difficult. The protocols highlighted be-
low consist of the various combinations of existing protocols and limitations associated
with them.

Keller [27] described his approach for uniaxial compression of cubical specimens of
human vertebral bone and femoral bone (n = 550). Samples are stored at —30°C after ma-
chining. Temperature and moisture are controlled with a continuous 0.9% saline irrigation.
The bones are tested as close to physiologic conditions as possible in order to obtain results
close to in-vivo performance. However, Keller failed to document the process for main-
taining physiologic conditions in this work of literature. Specimen dimensions (width and
height) are collected using a digital calliper (£ 0.003mm). The specimens are visually in-
spected before mechanical testing in uniaxial compression. Oil is used on the platens be-
fore loading the specimens. Loads are then applied to the specimens, which are aligned
with their primary loading axis. However, the process for determining the primary loading
axis was not documented. The specimens are then tested until a reduction in load is ob-
served. Keller, however, did not precondition the samples before testing. Current work [64]
shows that not preconditioning specimens results in gross underestimation of compressive
Young’s modulus. Following mechanical tests, both dry and ash densities are obtained after
the use of a muffle furnace at 100°C (1 hour) and 650°C (18 hours), respectively.

A variation of the above procedure was used by Linde et al. [44,61,102] during his
experiments. He studied the effect of storage methods and specimen geometry on the me-
chanical behaviour of bones and utilized both cylindrical and cubical specimens (n > 74).
The samples are stored at —20°C and thawing time of 2 hours is used before testing. A

conditioning procedure is followed to 0.4% strain to obtain optimum mechanical property
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results. Linde’s experiments also differed slightly than Keller’s in terms of the post-me-
chanical testing phase — the use of an air jet for blowing the bones free from marrow as
opposed to a water jet. Ouyang et al. [105] followed a similar procedure with a minimum
thawing time of 2 hours, while specimens remained in ringer’s solution. However, both
Linde and Ouyang completely omitted the drying and ashing processes from their proce-
dures. This conclusion was reached after examining both the outlined methodology and the
results of the experiments.

Ohman et al. [17] examined the off-axis measurement effect on the mechanical proper-
ties of cylindrical bone specimens. They extracted cylindrical bone specimens from the
head of femur bones using a newly developed protocol. The extraction method ensured less
than 10° misalignment error along the main trabecular direction of the bone. However, the
process is only well suited to femoral heads and cannot be easily re-purposed for other
parts of bone, especially long shaft bones. Storage procedures were not mentioned in this
body of work. It is possible the prepared specimens were not frozen before testing because
the protocol reports that the bones to be tested are left in ringer’s solution for an hour before
testing. This might have been done to maintain the tissue hydration of the bone. The me-
chanical tests followed already established end-cap techniques to minimize errors due to
end effects. Ashing is performed at 650°C for 24 hours after preliminary testing to deter-
mine the optimum temperature at which ash weight made no significant change.

A shortcoming of the protocols mentioned above is the limited documentation of spe-
cific vital steps. Inter-study reproducibility is more complicated, taking into account the

various complexities that arise with the different combinations of approaches that could be
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taken. For context, during compression testing alone, about 6 different compression meth-
ods — platen compression, undersized platen compression, sleeve-constrained compression,
epoxy-platen compression, epoxy-embedded compression, brass-endcap compression
[109] — have been identified across literature with each possessing unique shortcomings
Furthermore, the limitations outlined in this chapter surrounding bone mechanical testing
research compound the complexity of experiments. Detailed protocols need to be outlined
in order to provide an avenue for increased success in testing and repeatability across re-

search groups.

2.5  Objective of this Work

Numerous approaches for studying the mechanical behaviour of bone have been devised
and well-established. These approaches do well to describe the mechanical properties of
both trabecular and cortical bones. However, there may be a missing link fundamental to
the mechanical behaviour of bone — organic content information. Empirical relationships
that incorporate the organic content information do not exist in literature to the best of the
author’s knowledge. To fill this gap, careful consideration must also be taken to minimize
the contribution of anisotropy to produce meaningful data. Furthermore, the challenges
analyzed in this review make future experiments difficult. This work seeks to therefore
establish strict processes, to be used to facilitate the investigation of the effect of organic
content in tandem with inorganic content. Steps to ensure consistency in dealing with ani-

sotropy were taken and can be seen in section 3.2.
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The following chapters (3 — 5) present the methods utilized in this study from the col-

lection phase to the testing and analyses phases.



Chapter 3

Bone Sample Preparation

The specimen fabrication method is crucial to maintaining the integrity of the mechanical
property of the bone samples under assessment. Such care is needed because these me-
chanical properties depend on mineral and organic content, and can be altered by anisot-
ropy, moisture, and temperature [23,110].

This chapter presents the methodology for the completion of this work. The chapter is
structured to show how the effect of anisotropy is minimized by the fabrication procedure.
Beyond the reduction of the effect of anisotropy, the chapter also shows how the effects of
moisture and temperature were minimized.

The chapter outlines the methodology for the acquisition of bone samples and the fab-
rication of the bone specimens from these samples. A summary of the procedure is pre-
sented in Figure 3. The methodology for mechanical testing and analysis are presented in

subsequent chapters.



2.5 Objective of this Work

Start

Acquire Bones

y

Store. At-20°C
until fabrication

>

Vl

Fabrication of cylindrical test specimens

>
L]

A

Embed. Follow steps to embed whole bone in mould.

»la
Ll

v

Machine Sections. Cut the embedded bone into
section lengths equal to the length of the trephine.

Is section
~ length of
trephine?

Discard

Core Cylinders. Core the cylindrical specimens
from the rectangular blocks using the trephine attached
to a drilling machine.

Discard

Are there physical dam-
ages?

Are surfaces unsmooth

and/or unparallel?

Label. Label the fabricated specimens according to a
pre-set naming convention for uniformity.

v
Wrap in Cling Film.

v

Store. Store in airtight container at -20°C until needed
for mechanical testing.

Finish

Figure 3: Procedure for the fabrication of bone specimens utilized in this study.
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3.1  Acquisition and Storage of Bone

Bovine limb bones (herein referred to as “bones” for simplicity) were sourced from a local
abattoir — St. Claude Abattoir, in Manitoba, Canada. The abattoir's butcher removed ten-
dons and surrounding soft tissue of the bones. This soft tissue removal was conducted with-
out scraping off the bone itself as that would affect the properties of the bones being tested
— effectively weakening them. The bones were frozen and well-documented by the butch-
ers using a prepared document (see Table 1 below). The gender of some of the cows were
not recorded by the butchers at the time of death. Thirty-six bones were sourced in total
and utilized in this study. Following the literature guidelines [110—112], the collected bones
were stored at -20°C. Linde and Sorensen [55] found that storage at this temperature
yielded no significant effect on the mechanical properties of bone.

Table 1: Information of Cows.

Animal [ID] Breed Age at slaughter Gender Weight (Ib)
(months)

1 Black Angus 16-18 Female 950-1050
2 Black Angus 16-18 - 950-1050
3 Black Angus 16-18 - 950-1050
4 Jersey 14 Male 800-900
5 Simmental 16 - 1205
6 Black Angus 16-18 Male 1000
7 Jersey 14-16 - 800-900
8 Red Angus 12-14 Male 800
9 Simmental 18 - 1597
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3.2 Fabrication of Bone Specimens

Bone samples were harvested from the fresh cadavers obtained from the butchers. The
samples were inspected before fabrication. They showed no visible conditions that would
adversely affect their properties. Residual soft tissue was removed from the samples before
the fabrication process. The cadaver anthropometric data is reported in Table 1. According
to the Public Health Agency of Canada (PHAC) [113], handling of biological tissue re-
quires attention to health and safety to avoid the risk of diseases and infections spreading.
The collection and handling of the bone samples were conducted according to PHAC and
the recommendations of the World Medical Association, as concluded in the 52" General
Assembly of the World Medical Association. Personal protective equipment was used to
protect against the generation of bone chips, and aerosols.

