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Abstract

A lowered mineral density in the skeletal bones may indicate osteoporosis
and an increased risk of fragility fractures. However, lower bone mass does
not reveal the whole truth about the status of the bone quality. This thesis
investigated the microstructure and mechanical properties of 14 trabecular
bone plugs in order to get a comprehensive understanding of how the trabec-
ular network changes from a mechanical perspective with increasing age. The
trabecular bone plugs were harvested from the femoral head of human cadav-
ers. Micro computed tomography was performed to measure the microstruc-
tural properties. Additionally, a destructive tensile test was applied using
an ’end-cap’-technique, to obtain information about the mechanics. Finally
the fracture surfaces from two samples which showed completely different
mechanical properties were analysed using scanning electron microscopy, to
find nano-scaled fracture features. Linear regression was used to correlate the
age, microstructure and mechanical properties of the trabecular plugs. The
bone volume fraction, the trabecular thickness, post-yield strains, energy, and
toughness decreased with increasing age, but the tissue mineral density seems
to increase. The apparent modulus was positively correlated to the bone vol-
ume fraction and the energy to fracture to the trabecular thickness. The
analysis with scanning electron microscopy was troublesome due to the high
porosity and surface roughness of the samples, and therefore merely provided
a qualitative overview of the microstructure of the fracture surfaces.
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1 | Introduction

Trabecular and cortical bone are the two bone structures present within the
skeletal tissue. Cortical bone is a highly ordered structure containing parallel
bone forming units called osteons. The trabecular bone on the other hand is a
porous, mineralized network of lamellar bone, similar to osteons but without
canals for vessels and nerves. The cortical bone is very stiff in the direction of
the osteons while the trabecular bone is more ductile and have more uniform
mechanical properties in different directions. The bone tissue is metabolically
active throughout life and the structures are constantly remodelling. These
structural changes affect the mechanical properties of the whole bone. During
ageing, remodelling rate of the bone is often slowed down while the catabolic
activity is remained. This results in a net loss of bone, and therefore a
lower bone mineral density (BMD) [1]. If the BMD value is below a certain
value the patient is considered as osteoporotic. Osteoporosis is a systemically
metabolic bone disease which results in a decreased bone mass and changes in
the microstructure of the bone. An osteoporotic patient is more suseptible to
fragility fractures, predominantly in the femur and vertebrae [2]. In the early
stages of osteoporosis, trabecular bone is mostly affected by the bone loss.
Even though a low BMD may indicate more fragile bones it will not reveal any
information about the composition and structure of the bone, which are two
parameters that have proved to have an impact on bone mechanics. The BMD
measurements may be a way to diagnose osteoporosis, but not to determine
the risk of fracture [3]. Bone research can be performed on different length
scales in order to fully understand the fracture mechanisms in bone and how
those are impacted by osteoporosis [4]. In order to get a more comprehensive
overview of how the alterations in the trabecular microstructure becomes
affect by osteoporosis and age-related bone loss smaller trabecular cores can
be investigated [5]. By mechanically loading the sample plug, microdamages
may be induced in the trabecular network. To understand how the initiation
and propagation of microdamages occur, failure structures must be further
investigated on micro-and nano-scale [6, 7, 8].
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In this thesis, both structural and mechanical parameters will be measured on
trabecular bone plugs from the human proximal femur, in order to describe
the structural-mechanical relationship in the trabecular network. The age
correlation to the structural and mechanical properties will also be investi-
gated.

The structural parameters will be measured by microcomputed tomography
(μ-CT). μ-CT is a commonly used technique to quantify the morphology of
trabecular bone sample [4]. Mechanical data will be recorded by performing
tensile tests on the bone plugs. Tensile tests have been performed before
on trabecular bone [5], but not on bone from the femoral head. The data
from the tensile tests will be compared with data from previously performed
compression tests. The mechanical load is supposed to be destructive for
the samples in order to create a fracture surface. To further investigate the
fracture mechanisms occurring in trabecular bone, and if variations in fracture
patterns can be found in bone specimens, the fracture surfaces will be analysed
with scanning electron microscopy (SEM). SEM analysis has mostly been
performed on cortical bone [8], not many studies have been published on
investigations of trabecular bone. The purpose with this thesis is therefore to
investigate the possibilities and limitations by using SEM on fracture surfaces
from trabecular bone.

1.1 Aim

The main objective of this thesis is to investigate the relation between donor
age, trabecular structure and mechanical properties, and develop a method
to qualitatively analyse the fracture surfaces using SEM.

To fulfil the general aim of the thesis, it has been divided into several specific
aims:

• To study age related changes in structural and mechanical properties of
trabecular bone.

• To investigate how the stiffness and modulus of the trabecular structure
are affected by the variation in bone volume and tissue mineral density.

• To analyse how changes in bone volume and structure affect the me-
chanical properties of the trabecular structure.

• To develop a method for analysing fracture surfaces with SEM.
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2 | Bone

In this chapter a brief review of bone in general will be given. Bone could be
reviewed from a material mechanics perspective, but also as a physiological
tissue. Both angles will be discussed in this chapter. Firstly the functions,
structure, and composition of bone will be introduced. Later on bone cells,
formation, modelling, and remodelling of bone will be presented with a more
physiological approach. The last section in this chapter will go through how
osteoporosis and varied BMD will affect the assessment of fracture risk and
the bone quality.

2.1 Function of bone

The main function of the skeletal system is to preserve the body position
and facilitate body movements by making it possible for muscles to attach
to the skeletal tissue. It also protects vital organs from external damage.
Bone is a dynamic tissue which is metabolically active during life. It has the
ability to repair itself and adapt to changes in mechanical loads by altering
its structural properties and shape, because of the vascularity of the tissue
[9]. Another physiological function of the bone is to maintain the mineral
homeostasis within the body. In general, self repair, metabolical activity
and maintaining mineral homeostasis are all functions conducted by three
different bone cells, the osteocytes, the osteoblasts, and the osteoclasts [1].
The requirement on mechanical properties of bone is quite contradictory. It
needs to be stiff and have high strength to not be deformed by applied loads.
At the same time, it needs to be flexible to managing absorbance of energy.
On top of this, it has to be a light material for rapid and smooth movements.
Somehow bone fulfills these peculiar criterions; it is both stiff and flexible,
and have high strength, but is still light [10].
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2.2 Structure and composition of bone

The mechanical and physiological properties of bone may partly be explained
just by looking at the composition and of how the structure of bone varies
at different length scales [11]. In this section, the structure of bone will
be viewed from a hierarchical perspective, starting with the composition of
bone and later discuss different types of bone and how these structures are
organized on a macro level.

2.2.1 The composition of bone

Bone can be considered as a two-phase composite material, an organic and
an inorganic phases. The inorganic phase, also called mineral phase, mainly
consists of hydroxyapatite (HA) crystals, Ca10(PO4)6(OH)2. Impurities like
phosphates, carbonates and fluoride are apparent in the HA minerals [1, 9].
The mineral phase has two physiological functions, it serves as a reservoir
of important ions [1] and it contributes to the stiffness and strength of the
bone [1, 12, 13]. In general, around 60% of the weight of the bone is repre-
sented by the mineral phase while 10wt% is water and the remaining 30% are
proteins.

90% of the proteins, also referred to as the organic matrix, mainly consists of
collagen and most commonly occuring is collagen type I [9]. The remaining
10% consists of non-collagenous glycoproteins and proteoglycans [1]. The
collagen phase makes the bone more ductile and contributes to its toughness
[13, 14].

2.2.2 The nano- and microscale arrangement in bone

The mineral and organic phases are merged together in order to create the
bone composite. The aligned collagen molecules are around 300nm in length
and in the gap between them, they are mineralized by HA-crystals. The col-
lagen molecules are cross-linked and clustered as fibrils. The surface of the
fibrils are also mineralized [15]. The fibrils are also cross-linked to increase
the mechanical stability [13, 14] and assemble as fibers with an approximate
diameter of 1 µm. The fibers later form a fiber array, which is a 5µm thick
sheet-looking structure called lamellae [15]. The cross-linking between colla-
gen molecules and fibrils can either be enzymatic or non-enzymatic and can be
subdivided into mature and immature cross-links. The immature cross-links
later transform into mature cross-links, which is non-reducable in comparison
to the immature ones [13, 15].
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2.2.3 Lamellar and woven bone

The woven bone can be denoted as primary or as immature bone. The pres-
ence in embryos, newborns and in the fracture callus is the main reason for
its name. Lamellar bone, also called secondary bone, is a more mature form
of bone which starts its formation within a few weeks after birth and replaces
almost all of the woven bone [1, 9]. Woven bone is a structure based on an
irregular collagen pattern and the degree of mineralization is varying over
the structure. The deposition and turnover of woven bone is rapid, but it
is more sensitive to mechanical loading, is more easily deformed and has an
isotropic mechanical behavior. Lamellar structure on the other hand, has a
more regular collagen pattern and an anisotropic behavior. The cortical and
trabecular structures of bone consist of lamellar bone [1].

2.2.4 Cortical and trabecular bone

There are two macroscopic structures of bone, cortical and trabecular. Since
the composition is the same in both trabecular and cortical bone the geometry
and architecture of the whole bone plays a crucial role when considering its
mechanical properties. The trabecular bone has higher porosity than the
cortical bone, which implies a larger surface area and a lower volumetric
density. Larger surface area imply higher blood supply to the trabecular bone
and makes it more metabolically active compared to the cortical bone. Short
bones such as vertebral bodies and carpals have a rather thin layer of cortical
bone and a higher trabecular content. The long bones, e.g. femur, humerus
and tibia, have almost the opposite structure. At least in their diaphysis were
they have a thick cortical layer with almost no trabecular content [1].

