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Abstract
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Bone substitute materials or implants are commonly used in the surgical treatment of bone
fractures. However, severe complications are sometimes reported. In order to improve fracture
treatment where the interior, porous trabecular bone is involved, it is important to better
understand the mechanical properties of this bone and how it interacts with the substitutes/
implants, and this was the aim of this thesis.
Since one of the key mechanical properties of trabecular bone, i.e. the elastic moduli at the
tissue level, was not consistently reported in the literature, the results from four widely applied
methods were first summarized and presented in a review paper.
Furthermore, to improve the analysis of the mechanical behavior of bone and its interaction
with implants, a new digital volume correlation (DVC) technique was proposed based on higherorder finite elements.
We further proposed a method to estimate the elastic modulus at the tissue level by
compression of single trabeculae within a synchrotron radiation micro-computed tomograph
(SRµCT). Full-field displacements were estimated by DVC, which also provided boundary
conditions for a finite element model. The proposed method shows potential to estimate
trabecular mechanical properties at the tissue level.
Further, strains and cracks of a trabecular structure under compression till fracture were
characterized at the single trabecular level, with DVC applied on high-resolution images from
SRµCT.
The effect of augmentation materials on the engagement of screws inserted into trabecular
bone was evaluated in human femoral bone, with and without real-time SRµCT. A newly
developed tissue adhesive indicated a potential benefit of this material to the primary implant
stability compared to a cement and no augmentation.
Finally, a trabecular structure of PLA/HA composite material was printed using a fused
deposition modelling method as a preliminary step towards better synthetic models of trabecular
bone. The synthetic trabecular structure was evaluated using micro-CT, compression and screw
pull-out testing.
In conclusion, methods to estimate strains and mechanical properties of trabecular bone were
proposed, insights into interactions between trabecular bone and augmentation/implants were
gained, as well as a first step towards a synthetic trabecular model, which may contribute to
further mechanical analyses and/or improved clinical treatments of trabecular bone.
Keywords: Trabecular bone, Elastic modulus, Digital volume correlation, Pullout resistance,
Micro-computed tomography.
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Abbreviations

BV/TV
CPC
DVC
FDM
FE
FFT
HA
HR-pQCT
Micro-CT
PLA
PMMA
SRµCT
Tb.Sp
Tb.Th

Bone volume fraction (bone volume /
total volume)
Calcium phosphate cement
Digital volume correlation
Fused deposition modelling
Finite element
Fast-Fourier transformation
Hydroxyapatite
High resolution peripheral quantitative computed tomography
Micro-computed tomography
Polylactic acid
Polymethylmethacrylate
Synchrotron radiation based X-ray
micro-computed tomography
Trabecular spacing
Trabecular thickness
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1. Introduction

Bone fractures are common in daily life. The incidence of new bone failures
is reported to be 2.68 million per year in six European countries [1] (France,
Germany, Italy, Spain, Sweden and the UK). Trauma due to, for instance,
falls and accidents, and bone disease are two common causes for bone fractures. The prevalence of osteoporosis, causing a majority of fractures, is
reported to be 7 to 19% for men and 23 to 35% for women over 50 years old
[1, 2], and the number of individuals exceeding the fracture threshold is expected to be more than 300 million worldwide by 2040 [3]. With the aging
population and increasing life span, fragility fractures are becoming a barrier
to mobility, independence and life quality, especially for the elderly.
In the surgical treatment of bone fractures, bone substitutes or implants
are utilized for various reasons. For instance, to treat bone fractures caused
by high-impact trauma, internal implants such as plates and screws are
commonly used to hold together the bone fragments so that the bone can
heal by itself. In the treatment of vertebral compression fractures, bone cements, typically acrylic or calcium phosphate cements, have been injected to
the vertebral body for stabilization and pain relief [4], i.e. vertebroplasty.
However, complications may arise, for various reasons. In one of the
treatments aforementioned, for example, a substantial number of patients
receiving vertebroplasty caused by osteoporosis develop new fractures, especially in vertebrae adjacent to the treated level (Fig. 1) [5, 6]. One possible
reason is that the injected cement alters the rigidity of the vertebra and loads
to the adjacent vertebrae [7, 8]. Although numerous efforts have been put in
developing better bone substituent materials, it is of the same significance to
understand the mechanical behavior of bone itself, especially when the reported properties vary substantially [9, 10]. Screw implant loosening can be
another frequent complication, as in cases of humeral heads (Fig. 1) [11],
osteoporotic vertebrae [12] and skeletal tumors [13], resulting in revision, or
a second operation. One important reason for loosening is the inadequate
initial fixation of the screw, which leads to micro-motion of the implants.
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Figure 1. (Left) Scan taken immediately after cement augmentation into multi-level
vertebrae. (Middle) Failure of the adjacent vertebra after approximately 2 weeks.
Reprinted with permission from Baroud et al.[14]. (Right) Loosening of pedicle
screw indicated by the clear zone. Reprinted with permission from El Saman et
al.[15].

Mechanical analyses of bone and its interaction with implants are therefore fundamental towards improvements in the treatment of bone fractures.
A powerful tool in the mechanical analyses of bone [16], bone-cement [17],
or bone-implant systems [18, 19], is finite element modeling, especially for
trabecular bone where the naturally complex structures complicate the analyses. Additionally, finite element models consume fewer bone samples comparing to experimental tests. In a future perspective, finite element modeling
may be increasingly used in the analyses of bone through statistical models
and patient-specific fracture treatment, from lab to clinical applications [20,
21]. Crucial inputs for the models to be able to predict physical phenomena
of bone with accuracy are the bone’s mechanical properties at the tissue level.
In this thesis, several aspects in the mechanics of trabecular bone and
bone-implant interactions were investigated, with a focus on the elastic
modulus of the trabecular bone at tissue level, strain concentrations in the
trabecular bone, pullout resistance and failure mechanisms of screws from
the trabecular bone with and without augmentation, and 3D-printing of synthetic trabecular bone. An algorithm with high accuracy was also
proposed to quantitatively estimate the internal displace-ment and strain
fields of the tested specimens in the mechanical tests.
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2. Background

2.1 Bone
Bones, forming the skeletal system, have multiple functions for human beings. They support the weight of the body, protect vital organs, and allow
our locomotion. Bones work as storage for minerals, and bone marrow within the bone continuously supply blood cells [22]. Generally, a bone is composed of a hard and dense outer layer, i.e. cortical bone, and more porous
interior, which is called trabecular bone or cancellous bone (Fig. 2). The
combination of solid cortical and porous trabecular bone provides mechanical strength with relatively low density.

Figure 2.Illustration of cancellous and cortical bone with a longitudinal section of
the femur. Reprinted with permission from Cowin [23].

