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Fig. 0.1: Fetus representation by Leonardo da Vinci



PER�ILHYH

H paroÔsa ergasÐa exet�zei thn apotelesmatikìthta tìso kainotìmwn ì-
so kai paradosiak¸n peiramatik¸n teqnik¸n ston tomèa thc embiomhqanik c
twn ost¸n, me thn kataskeu  twn antÐstoiqwn upologistik¸n montèlwn. Ja
qrhsimopoihjoÔn upologistikèc mèjodoi gia thn sÔgkrish kai thn axiolìghsh
diaforetik¸n peiramatik¸n teqnik¸n, pou aposkopoÔn ston prosdiorismì twn
mhqanik¸n idiot twn twn ost¸n, me basikì stìqo thn an�deixh twn proterh-
m�twn kai twn adunami¸n thc ek�stote teqnik c.

H epist mh thc embiomhqanik c katalamb�nei ìlo kai megalÔtero tm ma thc
klinik c pragmatikìthtac me èmfash ston tomèa thc orjopedik c di�gnwshc
kai thc orjopedik c qeirourgik c. H eisagwg  nèwn teqnik¸n sumb�lei sth
beltÐwsh twn diagnwstik¸n mejìdwn kai twn jerapeutik¸n agwg¸n, ètsi ¸-
ste na periorÐzontai oi metegqeirhtikèc epiplokèc kai h pijanìthta apotuqÐac
thc jerapeutik c mejìdou. Me thn an�ptuxh apotelesmatikìterwn kai dra-
stikìterwn jerapeutik¸n teqnik¸n elaqistopoieÐtai o qrìnoc paramon c tou
asjen  se akinhsÐa all� kai o pragmatikìc qrìnoc an�rrwshc, me pollapl�
ofèlh.

To basikì prìblhma sthn parap�nw endiafèrousa prosèggish, entopÐzetai
stouc periorismoÔc thc peiramatik c embiomhqanik c pou kajistoÔn ìlo kai
duskolìterh thn axiopoÐhsh kai thn efarmog  twn neìterwn mejìdwn sthn
klinik  pragmatikìthta. Oi periorismoÐ autoÐ aforoÔn, arqik�, sthn adunamÐa
entopismoÔ kat�llhlwn dokimÐwn gia thn exagwg  axiìpistwn apotelesm�twn,
pou antapokrÐnontai sthn pragmatik  kat�stash kai ìqi se ellipeÐc proseg-
gÐseic. To basikìtero ìmwc z thma eis�getai apì thn adunamÐa efarmog c
twn kuriìterwn mejìdwn thc embiomhqanik c se asjeneÐc, exaitÐac thc kata-
strof c twn dokimÐwn kai thc adunamÐac epanalhyimìthtac twn peiramatik¸n
diadikasi¸n.

Tic parap�nw adunamÐec twn peiramatik¸n mejìdwn thc embiomhqanik c
epiqeireÐ na epilÔsei h eisagwg  upologistik¸n montèlwn pou antikajistoÔn
thn mh axiopoi simh peiramatik  diadikasÐa   kalÔptoun ta ken� pou adunateÐ
na plhr¸sei h efarmog  thc stouc asjeneÐc. Oi upologistikèc prosomoi¸seic,
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axiopoi¸ntac ta dedomèna thc peiramatik c diadikasÐac, odhgoÔn sthn exagwg 
shmantik¸n sumperasm�twn gia tic mhqanikèc idiìthtec twn ost¸n kai thn
apìkrish touc se di�forec katapon seic, pou den eÐnai dunatì na diexaqjoÔn
peiramatik�.

H paroÔsa ergasÐa exet�zei thn apìkrish enìc mhriaÐou ostoÔ konÐklou se
diaforetik� eÐdh fortÐsewn. Arqik�, ja qrhsimopoihjeÐ h axonik  tomografÐa
wc apeikonistikì mèso gia thn eÔresh thc akriboÔc gewmetrÐac tou ostoÔ. Apì
tic tomografikèc eikìnec ja exaqjeÐ to trisdi�stato montèlo thc gewmetrÐac
tou ostoÔ, to opoÐo ja sugkrijeÐ me peiramatik� dedomèna.

To epìmeno st�dio perilamb�nei thn upobol  tou parap�nw montèlou se
upologistikèc diadikasÐec pou prosomoi¸noun ta ergasthriak� peir�mata. Oi
basikèc peript¸seic pou melet¸ntai eÐnai h k�myh tri¸n kai tess�rwn shmeÐwn,
gia thn perÐptwsh egkibwtismènwn kai eleÔjerwn dokimÐwn. Ta upologistik�
apotelèsmata ja sugkrijoÔn me ta peiramatik� apotelèsmata antÐstoiqwn do-
kim¸n kai ja axiopoihjoÔn gia thn axiolìgish twn parap�nw mejìdwn. Stìqoc
thc ergasÐac eÐnai h an�deixh twn proterhm�twn thc k�je mejìdou an�loga me
to mhqanikì prìblhma. To epijumhtì apotèlesma eÐnai h sumbol  thc paroÔ-
sac ergasÐac sthn epilog  thc peiramatik c diadikasÐac pou ja akoloujeÐtai
an�loga me to upoballìmeno er¸thma, me skopì thn bèltisth axiopoÐhsh twn
peiramatik¸n pìrwn gia thn exagwg  ìso to dunatìn pio axiìpistwn apotele-
sm�twn.

Lèxeic Kleidi� : mhriaÐo ostì, embiomhqanik  konÐklwn, k�myh tri¸n
shmeÐwn, k�myh tess�rwn shmeÐwn, egkibwtismìc



ABSTRACT

The current thesis studies the effectiveness of innovative but also tra-
ditional experimental techniques in the field of bone biomechanics, through
the construction of computational models. Computational methods will be
used for the comparison and the evaluation of different experimental meth-
ods, which are used for the determination of bone mechanical properties, in
order to illustrate the benefits and the difficulties of each method.

The science of biomechanics is becoming more and more part of the clini-
cal practice, especially in the field of orthopaedics. The introduction of mod-
ern techniques, contributes to the improvement of the diagnostic methods as
well as of the therapeutic procedure, in order to eliminate the postoperative
complications and the possibility of a failure of the clinical treatment. The
development of more effective and radical treatment techniques leads to the
decrease of the recovery time, when the patience should stay immobilized,
with multiple benefits.

However, the major problem of the above convenient approach, is the
imposed restrictions of experimental biomechanical techniques, which render
the application of those techniques in clinical practice unattainable. Those
restrictions concern, first of all, the weakness of utilizing the appropriate
specimen, for example human bones, in order to export results correspond-
ing to reality rather than to insufficient approaches. The major problem of
experimental methods is introduced by the inability of their direct appli-
cation in patients during the clinical procedure, due to the destruction of
experimental specimen and the lack of reproducibility of the procedure.

The computational methods attempt to solve the above weaknesses of the
experimental biomechanical methods, by substituting the parts of the proce-
dure, which cannot be transferred in the clinical practice. The computational
simulations use the information of the experimental data, in order to extract
important results concerning the bone’s mechanical properties and their re-
sponse to certain loadings. Those results would require the application of
biomechanical techniques in patients in order to be collected experimentally.
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In the current thesis, a femur rabbit bone is tested under different loading
procedures. The first step of the procedure, contains the use of computed
tomography in order to receive accurate data for the bone geometry. Those
information will be used for the construction of the three dimensional model
of the femur bone. The computational model will be compared with experi-
mental data for the confirmation of its accuracy.