The difference in mechanical properties between the trabecular and cortical
bone could be explained by the different structural units. The structural
unit within the cortical bone is called an osteon, for a schematic overview see
figure 2.1a. The osteons consist of layers with mineralized matrix, lamellae,
and have a cylindrical shape with a diameter of 200-300μm. Within and
between the lamellar layers small cavities called lacunae are present. They
all contain osteocytes and are connected to each other by small channels called
canaliculi. The canaliculi makes it possible for the osteocytes to communicate
and transport nutrients. Since the diffusion is low within the matrix this
way of communication is crucial for the tissue survival. In the center of the
osteon the Haversian canal branches, which contains nerve fibers, blood and
lymphatic vessels. In order to connect the inner layer, endosteal surface, of
the cortices with the outer layer, periosteal surface, a transverse system of
canals called Volkmann’s canals are present. The osteons are closely packed
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Figure 2.1: In (a), a schematic figure of an osteon pointing out the lacunae, lamellae and canaiculi,
haversian and volkmann’s canals. A 3D-model of the trabecular bone is presented in (b).

together, forming the cortical bone and surrounded by a fibrous membrane
called periosteum. The cortical bone always surrounds the trabecular bone.
The structure of trabecular bone is more arch-like mesh structure with rods or
plates made of stacked lamellae similar to osteons but without the haversian
canal, see Figure 2.1b. The trabecular units are thinner than the osteons,
only around 200 μm. The trabeculae structure is enclosed by marrow which
supplies the bone with nutrients [9, 11].

In the proximal femur and femoral head, which is of interest in this thesis,
the trabecular bone is forming two systems, the medial and the lateral. This
in order to sustain reaction forces from the joint and surrounding muscles, see
figure 2.2. The medial system is adapting to the reaction force from the joint
since the trabecular pattern is parallel with this force. When the abductor
muscles is contracted the femoral head is exposed to compression, the lateral
system seems to resist these forces [9].

2.3 Bone cells

The function and structure of bone is built up and maintained by bone cells.
In general three different cell types are described when discussing bone cells:
osteoblasts, osteoclasts, and osteocytes. Osteoblasts and osteocytes are dif-
ferentiated from the mesenchymal stem cells, and the osteocytes are differ-
entiated from the hematopoietic stem cells [1]. The activity of the cells are
regulated by various hormones within the body. All these regulatory factors
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Figure 2.2: A schematic view of the proximal femur. The medial and lateral system in which
the trabecular bone is oriented in is marked out together with the reaction forces of the hip joint,
abductor muscles, Iliospsoas and Vastus lateralis. Adapted from [9, 16].

will be discussed in detail in section 2.5.1. In this section, the main function
of the three different bone cells will be presented.

2.3.1 Osteoblasts and osteocytes

Osteoblasts are often referred to as bone forming cells. When activated they
secretes organic matrix and starts to form the structure of bone. When the
wanted structure is formed the osteoblasts can become bone-lining cells on
the bone surface, which could be described as de-activated osteoblasts wait-
ing to become re-activated. The osteoblasts could also surround themselves
with organic matrix and differentiate into osteocytes. A third option for the
osteoblasts is to simply move away from the site of formation. The commu-
nication between osteocytes and the osteoblasts may be contributing to the
bones ability to sense deformation and coordinate formation and resorption
[1].
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2.3.2 Osteoclasts

The osteoclasts are regarded as the bone resorption cells. Upon stimulation by
growth factors and systemic hormones the mononuclear osteoclast precursor
cells fuse together and differentiate into a multinucleated osteoclast. The
osteoclasts are resorbing the bone by attaching to the bone surface and locally
expose proton pumps. The local proton exchange lowers the pH from 7 to
around 4. The acid environment disolves the mineral. The organic matrix is
removed by acid proteases or by phagocytosis. When resorption is finished
the osteoclast may divide into mononuclear cells and wait for reactivation
[1].

2.4 Formation of bone

Bone formation is characterized by activation of osteoblasts which secrete ex-
tracellular matrix. When the tissue has been mineralized some osteoblasts
become trapped in the organic matrix and turn into osteocytes. When bone is
formed the structure is often woven and osteoclasts soon appear to remodel
the formed bone into mature, lamellar bone. Bone formation can be trig-
gered by various factors, but it occurs predominantly during the embryonic
development and bone growth. Other stimulating conditions could be trauma
causing fractures, infections, or exercise. There are slight variations in the
formation mechanisms depending on what kind of bone structure should be
formed and on what structural basis the formation occurs on. 1) The endo-
chondral formation occurs within cartilage and is contributing to the forma-
tion of both embryonic long bones and short bones. It is also occurring in the
epiphysis until the epiphyseal plates have been closed and skeletal maturity
reached. During the embryonic development of flat bones, such as the pelvis,
a structure containing organic matrix is formed. This loose organic matrix is
triggering 2) the intramembranous formation of bone. During skeletal growth
and development, the periosteal surface is enlarged. This type of bone forma-
tion is referred to as 3) appositional and is characterized by depositing new
bone on already existing tissue. To maintain the function and physiological
status of the skeleton throughout life all three different formation mechanisms
are contributing [1].
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2.5 Modeling and remodeling of bone

In order to maintain bone quality or enhance the mechanical properties to
adapt to the surrounding conditions the bone is constantly remodeling and
modelling itself throughout life. Modelling is characterized by close stacking
of bone cells. When the bone alters its size and shape or when the woven
bone is transformed into lamellar bone, modelling occurs. Remodelling is
a process initiated by activation of osteoclasts which start to reabsorb the
bone. Later the osteoblasts become activated and form new bone at the
site of previous osteoclastic removal. The physiological remodelling results
in removal of damaged bone, repairs microcracks and prevents them from
propagate any further and maintains calcium-homeostasis. As a natural cause
of aging the bone mass starts to decrease, due to imbalance between the
activity of the osteoclasts and the osteoblasts. This is referred to as age-
related bone remodelling. Both modelling and remodelling will continuously
occur throughout life. These procedures are controlled by regulatory factors
such as systemic hormones and local signaling molecules [1, 17].

2.5.1 Regulatory factors

The modeling and remodeling of bone are performed by the osteoblasts and
the osteoclasts. The activation of these cells are controlled by regulating
hormones. 99% of the calcium content in the body is stored in the bones.
To maintain the Ca2+-homeostasis, the transportation of Ca2+-ions between
the bone and extracellular matrix is crucial. Upon decreased extracellular
levels of Ca2+-ions, parathyroid hormone is secreted by the chief cells in the
parathyroid glands. The parathyroid hormone directly stimulates activation
of osteoclasts to begin resorption of bone. It also stimulates the synthesis
of 1,25-dihydroxyvitamin D from vitamin D. The 1,25-dihydroxyvitamin D
stimulates an increased absorption of Ca2+-ions from the intestines. Cortisol
and thyroid hormones are two systemic hormones known to decrease the bone
mass by directly or indirectly increasing the bone resorption. Insulin, growth
hormones, insulin-like growth factors, sex steroids and calcitonin are regarded
as hormones which stimulates the bone formation [18]. Imbalance between
the regulating hormones can result in different skeletal disorders and diseases
of the bone. One common disease is osteoporosis which makes the bone more
fragile due to a lower BMD [19].
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2.6 Osteoporosis and varied bone mineral density

The main characteristics of osteoporosis are lower bone mass and changes
in the micro-structure of the bone, which impair the quality of bone and its
ability to sustain mechanical strains [2]. Post-menopausal women are pre-
dominantly affected due to the drastic decrease in estrogen levels [18, 19].
The risk of osteoporosis is also related to age. The incidence is higher among
elderly people. To diagnose osteoporosis a threshold of the BMD is used.
If the BMD is lower than 2.5 standard deviations from the normal mean
of the young and health population (T-score), the patient is considered as
osteoporotic. The golden standard in diagnostics of osteoporosis is to per-
form a dual X-ray absorptiometry (DXA) on the proximal femur. From DXA
measurements, the areal BMD is determined by dividing the estimated min-
eral content in total with the scanned area [2]. Osteoporosis can be divided
into two types: primary, and secondary osteoporosis. When osteoporosis has
been developed as a result of natural causes, such as aging, it is called pri-
mary osteoporosis. Younger individuals can also get primary osteoporosis,
although it is quite rare and the exact causes are unknown [19]. Risk factors
for developing osteoporosis beside age and estrogen deficiency are low weight,
genetics and smoking [20]. Osteoporosis could also be developed as a result
of other disorders and as side-effects of certain pharmaceutical agents, then
it is classified as secondary osteoporosis [19].

From a researchers point of view, the evaluation of the bone quality is a way
to understand the mechanical behavior of the bone when trabecular bone loss
is increasing and the cortical bone is getting more porous and thinner. With
aging and development of osteoporosis, the size, shape and material properties
of the microarchitecture are changed due to alterations in cellular activity and
remodelling rate [3, 21]. In early stages of osteoporosis the trabecular bone
is mainly affected by an increased bone loss [3]. In women, the number of
trabeculae are lowered while the trabecular thickness is not affected to the
same extent, this leads to a loss of connectivity. In men on the other hand,
the trabecular bone mainly becomes thinner as a result of the bone loss. The
loss of connectivity in women mainly depends on the dramatically increased
bone loss after menopause. The bone loss in men are more gradually and
therefore maintains the connectivity but the trabeculae becomes thinner. The
remodelling rate does also seem to have an impact on the microstructure [10].
Alterations of mineralization, which appears as local differences in mechanical
stiffness and strength can be found in osteoporotic trabecular bone. The
increased heterogenity in density, macrostructure and mineralization degree
may together constitute an increased risk for fractures [3]. In later stages of
osteoporosis and in combination with the age-related bone loss the cortical
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Figure 2.3: A graphical illustration of the two ways to regard bone quality. Shape, size and
material properties are included in both. What differs among the two definitions are weather to
include the bone mass or not.

bone will be thinner, this will have an impact in the structures’ ability to
sustain bending moments [3, 10]. Although these variations may influence the
bone quality, they can not always be explained by areal BMD measurements
[21].

2.6.1 Assessment of fracture risk

A consequence of osteoporosis might be fragility fractures. The fracture can
be severe and result in hospitalization, or even worse death. It is therefore
important to look at the individual patient fracture risk in order to assess
the use of preventional therapies. Even if a patient is diagnosed with osteo-
porosis the risk of fracture has to be evaluated separately. Previous fragility
fractures, both in the patient and in the family history, low body mass index,
use of corticosteroids, smoking, alcohol and age are risk factors for fracture
incidence, independently of the BMD measurements. The risk of fracture is
of course connected to how prone the patient is to fall. Elderly patients who
are medicated with sedatives may be very likely to fall, which probably will
result in one or several fractures [22].