In the material perspective, bone tissue consists of 70 wt% inorganic matter, 20 wt% organic and 10 wt% water [24]. The inorganic phase is an impure calcium phosphate salt in the form of a modified hydroxyapatite
(Ca5(PO4)3OH). About 90 wt% of the organic phase is a type I collagen. It is
commonly deemed that the minerals mainly contribute to the elastic properties and the collagen to the non-linear properties. Any pathology or treatment
that modifies the three components or their ratio might affect the mechanical
properties of the bone. Cortical bone exposed to high doses of X-rays that
destroy the collagen structure showed an adverse effect on strength and fracture toughness [25]. Dehydrated bone is reported to be stiffer and more brittle [26, 27].
Bone is a hierarchical composite material from the nanoscale to the macroscale (Fig. 3) [28, 29]. At the nanoscale, the minerals aggregate and form a
fractal-like organization [28]. The mineralized collagen fibrils assemble into
13

ordered arrays with a diameter from less than one micron to several microns.
The arrays then form bundles with different patterns. Sheets of bundles stack
in a ply-wood manner, but with the angular offset between adjacent bundle
sheets being 40~80°, thus forming lamellar bone. The lamellar bone is found
in both trabecular bone with a motif of lamellar packets and cortical bone in
the form of osteons. A lamellar packet is an assembly of lamellae with
slightly different orientations. In an osteon, the lamellae are aligned into
large concentric rings, similar to that of wood rings. It should be noted that
disordered fibril arrays and disordered phases also present in the hierarchical
levels of bone.
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Figure 3. Hierarchical levels of bone with representative images, specifically: level
I: Components, II: Structural components, III: Arrays, IV: Array patterns, V: Superstructure, VI: Material patterns, VII: Tissue elements, VIII: Tissue and IX: Organ.
The schematic is colored with green representing ordered materials, blue for the
disordered material. The borders of the images are color coded in the same way.
Additionally, a graded color represents the presence of both materials. Reprinted
with permission from Reznikov et al. [29].
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2.2 Trabecular bone
At the highest hierarchical level (Fig. 3), also referred to as the apparent
level in this thesis, trabecular bone appears as a porous, cellulous structure,
containing a network of trabeculae in the shape of small rods and plates (Fig.
4). Typically, the individual trabeculae have diameters between 100 to 300
μm, with a spacing between trabeculae of around 500 to 1500 μm [24]. The
term ‘architecture’ or ‘morphology’ is commonly used to refer to the spatial
topology or shape of the trabeculae. Trabecular morphology is continuously
changing in vivo due to bone remodeling, a process where ma-ture bone
matrix is removed and new one is formed. Bone remodeling re-sponds to
mechanical loading as expressed by Wolff’s law: if the loading in the
trabecular bone increased, the bone morphology will be remodeled to resist
the load. The rate of remodeling is also affected by factors such as age and
pathology. As a result, the trabecular morphology varies among individ-uals,
anatomic sites, age groups, health states etc.

Figure 4. 3D renderings of trabecular bone from human femurs with (left) relatively
low and (right) high bone volume fraction, showing the rod and plate like trabeculae.

Due to the close relation between morphology and mechanical behavior in
cellulous materials, the trabecular morphology needs to be characterized
before further analyses of the mechanical properties. Widely used parameters include bone volume fraction (BV/TV, bone volume over total volume),
trabecular thickness, trabecular spacing, surface-to-volume ratio, connectivity, degree of anisotropy etc. With the application of imaging techniques
providing 3-dimensional bone structures, for instance, micro-computed tomography (micro-CT), these morphometric parameters are then calculated
from the volumetric digital images. Detailed definitions and calculations of
some of these parameters are discussed in section 4.2
Many studies have reported correlations between morphometric parameters and apparent-level mechanical properties of trabecular bone, such as,
stiffness [30], ultimate compression strength [31], and yield strength [32].
The mechanical properties are reported to be mainly dependent on the
BV/TV, which could explain about 70~89% of variations of the mechanical
16

properties. Furthermore, BV/TV together with the fabric tensor, i.e. a second
rank tensor that characterizes the anisotropic architecture of the trabecular
bone, have been reported to improve the prediction accuracy to 90~98% [3032].
It should be noted that the apparent-level mechanical behavior of the trabecular bone depends not only on the aforementioned morphology, but also
on the mechanical properties of the composing individual trabeculae, which
are referred to as tissue-level properties. Mechanical tests have been performed at different levels to estimate the tissue-level mechanical properties
of trabeculae (Fig. 5), from nanoindentation, directly on individual trabeculae, to a combination of experiments and finite element simulations on trabecular structures (5~10 mm). Due to limitations of each method as well as
the natural variation between subjects, the reported mechanical properties
are in a wide range (Table 1), indicating a demand for further studies to pinpoint these properties.

Figure 5. Methods to estimate tissue-level mechanical properties of trabecular bone.
Reprinted with permission from Paper I [33].
Table 1. Mechanical properties of trabecular bone at the macroscopic and at the
tissue level.
Ultimate compressive
strength [MPa]

Yield strain
[%]

Elastic modulus
[GPa]

Trabecular
structure

1-30 [34, 35]

0.6-1.2 [34, 36]

0.01-1 [34, 37]

Single
trabeculae

167-208 [38]

0.7-1.4 [38]

1.4-16 [38-40]
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2.3 Screw implants
Two types of screw implants are widely used in clinics: cortical and cancellous screws, as shown in Fig. 6. Cortical screws are mostly used in the diaphysis of long bones containing mainly cortical bone. The threads of cortical screws are shallow and densely spaced to improve the engagement with
the cortical walls. Cancellous screws are used for epiphyses containing substantial amounts of trabecular bone, and the threads are deeper and spaced
more widely to suit the cellulous structure of the trabecular bone.
The thread pitch and depth* of the commonly used cancellous screws (Table 2) are at the same scale as the trabecular thickness and spacing, which
means that trabecular bone around the screws cannot be considered as a continuum [41], which has also been confirmed via finite element analyses [42].
Studies have shown that the morphology of the trabecular bone closest to the
screw, especially BV/TV, plays a key role in the pullout stiffness of the
screw engagement [18].

Figure 6. Orthopaedic screws used in the fracture treatment at (A) femur, (B)
humerus, and (C) diaphysis of the humerus. Reprinted with permission from Zdero
et al. [43].
Table 2. Dimensions of some typical orthopaedic screws corresponding to the ISO
standard 5835:1991.

Trabecular screw
Cortical screw

*

Outer diameter
[mm]

Core diameter
[mm]

Pitch
[mm]

6.5
4.0
4.5
3.5

3.0
1.9
3.0
2.4

2.75
1.75
1.75
1.25

Thread pitch: the distance between the crests of two adjacent threads along the length of the
screw; Thread depth: the distance between the crest and the base of a thread along the radial
direction.
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In cases where screw implants are inserted into low quality bone, bone
cement is sometimes injected to improve the holding strength of the screws,
as shown in Fig. 7. So far, the most studied biomaterials for augmentation
are polymethylmethacrylate (PMMA) and calcium phosphate cements
(CPCs) [44-56]. The augmentation with PMMA generally improves the
pullout strength, for instance, from 1.8 to 2.8-fold in vertebrae using pedicle
screws [49, 54-56]. However, the improvement of the augmentation with
CPCs varies, from apparent reduction under certain conditions [57] to less
improvement than PMMA [47, 49]. Considering the potential of CPCs in
terms of biodegradation and osseointegration [45, 58], effort has been put
into improving the understanding of the mechanisms that affect the engagement of the bone-screw-cement system [17, 49, 59], aiming at solutions for
more consistent improvement in mechanical engagement.

Figure 7. Radiograph of a patient receiving plate and screws in the treatment of
tibia fracture. Calcium phosphate cement is used around the long trabecular screws.
Reprinted with permission from Larsson and Bauer [45].