The bovine samples were not allowed to thaw due to the nature of this procedure. The
use of frozen samples is of vital importance to the preservation of moisture in the fabricated
specimens. Existing research involves hydrating the bones with physiological saline after
a drying procedure has occurred. The approach followed in this research completely re-
moves the need to re-hydrate by maintaining the moisture content of bone. The frozen
samples were only thawed to room temperature when they had been fabricated and ready
for testing. Cylindrical bone specimens were cored out of the frozen bone samples. The
bone cores were obtained at an optimum speed such that minimal heat was generated. This
step was critical to reduce any moisture loss from heat generation. With a procedure for
managing moisture in place, the fabrication of the bones was completed keeping in mind

the anisotropic nature of bone.



3.2 Fabrication of Bone Specimens 28

A procedure for obtaining consistent cylindrical specimens from the bone samples
while avoiding the effects of anisotropy was devised and is explained below. Keeping the
orientation of the bone constant for all bone femur samples obtained is crucial to obtaining
a uniform manufacturing process and minimizing the effects of anisotropy. A reference
system was used in order to achieve constant orientation across the collected bone samples.
The proximal femur anatomy was utilized as the basis for creating a reference system in
order to obtain consistent alignment of the samples. This step is crucial because, as shown
in Section 2.2.2, human bones are highly variable internally from site to site, and properties
change depending on loading direction.

The setup used to manage anisotropy and obtain consistent alignment can be seen
in Figure 4 and Figure 5. First, a sizeable transparent tarp (4-1/2 Feet x 75 Feet Clear 8 mil
Ultra Multipurpose Vinyl, Home Depot, Winnipeg, Canada) was set on the lab workstation
table to protect the surface. A rectangular mould comprising of 4 pieces of unfixed wood

roughly 16cm (tall), 60cm (long) and 17cm (wide) — enough to house an entire bone — was

Base Wood for mold
(Biggest piece)

N
( C-clamps (Top and
Bottom)

Side pieces (L&R) for
mold

Bone

F d Top and Bottom
pieces for mold

Figure 4: Mould Frame + Bone Setup Figure 5: Schematic of the mold setup
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then set down on the prepared table (thickness = 1cm). The bone was then placed on the
table surface on its anterior side noting that the protruding head of the femur faced upward.
This step is crucial to ensuring the orientation remains the same through every prepared
specimen. The corners of the mould, where the ends of the smaller mould components met
with the longer mould components, were then tightly sealed by using C-clamps, as illus-
trated in Figure 4. An additional piece of wood was then used as a base for the mould frame
and placed on the table. The entire clamped frame together with the bone inside the enclo-
sure was then placed on the base to secure the bottom (Figure 5). In this orientation, the
longitudinal shaft axis is, therefore, always parallel to horizontal plane.

With the bone in the enclosure, the bone was embedded in a Plaster of Paris mixture.
Plaster of Paris was used because, in addition to being cheap and readily available, it is a
biocompatible material that can be considered a bone mineral [114]. The mixture was al-
lowed to set in the mould for 45 — 60 minutes before the clamps and surrounding wooden
components were removed. The purpose of creating rectangular moulds was for ease of
manipulation and consistency during the fabrication process. The rectangular femur mould
(see Figure 6) was cut into sections of approximately 32.50mm using a 30cm miter saw
(laser, Ryobi, Inc.). The section length was determined by the length of the drill bit to be
used to core out the cylindrical specimens.

The proposed specimen geometry was cylindrical, as existing research has shown that
they yield highly repeatable results [44]. The specimen dimensions were taken based on
ASTM standards. The specimens were cored out of viable parts of the rectangular sections

using a 25cm drill press (laser, Ryobi, Inc.) with a cylindrical trephine (32mm X 8mm) as
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the drill bit. The drill press was rigged such that the cut section could be clamped in place

using Scm x 10cm clamps (Stanley, Inc.).
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Figure 6: a) Dried mould with the entire bone embedded. b) The cut mould sections. c) Close-up
of one of the cut sections which is characterized by smooth surface cuts.

The cylindrical specimens were cored out while the sample was still frozen since a
clear boundary of bone and marrow content could be easily seen, allowing for ease of fab-
rication. Since the bone was embedded in a single orientation, the long axis of the cored
specimens is always parallel to the longitudinal axis of the whole bone, thus eliminating
the concern of the anisotropic behaviour of bone. The cored-out specimens were then la-
belled by animal number and specimen number in the format “A#N#’; where A# repre-

sented the number we had given the animal the bones were obtained from, and N# repre-

sented the corresponding number of that viable specimen. They were then wrapped in
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cling-film to keep moisture in and placed in airtight containers that were labelled for just
the animal numbers. This way, the specimens were stored in different enclosures while
ensuring specimens did not get mixed up between animals. 107 cortical and 182 cancellous
bone specimens were obtained. The specimens remained in -20°C and were thawed to room
temperature when needed for testing. This was to ensure that temperature variation was

consistent among specimens.
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Chapter 4

Mechanical Testing and Ashing

This chapter reports the methodology for carrying out mechanical testing and ashing on the
fabricated specimens. Bones exhibit different intrinsic properties in compression and ten-
sion; therefore, the fabricated samples were sorted by density, and then split equally into
two groups. Compressive tests were performed on one group, and tensile tests were per-
formed on the other group. Both tests involved the application of a uniaxial force on the
specimen with the force and strain measurements recorded for the determination of the
intrinsic material properties [115]. These tests were chosen for consistency with the exist-
ing research and ease of comparison. However, 2 key assumptions regarding the fabricated
specimens to be tested were made:

1. The density across each individual specimen is uniform.

2. The corresponding stress distribution across the specimen will be uniform.
This assumption can be summarized as bone being treated as a homogenous material. How-
ever, bone is not a uniform material. The analysis of bone as a non-uniform material would
require more complex techniques that is beyond the scope of this work. Therefore, the

results must be interpreted with this assumption taken into consideration.
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4.1  Compression and Tension Tests

The fabrication process presented in the previous chapter was explicitly designed to target
and minimize issues arising from anisotropy. Since bone tissue is not uniform across the
bones, the fabricated specimens had different densities. Some preliminary validation tests
were performed on specimens excluded from the experiment. These tests served multiple
purposes: to determine the effect of defrost duration on the density; to determine testing
parameters — strain rate, pre-loading force, Young’s modulus calculation equation; to cali-
brate the machine being used (following ASTM calibration standards for compression and
tension [116]), and to test the accuracy of the mechanical properties obtained. It was deter-
mined that the specimens would be left out to defrost at room temperature for 10 hours
before testing.

The thawed specimens were tested in groups of 14 since this is the capacity of the
muffle furnace to be used for ashing. Physical measurements were taken using callipers (+
0.001) and recorded in a prepared test form (Appendix A). An electromechanical material

testing system (MTS Insight 30, MTS Systems Corporation, Eden Prairie, MN, USA)

equipped with a 30kN load cell was used for compression tests (Figure 7).
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Load cell

Compression
platens

Cling Film

Figure 7: MTS material testing system. Figure 8: Compression test setup with a sample cylindrical
bone specimen. Labels are used to ensure sample data are
not misattributed.

The setup included a set of compression platens: a fixed lower platen and an upper
adjustable one. Specimens were tested by uniaxial compression (Figure 8) to failure or
3mm compression displacement at a crosshead speed of 1.50mm/min (equivalent strain
rate = 0.0033/s) in unconfined conditions. The strain was automatically calculated by the
accompanying software (TestWorks 4™, MTS Systems Corporation, MN, USA) from the
displacement of the compression platens.

A customized testing profile was created to comply with ASTM Standards [117-121].
The machine was calibrated before tests. In testing, the specimen was preloaded with SON
force to ensure that they were in full contact with the platens. The specimen being tested
was placed on the fixed lower platen. The upper adjustable platen was then used to apply
a load of less than SON to the specimen in order to induce strain levels less than 0.5% [91].

The tested mechanical properties included: Young’s modulus, yield stress, break stress,
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ultimate stress, and energy to yield. The file was saved with a naming convention consistent
with the label of the tested specimen — A#N#.

The tension tests were conducted in a similar manner as the compression tests. The
main differences from the compression tests are outlined below. The MTS machine was
mounted with tension grips (MTS Advantage™ wedge set, 7 to 12.7mm diameter, serrated

profile, MTS Systems Corporation, MN, USA) for a greater contact surface area (Figure 9).