2.6.2 Bone quality

To assess the quality of bone it is important to define, the sometimes vague
term, bone quality. The bone quality represent how resistant the bone is to
fractures. In research, there is two ways to look at it, see Figure 2.3. One
way is to only consider the shape, size, and material properties. The other
way is to also regard the quantity, bone mass, as a parameter when assessing
the bone quality [21].

11



3 | Experimental
background

In this chapter the theory behind the measurement techniques used in the
thesis will be described. Mechanical testing, with a main focus on tensile and
compressive testing on trabecular bone, will be discussed. Micro computed
tomography (μ-CT) and scanning electron microscopy (SEM) will also be
introduced and shortly explained. The technical function of the instruments
will be handled, but also how biological tissue, primarily trabecular bone,
could be analysed.

3.1 Mechanical tesing

To increase knowledge about how different materials can sustain and behave
during different loadings, mechanical testing can be conducted. Different
loading modes, such as compression, bending, torsion, shear and tensile load-
ing could be applied to the material. It is common to record force, deforma-
tion of the material, and time during the test. These three parameters can
later be used to define the stiffness of the material, limit between elastic and
plastic deformations and the point of fracture. Cyclic loading could also be
used to investigate the endurance of the material and how it performs during
fatigue. In this project, the focus will be on tensile and compressive testing
[9, 23].

3.1.1 Tensile and compressive testing

A destructive tensile test is performed by applying forces in the ends of the
sample and pulling it apart at a constant rate until the sample breaks, see
Figure 3.1a. In a compression test the load is applied in the opposite direc-
tion, towards the sample, see Figure 3.1b. In general, force, F, in Newton and
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Figure 3.1: A figure of the basic setup for a) a tensile test and b) a compression test. A load is
applied in a specific direction. The displacement in the sample obtained when applying the load is
recorded together with the required force.

displacement, Δd, in meter of the sample are recorded during the mechanical
testing session. When plotting the force against the displacement, a curve
with a linear region followed by a region with different curvature is obtained,
see Figure 3.2a. By calculating the slope of the elastic region, information
about the samples extrinsic stiffness, k, is obtained [23]. The curved part cor-
responds to the post-elastic or plastic region, here the sample is permanently
damaged. The curve then abruptly ends at the point of fracture when per-
forming a tensile test. For compression, the definition of fracture point may
be more complicated to find since the material is pushed together and will
therefore continue to induce a force even though severe damage may already
have appeared. By calculating the area under the curve, the energy (N·m)
needed to break the sample is determined [9]. To be able to compare the
mechanical data to other samples in case of size variations of the samples,
the data is normalized with the geometrical properties of the test sample.
If the force is divided with the cross-sectional area (A) of the sample, the
stress (σ) is obtained, see Equation 3.1. The stress has the unit N/m2 or Pa.
Strain, ε, is calculated by dividing the displacement with the original length
of the sample, d, see Equation 3.2. Since both the displacement and sample
length are metric units, the strain is a unitless variable, often expressed in
percentage.

σ =
F

A
(3.1)

ε =
Δd

d
(3.2)

E =
σ

ε
(3.3)

A stress-strain curve can then be plotted which will show certain similarities
to the force-displacement curve, see Figure 3.2b. The area under the stress-

13



Fo
rc

e

S
tr

e
ss

Displacement Strain

k E

Fracture
point Ultimate 

stress

Yield
stress

Yield
strain

Ultimate
strain

a) b)

0.2%

Energy Toughness

El
as

ti
c 

re
gi

on

Plastic region

Figure 3.2: Two schematic plots of a) a force-displacement curve and b) a stress-strain curve.
In figure a) the elastic and plastic regions are marked out together with the fracture point. The
grey area under the curve is illustrating the energy required to fracture the sample. The slope of
the elastic region corresponds to the extrinsic stiffness, k, of the material while the slope in plot
b) corresponds to the intrinsic stiffness, E, or so called Young’s modulus. In figure b) is also the
ultimate stress/strain marked out and the yield point, based on the 0.2% offset technique. The
area under this curve is equivalent to the toughness of the material.

strain curve corresponds to the toughness of the sample. The linear region
corresponds to the elastic deformation of the sample. By determining the
slope of the linear region of the curve a value of the intrinsic stiffness, Young’s
modulus (E), is calculated, see Equation 3.3. The plastic region, or post-yield
region, is confined as the region between the yield point and point of fracture.
In this region plastic deformation occurs and permanent damage is made to
the sample [9, 23, 24]. One way to estimate the yield point is to use the 0.2%
offset technique. A linear curve with the same slope as the Young’s modulus
is shifted 0.2% in strain. At the point where the shifted curve crosses the
stress-strain curve is the yield point, see Figure 3.2b [23].

3.1.2 Mechanical testing of bone

As previously mentioned, bone is an anisotropic material and the mechani-
cal difference between the cortical and trabecular bone is significant, because
of the differences in porosity and structure. When conducting mechanical
testing the results will be affected by the specimen geometry, material prop-
erties, applied loading mode, load direction and loading rate [9]. All the
loading conditions used for common mechanical testing can be applied on
mechanical testing of bone. Because of the anisotropic behavior of bone, the
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mechanical parameters of the same type of bone sample could vary depend-
ing on the loading mode. The mechanical parameters searched for, must
therefore be specified before deciding the most suitable technique to use [23].
The assessment of bone mechanical properties can be performed in different
length scales. Whole bone testing is revealing the mechanical properties on
the macroscale while assessment of individual trabeculae could be assessed
with nanoindentation. Bulk specimens from specific bone tissue could also be
tested in order to show how mechanical properties depending on structural
parameters [4] and between anatomical sites [5, 25].

3.1.3 Mechanical behavior of trabecular bone

When doing mechanical testing of trabecular bone it is important to dis-
tinguish between structural mechanics and tissue mechanics. If testing is
performed on a trabecular bone plug the structure mechanics could be in-
vestigated. If instead investigating the mechanincal properties of bone as a
tissue, it is possible to test individual trabeculae. Nazarian et al. [6] investi-
gated structure mechanical differences within different regions of the proximal
femur by performing compression tests of human trabecular bone plugs. The
structural modulus, or apparent modulus, for the tested plugs were in the
range of 100-300MPa [6]. Another study showed that trabecular bone plugs
harvested from the femoral neck of human cadavers could have an apparent
modulus of 3230 ± 936MPa when exposing them for compressional loading.
In the same study apparent modulus was 2700 ± 772MPa for the trabecular
samples when exposed to tensile loading [5]. These presented values could
then be compared to 11.4 ± 5.6GPa as an average moduli of an individual
trabeculae from the femoral neck, measured by nanoindentation [26]. The
apparent modulus of the trabecular bone are also dependent on the strain
rate. Higher strain rate will result in a higher apparent modulus [27].

Trabecular bone is generally regarded as a more isotropic material then the
cortical bone. When considering a specific part of the trabecular structure it
is important to keep track of the direction of the principal stresses affecting
the bone in the normal life. Because the orientation of the microstructure
of the trabecular bone will be aligned to this direction [28]. This smaller
section of the trabecular structure could have a lower degree of anisotropy in
comparison to the general structure. This fact is often used when performing
tensile or compressive tests on trabecular bone, and then it is called on-axis
loading [5]. This means that the load is applied in the principal direction of
stresses.
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3.2 Computed tomography

The ability to determine the internal tissue structure of a patient has been
important within the field of medical diagnostics. One possible technique is
the conventional 2D radiography. In a 2D radiographic image the average
X-ray absorption in one plane is presented. The X-ray absorption, τ is de-
termined by the density and the atomic number of the material and can be
explained by as logarithmic relation, see equation 3.4

τ = ln

(
I0
I

)
(3.4)

where I0 is the intensity of the incident X-ray beam and I is the intensity
measured after passing the sample. 2D radiography images could be very
useful when looking at fractures of whole bones. When looking at variations
within the soft tissue the radiographic images can be misleading because
appearing features might be hidden due to overlapping with other structures
and therefore missed.

If taking several 2D images based on the X-ray absorption from different
incident angles to the investigated object, the information in these projections
can later be used to mathematically reconstruct a stack of perpendicular 2D
images. The stack of reconstructed 2D images can now form a 3D view of
the internal structure of the sample, this technique is known as computed
tomography (CT). Look at Figure 3.3 to get a brief overview of how a CT-
scan operates. To explain the size of each picture element in the formed 3D
image, voxel is often used instead of pixels.

Either the sample rotates around its own axis while X-ray absorption scans
are made or the X-ray source and the detector rotate around the sample. The
later option is used for medical scanners while the first is more common for
research purposes. In research of small and delicate structures, high resolution
is often required and CT-scans operating in micrometer resolution is often
referred to as X-ray microtomography or micro-computed tomography (μ-
CT) [29].

3.2.1 Micro computed tomography

To characterize the microstructure within an unknown sample it is suitable
to use μ-CT. Some radiation damage could be induced to the sample, but
normally that damage is very small. No complicated and time-consuming
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Figure 3.3: A simplified overview of how a CT scan works. First X-rays penetrate through the
sample. Variations in absorption of the X-rays are recorded by the photodetector. The sample
rotates and the procedure is repeated. The projections are later processed mathematically and
finally a stack of 2D images are reconstructed, forming a 3D image possible to analyse. Adapted
from [29].

sample preparation is required for bone. One resolution limiting factor for
conventional CT-scanners is often the geometry of the X-ray beam source
and the detector properties. For μ-CT measurements it is common to use a
defined point source of the X-ray beam to get an accurate projection of the
sample. If having a larger point source, the geometrical backtracking of the
photons path through the sample is more unreliable, which results in shadows
and blurred reconstructions. When using synchrotron light it is possible to
receive parallel X-rays, then no geometrical aberration needs to be taken into
account, this will contribute to an even more reliable result. Another factor
constraining the resolution is the angle difference between each projection
and in what degree range the acqusition is performed [29].