In the next step, the created model will be subjected in computational
tests that simulate the experimental procedure. The study contains three and
four point bending tests applied in both free and embedded bone specimen.
The computational results will be compared with respective experimental
results and will be used for the evaluation of each experimental technique.
The purpose of the study is to illustrate the advantages of each test in dif-
ferent cases, in order to contribute to the optimization of the experimental
techniques for the optimum use of the resources.

Key Words : rabbit biomechanics, femur bone, three point bending,
four point bending



Oloklhr¸nontac aut  th metaptuqiak  ergasÐa noi¸jw thn an�gkh na
euqarist sw ìlouc ìsouc me st rixan kat� th diexagwg  thc kai sunèbalan
me k�je mèso sthn olokl rws  thc. Ja  jela na euqarist sw touc goneÐc
mou thn empistosÔnh pou mou èdeixan ìla aut� ta qrìnia kai gia thn amèristh
upost rixh touc.

Ja  jela arqik� na euqarist sw ton kajhght  I. Dafali� gia thn an�jesh
thc diplwmatik c ergasÐac kai thn epÐbley  thc. Ja  jela epÐshc na euqari-
st sw ton anaplhrwt  kajhght  S. Kourkoul  gia thn epilog  tou jèmatoc,
thn enj�runs  tou kaj' ìlh th di�rkeia thc diexagwg c thc metaptuqiak c
ergasÐac kaj¸c kai gia tic gn¸seic pou mou èdwse thn eukairÐa na apokt -
sw kat� th di�rkeia thc sunergasÐac mac. Ja  jela na euqarist sw ton k.
Baggèlh Magn salh kai thn etairÐa embiomhqanik c BIOXEHAGON , gia thn
paroq  k�je dunat c upost rixhc gia thn diexagwg  thc paroÔsac ergasÐac,
tìso gia thn prìsbash sta peiramatik� dedomèna kai tic qrhsimopoioÔmenec
peiramatikèc diat�xeic, ìso kai gia to programmatistikì perib�llon to opoÐo
mou dìjhke h eukairÐa na axiopoi sw sta plaÐsia thc paroÔsac ergasÐac.

EÐnai epÐshc, polÔ shmantikì gia mèna na euqarist sw ton didaktorikì
foitht  Panagi¸th Qatzhstèrgo gia thn polÔtimh sumbol  tou gia thn die-
xagwg  kai thn olokl rwsh thc paroÔsac ergasÐac. QwrÐc tic polÔtimec
gn¸seic tou kai thn plhj¸ra twn wr¸n pou afièrwse den ja kajÐstato du-
nat  h olokl rws  thc. Tèloc, èna meg�lo euqarist¸ ston Z sh Eleujèrio
gia thn amèristh upost rixh tou kai tic idèec tou pou eÐqa suqn� thn eukairÐa
na axiopoi sw.

This project is being carried out in the context of the postgraduate
course (MSc), and is co-sponsored by the European Programme ”Education
and Lifelong Learning”, the European Social Fund (ESF) and national funds
(NSRF 2007-2013) through the operational programme ”Postgraduate schol-
arships to students by the Greek State Scholarships Foundation (IKY) for
the academic year 2011-2012”.
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1. BACKGROUND

1.1 Medical background

1.1.1 Biomechanics

Biomechanical engineering is the science that studies the structure and
functioning of biological systems by means of the methods of mechanical
sciences. Biomechanics applies mechanical methods, traditionally used in
engineering, in medicine, in order to explain the mechanical and physical
procedures, which occur in biological systems. The biomechanical studies
are important for the deeper comprehension of the microstructure and func-
tioning of each part of a body, as well as the intercommunication of those
parts. Those results are useful for the interpretation of the dysfunction of
the body that causes certain diseases and could lead to possible treatments.
Therefore, the results of the biomechanical studies are used in the rehabil-
itation of the functionality of the human body, either by supporting the
structural members in need, or by replacing the dysfunctional members with
mechanical ones.

The term ’Biomechanics’ dates back to the seventies, although the ac-
tual first practice of the science dates a lot of centuries earlier, at the age
of Aristotle. In his books ’On the motion of Animals’ and ’On the parts of
Animals’ he describes the physiology and the properties of the motion of ani-
mal’s parts. However, the first biomechanics is considered to be Leonardo da
Vinci, who was the first to study the anatomy of the human body from the
perspective of the mechanical engineering. He formulated theorems describ-
ing the mechanical properties of the different parts of the human body and
the mechanical motion of each separated part, establishing a complete the-
ory for the human motion. He is therefore considered to be the first scientist
which has approached the medicine through the mechanical perspective.

Contemporary biomechanics studies a variety of medical subjects through
the perspective of engineering. The broad range of biomechanical applica-
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tions contains the microstructure of the biological systems, such as the me-
chanical functioning of cells, as well as the macrostructure of the internal
organs and the skeletal system. Important progress has been achieved in
the domain of soft tissues studies and in the domain of orthopedics. Biome-
chanics plays an important role in the study of the mechanical properties
of the bones and has made a significant contribution in clinical practice of
orthopedics.

The contribution of the modern biomechanical techniques could be illus-
trated from the high progress in the domain of rehabilitation of limb mobility
as well as the invention of new techniques of spine fusion and bone support
which have been introduced in medicine the last years. As a result, the do-
main of biomechanics, which is concentrated in the study of bones, plays a
leading role in modern research. The skeletal system itself plays an impor-
tant role in the conservation of the normal functioning of the whole body
and its study is of major importance.

1.1.2 Bone structure

The current study is concentrated in the biomechanical study of the
bone tissue -or osseus tissue-. In particular, a New Zealand White rabbit’s
femur osseus tissue is studied. The New Zealand White is a large rabbit
with an average weight of 4 − 5 kg and have a substantial build: the New
Zealand White rabbit’s body is broad with rounded haunches and short,
powerful legs. The rabbit’s skeleton has similar mechanical properties to the
human skeleton, although it is subjected to different loading environment.
The biomechanical study concentrates to the mechanical study of the bones,
examining their mechanical properties and their response to different loading
tests.

The importance of the study of the osseous tissue is illustrated by the
multifunctional role of the skeleton system in the mammal body. The bone,
the main structural support of the mammal body, has a leading role in var-
ious aspects of the mammal’s life. The skeleton supports the softer tissues
and provides the points of attachment for most muscles. The attachment of
the skeletal muscles to the bones assists the movement of the body, through
the procedure of muscle contraction. The skeletal system also provides me-
chanical protection for the vulnerable internal organs of the body, preserving
the integrity of the body. Another important role of the skeletal system is
the storage of several minerals such as Calcium and Phosphorous in the bone
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tissues, which are released in the blood, when needed, in order to maintain
the balance of minerals. The production of blood cells is also attributed in
the skeletal system, since blood cells are produced in the red bone marrow.
Finally, the bones of the mammal body consist an important chemical energy
deposit, through the formation of the yellow bone marrow.

The bone is, in biological terms, a connective tissue, which is character-
ized by high hardness. In mechanical terms, the bone tissue is considered
as a complex material, with separated solid and liquid phases. It contains
polymer chains of collagen enriched with an inorganic phase of mineral com-
ponents. The hardness of the bone is attributed to the extracellular template
of collagen, which is enriched by the inorganic mineral phase forming hydrox-
yapatite crystals (Ca)10(PO4)6 (OH)2.

Fig. 1.1: Structure of the bone: Formation of osteons

The bone’s structure is highly complicated and can be separated in hi-
erarchical levels of organization, according to the different length scale, in
which various bone entities occur. As mentioned above, the main structural
components of the bone are polymer chains, water and mineral components.
The first form collagen fibrils of type I, mineralized by the carbonate ap-
atite crystals formed by the later ones. Those components of the bones are
organized into layers. At the nanostructural level, these fibrils gather into
bundles commonly referred to as fibril arrays. The typical length of the fibril
arrays varies from 100 nm to 1µm. Those arrays are typically organized in
an anisotropic way, forming bunches of parallel fibrils called collagen fibers.
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As a result, the bone acquire unique directional structural and mechanical
properties.