Figure 9: a) and b) show the face and side profiles of the custom tension grip utilized in grasping the
fabricated cylindrical specimens. c) shows a cortical specimen held by the grips for tension testing.

Specimens were tested by uniaxial tension loading to failure or 3mm extension at a cross-
head speed of 1.50mm/min in unconfined conditions. The bottom of the specimen was first
loosely gripped to keep the specimen erect. It was essential to not induce unnecessary
stresses into the specimen, which could adversely affect the mechanical behaviour. The top
grip was then lowered and tightened. Next, the bottom grip was tightened to ensure the
specimen was secure before running the test. The average gage length (14mm) used was
estimated using the shortest specimen (27mm) with the grips specified in Figure 9 above.

The grip ends at the top and bottom accounted for approximately no more than 13mm of
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bone surface area to be gripped. This is because smaller surface areas allowed for slippage,

especially on the cancellous bone specimens.

4.2 Composition Analysis - Bone Ashing

Prior to mechanical testing, the muffle furnace (thermolyne 47900 Eurotherm, Thermo
Fisher Scientific, NC) volume was determined as 5.735 x 10° mm®. The volume was ob-
tained to determine how many crucibles could fit (n = 14) at a time. This decided the num-
ber of specimens to be evaluated per testing period (n = 14). The furnace was prepared for
the ashing stage by thoroughly investigating its working conditions. This analysis can be
found in Appendix B.

The end of mechanical testing for a set of specimens signified the start of the last stage
of testing: composition analysis by bone ashing. At high enough temperatures, the organic
content of bone can be burnt out, leaving just the inorganic mineral content. Therefore,
ashing was done to obtain the inorganic and organic content information of the bones. The
tested bone specimens were handled according to protocol specifically designed to analyze
the content of the bone through ashing techniques. The steps were created after reviewing
relevant literature [23,122]. The specimens were placed in ceramic crucibles that had been
numbered to correspond with their label system (Figure 10). They were then placed in the

muffle furnace at 700°C for 20 hours. Those parameters for the ashing procedure were
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determined after testing combinations of temperature (600°C — 750°C) and duration (16 —

24 hours) seen in literature.

Figure 10: Image of crucibles + covers. Both the crucibles and their corresponding covers are
numbered to protect the integrity of each specimen.



Chapter 5

Statistical Analyses

This chapter outlines all the analyses undertaken for the various stages of testing in this

work.

5.1 Fabrication

The physical properties of the fabricated specimens (length, diameter and weight) were
obtained using digital Vernier callipers and weight scales as average of 2 measurements
(Table 2). This method of physical measurement was to account for any inhomogeneity of
the specimens. The precision of the fabricated specimens was evaluated using the standard
error of the mean of the physical measurements.

Inter-specimen type (cortical vs cancellous) length and diameter differences were in-
vestigated using 2-samples t-tests. The t-tests were conducted since research has shown
varying effects of specimen length and diameter on the Young’s modulus of bone [44,109].

The apparent wet density of the specimens was calculated from the physical property

measurements using:
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mass m
wet bulk volume Tl X712 x 1

apparent density =

where mass (m) was the weight of the specimen in grams, and the volume was defined by
radius (r) and length (1) of the cylindrical specimen in mm.

Density information has been strongly linked to the Young’s modulus of bone [41]. A
separate t-test was conducted on the compression and tension group specimens to account
for any variations between testing groups.

Table 2: Summary of the mean physical measurement dimensions of the specimens used in both
compression and tension. The bones were sorted by bone types into cortical and cancellous since
the behaviour of bones is affected by their type.

Bone Type Attributes Cortical Cancellous
No of specimens 59 92
Compression  |Length (mm) 28.07 +3.52 27.73 £ 3.59
Diameter (mm) 7.84 £0.20 7.88 £0.57
No of specimens 48 90
Tension Length (mm) 28.89 £2.06 28.59+1.97
Diameter (mm) 7.74 £0.24 7.76 £0.34

5.2 Bone Ashing

The densities and content information were calculated using the following descriptions:

e Ash density = ash weight/ total volume

¢ Contents:

Ash content = ash weight

Organic content = hydrated weight — ash weight
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A one-tailed paired t-test was performed on the before-test and after-test hydrated
weights to confirm see if they were different from each other. This was important because

sample loss is always expected in a destructive testing method.

5.3  Mechanical Testing

SPSS (IBM SPSS Statistics, Version 24.0, IBM Corp., Armonk, New York) was used for
all analyses taking p < a = 0.05 as significant. Prior to testing, the samples were split ran-
domly into compression and tension. Independent samples t-tests were conducted on the
lengths, diameters, and densities to confirm that there were no differences between them.
The Young’s modulus was calculated as the slope of the linear portion of the stress-
strain curve generated by TestWorks”™. Stress was calculated as the load divided by the
area of the cylindrical specimen. Since the current body of work utilizes regression anal-
yses to explore the relationship between bone density and its mechanical property, regres-
sion analyses were conducted in compression and tension and grouped by bone type: cor-
tical, cancellous, and pooled (cortical and cancellous). The Young’s modulus and peak
stress were plotted as functions of ash density and both linear and power-law regression
analyses were conducted. The Young’s modulus and peak stress were plotted as functions
of organic content density. The Young’s modulus and peak stress were then plotted as a
function of density ratio (ash/organic density). The corresponding regression analyses were
also conducted. The coefficient of correlation (R) and coefficient of determination adjusted
for degrees of freedom (adjusted R?) were calculated for each regression. The level of cor-

relations for mineral content (ash density) and density ratio (ash/organic) were directly
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evaluated against each other. This was to evaluate the efficacy of the parameter in deter-
mining mechanical properties.

The analyses highlighted above serve to achieve the objective of this thesis by doing
four things: First, it collects similar data as the existing body of work by the regression
analyses of the ash density-modulus and ash density-peak stress relationships; Next, it col-
lects data that explores the direct relationship between organic density and mechanical
properties (modulus and peak stress). This data is also obtained through the regression
analyses between the variables. Next, it explores the relationship between the interaction
of ash density and organic density (ash density/organic density) and the mechanical prop-
erties through a regression analysis. Lastly, the results are compared with each other but
also evaluated independently. The results obtained from the analysis would, therefore,
serve to enhance the body of knowledge which has been lacking the contribution of organic

content.



Chapter 6

Results and Discussion

The previous chapters illustrate the methodologies utilized in the fabrication and testing of
bovine specimens. In this chapter, the experimental results arising from the application of
those methods are presented and examined in detail.

The results are presented in different groups for compression and tension where appli-
cable. The Fabrication technique is evaluated by examining the fabricated specimen dif-
ferences and is presented in Section 6.1 below. Due to the application of destructive com-
pression and tension tests, evaluation of sample loss is presented in Section 6.2. Results
from the study of the mechanical behaviour of tested specimens in compression and tension
are then presented by isolating inorganic, organic, and inorganic-organic interactions with
the mechanical properties in Section 6.3.

An upper threshold of significance value of a = 0.05 is used for all statistical analyses.
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6.1  Fabricated Specimens Differences

A large specimen-set and modifications of existing protocols were utilized in this study.
To provide validity to these protocols (beyond the fabrication method described in Sub-
section 3.2), it is essential that some statistical test is conducted to assess uniformity across
specimens. The uniformity of the specimens is important because research [44,109] has
shown that bones behave differently depending on density, length and diameter. Three
main parameters therefore need examination before further analysis can be conducted: den-
sity, length and diameter.

Existing research [33,97,123—125] utilizes grouped cross-sections in obtaining speci-
mens, thereby allowing uniformity of density information. The common cross-sections are
the proximal femur, distal femur and proximal tibia. Other cross-sections are further sub-
divided into four anatomic quadrants: anterior, medial, posterior, and lateral [80]. How-
ever, in this study, specimens were obtained across the spectrum of each whole bovine
bone sample and not grouped by cross-section. Although the specimens were grouped with
similar density into tension and compression, it is vital to assess any differences in density
between both groups in order to ensure an even distribution of specimens to both groups.