3.2.2 Micro computed tomography on trabecular bone

If performing μ-CT measurements on trabecular bone, no special requirements
needs to be taken into account. The stack of reconstructed 2D images can
be analysed to achieve information about the structural relationship within
the examined bone sample. For this type of 3D-analysis a computer software
is required. The software needs to be able to categorize between bone and
background. This is usually done by selecting a threshold in grayscale value.
Then the image stack needs to be binarized in order to perform the analysis.
Some of the structural parameters possible to estimate in trabecular bone
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Figure 3.4: A calibration curve to estimate the local variations in mineral density based on
grayscale values.

are percentage of trabecular bone volume, trabecular number, thickness and
separation, degree of anisotropy and structural model index. These suggested
parameters are collected and shortly described in Table 3.1 [30]. Tissue min-
eral density (TMD) could also be estimated when doing μ-CT measurements
on bone. A calibration curve is obtained by imaging phantoms with differ-
ent known densities, e.g. HA-concentrations. Using the calibration curve,
grayscale values in the voxels of bone volume could then be transferred to
mineral density values, see Figure 3.4. The calibration curve is only valid for
measurements of samples with the same imaging settings.

3.3 Scanning electron microscopy

The images and spectrum from SEM-analysis is a result of detected signals
which are created when the electrons within a focused beam are interacting
with the sample. The electron beam is scanning over the sample surface
and depending on detected signals, images or compositional spectrum can be
obtained.

The microscope primarily consists of an electron column see Figure 3.5. The
electron gun is at the top of the column. Further down are the electromagnetic
condenser lenses placed. Usually there is one to three condenser lenses in a
SEM, and their primarily function is to demagnify the electron beam. The
objective lens is the lens closest to the sample. This is the strongest and
most adjustable lens which focuses the electron beam to probe the specimen.
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Table 3.1: A summary of structural parameters possible to estimate when doing
μ-CT measurements of trabecular bone [30, 31].

Parameter (Unit) Short explanation
Tissue volume,
TV (mm3)

The total volume of the scanned plug, volume
of interest.

Bone volume,
BV (mm3)

The volume, within the tissue volume, cate-
gorized as bone.

Percentage bone volume,
BV/TV (%)

Ratio of bone volume within the total tissue
volume.

Trabecular number,
Tb.N (mm–1)

Number of traverse structures within the
whole trabecular structure per length units
along a random linear path.

Trabecular thickness,
Tb.Th (mm)

The local thickness for each solid point, which
is defined as the diameter of a sphere totally
within the solid surface and the solid point
enclosed, is determined. The 3D thickness is
then estimated by taking the average of the
local thickness in each voxel corresponding to
bone.

Trabecular separation,
Tb.Sp (mm)

The definition as for Tb.Th but calculating
the average of the local thickness for the vox-
els not corresponding to bone.

Degree of anisotropy,
DA (-)

Discover the presence or absence of aligned
structures along a directional axis. Resulting
in a number between 0 and 1 where 0 means
totally isotropy and 1 is an anisotropic struc-
ture.

Structure model index,
SMI (-)

SMI is a relation between how many rod-like
and plate-like structures are present in the
total structure. Index for plate-like structure
is 0, rod-like structure is 3, spherical objects
is 4. Cavities and convex structures gives a
negative index.
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Figure 3.5: Overview of the electron column in a SEM. Both the optics and the different detectors
are marked out in the figure. Adapted and modified from [32].

As the name of the instrument reveals, a focused electron beam is scanned
over the sample. This is monitored by the scan coils. Next to and above the
sample are the different detectors which are connected to computers gathering
all the requested signals from the sample. To not disrupt or attenuate the
electron beam, it is crucial to have vacuum within the column.

The electrons interact with the surface of the specimen and create differ-
ent signals which characterize the surface topography and composition of the
structure, see Figure 3.6. Depending on the accelerating voltage of the beam,
the electrons may interact within different volumes of the sample. A high
acceleration voltage results in a larger interaction volume, but on the other
hand, a higher voltages also contributes to a narrower and more defined beam.
So the resolution limit is always a trade-off between beam size and interac-
tion volume. The interaction distance for an electron in the incoming beam
could be everything between a few nm up to ∼5μm. For an imaging signal,
backscattered electrons (BSE) or secondary electrons (SE) are most of inter-
est. BSE are a result of the incoming electrons interacting elastically with
the specimen, see figure 3.6b. Detection of BSE gives a hint of the atomic
number and information about the shape of the sample. Atoms with higher
atomic number are recognized by a lighter grey level in the image and darker
gray indicates a lower atomic number. The trajectory of the electron before
leaving the specimen can be quite long and the interaction volume is quite
large for BSE, see Figure 3.6a. The electrons from the beam may interact in-
elastically and eject loosely bound electrons from the atoms in the specimen.
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Figure 3.6: In figure a) the relative relation between different interaction volumes is graphically
presented. In figure b) a schematically explanation of how SE and BSE signals are obtained from
the atoms in the sample. Figure c) is similar to b), but illustrates how characteristic X-rays are
obtained in the sample. In figure b) and c) the abbreviation IE is short for incoming electron.
Figure adopted and modified from [32].

These ejected electrons are SE, see Figure 3.6b. SE has lower energy than
BSE and the arbitrary definition of SE is electrons below 50eV. SE can be
created directly from the incoming beam, then they are called SE1. SE1 is a
high resolution signal with a small interaction volume which diameter almost
corresponds to the thickness of the incoming electron beam. SE can also be
a result of the BSE interacting with the atoms, then they are referred to as
SE2. The SE2-signal is somehow impairing the resolution because it origi-
nates from a signal with a larger interaction volume, see Figure 3.6a. The
SE-signal contributes to high resolution imaging of the specimens’ topography
and shape.

To find out the composition of a chosen area the information from the emitted
characteristic X-rays could be used. The X-rays are created when an electron
from the incident beam ejects one of the orbitals within the inner shells of the
atoms electrons. Now the atom is excited and to relax, it lets one electron
from the surrounding orbital replace the ejected orbital. The energy the atom
releases when it is relaxing is transformed to a characteristic X-ray. This event
is schematically shown in Figure 3.6c. This is the event which has the largest
volume of interaction and therefore also the lowest resolution. The energy
dispersive X-ray spectroscopy (EDS) is detecting the different X-rays and
the information is presented as a spectrum. This information can later be
used to estimate both qualitative and quantitative compositional data of the
specimen [32].
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3.3.1 Scanning electron microscopy on trabecular bone

To analyse composition and shape of bone surfaces SEM could be a suitable
choice of instrument [11, 4]. Microdamage and analysis of fracture surfaces
on bones could also be a field of application [8, 33]. Even if it could be a
prefered imaging technique it is also destructive for the samples, after imaging
no further tests could be applied [11]. Indeed, to maintain the high vaccum
within the electron column the specimen needs to be dry [32]. Moreover, the
signals are created by interactions between the incoming electrons and the
electrons in the specimen. If the specimen is low- or non-conductive, such
as bone, the risk of build up charges on the surface is high. This charging
effect is visualized as poor image quality with a lot of white noise. A solution
to this is to coat the specimen with a conductive material. For bone, gold,
palladium or a mix of them is often a suitable choise of coating [33], sometimes
the samples are coated with carbon [34].

Different approaches have been used of researchers in the field in order to ex-
amine bone with a SEM. To look at the variation of the BMD distribution it is
possible to use quantitative backscattered electron imaging. In this backscat-
tering method the grey scale obtained from the BSE signal is calibrated by
scanning phantom samples of different elements. When later scanning the
specimen it is possible to quantify the composition at the bone surface. EDS
analysis can later be used to calculate the wt% of Ca [35].

Stepnik et al. [36] tried to quantify the microcrack density in subchondral
bone using SEM. They managed to show that the catastrophic failure of the
condylar in racehorses is initiated by propagating microcracks in the subcon-
dral bone formed during exercise [36]. In another study, the propagation and
orientation of microcracks were related to the toughness of the bone. The
study was performed on both human and bovine cortical bone after applying
tensile loads [37].

SEM imaging can also be used for qualitative examination of fracture sur-
faces, or also called fractography. In 1997 P. Braidotti et al. [38] investi-
gated fracture surfaces from human of dry and wet cortical bone created by
three-point-bending. The features of both tensile and compressive parts were
examined. Differences in the collagen behavior of the dry and wet bone were
detected and fiber pull-out were detected in the tensile regions while lack-
ing in the area exposed to compression [38]. It is also possible to use SEM
to examine whole bone fractures in order to qualitatively assess the fracture
mechanisms [39].
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4 | Materials and methods

Plugs of trabecular bone harvested from the femoral head of 14 human cadav-
ers were used as samples in the conducted experiments in this thesis. To get
information about the micro-structure, μ-CT measurements were first per-
formed. As a second step, destructive tensile tests were conducted to create
fractures in the bone. The data from the tensile tests were then compared
with data from compression tests performed on twin samples, taken just next
to the tensile samples. Statistical analysis was used to find correlations be-
tween age, morphometrical, and mechanical parameters. Apparent fracture
surfaces were analysed using SEM. Specifications of the bone samples and
descriptions of how analysis and experimental work were executed will be
presented in this section.

4.1 Human trabecular bone

Proximal femurs of 14 cadavers, aged 21-81 years, were harvested (Kuopio
University Hospital, Kuopio, Finland) with permission from the National
Authority for Medicolegal Affairs (TEO, 5783/04/044/07). Trabecular bone
plugs were drilled out of the femoral heads, parallel to the femoral neck,
see Figure 4.1. The sample plugs were approximately 7mm in diameter and
around 20-25mm long. The plugs were then placed in phosphate buffered
saline (PBS) and stored in a freezer, ≤ –20◦C. None of the donors were
previously diagnosed with osteoporosis or other metabolic bone diseases. The
mean areal BMD of the femurs was 1.09 ± 0.17 g/cm3, based on previous
DXA measurements that were performed post mortem on the whole femoral
necks. The samples were harvested from 13 males and one female, randomly
from either left or right femur. Table 4.1 provides an overview of the age,
gender and BMD for each sample.

Before conducting μ-CT measurements and tensile tests the samples were
thawed and placed in a fridge. To get a flat end surface, perpendicular to the
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Table 4.1: The age, gender and post mortem measured BMD of the different samples used in the
experimental work.