With a recently reported phosphoserine-modified degradable CPC improving the adhesion between tissue 40-fold in wet condition compared to
commercial cyanoacrylates glue [60], the contribution of adhesive bonding
between the bone-CPC and screw-CPC interfaces to the initial engagement
of screw implant might lead to a promising augmentation material for screw
implants. However, the improvement of adhesion to the screw engagement
needs to be confirmed and the failure mechanism demands further study.

2.4 Imaging and mechanical testing
The combination of imaging with mechanical testing has been widely applied to capture the trabecular bone behavior and to assist mechanical analyses of trabecular bone at different levels and at various resolutions (Table
3). For instance, the location of trabecular fracture has been found to be
highly correlated to the bone whitening under natural light in tests with both
19

single trabeculae and trabecular structures [61, 62]. Later, imaging techniques such as micro-CT have captured the internal deformation in the trabecular bone during the mechanical testing, providing more information than
only the surface changes as recorded by cameras or microscopes. Spatial
development of the internal cracks induced during the trabecular compression is thus possible to reveal [63].
Further digital image processing of the acquired images enables quantitative analyses of the trabecular bone. Features such as cracks can be segmented and calculated in volume [63]. Techniques such as point tracking or digital image correlation have been adopted to estimate the displacement and
deformation on the trabecular surface without the adverse contribution of the
end artifacts [26]. An extension of the image correlation to 3D volume correlation allows quantification of volumetric deformations in the trabecular
bone.
The accuracy of the image processing methods depends on both the image
quality and the accuracy of the algorithms. The low accessibility to highresolution images during mechanical loading and digital volume correlation
(DVC) algorithms of relatively low accuracy have limited the quantitative
analyses of the mechanics in trabecular bone undergoing physical deformation. Recently, images of high quality and resolution by synchrotron radiation based X-ray micro-CT (SRμCT) have become more readily available.
A DVC strategy that estimates the global displacement field based on finite
elements has further shown improved performance to the previous local
strategy (see section 4.4 for more details) [64, 65]. The use of higher-order
finite elements might better capture the continuous deformation in the trabecular bone. The combination may therefore contribute to the quantification
of deformation with higher spatial resolution, for instance, at the single trabecular level. Further analyses, such as comparison between strains from
finite element modeling and DVC can therefore be possible.
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Table 3. Imaging techniques that have been applied during mechanical testing for
mechanical analyses of trabecular bone.
Single trabeculae

Trabecular structure

High-speed
camera

Bone whitening during frac- Bone whitening during fracture [62]
ture [61]
Effect of dehydration on mechanical properties [26]
Microscope Displacement estimation [66] Fracture of bone-cement composite
[67]
HR-pQCT 3D observation of bone failure [68]
Micro-CT
Compression failure of bone [69]
Screw insertion process [70]
Bone failure during screw pullout
[71]
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3. Summary of aims and objectives

The aim of this thesis was to further the understanding of trabecular bone
behavior at the tissue and apparent levels as well as in combination with
implants. Micro-CT was used to image the internal structure and the mechanical behavior of the investigated trabecular bone and implants during
loading, providing the basis for the five experimental papers in this thesis.
The specific objectives of these five papers are presented below, together
with that of the first, review paper:
(1) to review the literature on the elastic modulus of trabecular bone at the
tissue-level and to analyze the effect of several factors on this property (Paper I);
(2) to propose a global DVC code based on higher-order finite elements
to estimate internal displacement fields and strains from volumetric images
of inhomogeneous materials, such as trabecular bone (Paper II);
(3) to propose a method to estimate the elastic modulus of single trabeculae based on a combination of imaging during micromechanical testing,
global DVC, and finite element analyses (Paper III);
(4) to quantify the strain fields and cracks at the single trabecular level
during compression of trabecular structure based on in-situ testing and global DVC (Paper IV);
(5) to investigate the effect of two CPC-based augmentation materials
with and without bonding strength, on the pullout resistance of screw implants from trabecular bone, in terms of apparent pullout load and cracking
mechanisms by SRμCT (Paper V);
(6) to evaluate the feasibility of 3D-printing trabecular structures using
Fused Deposition Modelling (FDM) and PLA/HA composites as synthetic
trabecular model material (Paper VI).
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4. Methods

4.1 Mechanical testing
Compression testing
Compression testing is a common experimental method to evaluate the mechanical properties of various materials, for instance, elastic modulus E,
yield strength v, or ultimate compressive strength u. The experiment is
performed by applying a continuous and increasing load to a regular shaped
specimen. The elastic modulus is calculated by E= , representing the slope
of the linear region of the stress and strain curve. The ultimate compressive strength is calculated as u=F/A, where F is the maximum load until
failure and A is the cross-sectional area.
Three compression tests were performed in this thesis: (1) continuous
compression of cylindrical bulk materials until failure to evaluate the ultimate compressive strength (Paper V, VI) at the material level, following the
ISO 5833 standard for evaluation of acrylic bone cement [72]; (2) compression of single trabeculae as a step towards the estimation of the tissue-level
elastic modulus (Paper III); (3) compression of trabecular structures to evaluate cracks in trabecular bone (Paper IV) and apparent-level properties of
synthetic trabecular models (Paper VI). The two tests in Paper III and IV are
further discussed in section 4.3, as the loading was applied step-wisely, and
micro-CT was incorporated.
Pullout testing
The engagement performance of screw implants in trabecular bone or bone
models is usually evaluated by pullout testing, where the implants are pulled
outwards from the bone according to a standard method described in ASTM
F543 [73]. Due to limitations in specimen dimensions and in hardware such
as motor speed, modified pullout tests were performed in Paper V and VI.
The pullout load F is defined as the peak load obtained during the testing,
the pullout stiffness is the slope of the linear region of the load and displacement curve, and the fracture energy is the area under the load and displacement curve until the pullout load F has been reached.
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4.2 Micro-computed
4.2
Micro computed tomography
technique used to reconstruct the internal
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Ever
since
re
the first commercial X-ray computed
computed tomogr
tomography
system
was devel
developed by
graphy
aphy system
ystem was
Hounsfield, this technique has shown great impact,
pact especially in clinical
diagnostics. Over decades of development,
developm
devel
ent, the resolution
olution
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technique
que
has improved to a few microns (micro-CT) and even of 100 nm [74] (nanocomputed tomography), and while this resolution
olution is not possible for clinical
applications, it has become a powerful tool
sciences and material
ol for life scie
science.
The main steps of X-ray based micro-CT
CT are shown in Fig. 8, where 2D
illuminated
are collected at various
projection data of the
the specimen
specim
spe
illuminated by X-ray
x
cross-sectional
imagess by speci
specifrotation angles, and
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reconstructed
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Fourier-Based
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reconic algorithms, for instanc
e Fourier
Based reconstruction
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image processing,
visualization
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calcuocessing,, visualization calc
lation.