Furthermore, studies have shown that specimen length and diameter have significant
influences on the mechanical behaviour of bone [44,109]. Lievers, Waldman, and Pilkey
[109] investigated the minimization of specimen length in the elastic testing of end-con-
strained cancellous bone and found that diameter strongly affected the apparent modulus
(p = 0.0005). A decreasing specimen length was found to accompany decreasing Young’s

modulus during platen compression [44]. Differences in sample length and diameter could,
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therefore, skew the mechanical behaviour, so assessing and categorizing results accord-

ingly would be valuable.

6.1.1 Differences between Length and Diameter

Since research [44] has shown that an underestimation of Young’s modulus is obtained
with decreasing specimen length, in order to obtain accurate estimations of Young’s mod-
ulus, it is essential that differences in length are not significant between the cortical and
cancellous cohorts being studied in either compression or tension. The differences in length
were assessed using the cortical and cancellous cohorts because the distribution of lengths
at those levels, were random. The hypothesis test to determine any significant difference
between these groups is the 2-sample t-test, which directly tests the average difference
between the two groups.

A 2-sample t-test was thus conducted on the compression group to determine whether
the fabricated cortical specimens were different from the fabricated cancellous specimens
(using length and diameter as fabrication determinants). The summary of the test is pre-
sented in Table 3. The results indicate that the mean length of the cortical group (M = 28.07,
SD = 3.52) was not significantly different than that of the cancellous group (M =27.73, SD
=3.59), p = 0.575,95% CI [-0.84, 1.51]

Similarly, the mean diameter of the cortical group (M = 7.84, SD = 0.20) exhibited non-
significant differences from the cancellous group (M = 7.88, SD = 0.57), p = 0.533, 95%
CI[-0.17, 0.09]. These conclusions allowed confidence in the fabricated specimens. Spec-
imen length and diameter were, therefore, not used as confounding variables in the study

since they were not significantly different within their cohorts.
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Table 3: Summary of the independent samples’ compression t-test for equality of means between
cortical and cancellous bones utilized. This test was done for both length and diameter.

Mean diff 95% CI1
Attribut E -val. (2-tailed
ributes (mm) S Lower Upper p-val. (2-tailed)
Length 0.3341 0.5915 -0.8365 1.5048 0.573
Diameter -0.0406 0.0649 -0.1691 0.0879 0.533

The tests were not conducted for the tension group since the fabrication process was

the same.

6.1.2 Difference between Densities

The samples were grouped by density for compression and tension testing. To further val-
idate the fabrication process and ensure consistency across tested samples in the testing
groups, t-tests were performed. Beyond validating the fabrication process, the relationship
between apparent density and Young’s modulus has been established — Young’s modulus
of bone is strongly dependent on apparent density [25]. Although compressive and tensile
tests have been shown to yield different results, there is little work to show the equivalency
of specimens tested in both compression and tension. The t-test was conducted to account
for any possible differences between compression and tension groups.

An analysis of the compression and tension apparent densities shows that the groups
did not differ significantly, p = 0.189, 95% CI [-0.02. 0.12]. The summaries of the apparent

density measurements and statistical analysis are presented in Table 4 and Table 5 below.
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Table 4: Summary of the analyzed density information for compression and tension specimens. N
stands for sample size.

Attributes N Mean (g/cm?) Std. Deviation Std. Error Mean
Compression 189 1.663 0.4049 0.0294
Tension 178 1.614 0.3123 0.0234

Table 5: Summary of the independent sample of density t-test for equality of means™.

Mean diff 95% CI
Attribut E -val. (2-tailed
ributes (mm) S Lower Upper p-val. (2-tailed)
Density 0.0495 0.0376 0.0245 0.1235 0.189

*Abbreviations: SE stands for Standard Error of the mean difference.
CI stands for confidence interval.
p-val stands for the significance level. An a = 0.05 was utilized to accept significance.

6.2  Mechanical Testing Results

Following mechanical testing, an ashing procedure was conducted to obtain the ash weight
(and conversely, density) of the tested specimens. To accurately assess the relationship(s)
between the ash density (and future results post-mechanical testing) and modulus, it is cru-
cial that the integrity of the specimen (mass-wise) is maintained. Significant sample loss
would skew the mechanical behaviour analysis significantly. In order to both verify and
combat errors due to sample loss, an analysis of possible loss needed to be conducted.

A one-tailed paired samples t-test was therefore conducted to determine whether the
weight of the samples measured before and after mechanical testing were significantly dif-
ferent from each other. It was hypothesized that sample loss (including moisture loss) dur-
ing the destructive testing process would render weight measurements significantly differ-

ent (more specifically, the weight after test would be less than that before test). After testing
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the homogeneity of variances using pitman-morgan’s test (R?> = 0.99, p = 1.953), the spec-
imens had an average difference from pre-test to post-test measured weights of 0.0665 (SD
=0.0717), resulting in a statistically significant weight difference (p <0.0001). The sample
loss however, was considered negligible (3%).

Table 6 and Table 7 show the summaries of this analysis.

Table 6: Summary of the analyzed weight data (pre- and post-mechanical tests). N stands for the
sample size.

Attributes Mean (g) N Std. Deviation Std. Error Mean
Weightpre-Test 2.226 367 0.5058 0.0264
Weightpost-Test 2.160 367 0.5133 0.0268

Table 7: Summary of the paired samples t-test analyzing the difference between pre- and post-
mechanical test weights*,

. 95% CI
Attributes Mean (g) SD SE p-value
Lower | Upper
Were - Weost 0.0665 0.0717 ]0.00374 | 0.0591 | 0.0738 | 0.000000

*Abbreviations: SD stands for Standard Deviation, SE stands for Standard Error of the mean difference
CI stands for confidence interval.
p-val stands for the significance level. An a = 0.05 was utilized to accept significance.

6.3  Mechanical Properties

6.3.1 Compression

The properties (Young’s modulus, yield stress, break stress, ultimate stress, ultimate strain,
and energy to yield) obtained from compression tests are summarized in Table 8 and Table

9 below, including ash density information.
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Table 8: Summary of the obtained elastic properties of cancellous bones in compression.

Cancellous | E (MPa) | p (g/em’) | oP**(MPa) | ¢®*k (Mpa) | o¥''Y(MPa) | YE"'2Y (N.mm) | pash (g/cm?)
N Valid 89 92 89 59 89 89 92
Missing 3 0 3 33 3 3 0
Mean 1450.014 | 1411 12.357 13.138 12.067 225.589 0.490
SE 68.208 0.025 0.915 1.262 0.916 27.049 0.015
Minimum 126.761 1.072 0.300 0.342 0.334 0.352 0.193
Maximum | 3127.644 | 2.300 50.800 50.788 50.788 1646.265 0.846

Missing: the number of specimens that did not produce any output.
Abbreviations: N = sample size, SE = Standard Error of the mean.

YEnerey = Energy to yield.

Table 9: Summary of the obtained elastic properties of cortical bones in compression.

Cortical E (MPa) p (g/em?) | oPK(MPa) | 6Bk (MPa) | ¢ ®9(MPa) | YE"'®Y (N.mm) | pash (g/cm?)
N Valid 59 59 59 52 59 59 59
Missing 0 0 0 7 0 0 0
Mean 7191.689 2.073 128.353 138.110 122.887 1880.507 1.234
SE 314.056 0.041 6.163 5.634 6.716 120.826 0.026
Minimum 1284.985 1.438 21.100 30.223 7.717 21.773 0.668
Maximum | 11658.365 | 3.349 198.100 198.149 198.149 4330.616 1.934

Missing: the number of specimens that did not produce any output.
Abbreviations: N = sample size, SE = Standard Error of the mean

YEnerey = Energy to yield.

The average Young’s modulus of cortical bone in compression is almost five times that

of cancellous bone in this work. The average ultimate and break strength of cortical bone

are about ten times that of cancellous bone. The range for ash density, including both can-

cellous and cortical bone, is 0.193g/cm? to 1.934g/cm’.