Sample 002 003 005 006 009 010 011
Age (years) 82 54 49 46 35 59 74
Gender (M/F) M M M M M M M
BMD (g/cm2) 1.18 1.13 1.02 1.15 1.09 0.89 1.38
Sample 012 016 018 032 034 035 036
Age (years) 78 58 39 21 52 64 60
Gender (M/F) M F M M M M M
BMD (g/cm2) 1.01 0.74 1.33 1.15 1.15 0.93 1.08

Femoral head

Figure 4.1: A schematic presentation of the location and orientation of the harvested trabecular
bone samples.

direction of the plug, the ends of each plug were adjusted by cutting them
with a razor blade and grinded with sandpaper. To get rid of bone debris
and marrow, the samples were cleaned with a small brush.

4.2 Microcomputer tomography

The μ-CT measurements were performed with Skyscan 1172 (Bruker Micro-
CT, Kontich, Belgium). The settings of the X-ray tube were 50kV, 201μA
and 10W and an Al 0.5mm filter was used. The measurements were done
with a voxel size of 8.85μm. The sample was scanned 205.2◦ with the angle
difference between each scan of 0.4◦. This resulted in 514 projections. The
exposure was 590ms per projection. Because of the length of the sample, two
scanning segments were required to capture the whole plug. During scanning,
the trabecular bone sample was placed in a plastic test tube surrounded by
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Figure 4.2: The calibration curve for estimating the mineral density distribution within the bone
plugs based on the grayscale values.

a paper tissue soaked in PBS, to keep it hydrated. The distance between
the X-ray source and the sample was 81.5mm and between the X-ray source
and the detector it was 213.7mm. After the μ-CT measurements the plugs
were placed in PBS and stored in the fridge before running the mechanical
test.

All 14 samples were scanned with this settings including five phantoms with
different HA-concentrations: 250, 500, 750, 1000, 1250mg/cm3. A calibration
curve was then created based on the corresponding grayscale values from the
measurements of the phantoms, see Figure 4.2.

To reconstruct a 3D-image the software NRecon (ver. 1.7.0.4, Bruker mi-
croCT, Belgium) was used. Since the sample required two segments to be
fully depicted the two segments needed to be aligned before reconstructing
the projections. The reconstructed 2D images in the stack had 1024 x 1024
pixels.

To be able to estimate the structural parameters, the image stack needed to
be binarized. A circular region of interest with a diameter of 7mm was applied
to the images in the stack. The images were first filtered with a median filter
and secondly with an un-sharp mask filter, to reduce noise in the images and
make them sharper. The threshold range for bone was set between 110-255 in
greyscale. Both light and dark speckles, not corresponding to bone or pores,
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were removed. As a last step bone debris and other dust not connected to
the trabecular network were removed from images. By doing a 3D-analysis of
the binarized image stack, BV/TV, Tb.N, Tb.Th, Tb.Sp, DA and SMI were
calculated. The average greyscale values of the volumes corresponding to bone
were estimated. These values were compared to a calibration curve (Figure
4.2), and the average TMD was calculated for each sample. All the operations
and analyses were performed in CTAn (ver. 1.16, Bruker microCT, Belgium).
For a graphical visualisation of how the TMD distribution appeared within
the bone plugs, the grayscale values were transformed to TMD values in each
pixel. The TMD variations were visualised using colormaps. The binarized
image stack was used as a mask for the original images in the stack to remove
the background and only include the bone tissue. These image operations
were performed in Matlab (ver. 2015b, Mathworks, US).

4.3 Tensile test

The samples were stored at room temperature for approximately an hour
before starting the tensile test. Before placing them into the test jig all the
sample surfaces were thoroughly dried by using paper tissues. The tensile test
was performed using an end-cap technique inspired by Morgan and Keaveny
[5]. To form a cup for the sample to be glued in, one thick and one 5mm
thin aluminum plates were used. In the middle of the thinner plate a hole
of 7.5mm in diameter was drilled and this plate was later screwed on top of
the thicker one, see Figure 4.3a. The thicker plate was directly attached to
the loading instrument. With this end-cap technique the ends of the samples
became glued to the thicker plate and the sides near the end, ∼5mm, were
attached to the sides in the hole on the thinner plate. The same construction
was used for attaching both ends of the sample.

The gluing was performed in two steps. The first step of the gluing procedure
was to glue one end into the lower cup. This was done by adding glue in the
cup and placing the bone plug in the cup and apply a compression force of 15N
and maintain the displacement for a defined time. The next step was to swap
the plates and again fill the lower cup with glue, align and insert the sample
and again apply a compression force of 15N and maintain the displacement
for a defined time span. During the waiting time some relaxation within the
bone occurred. See Figure 4.3b for visualising how the setup looked when
ready for the tensile testing.

For the five first trials (Loctite®) super glue, containing ethyl cyanoacrylate,
was used. The waiting time for applying compression force was 10 minutes
for the first gluing and 20-30 minutes for the second gluing. For the nine last
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Figure 4.3: A picture of the setup used to compute the tensile tests. In figure a) both the thinner
and thicker plates forming the end-caps are visualized and pointed out with arrows. Figure b) is a
schematic picture of how the formed cups were glued to the sample.

tests a different glue was used, Loctite 401, containing cyanoacrylate together
with the activator Loctite 7452. The activator was sprayed onto the bone.
With this glue the waiting time for the first gluing was 5 minutes and the
second was 10 minutes. When the gluing procedure was finalized the tensile
test was started.

Directly after gluing, the tensile load was applied with a displacement rate
of 2.0mm/s. The test ended when a fracture occurred in the sample. If the
sample got loose from the gluing and a fracture not occurred on the first try,
the sample was re-glued to the cup and the tensile test was repeated. If a
fracture did not occur during the second trial the sample was broken by bend-
ing it in an uncontrolled way. The gluing procedure and the tensile test was
performed in a LF-plus testing machine, Lloyd instrumentsTM (AMETEK,
England) and the force, time and displacement was recorded by the software
NexygenTM (AMETEK, England). After the test each end of the broken
plug were carefully released from the aluminium plates, placed in PBS and
frozen.

Based on the recorded data, several parameters were calculated. The struc-
tural stiffness and the apparent modulus were calculated for all the tested
samples by identifying the linear region in both the force-displacement plot
and stress-strain curve. For the fractured samples, the ultimate force, stress
and strain were calculated together with the yield stress and strain. The yield
point was defined by using the 0.2% off-set technique. The energy and tough-
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ness required to break the sample were calculated, so were also the fracture
force, stress, and strain. The point of fracture was defined as the point before
the force dropped 0.1%.

4.4 Compression test

The compression test was performed on 12 trabecular bone plugs by Dr.
Mikael Turunen within another study. The test was performed on twin sam-
ples from the same cadavers used for the tensile test. In the compression test,
a preload of 3N was first applied to the samples. Then a displacement rate
of 0.1mm/min was applied to the sample. Every 160th second, the displace-
ment was paused for 1 minute. This pauses caused stress-relaxation in the
samples. To be able to compare the data with the tensile test, relaxation
peaks were removed and the data was interploated by fitting a cubic spline
curve. Apparent modulus was calculated based on the linear region of the
interpolated fitting. The yield stress and strain was estimated by using the
0.2%-offset method.

4.5 Statistical analysis

Linear regression was used to detect significance of correlations between,

• Microstructural parameters and age

• Microstructural parameters and TMD

• Mechanical parameters and age

• Mechanical and microstructural parameters

To assess differences between the data from the tensile and compressive tests
a paired Wilcoxon rank test was performed on the apparent modulus, yield
stress and yield strain of the two datasets. The null hypothesis was that no
difference in modulus, stress or strain were present.

The structural stiffness and modulus of the samples were grouped by the glue
used in order to detect the impact of changing the glue during the tensile test
session. The difference in stiffness and modulus for the two sample groups
were tested with an unpaired Wilcoxon rank test with the null hypothesis
that no difference should be observed between the sample groups. All sta-
tistical analyses were performed in RStudio (ver. 1.0.136, RStudio, Boston,
US).
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4.6 Scanning electron microscopy

Based on the results from the mechanical testing, the two most extreme
samples in terms of ultimate force were chosen to be further investigated in
the SEM. This section is divided into two subsections explaining the sample
preparation and one procedure of the analysis.

4.6.1 Sample preparation

To fit the specimens into the microscope, a maximum sample height of 5mm
was required. Some fractured trabecular plugs were exceeding this height
limit. To make them shorter, they were sawed with a Minitom (Struers, Cleve-
land, US). Before sawing they were thawed in the fridge for approximately 1
hour. The samples were rinsed thoroughly with 70% ethanol (EtOH) to get
rid of the excessive PBS and then dehydrated by placing them in a dilution
series of EtOH. First the samples were placed in 70% EtOH for 20 minutes.
Then the EtOH was poured away and the samples were placed in fresh 70%
EtOH for additional 20 minutes. This procedure was repeated with both 95%
and 99.5% EtOH. The samples were then placed on a tissue to take away most
of the EtOH at room temperature for 30-45 minutes, before placed in a dessi-
cator for ∼ 12 hours. After the drying procedure the samples were stored in
air-tight containers in room temperature (or freezer) until the SEM analysis.
The bone plugs were then mounted on the SEM-stubs by using a mounting
wax, MWM 100 (Electron Microscopy Sciences, Hatfield, US).

4.6.2 Analysing procedure

The SEM analysis was performed using a JEOL 6700F field emssion SEM
(JEOL Ltd., Akishima, Japan). Images were collected using the lower side-
mounted SE-detector, LEI. The accelerating voltage used was 3kV, an emis-
sion current of 10μA and a probe current of 7μA. The working distance was
7 ± 1mm. Images were taken at 25, 100, 300, 1000 and 5000 times magnifi-
cation.

An additional analysis was performed on one sample with a 15nm thick layer
of Au/Pd. The Au/Pd was deposited by sputter coating, using a Balzers
SCD004 (BAL-TEC, Lichtenstein). This was performed to make the sample
more conductive and to be able to go even higher in magnification without
serious charging effects. Same settings on the microscope were used when
imaging the sputtered sample, in addition to the side-mounted SE-detector
the in-lens SE-detector was also used.
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5 | Results

In this chapter the results from tensile and compression tests will be pre-
sented together with the data from μ-CT measurements. An overview of the
data will be given, datasets will be compared and results from correlation
analysis will be presented. Finally the results from the SEM analysis will be
presented.