At the submicrostructural level, discrete layers of parallel fibers are formed,
commonly known as lamellae. Their thickness is approximately a couple of
micrometers (4− 7µm). Alongside the bone, lamellae orientation alternates,
causing the different directional mechanical properties described. Since the
individual collagen is characterized as isotropic, the anisotropy is attributed
to the mineral components of the system, as well as the parallel orientation
of the collagen fibrils of the precedent level.

At the microstructural scale, layers of lamellae surround a central hole,
named Haversian canal, forming the osteon. A typical osteon is several mil-
limeters long and around 0.1 − 0.2mm in diameter. The Haversian canals
surround the blood vessels and the nerve cells of the bone. The unique
feature of lamellae sheets to slide between each other, which causes an elon-
gation of the osteon, when longitudinal loads are applied, provides greater
resilience alongside the osteons. The cement line defines the boundary of
the osteon. The space between adjoining osteons is occupied by interstitial
lamellae. Near the external surface of the compact bone, lamellae are directed
parallel to the surface, constituting the circumferential lamellae. A system of
connection between the osteons is established, known as Volkmann’s canals.
Through the Volkmann’s canals, osteons exchange blood supplies between
each other and with the outer surface of the bone, the periosteum.

Fig. 1.2: Microstructure of the bone: Typical osteon

The Haversian canals communicate with osteocytes, in lacunae, through
canaliculi, a network that facilitates the exchange of nutrients and metabolic
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waste. Osteocytes are involved in the routine turnover of bony matrix and are
responsible for the bone deconstruction through a mechanism called osteo-
cytic osteolysis. Respectively, osteoblasts, often developed into osteocytes,
are responsible for bone formation. They produce the collagen matrix and
mineralize it. The system of osteoblasts and osteocytes constantly reshape
the bone, rendering the bone a dynamic tissue.

Fig. 1.3: Microstructure of the bone

At the macrostructural level, two distinct types of osseus tissue can be
defined: the cortical bone, also known as compact bone, and the cancelous
bone, also known as trabecular bone. The main difference between those os-
seous tissue types is the differences in porosity and in density. The cancelous
tissue is characterized by much higher porosity and lower density, forming
large vacuum cavities in the lattice, at the interior region of the bone, which
wipe out at external cross-sections of the bone, where the cortical tissue starts
to form. Cortical bone forms the cortex, the outer shell, of most bones, con-
tributing about 80% of the skeleton’s weight. The primary anatomical and
functional unit of cortical bone is the osteon.

The cancelous bone typically occurs at the ends of long bones, proximal
to joints and within the interior of vertebrae. It contains the majority of
bone blood vessels, forming the red bone marrow, where the blood cell’s
production, hematopoiesis, occurs. The bone tissue is formed by tiny lattice-
shaped spicules, which renders the cancelous bone to weight much lesser than
the cortical bone. The primary anatomical and functional unit of cancelous
bone is the trabecula. A trabecula is a small microscopic tissue element
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composed of dense collagenous tissue. Trabecula has a similar shape of a
septum, but in three dimensions it is usually roughly rod or pillar shaped.

According to the described features, the cancelous bone occupy higher
surface area, but is less dense than the cortical bone. As a consequence,
the main metabolic activities of the bone occurs in the cancelous region.
On the other hand, the cortical bone is much denser, harder, stronger and
stiffer. As a result, the mechanical properties of the bone are defined by the
cortical bone. The load carrying capacity of the bone is determined by the
mechanical properties of the cortical bone, since the yield strength and the
ultimate strength of the cortical bone is higher than of the cancelous bone.
The elasticity modulus of the cancelous bone is significantly less than that
of the cortical bone. This observation illustrates the ability of the cancelous
bone to deposit higher amounts of energy than the cortical. The application
of the same force causes a higher displacement in the case of the cancelous
bone, due to its ability of higher deformation.

The macroscopic fracture of the bone frequently occurs due to the me-
chanical failure of the cortex, as the cortical bone cannot deposit the amounts
of energy that can be stored in the cancelous bone. However, small frac-
tures which occur more often in the cancelous bone, do not affect the global
functioning of the bone, owing to the high self-repairing ability of the can-
celous bone due to its high metabolic ability. However, those fractures are
commonly the major cause of degenerative diseases, such as osteoporosis, in
greater ages, when the self-repairing ability is no longer so strong. Small
fractures in the cancelous bone violate the mechanical balance of the bone
and could produce secondary fractures. If those fractures cause a disconti-
nuity in the cortical bone, they could lead in an observable fracture in the
region of the bone.

Three main regions can be identified alongside the long bones of mam-
mals, with different geometric features: the epiphysis, the metaphysis and
the diaphysis. Epiphysis is separated in distal and proximal epiphysis and
contains the terminal parts of the bone. The outer shell of the bone, at
the terminal parts, consists of cortical bone and the internal region consists
of cancelous bone. Diaphysis is the longest part of the bone, between the
two regions of epiphysis. Diaphysis contains compact tissues in the outer
rings of the cross-section and encloses the medullary cavity in the center.
Metaphysis is the small part of the bone between the epiphysis edges and
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the diaphysis. The interior of metaphysis contains a percentage of cancelous
bone that reduces closer to the diaphysis, to create the medullary cavity. A
clearer structure of a long bone is illustrated by the next figure:

Fig. 1.4: Macrostructure of the bone: Epiphysis, Metaphysis, Diaphysis

The current study concentrates on the mechanical properties of a left
New Zealand White rabbit femur bone. The femur is the longest and strongest
bone in the skeleton. Its cross- section does not diverge significantly from a
cylinder in the greatest part of its extend and as a result, it is convenient
for mechanical studies. The femur bone consists of the body and of two
extremities.

The upper extremity of the femur consists of a head, a neck, a greater
and a lesser trochanter. At the upper extremity (proximal extremity), the
head articulates with the acetabulum, the cup shaped socket of the pelvis.
The head is globular and is directed upward, medialward, and a little for-
ward, the greater part of its convexity being above and in front. Its surface
is smooth, coated with cartilage in the fresh state, except over an ovoid de-
pression, the fovea capitis femoris,that gives attachment to the ligamentum
teres. The neck is a flattened pyramidal process of bone, connecting the
head with the body, and forming with the latter a wide angle opening me-
dialward. The trochanters have an important role in muscle’s functioning,
as they afford leverage to the muscles that rotate the thigh on its axis. The
Greater Trochanter is a large, irregular, quadrilateral eminence, situated at
the intersection of the neck with the upper part of the body. It is directed
a little lateralward and backward, and, is approximately about 1cm lower
than the head. The Lesser Trochanter is a conical eminence, which varies in
size in different subjects and projects from the lower and back part of the
base of the neck. A prominence, occurs at the intersection of the upper part
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of the neck with the greater trochanter, known as the tubercle of the femur.
It is the point of meeting of five muscles: the Glutus minimus, the Vastus
lateralis, the tendon of the Obturator internus and two Gemelli.

The lower extremity, is wider than the upper and consists of two ob-
long eminences known as condyles. The lower extremity (distal extremity)
articulates with the patella and the tibia. Its shape is cuboid and its trans-
verse diameter is greater than its antero-posterior. In the front surface, the
condyles are slightly prominent, and are separated from one another by a
smooth shallow articular depression called the patellar surface. At the back
surface, they project considerably, and the interval between them forms a
deep notch, known as the intercondyloid fossa.