micro CT.
Figure 8.. Illustration of the process of micro-CT

X ray sources
X-ray
Two types of micro-CT
micro CT systems
system were used in this thesis based on the X
X-ray
ray
T system (Fig
Fig. 9 left)
left and a synchrotron-based
sources: a tubetube-based
based micro-C
micro CT
synchrotron based
micro CT system (Fig
micro-CT
Fig.. 9 right,
right also referred to as SRμCT
SRμCT).. The X-ray
X ray beam
from the tube is of cone shape, continuous in spectrum,
spectrum, but relatively low in
synchrotron-based
based X
X-ray
photon flux.
flux. However, the synchrotron
ray beam is monochromatic,
monochromatic,
almost parallel, and of much higher
higher photon flux. Therefore, artifacts such as
beam hardening and cone beam artifacts can be avoid
avoided,, and it is possible to
acquire high resolution images within only a few minutes. Moreover, the
monochromatic beam and the high photon flux promote the increase in conntrast and reduction in noise of the acquired images
trast
images.
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Figure 9.. Illustrations of common
common configurations for two types of micro-CT
micro CT systems:
(left) tube-based
tube based micro-CT
micro CT system and (right) synchrotron-based
synchrotron based micro-CT
micro CT. (From
https://serc.carleton.edu/research_education/geochemsheets/techniques/CT.html
https://serc.carleton.edu/research_education/geochemsheets/techniques/CT.html)

However,
SR
μCT facilities or
time is
However, the
the accessibility
accessibility of
of SRμ
SRμCT
or beamtime
is more limited than tube-based micro-CT, and allows for much lower sample numbers
ffect of
and triall and errors in the experiment
experimental designs. A side effect
effect
of the
the high
mechanical
propert
ies
photon flux is the dose effect of X-rays on the
properties of trabecular bone, which has been studied and needs further investigation [75All the SRμ
SRμCT imaging in th
was pe
77].
t Source
( performed at the
All the SRμCT imaging in this thesis (Papers
II-VI) was
rontSource
view of(SLS),
the sam
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pleScherrer
stage is shown
hown in(PSI),
TOMCAT beamline, Swiss Light
Paul
Institut
etailed
information
inform
ation
about
abo
the
t
beam
beamline
line
can
n
be
found
und
Switzerland. A front view of the sample stage is shown in Fig. 10 and detailed information about the beamline can be found in Stampanoni et al. [78].

Figure 10.
10 Front view of the sample stage at the TOMCAT beamline, SLS, PSI, Swi
Switzerland (Fro
zerland.
( om
m https://www.psi.ch/en/sls/tomcat/endstations)
https://www.psi.ch/en/sls/tomcat/endstations

Morphometric analysis
Before the morphometric analysis, a volume of interest (VOI) is defined in
the reconstructed images to exclude unnecessary background or unwanted
tissue, or to limit the volume of calculation to a specific region of the heteroheterosegmented
geneous material.
material The
T images are segment
ed into binaries that contain either
void or the material, with global or local thresholds. For trabecular bone,
voids
the following morphometric parameters are usually calculated:
calculated
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bone volume fraction
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volume,
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V/TV), bone volume over total volume
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sphere that fits the marrow space [80];
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Figure 11.
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4.4 Digital volume correlation
Since the first proposal of DVC by Bay et al. [86], DVC has been used for
multiple applications, for instance to estimate the deformation fields in trabecular bone, to detect microcracking in concrete [82] and to determine the
boundary conditions for micromechanical simulations of cast iron [87]. DVC
compares two image stacks containing volumetric information of an object
under different states, which are usually referred to as reference volume S
and deformed volume s (Fig. 12). The idea of DVC is to track the position
change, i.e. displacement, of a material point from the reference volume to
the deformed volume , utilizing the unique grayscale distribution in the
object. A robust method to calculate the displacement =
is to minimize the inverse normalized cross-correlation between the two volumes
[88], as
( )
min
(1)
where

( )

is the displacement field and

denotes the Euclidean norm.

Figure 12. Reference volume and deformed volume . The position vector refers
to a position of an arbitrary point in the body in its initial (reference) volume and
the position vector refers to the position of the same point in the body in its deformed configuration. The displacement of the point is then given by the difference
of the two positions. Reprinted from Paper III.

To increase the sensitivity of the cross-correlation to local differences, the
reference volume is divided into a set of sub-volumes. Minimization of the
cross-correlation function (Eq.1) is then performed on the sub-volumes. If
the minimization process is performed separately for each sub-volume using
independent parameters for displacement interpolation, the algorithm is referred to as a local DVC method (Fig. 13b). In a global algorithm (Fig. 13c),
the displacement field is estimated with all sub-volumes connected and interpolated with a shared set of parameters. The continuous displacement
fields given by the global algorithms enable the direct differentiation to calculate the strain fields. While in the local algorithms, the displacement fields
are interpolated and smoothed before calculation of strain fields, due to the
potential discontinuities in the displacement fields. Studies have reported
improved performance by using a global algorithm [64, 65].
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Figure 13.
13. Illustration showing the difference between a local and a global DVC
algorithm. Reprinted from Paper II.
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Repeated scans (double scan) of one specimen with physical translation;
· Generating one volumetric dataset by virtually translating the dataset
with known displacement field, usually non-integer/sub-voxel translation;
· Generating one volumetric dataset by virtually deforming the dataset
with known strain field.
In the first three cases, the theoretical strain should be zero for the whole
volume; in the last two cases, the theoretical displacement and strain are
known. Therefore, the differences in displacement or strains between the
DVC calculated values and the theoretical values are evaluated and determined as accuracy and precision, which refer to the mean and standard deviation of the differences, respectively.
In this thesis, a global DVC algorithm based on higher-order finite elements is proposed (Paper II) and then applied to estimate the deformation in
single trabeculae (Paper III) and trabecular bone (Paper IV) based on the
high-resolution images from SRμCT (Figure 14).
·

1 mm

Figure 14. Example of cross-sectional images by SRμCT from single trabecula (left,
reprinted from Paper III) and trabecular structure (right, reprinted from Paper IV).
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5. Results and discussion

The results of this thesis, as well as specific discussion, are presented as brief
summaries of each paper. The imaging, mechanical and analysis techniques
involved in the papers are listed in Table 4.
Table 4

Paper
Micro-CT
SRµCT
In-situ mechanical
testing
Ex-situ mechanical
testing
DVC
Finite element
analysis
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I