One of the 14 samples was from a female, see Table 4.1 and its structural
and mechanical properties was different from the other male samples. It
is therefore excluded from the results for mechanical testing and μ-CT data.
Another important fact to regard is that only 7 out of the 13 samples included
in the study of age, structural and mechanical parameters actually broke
during tensile loading. This due to slipping of the sample in the test jig.

5.1 Micro-structural measurements

For the 13 samples included in the study a 3D-analysis was conducted on the
image stacks from the μ-CT measurements. The means, standard deviations
(SD) together with the minimum and maximum values of Tb.Th, Tb.Sp,
Tb.N, BV/TV, SMI, DA, and average TMD for the samples are presented in
Table 5.1.

5.1.1 Age correlation

The structural parameters in Table 5.1 were correlated to age by using linear
regression, see Table 5.2. BV/TV, Tb.Th, Tb.N, and DA seem to decrease
with increasing age. Tb.Sp, SMI, and TMD seem to increase with increasing
age.
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Table 5.1: Tb.Th, Tb.Sp, Tb.N, BV/TV, SMI, DA, and average TMD of the 13 analysed samples.

Parameter Unit Mean ± SD (Min, Max)
BV/TV % 32.4± 3.4 (26.4, 37,7)
Tb.Th μm 202± 69 (175, 236)
Tb.Sp μm 542± 223 (490, 633)
Tb.N 1/mm 1.6± 0.1 (1.41, 1.81)
SMI - 0.2± 0.3 (-0.22, 0.62)
DA - 0.52± 0.06 (0.42, 0.62)
mean TMD mg/cm3 1042± 32 (1001, 1098)

Table 5.2: Correlations for the linear regression of age (x) compared to structural parameters (y).
A is the linear coefficient and B is the point of intercept. The standard error for each estimated
coefficient is written within the brackets. The correlation coefficient, R2 for each regression analysis
is stated in the table. The stars mark out the significance, p-values, for each coefficient *** =
p<0.001, ** = p<0.01, * = p<0.05.

y = Ax + B
A(SE(A)) B(SE(B)) R2

BV/TV, % -0.14(0.03) 40.2(2.3) 0.53**
Tb.Th, μm –0.60(0.2) 235(13) 0.37*
Tb.Sp, μm 0.59(0.61) 510(35) 0.08
Tb.N, 1/mm –2.5 · 10–3(1.9 · 10–3) 1.72(0.11) 0.12
SMI 6.4 · 10–3(4.1 · 10–3) -0.17(0.24) 0.18
DA –1.4 · 10–3(9.1 · 10–4) 0.60(0.05) 0.19
TMD 1.1(0.5) 983(26) 0.34*
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5.2 Changes in mineral density of
the microstructure

The TMD seems to vary over the trabecular bone plug. In Figure 5.1a the
variation of the TMD, in the cross-section perpendicular to the tensile force
applied, is illustrated as a colormap. Another colormap of the TMD distri-
bution is visualized in Figure 5.1b, in a cross-section parallel to the tensile
load applied. In Figure 5.1b, we can see that the mineral density is higher
to the right and decreases towards the left. The white ellipse is marking out
an area that seems to have a distinctly higher BV/TV. To investigate if any
correlations between the TMD and micro-structure could be found, linear
regression was performed. No significant correlations were found.

5.3 Tensile test

The extrinsic stiffness and apparent modulus for the structure was calculated
for all 13 samples. Fracture force, ultimate force, energy, fracture stress, ul-
timate stress, yield stress, fracture strain, ultimate strain, yield strain, and
toughness were calculated for the 7 samples that broke during tensile load-
ing. In Table 5.3 the mean ± SD are presented for all the calculated param-
eters.

Two different glues were used during the tensile tests. To assure that the
glue is not affecting the stiffness and modulus parameters, the samples were
separated to two groups. The mean and standard deviations were calculated
for the two groups, see Table 5.4. If comparing this data to the mean ± SD
in Table 5.3, a quite distinct difference could be detected. By performing
an unpaired Wilcoxon rank test, the stiffness and modulus was significantly
different between two different glues, p-value = 0.002. Upon this fact, the
5 trials, with the glue causing lower structural stiffness and modulus, was
excluded from further correlation analysis and hypothesis testing.

5.3.1 Age correlation

The mechanical parameters was correlated to age using linear regression, in
the same manner as the structural data, see Table 5.5. In general all the
parameters seem to decrease with age. Stiffness, energy, toughness, and post
yield strains have a significant relation to age. The age correlations with
fracture strain and toughness are the most significant ones, R2 = 0.95 and
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(a) A colormap of the TMD distribution in the cross-section in the middle of the trabecular bone
plug, visualized to the right. Red indicates higher density, while blue indicates lower density.
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(b) A graphical illustration of the distribution in TMD in the cross-section along the trabecular
plug, visualized to the right. The trabecular network seems to have a higher mineral density to
the right in the figure than to the left. A white ellipse marks out an area which seems to have a
higher BV/TV, but a lower TMD.

Figure 5.1: The TMD distribution in two chosen cross-sections from 1 of the 14 samples. The
sample was chosen randomly, just to visualize the variation in the TMD distribution.
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Table 5.3: Mean ± SD for the estimated extrinsic stiffness, apparent modulus, fracture force,
ultimate force, energy, fracture stress, ultimate stress, yield stress, fracture strain, ultimate strain,
yield strain, and toughness.

Parameter Unit N Mean ± SD (Min, Max)
Ext. Stiffness N/mm 13 794± 136 (578, 982)
App. Modulus MPa 13 239± 53 (151, 314)
Fracture force N 7 413± 79 (295, 516)
Ultimate force N 7 435± 77 (353, 548)
Energy N·mm 7 177± 44 (129, 237)
Fracture stress MPa 7 10.0± 2.0 (7.1, 12.7)
Ultimate stress MPa 7 10.6± 1.9 (8.4, 13.1)
Yield stress MPa 7 9.5± 2.0 (6.7, 12.3)
Fracture strain % 7 5.9± 1.2 (4.4, 7.9)
Ultimate strain % 7 5.5± 0.9 (4.2, 6.4)
Yield strain % 7 4.4± 0.9 (3.6, 5.9)
Toughness MPa 7 0.4± 0.1 (0.2, 0.5)

Table 5.4: The difference in average between stiffness and modulus for the two different glues

Glue 1 (n=5) Glue 2(n=8)
App. modulus, MPa (Mean ± SD) 185± 27 274± 31
Ext. stiffness, N/mm (Mean ± SD) 645± 55 887± 64
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Table 5.5: Correlations of the mechanical properties from the tensile data (y) compared to age
(x). The linear coefficient is here expressed as A and the point of intercept as B. The values in the
brackets corresponds to the standard error for the coefficients. The R2-value is stated. The stars
indicate in what range the p-value is, *** = p<0.001, ** = p<0.01, * = p<0.05.

y = Ax + B
A (SE(A)) B(SE(B)) R2

Stiffness, N/mm -2.93(0.75) 1050.8(43.9) 0.72**
Modulus, MPa -0.88(0.57) 322.9(33.5) 0.28
Fracture force, N -0.77(3.09) 460.8(194.1) 0.01
Ultimate force, N -2.23(2.89) 573.1(181.0) 0.11
Energy, N·mm -3.51(0.72) 394.3(44.9) 0.83**
Fracture stress, MPa -0.02(0.08) 11.0(4.8) 0.01
Ultimate stress, MPa -0.05(0.07) 13.7(4.4) 0.09
Yield stress, MPa -0.02(0.08) 11.0(5.0) 0.02
Fracture strain, % -0.10(0.01) 12.4(0.7) 0.95***
Ultimate strain, % -0.07(0.02) 9.9(0.9) 0.82**
Yield strain, % -0.03(0.03) 6.5(2.1) 0.17
Toughness, MPa -0.008(0.001) 0.9(0.1) 0.89***

R2 = 0.89, respectively. These correlations are presented explicitly in Figure
5.2.

5.3.2 Comparison to the compression data

Based on the data from the compression test, apparent modulus was calcu-
lated for the eight out of twelve plugs tested. These eight plugs comes from
the same cadavers. Yield stress and yield strain were calculated on the seven
fractured samples from cadavers corresponding to the ones fractured in tensile
loading. The parameters from the two datasets were then statistically tested
with a paired Wilcoxon rank test in order to see if any significant differences
could be find between the parameters. See the compared average values and
standard deviations together with minimum and maximum for the parameters
from both tests in Table 5.6. The reason for difference in number of samples
between the tested modulus (n=8) and the strains and stresses (n=7) is that
the modulus could still be estimated even if the sample not broke. The ap-
parent modulus and yield stresses from the two datasets could not be proved
to be significantly different with a 95% confidence interval, p-values of 0.46
and 0.15, respectively. The yield strains on the other hand, was proven to be
significantly higher in compression compared to the tensile yield strain with
a 95% confidence interval (p-value = 0.02).
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(b) Toughness correlated to age

Figure 5.2: Scatterplots with linear fitting of the age-correlation to (a) fracture strain and (b)
toughness.

Table 5.6: The mean ± SD together with the minimum and maximum in calculated apparent
modulus (n=8), yield stress (n=7) and yield strain (n=7) for both tensile and compressive test.
The p-values presented in the last row represent the chance of rejecting the hypothesis that the
parameters for compression and tension are the same.

Parameter App. modulus Yield stress Yield strain

Tensile data 274± 31 (MPa) 9.5± 2.0 (MPa) 4.4± 0.9(%)
227, 314 (MPa) 6.7, 12.3 (MPa) 3.6, 5.9 (%)

Compression data 283± 43 (MPa) 10.7± 3.7 (MPa) 6.2± 0.5(%)
215, 358 (MPa) 6.2, 16.4 (MPa) 5.5, 6.9 (%)

p-value 0.46 0.15 0.02
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5.4 Correlations between mechanical
and microstructural parameters

In order to find correlations between the mechanical and structural data,
linear regression was used. The R2-values from the linear regression are pre-
sented in Table 5.7. The apparent modulus shows a significant correlation to
BV/TV (Figure 5.3a), and the energy seems to have correlations to Tb.Th,
Tb.Sp, and SMI, see Figures 5.3b-5.3d. The energy increase with increasing
BV/TV. The correlations with Tb.Th, Tb.Sp and SMI are similar as the ones
for fracture strain and toughness. The mechanical parameters increase with
increased Tb.Th and Tb.Sp while decrease with increased SMI.