An outlier analysis was performed on the relationships between ash density and

Young’s modulus for pooled (cortical and cancellous), cortical and cancellous bones. The

results were not statistically different from the results obtained from the inclusion of the

outliers. The regression curves for all relationships with the exclusion of the outliers are

thus presented.
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! where y is the

The power law model used for curve fitting was y = Constant x x°
dependent variable (either modulus or peak stress), x is the independent variable (density),
and b1 is the exponent. The results from this power-law relationship indicate that the ash
density and Young’s modulus are strongly positively correlated (R = 0.89, R?> = 0.78) for
pooled bones. Cortical bones (R = 0.72, R?> = 0.51) and Cancellous bones (R = 0.43, R? =
0.18) show medium and low positive correlations respectively.

The linear regression model followed was y = bix + bo where y is the dependent varia-
ble (either modulus or peak stress), x is the independent variable (density), bo is the inter-
cept, and by is the coefficient. The linear regression shows that R? = 0.87, 0.45, and 0.16
for pooled, cortical, and cancellous bones respectively.

The power law relationships between ash density and Young’s modulus for pooled
(cortical and cancellous), cortical and cancellous bones as well as their adjusted coeffi-
cients of determination (R?) are presented in Figure 11, Figure 12 and Figure 13 respectively..
Table 10 below summarizes the linear regression analyses and power-law relationship pa-
rameters utilized.

Table 10: Summary of the linear regression analyses and power-law curve fitting between com-
pressive modulus and ash density. The significance level was taken as a = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type | R R? | P-value R R? | Constant bl
Pooled 0.936 | 0.874 | 0.000 0.886 0.784 | 4810.383 1.706
Compression | Cortical 0.692 | 0.469 | 0.000 0.723 0.514 | 4647.771 2.294
Cancellous | 0.415 | 0.162 | 0.000 0.432 0.177 | 2544.519 0.950
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Figure 11: Variation of Compressive Modulus (MPa) with Ash Density (g/cm?) of pooled bones.
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Figure 12: Variation of Compressive Modulus (MPa) with Ash Density (g/cm?) of cortical bones.
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Figure 13: Variation of Compressive Modulus (MPa) with Ash Density (g/cm?®) of cancellous bones.

The compressive peak stress was also assessed with ash density information. The rela-

tionships between ash density and compressive peak stress for pooled, cortical and cancel-

lous bones as well as their coefficients of determination (R?) are presented in Figure 14,

Figure 15, and Figure 16 respectively. The power-law relationship yielded a strong positive

relationship for pooled bones (R = 0.89, R? = 0.80). Cortical bones (R = 0.65, R? = 0.41)

and Cancellous bones (R = 0.60, R? = 0.35) showed medium positive correlations respec-

tively. Table 11 below summarizes the linear regression analyses and power-law relation-

ship parameters utilized.

Table 11: Summary of the linear regression analyses and power-law curve fitting between com-
pressive peak stress and ash density. The significance level was taken as o = 0.01.

Linear regression Power-law Parameter estimates
Test Type Bone Type R R?> | P-value R R? Constant bl
Pooled 0.921 | 0.847 | 0.000 0.894 0.799 65.135 2.617
Compression | Cortical 0.599 | 0.347 | 0.000 0.645 0.405 75.942 2.545
Cancellous | 0.584 | 0.333 | 0.000 0.596 0.347 44.551 2.154
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Figure 14: Variation of Compressive Peak Stress (MPa) with Ash Density (g/cm?) of pooled bones.
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Figure 15: Variation of Compressive Peak Stress (MPa) with Ash Density (g/cm®) of cortical bones.
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Ash Density vs Compressive Peak Stress
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Figure 16: Variation of Compressive Peak Stress (MPa) with Ash Density (g/cm?) of cancellous bones.

6.3.2 Tension

The properties (Young’s modulus, yield stress, break stress, ultimate stress, ultimate strain,
and energy to yield) obtained from tension testing are summarized in Table 12 and Table
13 below, including ash density information.

Table 12: Summary of the obtained elastic properties of cancellous bones in tension.

Cancellous E (MPa) p (g/em?) oYVldMPa) | oP(MPa) | oPK(MPa) | YE"'® (Nmm) | pash (g/cm?)
N Valid 86 90 84 86 83 90 90
Missing 4 0 6 4 7 0 0
Mean 562.148 1.379 4.891 5.809 3.811 32.286 0.493
SE 44.102 0.012 0.366 0.383 0.287 5.534 0.014
Minimum 42.703 1.029 -0.586° 0.000 -0.058? -73.019° 0.270
Maximum 2015.658 1.629 22.735 22.700 14.107 252.482 1.227

Missing: the number of specimens that did not produce any output.
Abbreviations: N = sample size, SE = Standard Error of the mean
YEnerey = Energy to yield.
2 the specimen underwent more compression than tension, thus affecting the machine displayed values.
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Table 13: Summary of the obtained elastic properties of cortical bones in tension.

Cortical E (MPa) p (g/em?) c¥VldMPa) | oFKMPa) | o®K(MPa) | YE"'®Y (Nmm) | pash (g/cm?)
N Valid 48 48 42 47 42 48 48
Missing 0 0 6 1 6 0 0
Mean 3638.3004 2.059 27.230 30.535 27.034 282.247 1.237
SE 130.639 0.019 1.994 1.863 1.887 98.374 0.019
Minimum 692.520 1.680 6.595 7.300 7.303 -124.1247 0.815
Maximum 5156.799 2.246 52.696 59.200 55.025 3373.663 1.390

Missing: the number of specimens that did not produce any output.
Abbreviations: N = sample size, SD = Standard Deviation, SE = Standard Error of the mean

YEnerey = Energy to yield.

2 the specimen underwent more compression than tension, thus affecting the machine displayed values.

The average Young’s modulus of cortical bone in tension is almost six times greater

than that of cancellous bone in this work. The average ultimate and break strength of cor-

tical bone are close to six times that of cancellous bone. The range for ash density, includ-

ing cancellous and cortical bone, is from 0.270g/cm® to 1.390g/cm’.

The relationships between ash density and Young’s modulus for pooled, cortical and

cancellous bones as well as their coefficients of determination are presented in Figure 17,

Figure 18, and Figure 19 respectively. The power-law relationship showed a strong positive

relationship (R = 0.88, R?> = 0.78) between ash density and Young’s modulus. Cortical

bones (R = 0.68, R? = 0.45) and Cancellous bones (R = 0.50, R? = 0.24) showed medium

and low positive relationships. Table 14 below summarizes the linear regression analyses

and power-law relationship parameters utilized.

Table 14: Summary of the linear regression analyses and power-law curve fitting between tensile
modulus and ash density. The significance level was taken as a = 0.01.

Linear regression Power-law Parameter estimates

Test Type | Bone Type R R? P-value R R? Constant bl
Pooled 0.963 | 0.927 0.000 0.881 0.775 | 2189.756 2.174
Tension | Cortical 0.668 | 0.433 0.000 0.677 0.446 | 2479.402 1.805
Cancellous 0.451 | 0.194 0.000 0.499 0.240 | 1633.480 1.815
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Figure 17: Variation of tensile Modulus (MPa) with Ash Density (g/cm?) of pooled bones.
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Figure 18: Variation of tensile Modulus (MPa) with Ash Density (g/cm®) of cortical bones.
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Figure 19: Variation of tensile Modulus (MPa) with Ash Density (g/cm?) of cancellous bones.

The tensile peak stress was also assessed with ash density information. The relation-
ships between ash density and tensile peak stress for pooled, cortical and cancellous bones
as well as their coefficients of determination are presented in Figure 20, Figure 21, and Figure
22 respectively. The power-law relationships indicate R? values of 0.63, 0.02, and 0.20 for
Pooled, Cancellous and Cortical bones, respectively. Similarly, the linear regression rela-
tionships indicate R? values of 0.67, 0.02, and 0.50 for the bone types. Table 15 below
summarizes the linear regression analyses and power-law relationship parameters utilized.

Table 15: Summary of the linear regression analyses and power-law curve fitting between tensile
peak stress and ash density. The significance level was taken as o = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type R R? P-value R R? Constant bl
Pooled 0.821 0.671 0.000 0.796 0.630 18.251 1.860
Tension | Cortical 0.201 0.017 0.195 0.200 0.016 40.363 -1.463
Cancellous | 0.713 0.502 0.000 0.466 0.207 18.016 1.853
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Figure 21:

- Variation of tensile Peak Stress (MPa) with Ash Density (g/cm’) of cortical bones.
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Figure 22: Variation of tensile Peak Stress (MPa) with Ash Density (g/cm?) of cancellous bones.