II

III

IV

×

×

×

V
×
×

×

×

×

×
×

×

×
×

×

VI
×
×

×

Paper I - Young’s modulus of the trabecular
bone at the tissue level: A review

The elastic modulus of trabecular bone reported in the literature lies in a
wide range, covering two orders of magnitude. With an aim to narrow this
range, and/or provide possible improvement suggestions for the test methods, trabecular elastic moduli estimated by four different test methods were
summarized, namely single trabeculae tests, ultrasonic tests, nanoindentation
and numerical analyses, advantages and limitations of the methods were
discussed.
Micro-mechanical tests such as tension or bending directly on the single
trabeculae are straight forward methods to estimate the mechanical properties of tissue-level properties of trabecular bone. Due to the small size of the
single trabeculae, general limitations are present in the sample preparation
and handling of the trabeculae, which also have an inhomogeneous geometry, and the very measurement of the trabecular deformation. For tensile
tests, specifically, glue attaching the trabeculae to the grips enhances the
difficulties in accurately measuring only the deformation of trabeculae. Furthermore, misalignment of the central line of the specimen with the loading
axis may lead to uncontrolled shear stress. Bending might be less affected by
these factors, however, the elastic modulus calculated from bending is more
sensitive to the specimen geometry.
Based on a relationship between the elastic modulus and the velocity of
wave propagation in the specimen, ultrasonic tests are also applied to estimate trabecular elastic modulus. The larger dimensions of specimens decrease the sensitivity to sample handling. However, the ultrasonic waves can
be strongly attenuated due to the high porosity of the trabecular bone, which
complicate the estimation of elastic modulus from this test.
Nanoindentation measures the elastic modulus of trabecular bone at a
submicron structural scale, and has been applied across species, anatomic
sites, health states of the donors and specimen conditions. The measured
elastic modulus was reported to be affected by factors such as roughness of
the sample surface and indentation parameters. Another feature that should
be pointed out is the indentation locations. Indentations, for instance, near
local defects which are of similar scale as the indenter such as lacunae and
osteocyte, are excluded for uncontrolled contact area. This might be a reason
for the generally higher elastic modulus reported by nanoindentation than for
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tests on single trabeculae which contains all the defects. The level of interest
therefore should be considered while presenting/citing the trabecular properties.
Combining mechanical testing on trabecular bone with finite element
simulation that takes the trabecular geometry into account has been applied
to estimate the tissue-level elastic modulus [91]. The advantages of this
method are the convenience in sample handling and the relative insensitivity
to trabecular geometry. However, limitations present due to assumptions in
the numerical models, e.g. a homogeneous material distribution and a linear
elastic mechanical behavior of the trabecular bone.
The elastic modulus reported by the reviewed literature, and conditions of
the specimens tested were summarized into tables in Paper I, with the reported values ranging from 1 to 22.3 GPa, as a result of physiological and pathological conditions as well as scale and other methodology related limitations.
Distribution of the elastic modulus was also plotted as a function of testing
method, anatomic sites and species. However, firm conclusions with statistical significance were not able to be drawn. After applying two exclusion
criteria: 1) number of specimens less than six; 2) other limitations that are
considered to affect the reliability of the test adversely, studies reporting
more reliable data were plotted in Fig. 15, still ranging from 1.2 to 22.3 GPa.
It is expected that, with continuous improvements in the resolution and accuracy of the test methods, and more methods and studies reported, the mechanical properties of trabecular bone and its variations among testing conditions, species and other factors will be better understood.
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Figure 15.
15 Trabecular elastic modulus reported by studies remaining after applying
the exclusion criteria.
criteria For the other species, i.e. dog, rabbit and ovine, only one
study remained for each species, and were hence not included for clarity. Reprinted
from Paper I [33].
[33]
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Paper II - A global digital volume correlation
algorithm based on higher-order finite
elements: Implementation and evaluation

To estimate internal deformation of trabecular bone, we proposed a global
DVC technique with higher-order finite element (27-node brick elements) to
interpolate the global displacement field, hereafter, referred to as GDVCUU. Overlapping sub-volumes were added for more robust solutions and
curvature penalization was applied for regularization. The cross-correlation
problem became a minimization with the objective function
[
( )] +
min
( ),
(2)
where
and are the displacement vector for a sub-volume e and all subvolumes, respectively, represented by the displacements at the nodes with all
degrees of freedom; ( ) is a normalized cross-correlation value of subvolume evaluated analogously as
( )
,
( )=
(3)
( )

is the total number of sub-volumes, p is the regularization factor to adjust
the weight of curvature penalty, and the curvature penalty ( ) is defined
as
(

where

)=
=

d

,,

d

,

is the volume of sub-volume ,

(4)

is the displacement

which can be represented by , and )/
is the spatial derivative.
The algorithm was applied to trabecular datasets undergoing various displacement fields in order to evaluate the code’s performance, including
· virtually (Gaussian) deformed trabecular bone,
· virtually translated (in sub-voxel) datasets for interpolation error,
· double scan for systematic and random errors,
· physically deformed datasets for overall performance.
Two trabecular datasets with relatively low and high resolution were tested, referred to as Tozzi-2017 and UU-2018 (Fig. 16), respectively. The results were compared with a commercial global DVC module in Avizo
(Thermo Fisher Scientific Inc., Massachusetts, U.S.). Here, results from virtually deformed trabeculae and double scan are presented to discuss some
basic aspects of the proposed DVC algorithm.
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Figure 16.
16 Cross sections of the trabecular datasets used in this work
work:: (left) a slice
of TozziTozzi-2007
2007 (144×144×144) and (right) a slice of UU
UU-2018
2018 (200×200×200).
Reprinted from Paper II [92].
[92].

Displacements along two lines across the center of the spatial region that
were deformed
eformed with Gaussian displacements were evaluated.
evaluated. The
The results
were compared with the exact solution
solutions and the displacements from Avizo at
the same node spacing.
spacing In GDVC
GDVC-UU,
UU, the
he node spacing is half the sub
subvolume size, while in Avizo it is the same as the sub
sub--volume
volume size. Fig.
Fig 17a17 -b
showed that the
the proposed algorithm captured the Gaussian displacements
better than Avizo,
Avizo showing an advantage of the triquadratic base functions
with the 2727-node
node element over the linear base functions used in Avizo.
GDVC-UU
UU on the performance are also preEffects of the parameters of GDVC
presented in Fig.
Fig 17.
17 For the volumes without any noise or artifacts, tthe
he smallest
sub-volume
subvolume size captured the Gaussian displacement field
fields with highest
accuracy, while large sub-vol
sub volume
ume size could not capture the locally high
fields ((Fig
Fig. 17c-d)
17 d). The curvature of the discurvature in the displacement field
curvature
displacement field was also penalized using regularization, especially in the
f).
locally high curvature (Fig.
( . 17ee-f).
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Figure 17. A cross section of the resulting displacement fields u(x, y) in [voxels]
along two lines A and B obtained by Avizo and GDVC-UU for a virtual Gaussian
displacement field applied to the Tozzi-2017 dataset. Figures (a) and (b) compare
the different methods, (c) and (d) different sub-volume sizes and (e) and (f) different
amounts of regularization. The ’sv’ denotes the sub-volume size. Reprinted from
Paper II [92].

The two algorithms performed comparably at the same node spacing on
images from two repeated scans. It is also noted that accuracy and precision
decreased with decreasing sub-volume size (Fig. 18), which is contrary to
the Gaussian cases. The increased freedom in the displacement field using
smaller sub-volumes allows increased fitting to the physical local defor-
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mation, but also increased fitting to the noise or artifacts, leading to nonphysical deformation.
Regularization is needed to alleviate the non-physical deformation, and
the amount of regularization depends on the pattern and quality of the images. To limit the non-physical strains to below 1‰ in the Tozzi-2017 double
scan, a regularization factor larger than 10 was needed, for the UU-2018
dataset, a factor of 104 was needed due to the relatively larger void in one
sub-volume.
Results showed that the proposed global DVC algorithm performs comparably to and slightly better than Avizo in most cases. Besides, the results
showed that to evaluate the performance of a DVC code in terms of sensitivity to noise and artifacts, interpolation error, etc., several tests cases are
needed, including double scan, virtually deformed and physically deformed
datasets.