Fracture force, ultimate force, fracture stress, ultimate stress, yield stress and
yield strain seem to have a correlation with Tb.N and DA. The correlation
to Tb.N is negative, see Figure 5.3e as an example. Figure 5.3f illustrate
the relation for the parameter to the DA, which for all correlations are posi-
tive.
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Figure 5.3: Six scatterplots to represent the general correlations between the mechanical and
structural data.
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5.5 Scanning electron microscopy analysis

In Figure 5.4 two images are presented at the lowest magnification, 25x, to
get an overview of the surface structure of the two examined samples. To
avoid confusion regarding the analysis of the two investigated samples, they
will from now on be called sample A and sample B. Sample A had the lowest
ultimate force while sample B had the highest. Both images are based on
the information from the lower SE-detector at an accelerating voltage of 3kV.
Sample A (Figure 5.4a), is more porous and shows a rather smooth surface
in comparison to sample B, (Figure 5.4b). In sample B the surface look more
rough and the fractures seems to have appeared more often in the plate like
structure of the trabeculae. In sample A more fractures seems to be more
common in the rod-like structures of the trabeculae.

To investigate the difference between fracture surfaces in plate-like and rod
like structures futher investigations was performed with a higher magnifica-
tion. In Figure 5.5 collages of two investigated fracture surfaces are presented.
The left column of images visualizes a fracture surface in a rod-like structure
in sample A with a magnification range from 100-1000x. The right column
of images corresponds to a fracture surface of a plate like structure in sam-
ple B. It is possible to see the difference between the smooth bone surface
and the rougher fracture surface at the lower magnifications. At 1000 times
magnification sturctures around 1-10μm are pointing out of the surface, see
the white arrows in Figure 5.5. These peaked structures are surrounded by
smoother areas.

Sample A was also Au/Pd sputtered and the same surfaces investigated with-
out sputtering was now imaged one more time with the same settings on the
microscope. The coating turned out to be very uneven. This can be seen
if comparing Figure 5.6b with Figure 5.6a. The uneven coating made the
signal and images noisy and no further investigations with higher magnifi-
cations were performed. Thinner intra-connections with a varying width of
100nm-10μm in the trabecular cavities was found in both samples, (Figure
5.7).
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(a) Overview of sample A

(b) Overview of sample B

Figure 5.4: An overview of the two investigated fracture surfaces with 25 times magnification.
In (a) the surface of sample A is shown and (b) is the surface of sample B presented. Both images
were taken with the lower SE-detector with an accelerating voltage of 3kV.
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Bone
surface

Fracture
surface

Figure 5.5: The left column of pictures shows a sequence with increasing magnification of a
fracture surface in a rod-like structure, from sample A. In the right picture column, a fracture
surface in a plate-like structure in sample B is shown with a magnification between 100 and 1000
times. Fracture and bone surfaces are marked out. Small bulging structures are marked with white
arrows.
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(a) Sample A uncoated (b) Sample A coated with Au/Pd

Figure 5.6: The difference between imaging an uncoated fracture surface (a) comapared to a
Au/Pd-coated structure (b). The image in (b) is turned approximately 180◦ compared to the
image in (a), because of the sampled was placed differently in the microscope when re-imaged.

(a) Sample A (b) Sample B

Figure 5.7: Small interconnections within the trabecular cavity in sample A (a) and B (b). Note
the difference in magnification and that different detectors are used for the two picture, although
both are SE-detectors. Also important to notice is that sample A is coated with Au/Pd.
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6 | Discussion

After gathering all the data from the tests and measurements performed on
the 14 trabecular bone plugs it is time for reflection and discussion upon the
results. The general aim of this thesis was to investigate the correlations
between donor age, trabecular structure and mechanical properties. Certain
morphometric parameters, BV/TV, Tb.Th and average TMD seem to be im-
pacted by the variation in age. The same counts for the post yield mechanical
properties. The stiffness and modulus were affected by the glue, probably be-
cause of slipping. The modulus showed a significant correlation to BV/TV
as hypothesised, the stiffness did not. Several correlations between the me-
chanical and structural parameters were found. The second general aim, was
to develop an analysis method suitable for fracture surfaces in SEM. It was
troublesome, because of the high porosity and surface roughness of the sam-
ple. In this chapter, findings from the results will be discussed and explained.
The first section will reflect upon the μ-CT measurements performed followed
by the tensile test, the comparison to the previously performed compression
test and the correlation between the structural and mechanical parameters.
In section 6.4 the used method for SEM-analysis will be discussed. The two
last sections will discuss the limitations of the study and give suggestions for
future work.

The decision to exclude the female sample, was based on its significantly
differences in both micro-structure and mechanical properties to the other
male samples. Later in the SEM-analysis it was included because of its ex-
tremely low mechanical properties. This was to be able to detect significant
differences.

6.1 Measurements of the trabecular structure

The morphometrical properties, BV/TV, Tb.Th, Tb.Sp, Tb.N, SMI and DA,
seen in Table 5.1 seem to be within a reasonable range if comparing to other
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studies using trabecular bone plugs from the proximal femur [6, 25]. The cor-
relation to age showed that BV/TV and Tb.Th are decreased with increasing
age, this could be explained by the trabecular bone loss which is common
with increasing age [3]. The correlations in Table 5.2 are similar to those
found by Lochmuller et al. [40]. Based on μ-CT measurements of samples
harvested from the femoral neck from women older than 52 years, BV/TV
and Tb.N seemed to decrease while Tb.Sp was increased with elevating age.
Measurements based on age-matched samples from men did not show any
significant correlations to age [40].

Even though the BV/TV is decreased with age, the bone matrix still remain-
ing seems to have a higher average TMD compared to younger donors. This
might be a compensation effect for the loss of bone material and will result
in a more brittle bone structure, dur to the higher mineral content. These
relations could be an explanation for the decrease in stiffness with age shown
in Table 5.5

No linear correlations were found between the average TMD and the micro-
structure, although Figure 5.1a and 5.1b indicates variations over the trabec-
ular micro-structure. This agrees with other studies performed [41]. However,
no linear correlations were found between the average TMD and the micro-
structure. A possible explanation for the lack of correlations may be that the
average TMD not corresponds to a general overview of the trabecular struc-
ture. Maybe more local investigations in the trabecular plug would show
correlations between the TMD and micro-structural parameters.

If studying Figure 5.1b more thoroughly, the trabecular structure seems to be
more mineralized in the right part of the figure than in the left. The region
marked with a white ellipse which seems to have higher BV/TV but a general
lower TMD. Therefore might be the remnants of a growth plate.

One sample was scanned in the μ-CT before the X-ray beam was completely
stabilized. This resulted in a difference in grayscale of one segment of the scan.
This will of course affect the calculated TMD for that particular sample. This
error does not seem to make a significant impact on the correlations made to
the TMD.

6.2 Mechanical testing

From a physiological point of view it may be questionable to perform ten-
sile test on trabecular bone samples harvested from the femoral caput, which
mostly is exposed to compression or shear forces transferred from the acetab-
ulum in the pelvis in daily movements [9]. To be able to create two separate
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fracture surfaces the two options to chose between was bending or tensile
load. For bending the length-diameter ratio needs to be 16:1 in order to use
beam theory to estimate the mechanical parameters [23], so the remaining
option was a tensile test setup. A tensile test could also be complimentary
to a compressive test from material and structural point of view.

The setup used for the tensile test in this project was inspired by Morgan
and Keaveny [5]. The test protocol was somehow different between this and
their study and so are also the results. In their study, the sample was first
preloaded to 0.1% strain three times and then exposed to a strain rate of
0.5%,∼ 0.1mm/s. The results from the tensile test on trabecular bone plugs
harvested from the femoral neck showed an apparent modulus of 2700 ±
772MPa, a yield strain of 0.61± 0.03% and a yield stress of 10.93± 3.08MPa
[5]. This can be compared to the results from this study (Table 5.6). The yield
stresses are approximately the same but the yield strains and the apparent
moduli have a difference of factor of 10 compared to Morgan’s study. This can
be due to differences within the test protocol. The protocol in this study did
not include a preload, except the compression force from the gluing the bone
to the end caps. The sample plugs have almost the same geometries in both
studies. The displacement rate in the current study was 2mm/s, twenty times
higher than in the compared study. This would effect the apparent modulus
differently because of the strain rate dependency in trabecular bone [27].
The differences in results could be due to variations in anatomical locations
between the two tested sample sets.

If instead comparing the results in Table 5.6 to the study of Nazarian et
al. [6] which performed a compression test on plugs harvested from different
anatomical locations within the proximal femur. When investigating the sam-
ples from the two regions within the femoral caput, they show a mean yield
stress of 4.9MPa and 9.1MPa and a mean apparent modulus of 187MPa and
329MPa. These values are more comparable to the results presented in this
study. The compression test was performed with the end-caps method and
with a displacement rate of 0.1mm/s, just as in Morgan and Keaveny’s setup.
Even if similar test protocols were used in the two comparison studies the
mechanical results are totally different from each other [5, 6]. The difference
might be a cause of varying donor age or differences in anatomical locations
[7, 25]. The results from the mechanical testing in this thesis mostly corre-
lates with Nazarian’s study [6]. However, when comparing results to similar
research it is always important to remember that it only gives a brief hint of
the reliability of the study.

The purpose of adding data from the previously performed compression tests
to the report was to compare the mechanical data to the corresponding pa-
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rameters calculated based on the tensile test. A paired statistical test was
chosen because of the plugs were harvested from same cadavers and from
almost the same anatomical location, just next to each other. The paired
Wilcoxon rank test showed that no significant difference could be found be-
tween the modulus and yield stresses, but there seems to be a signficant
difference between the yield strain (p-value = 0.02). The difference in yield
strains between compression and tensile test have been observed in previous
studies [5, 42]. Where they found indications that the yield strain might be
anatomically dependent [5] and that tensile yield strains are independent of
apparent density, while compression yield strains are not [42].