The Body or Shaft (corpus femoris)is almost cylindrical in form, a little
broader above than in the center and broadest and flattened from before
backward below. It is slightly arched, so as to be convex in front, and concave
behind, where it is strengthened by a prominent longitudinal ridge, the linea
aspera. The linea aspera is a prominent longitudinal ridge, on the middle
of the bone, presenting a medial and a lateral lip, and a narrow rough,
intermediate line.

Fig. 1.5: Upper extremity Fig. 1.6: Lower extremity

The bone tissue development is proportional to the external loading,
according to the Wolff theorem. For instance, in cases of long term immobi-
lization, the bones became less dense and lose part of their bone mass. As
a result, bones of long term immobilized patients become unable to carry
higher loadings. Koch, through a mathematical approach, has shown that
”in every part of the femur there is a remarkable adaptation of the inner
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structure of the bone to the mechanical requirements due to the load on the
femur-head.” The different parts of the femur form a mechanical structure
which optimizes the transmission of the loads from the acetabulum to the
tibia, with the most efficient and economical way. Every element is prop-
erly distributed in the internal structure of the femur, so that it contributes
its modicum of strength, which occurs due to the load of the femur head,
in a way of maximum efficiency. From the microscopic point of view, the
bony material is arranged in paths where the maximum internal stresses are
developed, achieving optimum use of the material. The above observations
lead to the conclusion that the structure of the bone is formed in order to
optimally carry the preponderant load of the body’s weigh transmitted to
the femur head through the acetabulum. The femur appears to obey the
theoretical mechanical laws imposed in mechanical constructions in order to
achieve maximum economy and efficiency. Those laws could be summarized
as follows:

• The mechanical conditions at every point of the bone define the inner
structure and the external form of the bone.

• The inner architecture of the bone is determined by mathematical and
mechanical requirements, in order to produce maximum strength with
the minimum material.

An example of this typical behavior of the bone structure could be given
through the the description of the inner structure of the femur. The trabec-
ulae of the upper femur are arranged in two general systems, a compressive
and a tensile system, in correspondence with the potential lines of maximum
and minimum stresses in the femur. Their thickness and the spacing between
them varies according to the distribution of maximum stresses, in order to
achieve the greatest strength with the minimal material in regions where
maximum stresses occur.

The amount of bony material in the cancelous bone, varies according
to the intensity of the shearing forces developed. Shear stress presents a
minimum near the neutral plane and is most efficiently resisted by material
placed closer to the neutral axis. Since, alongside the shaft, the neutral plane
passes through the central cross-section, the material in the central space is
minimized. This arrangement is also efficient for optimally resisting bending
stresses, since in order to resist bending moment stresses most effectively



1. Background 32

the material should be as far from the neutral axis as possible. The inner
architecture of the shaft is also adapted to resist in the most efficient way
the combined action of minimal shearing forces and the axial and maximum
bending stresses occurred.

The important role of the skeleton as well as its weakness for rapid self-
healing in numerous pathological situations, a feature that leads to frequent
fractures, render the need for the improvement of biomechanical treatments
increasingly important. The mechanical tests applied in bone specimens,
extract important information on the effectiveness of the medication, of the
surgery procedure or the mechanical support used during a treatment. In
various cases, such as osteoporosis, simple mechanical tests can evaluate the
effectiveness of the treatment, by the identification of the bone’s mechanical
properties, before and after the clinical procedure. Mechanical tests even
during the treatment provide information of its effectiveness and are used for
the medical surveillance of the patience.

However, the limitations of mechanical tests in clinical applications has
led to the necessity of the development of alternative techniques in order
to extract the necessary mechanical information. The development of new
imaging techniques, which reconstruct the internal structure of the body,
without the need of surgical operations, has contributed the most to the
development of non-invasive clinical techniques with various applications.
Therefore, the utilization of non-invasive imaging techniques in combination
with the construction of computational models suggest new methods for the
determination of the mechanical properties of bones.

1.1.3 CT imaging

Computed Tomography, also known as Computed Axial Tomography is
a non invasive technique for image reconstruction, typically used for medical
reasons. As illustrated by the term ’Tomography’, the CT scanner repro-
duces images through different slices of the biological tissue in test. The
basic operating principle of CT imaging is the ability of biological tissues to
absorb X-ray photons, according to their density. The CT scanner generates
an X-ray beam, which passes through a selected cross-section of the biological
tissue. A proportion of the beam’s photons is absorbed by the tissue, de-
pending on the path length traveled within it. The remaining photons, which
are detected by the CT scanner, demonstrate the density of the material. As
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a result, the generated images compose a two dimensional reconstruction of
the linear attenuation coefficient of X-rays, in each slice of the tissue.

A photon beam traveling through a material with constant density atten-
uates according to the exponential law:

I = I0 ∗ exp(−µ∆χ) (1.1)

Where I is the remainder beam’s intensity, I0 is the initial intensity, µ
is the linear X-ray attenuation coefficient and ∆χ is the path length covered
within the material.

Respectively, in the case of complex materials of different thickness, the
attenuation is defined by the sum of the independent attenuation coefficients
as follows:

I = I0 ∗ exp[−(µ1 ∗∆χ1 + µ2 ∗∆χ2 + µ3 ∗∆χ3 + . . . )] (1.2)

In the CT imaging, the intensity of the initial beam and of the final beam
are defined. By using the above formula, the density and the length of each
material are determined, during the image reconstruction procedure. The
intensity of the initial beam is selected by the CT scan operator, according
to the biological tissue that is required to be visualized. The intensity of the
final beam is detected by the detecting system of the CT scanner. As a result,
the image of each slice is created according to the collected information and
corresponds to the absorption of the photons through each cross-section.

The different CT technologies depend on the arrangement of compo-
nents (the source and the detector of the X-rays) and the mechanical motion
required to collect the data. They are divided into five generations. The term
generation has been applied because of the order in which the CT scanner
designs have been introduced.

The CT scanner of the first generation consists of a single X-ray source
and a single X-ray detector situated in a diametrically opposite position.
The system of the source and the detector, which are rigidly coupled, first is
translated across the patient to obtain a set of parallel projection measure-
ments at one angle. Then it is rotated around the patient in order to cover
the different angles of each slice. The translation and rotation motions are
repeated until the scan covers 180◦ degrees.
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Fig. 1.7: CT generations

In order to reduce the time of the examination as well as the time of
the exposure of the patient in radiation, the source of the X-rays beam of
the second generation scanner becomes divergent. Multiple detectors are
distributed within the scan plane improving the efficiency of measuring pro-
jections. The system of the source and the detectors performs a translational
and rotational movement, respectively to the first generation’s scanner, but
each translation step generates multiple parallel projections, reducing signif-
icantly the duration of the procedure.

In the third generation CT, the divergence of the beam allows to avoid
the translational movement. A detector array is designed with enough, high
spatial resolution cells to allow the simultaneous measurement of a fan-beam
projection of the entire patient cross-section. The assembly does not longer
needs to be translated past the patient and only rotates around him. The
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imaging process is significantly faster than the previous generations. How-
ever, very high performance detectors are needed in order to avoid ring arti-
facts.

The innovation introduced in the fourth generation in order to reduce
the sensitivity in ring artifacts, is the design of a stationary detecting system
and a rotating X-ray source. The detectors are distributed in the whole
circular area, covering all the angles, consisting a ring detector, placed outside
the circular path of the X-ray source. The data of each slice are collected,
after the activation of the detecting system by the rotating beam of the X-
rays. The ring artifacts are eliminated by the automated calibration of the
detecting system during the examination. However, the detector is more
sensitive to scattered radiation since a larger acceptance angle for radiation
is required. Fourth generation geometries also require a larger number of
detector cells to achieve the same spatial resolution and dose efficiency.