Figure 18. The accuracy and precision of the calculated strain fields in [‰] obtained by Avizo and GDVC-UU for the Tozzi-2017 double scan (152×152×432) and
the UU-2018 double scan. Reprinted from Paper II [92].
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Paper III - A combined experimental and
numerical method to estimate the elastic
modulus of single trabeculae

The previous studies in Papers I and II demonstrated i) a need to estimate the
tissue-level elastic modulus of trabecular bone with higher accuracy, and ii)
the possibility of estimating internal displacement of tested specimens with
high accuracy by a global DVC method. A strategy combing compression of
single trabeculae, DVC and finite element (FE) analyses was therefore proposed to estimate the elastic modulus of single trabeculae. As illustrated by
Fig. 19, the strategy started from an in-situ compression test of single trabeculae, in which the reaction forces of the trabeculae were recorded, and
the trabecular deformation was captured by SRμCT during step-wise loading. DVC on the SRμCT images numerically estimated the displacement
fields, which then served as boundary conditions in FE models. The highresolution FE models generated from the SRμCT images accounted for the
irregular geometries of the trabeculae. The elastic moduli were finally estimated by comparing the reaction forces from the compression and the FE
models at similar deformations.
Here, two main aspects of this method are discussed and the results on
three trabeculae are presented.
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Figure 19.
19 Schematic: Estimating the elastic modulus from compression testing of
single trabeculae. Reprinted from
from Paper III.

The first point is the choice of parameters of the DVC algorithm, espeespecia ly sub-volume
cially
sub volume size and regularization factor (here denoted as ),, which,
as discussed earlier, highly affect the performance. Here,
ere, a straightforward
strategy based on virtual strain energy was applied. For a volume undergoing
physical deformation, let the virtual strain energy
=
[
+
]d
(5)
where
=
, Ω is the volume, repeated ind
index
ex denote summation
and ν= 0.3, for simplicity. The strain energy computed from DVC results
varied with the choice of parameters. The curvature κ of the function ( )
reflect the stability of ( ).. Generally, a high regulates
reflects
regulate the deformation
field considerably
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siderably, leading to low strain energy . However, dramatic inncrease in the curvature κ indicates a plateau in the strain fields has been
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Among
at the value of resulting in this first
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sub-volume
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sub voxel translation test (see section 4.4)
4.4) was chochosen. By doing this, a balanced combination was obtained for the considered
sen.
material, as it keeps
material,
keep a relatively low virtual strain energy and reasonable
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accuracy in the estimated displacement field
field.. In this study, a combination of
sub-volume
subvolume size of 40×40×40 voxels and a regularization factor of 100 was
selected for subsequent
subsequent analyses (Fig
Fig. 20)).

Figure 20.
20 Virtual strain energy Π and curvature κ at various sub
sub-volume
volume sizes and
regularization factors α for
or the physically deformed dataset
dataset (top);
(top) the
the mean and
standard deviations of the estimated displacement field when applying various comcombinations of regularization factors
factor α and sub
sub--volume
volume sizes
sizes for the subsub-voxel
voxel translatranslation dataset
data (bottom).
(bottom). The bold lines indicate where the curvature κ has its first peak
0. Reprinted ffrom
in respective set-up
set up in the limit
0
rom Paper III.
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tive difference δ larger
arger than 10% for over 20% of the trabecular length
length,, the
average elastic modulus estimated wa
average
wass 3.83 ± 0.54 GPa for three human
trabecular samples. Though this study was limited by the sample size, the
proposed method shows a potential for estimat
estimating
ing the mechanical properties
of single trabeculae
trabeculae.

Figure 21.
21 The physical trabecula of length L, and the discretized trabecula of
length λL. Reprinted from
from Paper III.

Figure 22.
22 a) Trabecular shapes from initial CT scans; b) relative differences δ of
each cross section along the trabeculae for λ= 0.2;0.4;0.6;0.8. c) estimated elastic
moduli at each λ. The black and white markers indicate which values were selected
for continued analyses.
analyses. X3 is the coordinate in the longitudinal direction. Reprinted
from Paper III.
from
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Paper IV - Quantification of strains and cracks
in trabecular bone by digital volume
correlation: A case study

The combination of step-wise loading, micro-CT and DVC has enabled the
visualization and quantification of internal deformations of trabecular structures. The local strain fields can provide a ‘cross-validation’ for finite element models of these structures, which have been widely applied to simulate
bone mechanical behavior [93-95]. Whilst deformation, cracks and damage
accumulation have been observed locally on individual trabeculae in the test
structures, strains have seldom been estimated at this level due to relatively
low image resolutions (20-40 µm) and therefore too low DVC spatial resolutions (0.8-2 mm) to investigate single trabeculae. Recently, local strains were
estimated by DVC on high-resolution images from SRµCT of trabecular
bone loaded in the apparent elastic range [75]. The aim of this case study
was to quantify trabecular strains and cracks during compression until failure
using the proposed DVC algorithm (Paper II) on SRµCT images.
An in-situ compression test was performed on a human trabecular cylinder, which was scanned at a voxel size of 3.25 µm. The sub-volume size and
regularization factor of the DVC method, 64 and 60 respectively, were selected based on a test-volume of 200×200×200 voxels using the same strategy as discussed in Paper III, i.e. determined through a balance of low virtual
strain energy and high accuracy.
Figure 23 shows a general increase in the first principle strains, and higher strains near the convex surface where displacement was gradually applied
(Fig. 23). Strain concentrations were observed in trabeculae at a distance
from the top, indicating an effect of the discrete nature of the trabecular architecture to the strain distribution. When zoomed in to the highly deformed
trabeculae, we noticed that individual trabeculae were subjected to high tensile and shear strains though the trabecular bone was under compression at
the apparent level. Predominant open mode fractures and some few shear
mode fractures were found by contrasting the cracks and tensile/shear
strains.
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Figure 23. The first principle strain (EI) of the trabecular specimen at loading steps
2-5. Displacement was applied in the negative Z direction. Strain was plotted in the
initial configurations. Reproduced from Paper IV.

Cracks in the trabecular bone were segmented with DVC-based image
processing. Based on step 6 where an obvious increase in crack volume was
noticed (Fig. 24), the trabecular structure was divided into cracked and
‘uncracked’ regions. Mean and standard deviations of the first principal
strains in the two groups were contrasted at steps 2-6. Regions in the trabeculae that had visible cracks in step 6 showed higher strains than the uncracked
regions. The difference between the two groups increased slightly from step
2 to step 5, and was a factor of 7.6 at step 6. When the cracks in step 6 were
grouped by the crack volume, larger opening cracks showed higher tensile
strains than smaller cracks. Note that not all regions with high strains
resulted in cracks and some trabeculae with low strain in step 5 were
observed with cracks in step 6.

Figure 24. Load and displacement at the load steps in the uniaxial compression
testing, as well as crack volumes estimated by a DVC-based image processing and
normalized by the total bone volume (left). Mean and standard deviations of the first
principal strain at steps 2-6 in the cracked and ‘uncracked’ regions. Reproduced
from Paper IV.
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Paper V - The effect of two augmentation
materials on screw pullout resistance from
human trabecular bone

Augmentation materials, such as CPCs and PMMA, have been used to improve the physical engagement of screws inserted into bone. While ceramic,
degradable cements may ultimately improve the fixation [49, 51, 96], inconsistent effects on early stability have been reported [57].
A recently developed degradable ceramic adhesive has been reported to
be able to bond with tissues with relatively high strength [60]. Considering
that the bonding of screws with surrounding bone may contribute to more
evenly distributed loads in the vicinity of the screw and along the threads,
augmentation with the adhesive may improve the pullout performance. The
pullout resistance may be further enhanced by transiting to adhesive bonding
from physical contact at the interfaces, with improved shear and tensile fracture toughness. The aim of this study was to investigate the screw pullout
resistance and failure mechanisms from trabecular bone, and the effect of
two augmentation materials, i.e. a ceramic cement or an adhesive material,
with no augmentation as a control.
Two pullout tests were performed, one of which was an ex-situ continuous pullout of screws from 21 trabecular specimens which were divided into
three groups by the augmentation materials, i.e. cement, adhesive and no
augmentation as a control (Fig. 25). The other one was an in-situ step-wise
pullout inside a SRμCT. The five specimens for the in-situ testing were
named following the form: augmentation material-in-specimen number.
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Figure 25. Section views from micro-CT scans showing the inserted screws and the
distribution of the augmentation materials in ex-situ specimens in three groups: (a)
control, (b) cement, (c) adhesive. Reprinted from Paper V.