6.3.3 Effect of Organic Content - Compression

The relationships between organic density and Young’s modulus for pooled, cortical and
cancellous bones as well as their coefficients of determination are presented in Figure 23,
Figure 24, and Figure 25. Organic density information itself predictably exhibited low influ-
ence on the mechanical properties, as is evident in the R? values in the summary of empit-
ical relationship parameters shown in Table 16 below. For cortical and cancellous bones,
the effect of organic density alone on the mechanical properties of bone is not statistically
significant (p > 0.05) compared with the ash density relationship with modulus (p < 0.05).
However, the pooled bones showed statistical significance with R? values of 0.54 (power-

law) and 0.55 (linear regression).
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Table 16: Summary of the linear regression analyses and power-law curve fitting between com-
pressive modulus and organic density. The significance level was taken as a = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type R R? P-value R R? Constant bl

Pooled 0.744 0.550 0.000 0.737 0.540 251.157 -5.307

Compression | Cortical 0.183 0.033 0.191 0.153 0.004 | 4633.703 -0.785
Cancellous | 0.196 0.038 0.074 0.170 0.017 876.162 -1.015
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Figure 23: Variation of compressive Modulus (MPa) with Organic Density (g/cm’) of pooled
bones.




6.3 Mechanical Properties

60

Compressive Modulus (MPa)

Organic density vs Compressive Modulus

Bone Type: cortical

12000

E =4633pos 92, R2=0.02

10000 .

8000

6000

4000 v

‘4

2000

45 50 55 &0 &5 70

Organic Density (g/lcm3)

Figure 24:
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Figure 25: Variation of compressive Modulus (MPa) with Organic Density (g/cm?) of cancellous

bones.
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The density ratio (ash density/organic density) as the determinant of the compressive
modulus was also assessed. Table 17 below summarizes the linear regression analyses and
power-law relationship parameters utilized. The power-law relationships indicate a strong
positive relationship (R = 0.89, R? = 0.79) for Pooled bones, and a medium positive rela-
tionship for Cortical bones (R = 0.89, R? = 0.50). These relationships are shown in Figure
26, Figure 27, and Figure 28.

Table 17: Summary of the linear regression analyses and power-law curve fitting between com-
pressive modulus and density ratio. The significance level was taken as o. = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type R R? P-value R R? Constant bl
Pooled 0.939 0.880 0.000 0.890 0.791 | 3357.241 1.565
Compression | Cortical 0.712 0.497 0.000 0.715 0.502 | 2531.365 2.301
Cancellous | 0.406 0.155 0.000 0.453 0.197 | 2274.283 1.002
Density Ratio vs Compressive Modulus - Pooled
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Figure 26: Variation of compressive Modulus (MPa) with Ash Density/Organic Density of pooled
bones.
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Figure 27: Variation of compressive Modulus (MPa) with Ash Density/Organic Density of cortical
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Figure 28: Variation of compressive Modulus (MPa) with Ash Density/Organic Density of cancel-

lous bones.
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The variation of ash/organic density ratio with peak stress was also obtained. Table 18
below summarizes the linear regression analyses and power-law relationship parameters
utilized. The power-law relationship indicates a strong positive relationship (R = 0.92, R?
= (0.85) for pooled bones. Cortical bones (R = 0.74, R? = 0.54) and cancellous bones (R =
0.66, R?=0.43). The linear regression also showed a strong positive relationship (R = 0.93,
R? = 0.86) for pooled bones. The variations for pooled, cortical and cancellous bones can
be seen in Figure 29, Figure 30, and Figure 31.

Table 18: Summary of the linear regression analyses and power-law curve fitting between com-
pressive peak stress and density ratio. The significance level was taken as a = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type R R? P-value R R? Constant bl
Pooled 0.930 0.864 0.000 0.923 0.851 39.886 2.463
Compression | Cortical 0.682 0.455 0.000 0.740 0.539 30.315 3.094
Cancellous | 0.622 0.379 0.000 0.657 0.426 36.134 2317
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Figure 29: Variation of compressive Peak Stress (MPa) with Ash Density/Organic Density of pooled bones.
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Figure 30: Variation of compressive Peak Stress (MPa) with Ash Density/Organic Density of cor-
tical bones.
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Figure 31: Variation of compressive Peak Stress (MPa) with Ash Density/Organic Density of cancellous

bones.
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6.3.4 Effect of Organic Content - Tension

The relationships between organic density and tensile Young’s modulus for pooled (corti-
cal and cancellous), cortical and cancellous bones as well as their correlation are presented
in Figure 32, Figure 33, and Figure 34 below. As illustrated in the compression section of
organic content effect (Section 6.3.3), organic density information itself predictably
showed low influence on the mechanical properties as is evident in the R? values in the
summary of empirical relationship parameters shown in Table 19 below. For cortical
bones, the effect of organic density alone on the mechanical properties of bone is not sta-
tistically significant (p > 0.05) compared with ash density relationship with modulus (p <
0.05). Both the power-law and linear regression models indicate a correlation (R) of 0.71
and a coefficient of determination (R?) of 0.50.

Table 19: Summary of the linear regression analyses and power-law curve fitting between tensile
modulus and organic density. The significance level was taken as a = 0.01.

Linear regression Power-law Parameter estimates

Test Type | Bone Type R R? P-value R R? Constant
Pooled 0.709 0.498 0.000 0.708 0.497 25.674 -8.221
Tension | Cortical 0.070 0.005 0.661 0.039 0.002 | 3530.996 -0.164

Cancellous | 0.305 0.082 0.005 0.317 0.089 138.632 -2.900
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Figure 32: Variation of tensile Modulus (MPa) with Organic Density (g/cm’) of pooled bones.
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Figure 33: Variation of tensile Modulus (MPa) with Organic Density (g/cm’) of cortical bones.
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Figure 34. Variation of tensile Modulus (MPa) with Organic Density (g/cm’) of cancellous bones.

The variation of tensile modulus with ash/organic density ratio was also assessed. Table
20 below summarizes the linear regression analyses and power-law relationship parameters
utilized. The power-law relationships indicate R? = 0.78, 0.24, and 0.27 for Pooled, Corti-
cal, and Cancellous bones respectively. The linear regression yielded an R? of 0.92 for
pooled bones. Figure 35, Figure 36, and Figure 37 show relationships that explore the ratio
of the ash density to the organic density.

Table 20: Summary of the linear regression analyses and power-law curve fitting between tensile
modulus and density ratio. The significance level was taken as a = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type R R? P-value R R? Constant bl
Pooled 0.961 0.923 0.000 0.884 0.780 863.368 1.869
Tension | Cortical 0.522 0.255 0.000 0.492 0.242 | 1676.007 1.059
Cancellous | 0.465 0.207 0.000 0.522 0.273 758.255 1.587
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Figure 35: Variation of tensile Modulus (MPa) with Ash Density/Organic Density of pooled bones.
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Figure 37: Variation of tensile Modulus (MPa) with Ash Density/Organic Density of cancellous
bones.

The variation of tensile peak stress with the ash/organic density ratio was also assessed.
Table 21 below summarizes the linear regression analyses and power-law relationship pa-
rameters obtained. The power-law relationships indicate an R? = 0.63 for pooled bones and
R2=0.23 for cancellous bones. The linear regression yielded an R? = 0.69 for pooled bones
and R2=0.51 for cancellous bones. The variations for pooled, cortical and cancellous bones
can be seen in Figure 38, Figure 39, and Figure 40. The density ratio relationships showed
stronger correlations than inorganic-mechanical property relationships. For pooled bones,
there was a 3% increase in correlation (from R? = 0.671 to 0.689). For cancellous bones,
there was a 9% increase in correlation (from R? = 0.502 to 0.510). Cortical bones did not
meet the required significance levels of p < 0.05. For a summary of correlation differences,

please see Section 6.3.5.
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Table 21: Summary of the linear regression analyses and power-law curve fitting between tensile
peak stress and density ratio. The significance level was taken as o = 0.01.