Fifth generation CT scanner has no mechanical scanning motion and
consists of a high energy beam of electrons which is moved around the circular
path of the previous generation and is led in a semicircular tungsten anode,
producing the X-rays beam. The detectors remain distributed along the ring
area, as in fourth generation. The only moving part of the scan is the beam
of electrons that produces the X-rays, but the side effects of the moving parts
are almost completely eliminated from the image reconstruction. The fifth
generation scans are significantly rapid, reducing the time of a slice scan in
50msec.

A typical CT scanner comprises several components.These basically in-
clude:

• The scanning unit, containing the gantry, the tube and the detector
system

• The patient table

• The image processor

• The console

The console is the computational system which contains the control unit
for the examination procedure. The examination parameters are controlled
by an operator that handles the console. The console is a multifunctional
device, which is also used for the evaluation of the examination’s results. The
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reconstructed images are projected to the console screen for offline image
processing and evaluation.

The patient table represents the position of the patient in the CT scanner.
The patient table can be moved vertically to the ring of the scanner in order
to facilitate the placement of the patient. The latest technology scanners
contain an automatic system of table movement which creates a spiral path
during the examination eliminating further its duration.

The image processor contains the major computational system which is
responsible for the image reconstruction of the collected data. Image recon-
struction in CT is a mathematical process that generates images from X-ray
projection data acquired during the examination procedure. The primordial
image from the data acquisition system, of the gantry, is transferred to image
processor for further processing and conversion in a suitable form for exam-
ination. Image reconstruction has a fundamental impact on image quality
and therefore on radiation dose. For a given radiation dose it is desirable to
reconstruct images with the lowest possible noise without sacrificing image
accuracy and spatial resolution.

The scanning unit consists of the X-ray generator unit and the data ac-
quisition unit. The X-ray source functions as a transmitter and respectively
the data acquisition system as a receiver. Those two components are placed
in a ring shaped unit, commonly referred to as the gantry system. The ring
shaped unit also contains the detecting system.

An X-ray tube anode reaches high temperatures, which are reduced by
the integrated cooling system of the scanner, that maintain continuous op-
erational capabilities. The focal spot size of the X-ray tube is determined
by the size of the filament and cathode and a CT scanner usually contains
multiple focal spot sizes. The tube or source collimators are located in the
x-ray tube and determine the section thickness that will be utilized for a
particular CT scanning procedure.

The CT detector system relies on collecting attenuated photon energy
and converting it to an electrical signal, which will then be converted to a
digital signal for computer reconstruction. The detectors used are scintil-
lation crystals (solid state detector) or ionizing gases (such as xenon gas)
that when struck by an x-ray photon produce light or electrical signal. The
strength of the detector signal is proportional to the number of attenuated
photons that are successfully converted to light energy or to an electrical
signal.

Once the detector generates the analog or electrical signal it is directed to
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the data acquisition system. The signal is amplified, converted into digital
signal, in order to be recognized by the computational system, and trans-
ferred to an array processor for the mathematical algorithms to be applied,
for the image reconstruction.

Each CT scanner is equipped with a system of grids, collimators and
filters. This system provides shielding against scattered radiation, in order
to preserve the scan slices undisturbed and to reduce the radiation dose
received by the patient and the examiner. There are two types of filtration
commonly used: mathematical algorithms included in the CT reconstruction
process and inherent tube filtration of aluminium or teflon in order to shape
beam intensity by by filtering out low energy photons that contribute to the
production of scatter.

Fig. 1.8: Fifth generation CT scanner parts
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1.2 Mechanical Background

Mechanical tests of bone provide valuable information about the mate-
rial and the structural properties, important for understanding bone pathol-
ogy and function in both clinical and research cases of study. Mechanical
properties of bone are basic parameters which can be measured by testing
whole anatomical units or specimens properly prepared to isolate particular
structural components. The mechanical response of bone in normal loading
is similar to that of an elastic material. However, bone can be degraded and
still retain its morphological features for an indefinite period of time. Bone
tissue contains adaptive mechanisms which have the ability to repair itself in
case of a fracture, altering its mechanical properties and morphology. The
repair mechanisms they need a certain period of time in order to be acti-
vated, which exceeds the experimental duration. Along with the fact that
the specimens in test contain in majority deceased tissue, the materials in
test respond similarly to elastic materials with non-organic properties rather
than organic.

The most commonly used techniques of mechanical tests which are ap-
plied in bone biomechanics contain bone tensile and compression methods,
and bending and torsional tests. The torsion and bending techniques be-
come more and more popular among the engineering community due to the
introduction of technological innovations which render the experimental pro-
cedure easier and capable to collect important information for the mechanical
properties of the specimen.

The mechanical tests applied in bone specimens provide useful informa-
tion for the identification of the macrostructure and the mechanical prop-
erties of the bones. The most important results extracted from mechanical
tests concern the characteristics of the stress- strain curve (or force- deforma-
tion curve respectively), which characterize the mechanical system in study.
The main information that can be extracted from the stress- strain curve
contain:

• The elastic range, in which the stress is directly proportional to the
strain of the specimen.

• The elastic limit, which represents the greatest stress which can be
applied without leaving permanent deformation upon removal of the
load.
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• The yield strength, which is the threshold of loading applied after which
permanent deformation occurs in the specimen.

• The range of plastic deformation, the section of the curve from the
yield point to the failure point.

• The failure point, determining the ultimate strength after which the
failure of the specimen is observed.

• The amount of energy absorbed by the specimen prior to failure, given
by the area determined from the stress- strain curve.

An example of the above characteristics is given in the sample stress-
strain curve below:

Fig. 1.9: Example of stress- strain curve

1.2.1 Basic Principles of Bending

Bones are frequently modeled as beams, although the geometry of the
beams differ significantly from the geometry of the cylindrical specimen. Due
to the general curvature of long bones they are subjected to axial and bend-
ing forces in vivo. Bending loads on bones can be represented by tests such
as three point bending and four- point bending. Bending loading causes the
appearance of tensile forces on the convex side of the bone, which causes
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lengthening, and compressive forces on the concave side, which causes short-
ening respectively. Stress and strains are achieving their maximum at the
surfaces of the beam and are zero at the neutral axis. Bending forces can be
represented by the action of a coupled loading containing axial and trans-
verse components. Because of the bone best resistance in compressive loads,
muscle contraction favors the attenuation of the tensile forces, reducing the
danger of fracture in high loadings.

The purpose of bending tests is to apply a pair of forces that causes the
bone to bend about an axis. A bone is subjected to a combination of tension
and compression force when it is loaded in bending. Compressive stresses and
strains act on one side of the neutral axis while tensile stresses and strains
act on the other. The neutral axis remains unloaded during the bending
experiment. The distance from the neutral axis determine the magnitude of
the applied stresses. Due to lack of symmetry in the bone cross-section, the
tensile and compressive stresses may not be equal. Since the bone’s resistance
in tension is lower, the fractures propagate from the tensile surface of the bone
to the compressive surface. When the shear forces, acting on the 45◦ plane
become high enough, they result in a fracture appearing in the compressive
side of the bone.

The bending test consist of the specimen loading and the measurement of
the emerging displacement. From the collected data the stress- strain curve
is designed. The applied load can be controlled either by load control with
feedback from the load cell or through displacement control with feedback
from the crosshead. In bending test the load is typically applied during a
single- cycle loading with sequential load increase, except in cases of fatigue
tests. The rate of load application depends on the nature of the experiment.
In tests of normal bone activity a physiological rate is selected, when for
trauma fracture studies a higher rate is selected.