Two parameters were characterized from the micro-CT images: BV/TV
and injection volume of the augmentation materials. BV/TV was calculated
from the images acquired before the screw insertion. The injection volume
was estimated based on the comparison of micro-CT images before and
after the screw insertion.
Linear regression showed the highest correlation of the pullout load with
BV/TV in the region just around the screw. The high correlation was in accordance with the earlier reported main effect of BV/TV [18, 97] or bone
mineral density [98, 99] on the pullout strength, confirming the contribution
of trabecular bone in the direct vicinity of the screw to the pullout resistance.
The pullout load, stiffness and fracture energy (calculated as the area under the load-displacement curve until maximum load) of the ex-situ testing
normalized with BV/TV were compared among the three groups by one-way
ANOVA (Fig. 26). Augmentation with the cement did not affect the pullout
resistance, compared to the control group. In contrast, the pullout
resistance after augmentation with the adhesive was significantly higher than
the cement and the control group. This enhancement is comparable to the
literature-reported enhancement after augmentation with ceramic cement,
but slightly worse than with PMMA in vertebrae (1.8-2.8 fold [49, 56, 100]).
Note that the injection volume and the distribution of the two augmentation material were different (Fig. 25), which might affect the pullout resistance. When the pullout properties were normalized with a factor that
included both BV/TV and injection volume, there were no significant differences in most cases. However, the linear relation between pullout properties
with this factor needs to be verified. On the other hand, the adhesive showed
an advantage in injectability and material distribution, compared to the
brushite cement used.
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Figure 26.
26 Estimated marginal
marginal means of the (a) pullout load, (b) stiffness and (c)
fracture energy of the exex-situ
situ specimens, given by the general linear model accoun
accounting for BV/TV. The asterisk mark (*) denotes significant difference between two
compared groups. Reprinted from Paper V.

Slices of the peri-implant
peri implant region from the in
in-situ
situ testing at different loa
loadding steps are exemplified for one specimen with/without augmentation ((Figs.
Figs.
27 30).
27-30
). In a specimen without augmentation (Control-in
(Control in-1, Fig. 27),
27 , cracks
propagate across the trabeculae, similar to the crack paths in brittle foams
propagated
[101] Long
[101].
Long cracks across several trabeculae were not observed in specimens
augmented with the cement.
cement. However, in the specimen augmented with the
adhesive (Adhesie(Adhesie-in-1,
1, Figs.
Fig 27-28
28),, the adhesive filled the space between
trabecula , and cracks were observed to propagate through the trabeculae
trabeculae,
and the adhesive.
adhesive. These cracks initiated at both the thread crests and the
peripheries of the adhesive, indicating an improved load distribution thr
through
ough
the adhesive and trabeculae near the screw.

Figure 27.
27 Crack propagation across several trabeculae during screw pullout from
screw,, and ‘d’ denotes applied di
Control in-1.
Control-in
1. ‘B’ denotes bone, ‘S’ denotes the screw
displacement in mm.
mm Reprinted from Paper V.

46

Figure 29.
29 Crack propagation across trabeculae and adhesive during screw pullout
from Adhesive-in
Adhesive in-1.
1. ‘A’ denotes
denotes adhesive, ‘B’ denotes bone, ‘S’ denotes screw,
screw, and
‘d’ denotes applied displacement in mm.
mm Reprinted from Paper V.

Figure 30.
30 Induced cracks in bone and adhesive during screw pullout from Adh
Adhesive-in-1,
sive1, showing crack initiated at the periphery of the bone
bone-adhesive
adhesive composite
and propagated towards the screw. ‘A’ denotes adhesive, ‘B’ denotes bone, ‘S’
denotes screw,
screw, and ‘d’ denotes
denotes applied displacement in mm.
mm Reprinted from Paper V.
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Paper VI - 3D-printed PLA/HA composite
structures as synthetic trabecular bone: a
feasibility study using Fused Deposition
Modelling

Synthetic models mimicking trabecular architectures may be beneficial for
understanding the mechanical effects of the trabecular structure in the evaluation of implant design for example. The flexibility of 3D-printing techniques, together with micro-CT, provides a possibility to reproduce a specific trabecular bone. The aim of this study was to evaluate the feasibility of
printing model trabecular bone using FDM and PLA/HA composites.
Micro-CT images of trabecular bone taken from a human femoral head
were used to generate models for printing, and scaled synthetic bone was
printed with PLA/HA composite filaments of three different HA concentrations, 5-10-15 wt%. Material characterization and compressive testing of the
composite bulk material were performed. Morphology and mechanical properties of the printed models were evaluated with micro-CT, compression and
screw pullout tests.
Morphometric analyses showed that the printed PLA model could
reproduce profiles of the input trabecular model with accuracy, albeit with
significantly higher surface-to-volume ratio and lower trabecular thickness
than the input model due to under-filling. In addition, incorpora-tion of HA
particles reduced the printing accuracy.
Compression tests showed a significantly increased elastic modulus of the
printed bulk material with the incorporation of HA particles compared to
pure PLA. No significant difference in compressive yield strength was
shown between PLA with and without HA particles.
The printed trabecular bone showed higher variations in mechanical properties compared to the bulk materials, but higher pullout load than a commonly used synthetic model when scaled 4.3-fold in printing.
Though further work is needed to increase resolution, especially when
printing with composite filaments, synthetic models mimicking trabecular
structure with PLA/HA composites -both components are biocompatible and
resorbable- using FDM is a promising strategy to develop trabecular models
for mechanical evaluation, or potentially clinical applications.
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6. Summary and conclusions