Linear regression Power-law Parameter estimates
Test Type | Bone Type R R? P-value R R? Constant bl
Pooled 0.821 0.689 0.000 0.798 0.634 8.243 1.600
Tension | Cortical 0.336 0.091 0.028 0.295 0.064 111.627 -1.770
Cancellous | 0.718 0.510 0.000 0.484 0.225 8.216 1.613
Density Ratio vs Tensile Peak Stress - Pooled
. : e
Gk = 8 24p, 190, R2 = 0.63 |
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Figure 38: Variation of tensile Peak Stress (MPa) with Ash Density/Organic Density of pooled

bones.
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6.3.5 Comparison of Density-Modulus Relationships

A comparison of the density-modulus and density-peak stress relationships in compression
and tension shows that the mechanical properties (Modulus and Peak Stress) had stronger
correlation with density ratio than with mineral density. This observation was assessed by

exploring the percentage difference in R? between the density ratio results and ash density

2
Rdensity ratio™R

2 .
o ashdenstty) X 100% A

ash density

results. The percentage difference was calculated as (

summary of these differences is shown in Table 22 below.

Table 22: Summary of the percentage differences in R’ between the density-mechanical property
variations examined. Bracketed values represent a decrease in R’ values.

R? Difference (Percentage)
Test Type Relationship Bone Type | Power-Law | Linear Regression
Pooled 0.89% 0.69%
Density-Modulus Cortical (2.33%) 5.97%
Compression Cancellous 11.30% (4.32%)
Pooled 6.5% 2.01%
Density-Peak Stress | Cortical 33.09% 31.12%
Cancellous 22.77% 13.80%
Pooled 0.65% 0.43%
Density-Modulus Cortical (84.30%) (41.11%)
Tension Cancellous 13.75% 6.70%
Pooled 0.63% 2.61%
Density-Peak Stress | Cortical' - -
Cancellous 8.70% 1.60%

! Cortical bone did not meet the required significance levels of p < 0.05
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6.4 Discussion

The aim of this research was the study of bone inorganic-organic composition on its me-
chanical properties. Experimental protocols were improved to aid in the accomplishment
of this goal. The protocols were improved based on existing protocols in literature. Of par-
ticular interest was the preservation of the moisture of the specimens to be tested. Linde
and Sorensen [102] examined different storage methods and found that the freezing of wet
specimens has the least and minimal impact on mechanical properties. The existing body
of work mainly utilizes wet specimens that have been rehydrated. A few studies investi-
gated bone utilizing dry specimens [126—130]. Bargen et al. [130], Carter et al. [126], and
Samuel et al. [127] found that bone specimens that had been dried possessed increased
stiffness in comparison with fresh bone specimens. Guillaume et al. [128] assessed dry,
dried then rehydrated, and fresh thawed bone specimens and found that dried then rehy-
drated bone specimens exhibited properties closer to fresh thawed bone. This work, in con-
trast to the processes mentioned above, preserved the moisture of the bone by utilizing
fresh thawed bone with no drying and rehydration process. This was done to ensure that
the bone stayed as close to its natural state as possible for a more accurate depiction of the
behaviour in-vivo. Moisture loss was minimized by wrapping the specimen in cling film
when the specimen was not in use. Beyond moisture loss, the study of the contribution of
anisotropy was avoided with these protocols.

Since anisotropy has been found to play a significant role in the mechanical behaviour

of bone, this work ensured consistency in the fabrication process by the use of a custom
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rig. This ensured that even if a degree change in alignment occurred, there would be con-
sistency across all fabricated specimens. Without anisotropy managed, the analysis of me-
chanical properties could have been affected by the geometric properties of the specimens.

Intrinsic mechanical properties like Young’s modulus have been proven to be affected
by area and length [44,60]. Therefore, an analysis was conducted to evaluate whether any
significant differences existed between the fabricated specimens. The analysis (results in
section 6.1) showed that there was no significant difference between the dimensions of
specimens utilized for compression and tension. This analysis was vital in order to allow
valid comparison across specimen groups tested. Since the dimensions of the specimens
were not significantly different from each other, the contribution of diameter and length
were considered controlled. There was no need to include them in the analysis as confound-
ing variables. Possible errors arising due to specimen’s shape were minimized with the
utilization of cylindrical specimens. This is in line with the recommendations of Linde et
al. [44] and Keaveny et al. [56] who suggest that the utilization of cylindrical specimens
with a diameter greater than Smm while maintaining aspect ratio would minimize buckling.

The fabricated specimens were grouped into compression and tension with similar sam-
ples existing in each group. The densities of both groups were analyzed, and it was found
that they were statistically not different from each other.

A comparison of the established ash density-mechanical property and density ratio-
mechanical property relationships show that the density ratio showed better correlations
with bone stiffness and strength than mineral density. The correlations are summarised in

Table 23 and Table 24 below for easier reference.
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Table 23: Summary of the outcomes of modulus-density variations under investigation.
Power-Law Model Linear Regression
Test Type | Bone Type | E—puuR* | g — Pash Jpgrg RE | EPore R* | E—pui R? | g — Pash Jpyry R | EPore R?
org org
Pooled 0.784 0.791 0.540 0.874 0.880 0.550
Compres- -
sion Cortical 0.514 0.502 0.004 0.469 0.497 0.033
Cancellous 0.177 0.197 0.017 0.162 0.155 0.038
Pooled 0.775 0.780 0.497 0.927 0.923 0.498
Tension Cortical 0.242 0.446 0.002 0.255 0.433 0.005
Cancellous 0.240 0.273 0.089 0.194 0.207 0.082
*Bolded R? values refer to the highest obtained for that tested group.
Table 24: Summary of the outcomes of peak stress-density variations under investigation.
Power-Law Model Linear Regression
Test Type Bone Type | o—pun R? | g — Pash / Dorg R? | 0—pusn R? | g — Pash / Porg R?
Pooled 0.799 0.851 0.847 0.864
Compression | Cortical 0.405 0.539 0.347 0.455
Cancellous 0.347 0.426 0.333 0.379
Pooled 0.630 0.634 0.671 0.689
Tension Cortical 0.016 0.064 0.017 0.091
Cancellous 0.207 0.225 0.502 0.510

* Bolded R? values refer to the highest obtained for that tested

group.

** The cortical bone types were not bolded since their significance
levels were > p = 0.05.

The utilization of organic content information alone for predicting bone behaviour

yielded poor results — specifically in the cortical and cancellous bone cohorts — as expected

since the structural behaviour of bone is dependent on mineral content. The pooled bones

however, showed a positive correlation (R = 0.74, R? = 0.55) between compressive prop-

erties and organic density; and a positive correlation (R = 0.71, R? = 0.50) between tensile

properties and organic density. This implies a 50% correlation between bone stiffness and
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organic density. It is expected that the correlation between bone stiffness and organic den-
sity will be stronger if a better model is used. The power and linear model were used since
these are predominant in bone research. Existing models only considered mineral density
and so other models have not been explored. This finding cannot be understated because it
suggests organic content plays a role in the description of bone strength. This could possi-
bly a synergistic role with mineral density. The combination of both organic content and
mineral content information yielded better results than that of just mineral content. The
results should however be interpreted with caution as the density ratio utilized for this work
is only one possible interaction that might exist between ash density and organic density.
More work is needed to identify the mechanism of interaction between the two elements.

At this time, issues with low R? values may be attributed to methodological difficulties
in testing of specific specimen groups. During testing, specific specimens needed to be
retested as they yielded no data once testing had begun. The initial failed test most likely
altered the behaviour of the specimen, and so uniformity in testing across specimens was
not guaranteed. The justification for the inclusion of these data, however, is that since the
software recorded no load readings for such specimens, the effect of the failed test is min-
imal. Some specimens were not appropriately inspected during the fabrication stage and
were recognized as two bones stacked on each other. Such data were removed from the
analyzed results. Another explanation for the variance in the tested data might be because
the leg bones obtained were not distinguished from each other by the butcher and might be
combinations of femur and tibia.

Despite these shortcomings, the results obtained in this study suggest that organic con-

tent plays a role in improving the accuracy of bone mechanical property prediction. This
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finding is critical because loss of bone organic content has been linked with age [131]. This
implies that existing relationships may need to include organic content in future relation-
ships in order to protect the vulnerable aging population. The positive correlation-increase
obtained from the utilization of organic-mineral relationships also indicates that organic

content information cannot be overlooked.