Bernouli- Euler technical beam theory

The first complete methodology for the mathematical description of
beam bending was introduced by Bernoulli and Euler, known as the Bernoulli-
Euler technical beam theory. The theory is a simplification of the linear
theory of elasticity, which provides a mathematical model of the load- car-
rying and deflection behavior of beams. A number of practical assumptions
is made in order to simplify the problem and suggest a useful and practical
solution. The first assumption concerns the beam material, which is consid-
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ered as a linear elastic material that obeys Hooke’s law. In Bernoulli- Euler
beam theory, the deflection of the beam is considered as significantly small
and shear deformations are neglected. The plane sections remain plane and
perpendicular to the neural axis, or normal to the longitudinal axis.

Fig. 1.10: Bernoulli-Euler theory: plane sections

The theoretical study requires the examination of equilibrium equations
in an infinitesimal beam element. The test element could be defined by the
following sketch.

Fig. 1.11: Infinitesimal element

The equilibrium equations in the x- axis result in the relations for vertical
equilibrium and moment equilibrium:

q = −dV
dx

(1.3)

V = −dM
dx

(1.4)
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The moment is given as the product of the applied force and the corre-
sponding distance from the point of the force application. From the definition
of stress, the integration of the axial stress over the cross- section gives the
moment:

M = −
∫
A

σzdA (1.5)

The minus sign in the above expression is due to the direction of the
stress, which is by convention less than zero, when it is compressive. If the
elastic property of the material is taken into account, the relation between
stress and strain is:

σ = E · ε (1.6)

However, since the mechanical problem is defined by a two- dimensional
element, and the equilibrium equations apply for two dimensions, the exact
elastic relation is given :

σxx = εxx
E

1− ν2
(1.7)

The axial displacement is related to the strain as follows:

ε =
du

dx
(1.8)

In an elementary cross- section, the geometry is given by the following
sketch and the basic geometric relations between the defined quantities result
to the following relations.
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Fig. 1.12: Elementary cross- section

du = −dθz (1.9)

The infinitesimal angle θ relates the transversal displacement dw to the
dx displacement.

Fig. 1.13: Deflection of the beam

tan θ =
dw

dx
= θ (1.10)

dθ =
d2w

dx
= θ (1.11)

ε =
du

dx
= −dθ

dx
z = −d

2w

dx2
z (1.12)
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The curvature of the beam κ is defined as a function of the radius of the
curvature of the beam R:

κ =
1

R
(1.13)

κ =
dθ

dx
=
d2w

dx2
(1.14)

From the definition of tan θ:

θ = tan−1
(
dw

dx

)
(1.15)

As a result, the curvature is given as:

κ =
d

dx

(
tan−1

(
dw

dx

))
(1.16)

κ =
d2w
dx2

1 +
(
dw
dx

) (1.17)

The differential equation for the beam deformation is then given:

q = −dV
dx

= −d
2M

dx2
=

d2

dx2

∫
A

σxxzdA

= − d2

dx2

∫
A

−εxxEzdA =
d2

dx2

∫
A

E

(
−d

2w

dx2

)
z2dA

=
d2

dx2

(
−d

2w

dx2

)∫
A

Ez2dA

(1.18)

If the modulus of elasticity is constant and the moment of inertia is
defined as:

I =

∫
A

z2dA (1.19)
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Then the differential equation is:

q = −EI
(
d4w

dx4

)
(1.20)

Timoshenko beam theory

The Bernoulli- Euler theory describes with sufficient accuracy simple
bending problems. However, because of the numeral assumptions a large
number of practical problems cannot be described by the above theory. The
shear forces, neglected in the Bernoulli- Euler approach, are in reality causing
serious deformation to the cross- section of the beam. Timoshenko theory
suggested a more practical approach, including on the solution the effect of
shear forces on the beam. In the Timoshenko beam theory, plane sections
still remain plane but are no longer normal to the longitudinal axis due to
shear deformation, which is not considered as null.

The deformation of the cross- sections, due to shear forces, is particu-
larly important when the area of the cross- section is comparable with the
beam length. As a result, Timoshenko theory is useful for the study of real
problems, where typical beams are characterized as deep, and the shear forces
cannot be taken as negligible. The shear forces are highest around the neural
axis, where the largest shear deformation occurs.

Fig. 1.14: Timoshenko theory: shear effect
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The actual deformation of the cross- section, from the action of shear
forces is shown in the left sketch. The Timoshenko theory retains the assump-
tion that the cross- sections remains plane. As a result, the deformation of
each cross- section is simplified as shown in the right sketch.

Fig. 1.15: Real deformation Fig. 1.16: Timoshenko deformation

The requirement of the total work, carried out in the average deforma-
tion, to equal the sum of the work carried out by all the separated fibres
deforming results in the relation:∫

A

dw · τdA = dwν · V (1.21)

According to the geometry illustrated in the deformed shape for Timo-
shenko theory, the transversal displacement is dw = γ · dx. This kinematic
relation, inserted in the above formula results:∫

A

(γdx) · τdA = γν · dx · V (1.22)

If the shear modulus G is defined by G = E/(2(1 + ν)), substitution of
the material law τ = G · γ yields:∫

A

( τ
G

)
dx · τdA =

τν
G
· dx · V (1.23)
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The average shear stress can be expressed in terms of the shear force V
through the auxiliary shear area Aν

τν =
V

Aν
(1.24)

And therefore ∫
A

( τ
G

)
dx · τdA =

V

Aν

1

G
· dx · V (1.25)

The shear angle contribution from each infinitesimal element of the beam
is given by the expression:

γν =
τν
G

=
V

GAν
(1.26)

The kinematic relation between the angle θ and the transversal dis-
placement, calculated in the Bernoulli- Euler theory, is not valid if the shear
forces are included. The relation is transformed in order to include the shear
deformation. The total cross- section rotation is given :

θ = −dw
dx

+ γν (1.27)

Substitution in the strain relation as extracted in the Bernoulli- Euler
beam theory yields:

ε =
du

dx
(1.28)

du = −dθz (1.29)

ε =

(
−d

2w

dx2
+
dγν
dx

)
· z (1.30)
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The classical equation of equilibrium results in the modified differential
equation for the beam bending:

q =
d2

dx2

∫
A

E ·
(
−d

2w

dx2
+
dγν
dx

)
z2dA (1.31)

Therefore, the differential equation for the Timoshenko theory is:

q = EI

(
d4w

dx4
− d3γν

dx3

)
(1.32)

If the shear angle contribution is substituted from equation (1.26):

q = EI

(
d4w

dx4
− 1

GAν

d3V

dx3

)
(1.33)

The introduction of the equilibrium equation q = −dV/dx results in the
main differential equation of Timoshenko beam theory:

d4w

dx4
= − q

EI
+

1

GAν

d2q

dx2
(1.34)

1.2.2 Three point bending experiment

The mechanical test during which three forces applied on a specimen
produce two equal moments is characterized as three- point bending test.
Each moment is the product of one of the two peripheral forces and its per-
pendicular distance from the axis of rotation, which coincides with the point
of application of the middle force. If the bone is considered as homogenous
and symmetrical, the fracture will occur at the application point of the mid-
dle force. A typical example of three- point bending fracture is the ”boot-
top” tibial fracture sustained by snow skiers. The general experimental setup
for a three- point bending test can be given by the following sketch, where
the support and loading points are illustrated by the arrows.
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Fig. 1.17: Three- point bending experiment

The experimental setup, described, results in the development of a shear
force on both sides of the applied force. The diagram of the shear force
developed is given in the next sketch.