The high prevalence of bone fractures affects the quality of life of many
patients. Complications appear in the surgical treatment of bone fractures
with or without the use of bone substitutes or implants. Due to the fact that
mechanics is highly involved in the locomotion and that bone remodeling
responds to mechanical loading, the mechanical analyses of bone and its
interaction with implants have to be better understood. The trabecular bone
which is characterized by its spongy structure is a focus here. As a powerful
tool to visualize and quantify the micro-level structural heterogeneity of the
trabecular bone, micro-CT has provided a base for mechanical related analyses.
This thesis has discussed several aspects on the topic of mechanical analyses of trabecular bone and its interaction with implants based on the enclosed papers. Brief summaries and main conclusions of these papers are
listed below:
(1) The currently applied approaches to estimate the elastic modulus of
trabecular bone were reviewed, with highlights on important considerations
of these approaches, and values reported in the literature were summarized.
(2) A global DVC technique was proposed to estimate displacement and
strain fields based on 3D images. The displacement field was discretized
using higher-order finite elements and solved by a global optimization procedure. Compared to a commercial code, the proposed technique performed
somewhat better in most cases, showing a potential to estimate the displacement field with accuracy. This study also highlighted the need for codes to
be applied to double scans, virtual deformation and real deformation test
cases when evaluating their performance.
(3) A method was developed to estimate the elastic modulus of single trabeculae from compression testing. A global DVC algorithm was applied to
estimate full-field displacements of the single trabeculae, based on highresolution 3D images obtained by SRμCT. The displacement provided
boundary conditions for high-resolution finite element models considering
the irregular geometry of the trabeculae. The proposed method shows a potential to estimate single-trabeculae-level mechanical properties, while some
possible method improvements were also identified.
(4) Strain fields and cracks of trabecular bone loaded to failure by stepwise compression were estimated by applying DVC on SRµCT images acquired during loading. Accumulation of strains and cracks at the individual
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trabecular level were characterized. Trabeculae that were subsequently
cracked showed higher strains than regions without segmented cracks during
the loading by superimposing the cracks with strain maps. A potential for
quantifying individual trabecular deformation by DVC on high-resolution
im-ages was shown with this case study.
(5) Screw pullout resistance from trabecular bone with or without augmentation with a brushite cement, or a ceramic adhesive was compared. The
enhanced pullout resistance after augmentation with the adhesive, specifically, higher pullout loads, stiffness, fracture energy and more distributed
cracks, compared to the cement, indicated a promising augmentation material for the primary implant stability. Cracks at the peripheries of the boneadhesive composite indicate an observable connection between the three
components.
(6) Synthetic trabecular structures were printed using FDM and PLA/HA
composite materials. The reproducibility in terms of morphology and
increased pullout strength of the printed model indicate a potential for
achieving better synthetic models compared to commonly used such,
although resolu-tion needs to be improved.
The findings in this thesis improve and may contribute to further improvements in the mechanical aspects of trabecular bone and implants, including but not limited to, mechanical properties of bone, augmentation
strategies and synthetic trabecular models for mechanical evaluations.
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7. Future perspectives

Quantitative tomography, imaging analyses and numerical analyses are tools
widely used in tissue related studies; some have even been applied in clinics
for decades. A combination of these tools with mechanical tests shows a
great potential to analyze the mechanical behavior of materials, especially
heterogeneous such. Analysis of tomographic images can allow for visualization and quantification of internal deformations. Results from numerical
models can be compared with image analyses to improve the models or estimate material mechanical properties. It is expected that these tools will be
applied for the analyses of a wider range of materials, and continuous improvements in the accuracy or efficiency of these techniques are of great
benefit. Regarding the topics of this thesis, further investigations or improvements can be performed, for instance:
· improve the efficiency of the code by programming with a lowerlevel language;
· a reliable finite element model of screw pullout from trabecular bone
may be proposed by numerical modelling with boundary conditions
estimated by DVC and evaluation of the results based on DVC
strains and the experimentally observed cracks;
· the effect of bonding strength at the interfaces between screw
threads and the augmentation materials on the pullout resistance may
be further investigated by finite element analyses.
· evaluation of strain concentrations further away from the applied
load in the trabecular bone, and quantification of the distribution of
strain concentrations and crack volume in the bone.
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Svensk sammanfattning

Benfrakturer påverkar många patienters livskvalitet. Komplikationer uppkommer ofta i samband med frakturrelaterad kirurgisk behandling, både med
och utan benersättningsmaterial eller implantat. Genom att vi rör oss påverkas ben mekaniskt, och mekanisk last spelar en stor roll för benets remodellering. Det är därför viktigt att öka kunskapen om mekaniska aspekter av
ben, och benets interaktion med implantat, speciellt relaterat till porös benstruktur (trabekulärt ben). Den här avhandlingen syftar till att undersöka
trabekulärt bens mekaniska egenskaper genom analys av isolerade trabekler,
hur benersättningsmaterial påverkar implantats primära stabilitet, och till att
framställa syntetiska trabekulära modeller för experimentell mekanisk utvärdering.
En litteraturstudie genomfördes för att ta reda på hur elasticitetsmodulen i
trabekulärt ben på vävnadsnivå har undersökts tidigare. I studien identifierades fördelar och begränsningar med existerande metoder (Artikel I).
Artikel II utvecklade en global DVC-metod, baserad på diskretisering
med högre ordningens finita element, för att uppskatta deformation i 3Dbilder. Den utvecklade metoden jämfördes med en annan global DVC-metod
genom både fysisk och virtuell deformation av bilder på trabekulärt ben med
olika upplösning. I de flesta fallen presterade den nya tekniken bättre, och att
testa DVC-metoder med flertalet deformationsfält visades vara betydelsefullt.
I Artikel III utfördes mekaniska tester in-situ på isolerade trabekler från
mänskligt ben under kompression i en SRµCT. Vidare utvecklades en metod
där DVC och FE analys användes för att beräkna elasticitetsmodulen. DVC
utfördes på de högupplösta SRµCT-bilderna, och det resulterande deformationsfältet kunde användas som randvillkor till FE modellen av isolerade
trabekler. Metoden visade sig ha potential för utvärdering av mekaniska
egenskaper av isolerade trabekler trots att några potentiella förbättringsmöjligheter identifierades.
I Artikel IV belastades trabekulärt ben till brott genom stegvis belastning i
kompression. Deformationsfält och sprickor studerades på trabekulär nivå
genom att applicera DVC på SRµCT-bilder tagna under belastning. En jämförelse mellan deformationsfälten och sprickorna från bilderna visade att
trabekler som gick sönder hade högre deformation i tidigare belastningssteg
än regioner utan sprickor. Tekniken som presenteras i denna studie visar
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potential för kvantifiering av deformation i individuella trabekler genom
DVC på högupplösta bilder.
Artikel V undersökte hur förstärkning, eller augmentering, av ben med
olika material påverkar den primära stabiliteten för ortopediska skruvar i
trabekulärt ben. I de mekaniska testerna drogs skruvar ut från mänskligt trabekulärt ben, augmenterat med kalciumfosfatbaserat benlim eller kalciumfosfat-cement, och icke-augmenterat ben användes som kontroll. En del av
testerna utfördes in situ i SRµCT. Ex situ-testerna visade att augmentering
med benlim gav ett ökat motstånd, och från in situ-bilderna observerades det
att sprickorna var mer jämt distribuerade jämfört med i de andra grupperna.
Resultaten visar benlimmets potential för augmentering av skruvar i trabekulärt ben.
I Artikel VI utvärderades möjligheten att 3D-printa en trabekulär struktur
av PLA/HA-komposit genom FDM-teknik. I studien togs ett första steg för
att framställa syntetiska modeller som efterliknar trabekulär benstruktur,
men upplösningen som uppnåddes i studien behöver förbättras.
Med den här avhandlingen förbättras kunskapen om mekaniska aspekter
av trabekulärt ben och benets interaktion med implantat. Resultaten bidrar
förbättringar i områden relaterade till mekaniska egenskaper av ben,
strategier vid augmentering av ortopediska skruvar och framställning av
syntetiska benmodeller för experimentell mekanisk utvärdering.
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