Chapter 7

Conclusions and Future Work

7.1 Conclusions and Contributions

Existing studies on bone mechanical behaviour have been affected adversely by different
parameters already introduced in this thesis. The organic content information, while no-
ticeably necessary for defining the biomechanical properties exhibited by bone, has been
left out in the development of macro-scale empirical relationships evaluating bone stiff-
ness. Furthermore, the anisotropic nature of bone further complicates the study of bone and
limits the tests significantly. This project aimed to investigate the effect of organic proteins
and water on the mechanical properties of bone by developing a novel experimental proto-
col. The reason for prioritizing strict experimental protocols is to enable confidence in the
utilization of data obtained from the outlined process (by managing anisotropy). Based on
the research gaps, the significant contributions and conclusions of the present work are as

follows:
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e Anisotropy was managed by the development of a custom-rigged mould suitable
for use on bovine leg bone regardless of size. The mould ensured consistency
among each specimen fabricated from the whole bone in the longitudinal orienta-
tion. Furthermore, this technique is practical for use in the fabrication of large num-
bers of specimens. This approach for avoiding anisotropy is a novel contribution of
this thesis to the existing body of work.

e The repeatability of manufacturing and testing specimens according to the proce-
dures outlined is promising as samples produced and tested over several months of
work are not significantly different from each other. This is significant because ex-
isting protocols were difficult to reproduce.

e Moisture loss was managed by leaving the specimen in cling film and freezing — in
contrast with the majority of existing work, which prefers drying and rehydration.
This approach ensured that bones were tested as close to physiologic conditions as
possible without external intervention.

e A novel Ashing procedure was developed for the analysis of bone inorganic and
organic compositions.

e Inboth compression and tension tests of pooled bones, organic density showed 50%
correlation with bone stiffness (R = 0.70, R? = 0.50).

¢ The inclusion of organic content information with mineral content in description of
bone behaviour yielded generally better R? values than those utilizing just mineral
content information — suggesting that organic-mineral interaction plays a role in

defining the mechanical properties of bone.
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7.2  Limitations of the Present Study

Although the objectives of the work have been met, there exist a few limitations that can
be associated with this study, as discussed below:

e This work was completed with an assumption that bone is uniform across each in-
dividual specimen. This means results obtained from this study need to be inter-
preted in the context of bone as a homogenous material. More work to examine the
behavior of bone as a heterogenous material would need to be conducted as that
was beyond the scope of this work.

e The degree of anisotropy was not quantified and examined as expensive equipment
would have been required, and none was readily available. Quantifying the degree
of anisotropy and grouping the specimens accordingly might lead to more accurate
results.

e The accuracy of the density measurements obtained indirectly from weight meas-
urement devices was questionable. Several measurements of the same material
were tested and averaged; however, a more accurate weight scale should have been
used.

e End-artifacts were not considered in the preparation of this protocol as platens (for
compression), and grips (for tension) were utilized. Misalignment was avoided
through manual processes and cannot be trusted in experiments testing many spec-
imens.

e The displacements and strains were obtained from the movement of the crosshead

and might be affected by machine compliance effects [91].
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The tissue behaviour equations utilized in this study relied on sets of empirically
derived constants based on the dataset. Their applicability in the prediction of bone
strength is thus unknown until an external validation study with an independent
data set is conducted.

The power law and linear models were utilized for modeling all relationships in this
study. Better models will be able to show a stronger correlation between organic
density and bone stiffness. The power and linear models were used since existing
work utilizes those models. One possible reason other models were not explored in
the literature is because the focus of existing work has been on mineral density.
The study of the interaction between ash density and organic density was limited to
the density ratio. The interaction however is a more complex mechanism that was

beyond the scope of this work at this time.

While these limitations have been outlined, it is important to recognize the difficulty in

controlling for every single source of error in such a large-scale work. The very nature of

this project possesses some inherent limitations — like anisotropy control. To that end, this

work focused on producing protocols in which accuracies (and inaccuracies) are consistent

across implementation to allow for assessment of expected results.

7.3

Future Work

The potential benefits of useful data from an increasingly accurate empirical relationship

between bone components and its mechanical properties are enormous. From osteoporosis
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prediction improvement — to fracture risk improvement — to finite element modelling ac-
curacy improvement, the possibilities for the future are endless. To achieve such long-term
dreams, prospective future work should be first tailored to improving this protocol in these
areas:

e The utilization of silicone material for the custom-rigged mould as opposed to the
current wooden material. Silicone is biocompatible, cheaper in long-term use, and
easier to manage.

e The utilization of optical measurements for collecting strain measurements in test-
ing. The size of the samples constrains the use of extensometers in compression
and some cases, tension.

e The utilization of the end-cap technique in tension testing might provide better ac-
curacy and limit testing difficulties that arise from the gripping of the specimen.

The implementation of these recommendations may prove to be vital in this pivotal pilot
work investigating bone composition on mechanical properties at the macro-scale with the
inclusion of organic content. Additional future work that can be completed may thus in-
clude:

e Development and optimization of empirical relationships incorporating organic
content information. These relationships would need to determine the exact
mechanism of interaction between organic content and mineral content.

e Validation of these relationships against an independent data set, and the exist-

ing body of work.
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e Studying the contribution of anisotropy with respect to the influence of organic-
mineral composition on the mechanical properties of bone.
A successful outcome of these prospective studies would be beneficial for patients and

clinicians in the next generation of health technology.
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Appendix A

Sample Testing Form for Collecting Bone Information Prior-To, During, and Post-Test

MEASUREMENTS mm mm
Sample | MTS Bone AvgDiame- | Comments
ID Labels | Weight (g) | Type L1 L2 D1 D2 Avglength | ter
ASHING
Sample ID | MTS Labels | Cup # | Weight (Cup + Samp) | Total Weight (with ash) | Weight (Empty Cup)
1
2
Testing Temperature 700C
Test Time 20 hours
Start Time
Reached 700C
End Time




Appendix B

Testing The Furnace

We hypothesized that the initial problem with our programming of the furnace was
a combination of inaccurate ramp rate and the short period of dwell time. Thermolyne
technicians contacted us with more data to help clarify two things: how the dwell time
affects the operation of the furnace and if the furnace is affected by the product load. The
test data show that an empty furnace went from ambient temperature, Tamb (23°C) to max-
imum temperature, Tmax (1200°C) in 80mins. This was used to obtain a starting point for
the ramp rate (SP.RAT) to be tested. The assumption behind this was that the SP.RAT that
would take the ambient temperature to the maximum temperature must have been the max-
imum capacity of the ramping of the furnace. This temperature could be wrong; hence, it

was used as an initial starting point to test the device.

Since the SP.RAT is essentially the temperature (degrees Celsius) per minute that the

furnace should try to reach the setpoint, the SP.RAT to reach Tmax was

Trmax — Tamp _ 1200°C — 23°C

SP.RAT, = =
tmax " Elapsed time 80mins

= 14.7

However, the SP.RAT to reach 300°C from their tests was calculated to be 27.7 (Tamb =

23°C, elapsed time = 10mins).

Testing Conditions:

Temperature: 500°C

Dwell time: 2 hours



Initial test SP.RAT was started at 30 and stepped down to 15 in intervals of 5 to evaluate

performance.

Results:

- The dwell timer started at a temperature of 465°C.

- But the furnace took 26 mins to get to 500°C.

- The furnace turned off power output at 1hour 55mins.
Using a time of 26mins and following the above calculations,

the ramp rate was then set to 20. 20 is realistic since 15 (for max temperature) is less.

- The dwell timer started at a temperature of 490°C (sensible because our set
threshold for countdown to begin was 10).
- The furnace turned off power output at precisely 2 hours.

Conclusions:

- The higher temperature and longer dwell time allow for what we program to show
concrete results.

- A preliminary test for the realistic SP.RAT using the AUTOTUNE feature of the
furnace would allow us to determine the SP.RAT for 650°C before we begin ash-
ing testing.

The operation of the furnace has been understood by Xinyi and I and testing can
begin.
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