Fig. 1.18: Three- point bending shear force diagram

The described system results also in the development of a linear moment
on both sides of the applied force. The moment diagram is given in the next
sketch.
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Fig. 1.19: Three- point bending moment diagram

From those diagrams two important observations can be made. The
shear force is given by the derivative of the bending moment, as illustrated
by the relation:

dM

dx
= V (1.35)

The development of a shear force illustrates the demand of the study
of the three point bending experiment through a more advanced model than
the Bernoulli- Euler approach, which assumes that the shear force is null at
the bending area.

1.2.3 Four point bending experiment

Respectively, the mechanical test during which two force couples applied
on a specimen produce a pair of equal moments is characterized as four- point
bending. A force couple contains a pair of parallel forces of equal magnitude
and opposite directions. The moment magnitude is stable in the area between
the forces couples. The major problem of the test is the inability to predict
the point of the fracture, which depends on the microscopic structure of
the specimen which is not actually symmetrical or homogenous, since the
each cross- section is equally loaded. However, this inability of prediction of
the fracture point, illustrates a more realistic approach closer to the clinical
reality of bone fractures. A typical example of four- point bending clinical
fracture is the femoral fracture resulting from one force couple formed by the
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posterior knee joint capsule and tibia and the other by the femoral head and
hip joint capsule.

Fig. 1.20: Four- point bending experiment

The experimental setup, described, results in the development of a shear
force only at the extremities of the bone. The region of interest is free of
shear force, as illustrated by the diagram of the shear force developed, as
given in the next sketch.

Fig. 1.21: Four- point bending shear force diagram

The described system results also in the development of a moment be-
tween the points of the load application. The resulting moment is stable
within the area of interest. The moment diagram is given in the next sketch.
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Fig. 1.22: Four- point bending moment diagram

The shear force is given by the derivative of the bending moment, as in
the case of the three- point bending experiment, satisfying the relation:

dM

dx
= V (1.36)

The lack of a shear force in the area of interest illustrates the high
accuracy of the study of the four- point bending experiment, through the
Bernoulli- Euler theory, since the basic assumption of the theory is satisfied.
As a result, the four- point bending experiment is superior from the three-
point bending experiment, since it can be analytically studied through the
suggested theories with high consistency between the experimental and the
predicted results.
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1.3 Computational Methods Background

The experimental methods, described above are broadly used not only in
mechanical engineering, but also in biomedical engineering. The results ex-
ported from those experimental methods evaluate various important param-
eters, such as the disease assessment and the effectiveness of the treatment.
However, the experimental procedure introduces important difficulties that
cannot be surpassed in many situations. The major problem of experimental
techniques is the destruction of the specimen, which causes the inability of
reproduction of the experiment and renders the method not applicable in
patients.

The mathematical study along with the computational advances, which
have been significantly improved the last years, could insert in the biome-
chanical research a new perspective which imparts reproducibility and broad
applicability of the method. The computational model, which has to obey the
theoretical laws of mechanics, simulates the experimental procedure. Based
on the experimental details, an accurate computational model could pro-
vide computational results which are as close as possible to the results, that
would have been obtained by the experimental procedure. The advantages
of the above method are numerous and will be discussed in detail at the next
chapter.

However, the main problem of the computational techniques is the com-
plexity of the mathematical model, due to the microscopic anisotropy of the
biological tissues. The complete mathematical problem cannot be solved an-
alytically, if all the parameters are taken into account. The translation of this
model into a computational one, would also be difficult if not impossible to
be solved, due to computational limitation, such as memory and time inad-
equacy of the computational means. An important computational technique
has been introduced at the decade of 50, the Finite Element Method, known
as ’FEM’, in order to deal with many of those difficulties. Finite Element
Methods consist a category of approximate techniques which converts the
continuous problem into a discrete problem, simplifying the computational
solution.

1.3.1 Basic Principles of Finite Element Methods

The approximate computational techniques, based on energy theorems,
are becoming more effective, providing a solution in cases where other meth-
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ods are inadequate. Those methods are based on the determination of a field
(for example the displacement field) through auxiliary functions, defined in
the body in test. Those functions must obey a set of initial and boundary
conditions. The initial problem of the determination of the field in every
point of the body, which is infinite, is transformed in a discrete problem,
where a set of parameters, characterizing the field, should be determined.
The substitute simplified problem determines an approximate solution, close
to the real solution, that wouldn’t be measurable in the case of the exact
problem.

The construction of the auxiliary functions, however simple in the case
of a plain geometry, can become rather complex in more difficult geometries.
This is the reason the finite element methods are introduced. The basic
principle of FEM methods is the separation of those complex geometries into
elements, elementary areas of more simple geometries, such as triangular or
quadrilateral elements. After this separation, a system of simple auxiliary
functions, often polynomial functions, is used, determined in each element
and in correspondence with the global geometry.

When the number of the elements used is sufficiently large the initial
geometry is accurately represented by the finite elements. The resulting
solution approaches the exact solution and the problem is once again reduced
in an approximation of the initial problem with finite degrees of freedom.
The divergence of the exact solution is inverse of the element number and
proportional to the element size. The finite element method consists one of
the most efficient methods to deal with a boundary condition problem.

Assuming an elastic material that occupies a certain volume, the first
phase of the finite element analysis contains the separation of the volume in
elements. The mesh is realized through selected areas or lines that separate
the different elements. The dimension of the elements differ according to
the dimension of the space in study. In biomechanics, the common space of
study is a 3D volume and the elements are triangular or quadrilateral 3D
elements.

The elements are joined together with common nodes, in which the basic
functions of the study are measured. The nodes are finite and their number
is proportional to the number of elements. The nodes could be distributed
in the boundary areas between the elements or, in cases of complex auxiliary
functions, could be also placed in the inertial area of the elements such as
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the center of the element. The degrees of freedom are defined in the nodes of
the construction, so that the model is consistent with the mechanical theory
and with the actual experimental problem.

Every finite element is characterized by the same mechanical features that
characterize the initial construction. The gain of this method is the simplifi-
cation of the complex geometries and the finite number of the elements, that
limits the analysis in a length scale where the solution is approachable. The
functions are measured in every node of the construction and consequently
the results of the determining field are also measured on the nodes. The es-
timation of the field in every other point of the construction is made through
interference, either linear or more complex, depending on the auxiliary func-
tions used.

The next phase of the finite element analysis, contains the determination
of the parameters of the mechanical problem, which have not been calculated.
For instance, in case of a problem in which the displacement field is deter-
mined, the strain and the stress fields should also be defined in each node.
Those quantities are determined through basic mechanical equations. When
determined for the finite number of the nodes, the fields could be measured
in every point through the method of interpolation described. The relation
between the displacement and the strain could be included in the general
form:

ε = L · u (1.37)

Where ε is the strain matrix, u the displacement matrix and L the
operator matrix. Respectively, the stress matrix, σ is defined by the elastic
formula:

σ = E · ε (1.38)

Where E is the elasticity matrix, which contains the elasticity modulus
at each direction. From the above analysis and the conservation of the energy
laws, the solution is determined at each node. If the number of the nodes
is N and the degree of freedom of each node is k, k ·N equations should be
solved to reach the solution.
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The solution of the problem depends on the method that is used. A
widespread method that achieves important accuracy is the Galerkin method.
Galerkin method constitutes a technique of approximate solution of a differ-
ential equation or a system of differential equations. This technique does
not base the solution on energy theorems, but uses the system of differential
equations obtained by the design of the project in order to reach the solution.