The two different glues affected the modulus and stiffness estimations of the
structures. Since first glue was showing lower results of both stiffness and
modulus, it is more probable that slipping occurred in these samples. There-
fore the results from samples with the first glue can be considered more inac-
curate than the samples mounted with the second glue, and that is the main
reason for excluding them from further investigations.

The mechanical parameters calculated was also correlated to age by linear
regression. In Table 5.5, it is shown that energy, toughness, fracture and ulti-
mate strain are decreased significantly with increasing age. The scatterplots
in Figure 5.2 illustrates the age-related changes in fracture strain (Figure 5.2a)
and toughness (Figure 5.2b) This might be explained by impaired post-yield
properties due to attenuation of the collagen networks mechanical properties
with increasing age [43]. The stiffness also decrease with increased age, this
could be explained by the decrease in BV/TV and increase in TMD with
increasing age (Table 5.2). Less bone volume with higher mineral density
makes the structure more brittle.

6.3 Correlations between structural
and mechanical data

The apparent modulus has a linear relation to BV/TV (Table 5.7 & Figure
5.3a) as hypothesized [6]. Higher bone content should result in a stiffer ma-
terial. Both stiffness and modulus seem to be positively correlated to the
Tb.Th, while only stiffness seemed to be dependent on DA.

The post-yield forces and stresses are also dependent on the DA and the
Tb.N together with the yield stress and strain, see Figure 5.3e and 5.3f. The
correlation to Tb.N is negative, that might seem contradictory, because a
higher number of trabeculae should contribute to sustaining higher forces.
In another study, including compression test of trabecular bones from the
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vertebral body, the Tb.N was shown to have a significant positive correlation
to the ultimate stress [7]. On the other hand, the higher Tb.N might result in
a larger average cross-sectional area of bone. This will result in lower forces
and stresses within the structure, since the forces are more spread over a
larger surface area. In difference from the negative correlation to Tb.N, the
correlation to DA is positive. This indicates that if the trabecular network
is aligned in the direction of the applied force, the higher force is required
in order to break the trabecular structure. This can be compared with the
mechanical properties of cortical bone, which has very high strength in the
direction parallel to the osteons but is dramatically weaker perpendicular to
the osteon direction [23].

The age dependent energy, toughness and post-yield strains are more depen-
dent on SMI, Tb.Th, Tb.Sp, and moderately on BV/TV (Figure 5.3b-5.3d).
An increased SMI indicates a higher ratio of rod-like structures compared to
the plate-like structures. A higher degree of rod-like structures can result in
a lower fracture area and therefore less sustainable in the post-yield region.
The rod-like structures may also be less ductile in the post-yield region and
therefore decrease the energy, toughness, fracture, and ultimate strain. Ac-
cording to Wang et al. [41] is the TMD significantly higher in the plate-like
structure of the trabecular network than the trabecular rods [41], this might
also partly explain the decreased energy with increased SMI. Both the thick-
ness and the separation of the trabeculae have a positive correlation to the
energy, toughness, and the post-yield strains. The increased thickness may
increase the ability for the bone to deform before fracturing. However, the
increased separation was expected to have a negative correlation with the
energy [7], but in this study it showed an opposite behaviour. This could
be a consequence of that the Tb.Th is increasing. If the thickness increases,
maybe the distance between each trabeculae increases as well.

None of the mechanical parameters showed any significant correlation to the
average TMD. A higher mineral density in the tissue may implicate a higher
stiffness and modulus of the material [9]. Although in this study, the struc-
tural parameters seemed to affect the mechanical behaviour more.

6.4 Scanning electron microscope analysis

Based on the SEM-analysis, it is hard to determine any characteristic features
and differences between the two samples. In Figure 5.5 it is possible to see the
difference between the smooth intact trabecular bone surface and the rough
fracture surface. There is no significant difference between the fracture sur-
face of the rod-like and plate-like structure at this resolution. Both contains
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rougher islands with a diameter of 1-10μm mixed up with a smoother surface.
The intra-connections found in Figure 5.7, may possibly be old remodelled
trabeculae or newly modelled ones.

The porosity of the trabecular bone was the troublesome hinge for the devel-
opment of a suitable protocol for SEM analysis. Firstly, the porosity, made
it not possible to run EDS measurements. The spectrum received did only
contain carbon and oxygen, no calcium or phosphor were detected. The prob-
able cause for this outcome is that the signals bounces within the structure
and never reaches the detector. Since EDS measurements were infeasible
no qualitative assessment could be done on the composition of the fracture
surfaces. This was the main reason why the analysis was performed by de-
tecting SE-electrons. To detect the BSE a higher accelerating voltage was
required.

Secondly, the gold coating was most probable attenuated by the porosity
and rough surface area of the fractured trabecular plug. In Figure 5.6b it
is possible to see the brighter islands in the picture. These brighter area
is most probably caused by an uneven Au/Pd-sputtering. When using the
lower SE-detector on samples with high differences in atomic mass, the mass
contrast becomes visible to some extent. That is the reason why Figure 5.6b
not have the same topographical information as Figure 5.6a. The sputtering
target is placed right above the specimen when performing the sputtering.
However, the surface was so rough that certain areas may not been entirely
covered.

The Au/Pd-sputtering was performed to make the surface more conductive
and in that way remove the charging effects. If reducing the charging effects
the possibility of reaching higher magnifications with higher resolution should
be possible. The uneven sputtering did not contribute to a higher resolution,
just more noise in the image, see Figure 5.6a.

6.5 Limitations

The main limitations of this study are (1) no validation procedure of the
result from the tensile test. Did the glue-bone interface affect the outcome of
the destructive tensile test? (2) The limited sample size, or rather the limited
samples fracturing during the same conditions.
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6.5.1 Lack of validation of the tensile test

When performing a tensile test it is important to have a steady grip of the
ends of the sample to avoid slipping and still have a setup which tranfer most
of the strains to the center of the sample. If the sample breaks near one of the
ends it might be a result of tension between the grip-bone interface and not a
result of trabeculae breaking. One possible construction is to attach the bone
with glue to metal plates. To avoid these so called end-artefacts in the glue-
bone interface it is possible to measure the differences between the strains
in the samples and on the on the metal plates, by using strain gauges. If
the strains are uniform in the plug throughout the test and not concentrated
to one of the glue-bone interfaces, the mechanical data appearing is the one
correlated to the trabecular structure and not to the interface between bone
and glue[5]. It is also preferable to preload in the supposed loading direction
the sample to avoid a non-linear ’toe’-region in the beginning of the test,
which is considered as a test artefact when doing tensile tests on trabecular
bone [42, 44]. The tensile test performed in this project had started with
a preload, in compression instead of tension. This resulted in a smaller toe-
region in the beginning of the force-displacement curve. No strain guages were
used either. The fractures occured in various sites of the plug, both in the
middle and near the end-cap, see Figure 6.1. It is not possible to validate that
the data from the tensile test entirely depends on the trabecular properties,
it may have been effected by the glue-bone interface. However, the toe-region
is note significantly large for any of the samples and can more be considered
as an adjustment from compression load to tensile load. There is no direct
difference between the samples breaking near the end-cap and those in the
middle of the plug and the test results seems to correlate both with the
compression data and with another study performed on on plugs from the
same anatomical location [6]. The test method could therefore be considered
as reliable.

6.5.2 Limited sample size

In the beginning, 14 samples was reserved for this project. Only eight frac-
tured, only nine tests could be used for estimating the modulus and stiffness
of the structures due to suspected slipping in the other five. One sample
had to be removed entirely from the study in the comparison between the
microstructure and mechanical parameters due to extreme values. After ex-
cluding all these results for different reasons eight, or seven, samples remained
to perform statistical analysis on. This is a small sample size. Although, it is
harder to find reliable correlations if just one of these samples behave slightly
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Figure 6.1: Two different fracture sites from the destructive tensile test. In a) is the fracture site
in the middle of the plug. In b) is the fracture site near the glue-bone interface.

different from the rest. It would also have been interesting to perform multi-
ple linear regression analysis to see how different variables are connected and
affects the investigated parameters. However, the sample size is too small to
perform these kinds of statistical operations with a high level of significance.
However, in studies using human samples low number of tests are common.
Similar mechanical tests and micro-structural measurements have been per-
formed on sample sizes below ten [6], to a sample size of 20 [5, 25, 42].

6.6 Future work

For further investigations, it will be interesting to develop a finite element
model based on the μ-CT data to simulate the tensile test. This would be a
way to validate the achieved results and find ways to improve the test setup.
A computational finite element model might also assist when evaluating the
correlations to the structural parameters.

The SEM used for developing this method for investigating fracture surfaces,
was a field emission SEM. To operate a field emission-SEM ultra high vacuum
is required in the specimen chamber. This is unfavorable for non-conductive
material, such as bone, since it does not have the ability to deflect all the
excessive electrons. Which is causing the charging effects. If instead using a
variable pressure SEM, also called environmental SEM, it is possible to have
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gas in the chamber. The ions within the gas will bind to electron and therefore
prevent electrons from charging up the surface of the sample. Water vapor
is a commonly used gas, but various gases could be used [45]. For future
investigations it could be an idea to use a variable pressure-SEM to see if it is
possible to go below μm-resolution and look at the fracture features in nano-
scale. Another alternative to reach nm-resolution of the surface topography
might be to do measurements with an atomic force microscope of the fracture
surfaces [46].
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7 | Summary
and conclusions

Several strong indications are worth mentioning when summarizing this the-
sis. The human trabecular bone in the femoral head is getting more brittle
with age. This can be a result of decreased bone volume ratio and increased
average tissue mineral denisty. The bones’ ability to deform in the post-yield
region becomes lower with ageing which may be a result of more rod-like
structures, thinner trabeculae within the network, and an impaired quality of
the collagen network. The forces and stresses in the structure are increased
with higher anisotropy and number of trabeculae.

The purpose with the SEM-analysis was to enlighten nano-scale structures
and damages within the fracture surface. Unfortunately this was not achieved
due to problems with the porous structure and high surface roughness. Thus,
a suitable method was not found to analyse the fracture surface. In this
thesis the analysis was performed with a field emission-SEM which requires
ultra high vacuum and inducing charging effects in non-conductive samples.
For further investigation of fracture surfaces it would be interesting to try
a variable pressure-SEM and to what degree the charging effects could be
removed and inf nm-resolution is achievable.
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