If a linear differential equation with homogeneous boundary conditions is
given:

L · u = f in the interval D (1.39)

D · u = g in the boundary ∂D (1.40)

The differential operators L,D depend on the design of the problem. For
example, in a linear beam under bending the most simple differential operator
that could be used is L = EI d4

dx4
. The solution u could be expressed by the

form of a finite function series based on a selected basis functions φ, in order
to convert the problem in a discrete form:

ũ =
N∑
j=1

ujφ
j (1.41)

The solution is discretized in N nodes, according to the problem dis-
cretization. It represents the approximate solution, denoted by ũ. The num-
ber of the basis functions is also N. Each basis function is non zero only in a
partition of the interval and is usually defined as unit in a certain node. The
basis functions are orthogonal so that the following relations applies:∫

φjφ
jdv = 1∫

φjφ
idv = 0

(1.42)

The approximate solution differs from the exact solution by the term:

L · ũ− L · u = ε (1.43)
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L · ũ− f = ε (1.44)

The optimal approach of the solution requires the minimalization of
the remainder ε. The integration of the fundamental differential equation
multiplied by the basis function results in the relation:∫

[L · ũ− f ]φidv =

∫
εφidv (1.45)

The requirement of the remainder minimalization results in the equal-
ization of the second term with zero. Since the remainder, as defined above,
should equal zero the weighted residual could be defined as follows:

Ri =

∫
(Lũ− f)φidv (1.46)

And should also equal zero, for each i = 1, 2, . . . , N . The number of the
weighted remainders is equal to the number of the basis functions and as a
result to the number of the nodes of the grid. Replacing the value of u by
the discretized form, the residuals are transformed:

Ri =

∫
(L

N∑
j=1

ujφ
j − f)φidv (1.47)

Ri =

∫
φiL

N∑
j=1

ujφ
jdv −

∫
fφidv (1.48)

Provided that the differential operator is linear, it is only applied in the
basis functions and does not affect the solution’s coefficients uj.

L

N∑
j=1

ujφ
j =

N∑
j=1

uj
(
Lφj

)
(1.49)
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Applying this formula to the weighted remainders, the system of equa-
tions is transformed to an algebraic problem of N differential equations:

Ri =

∫
φi

N∑
j=1

uj
(
Lφj

)
dv −

∫
fφidv (1.50)

Ri =
N∑
j=1

uj

∫
φi
(
Lφj

)
dv −

∫
fφidv (1.51)

Therefore the system becomes an algebraic problem of N differential
equations, where the solution is given by the identification of the solution’s
coefficients uj and the integrals can be computed from the given basis func-
tions. Those equations can be easily solved through various computational
methods. The solution takes the form of a vector solution ~u, representing the
N nodal unknowns uj, the N independent numbers which give the value of
the requested field at each node, provided the basis functions. The general
form of the equivalent problem is:

Ri =
N∑
j=1

aijuj − bi = 0 (1.52)

where,

aij =

∫
φiLφjdv

bi =

∫
fφidv

(1.53)

The solution can be generalized by interpolation in every spatial po-
sition, and specially in the positions which are not represented by nodes
and the results are not directly given. If the position vector is defined by
~x =

∑n
i=1 xiei, the solution in each position ~x is given by the formula:

u(~x) =
N∑
j=1

ujφ
j(~x) (1.54)
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The above procedure is used in order to convert a mathematical prob-
lem with the infinite degrees of freedom, which cannot be solved analytically,
into a discrete problem, which can be solved computationally. The common
procedure of a program which uses the finite element method, is the con-
struction of the matrix aij, and the vector bi. Those quantities are obtained
through the described procedure, which depends on the system of equations
of each problem. The next steps consists of the solution of the system with
a selected computational method.

The computational methods used are either direct, such as the gauss
elimination or iterative such as Newton- Raphson method. The first cate-
gory of solvers, approaches the real solution without significant deviations.
The procedure is typically completed in a number of steps proportional to
the number of the equations. However, those methods are not always rapid
enough. This problem is solved by the use of an iterative method, which
approaches the solution within a number of selected iterations. The num-
ber of the iteration determines the deviation from the actual solution. The
resulting solution is a vector uj, which represents the requested function in
the position of each node. The solution can then be generalized as described
above, in order to cover the whole volume of the problem.



2. PROBLEM DESCRIPTION

The current study focuses in four different experimental setups. The
first experiment concerns the three- point bending test and is performed for
both free and embedded specimen. The second experiment concerns the four-
point bending test, which is also performed for free and embedded specimen.
The purpose of the experiments is the measurement of the pairs of loading
and deformation at every timepoint, so that the stress- strain curve can be
constructed. The important information extracted from the stress- strain
curve concern the yield strength, the ultimate strength, the total energy
absorbed and other mechanical features.

Those data are used either for clinical or for research causes. One of the
most important application of bending tests in biomechanics concerns the
evaluation of therapeutic methods, used in orthopedics and the suggestion
of their improvement. The further purpose of those tests, is the research
for optimized techniques that would be more effective in pathological cases
that cannot be treated properly. The results of those tests are of significant
importance for clinical practice, since little improvement can be substantial.
An example of the experimental procedure, commonly followed in mechanical
tests of bones, is described in details in the next section.

2.1 Description of experimental procedure

Bone specimen are harvest immediately postmortem. The articulation
and surrounding joints are carefully removed and the bones are wrapped in
saline-soaked towers and placed in appropriately configured tubes. They are
then frozen at −20◦ until testing. The tests should be performed in average
temperature, 20◦ to 22◦. After removal from the freezer, the specimen should
be kept wet and in saline, during the testing procedure. In order to simulate
as closely as possible fresh bone conditions, the time between thawing and
testing should be kept to a minimum.
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2.1.1 Three-Point Bending

Experimental setup

The typical support span for the bending tests extends from metaph-
ysis to metaphysis, in order to ensure stable contact. The area of interest
is contained within the diaphysis area which is characterized by more reg-
ular geometry and can be consider as a cylindrical structure. As a result,
mechanical studies focus on the mechanical properties of diaphysis. The
support should follow certain rules in order to maintain the independence
of the tests from the experimental setup. Therefore, the support is strong
enough to withstand the developed forces, wide enough to contain the bone
width and sufficiently long to contain the area of interest within the support
span. The end supports, which contain the area of contact with the speci-
men, should be smooth to prevent stress concentration. They should also be
flat and perpendicular to the horizontal axis in order to avoid preload and
for the test to be independent of the inclination of the ends.

Three- point bending is performed through an actuator, which has a single
point of application, the contact point with the specimen. The application
point is located in the midline between the two end supports. The load can
be applied to the anterior or the posterior surface of the bone according to
which side the actuator will be applied.

Fig. 2.1: Typical three- point bending experimental setup
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The loading rate depends on the study. The rate of the loading defines
whether the experiment concerns a dynamic or a static test. Within the
current study, the performed tests are static. The load is applied over a
single cycle with a stable rate. The respective constant displacement rate
that does not exceed the 1mm/min. The specimen are tested to failure. As
a result the maximum displacement is not specified before the experiment,
but depends on each test. It is commonly determined as a proportion of the
displacement reached right after the failure load is applied. The failure point
coincide with the contact point of the specimen with the actuator.

Experimental procedure and data

During testing, the force and crosshead displacement are recorded at
each timepoint. The rate of data saving is selected at the beginning of the
test and is stable throughout the procedure. The frequency of data collection
should be chosen carefully, in order to preserve the continuity of the collec-
tion. The data are directly saved on a computer storage system linked with
the experimental setup and can be processed after the end of the testing
procedure in order to extract the required information. Typically, a load-
deformation curve is created, which should be translated into a stress- strain
curve. For bending tests the loading is represented by the bending moment.
Stiffness value is calculated from the gradient of the curve in the linear sec-
tion. The failure load is defined as the maximum load applied, without the
occurrence of discontinuities in the bone cortex.

2.1.2 Four-Point Bending

Experimental setup

The specimen preparation does not depend on the applied test and is the
same as described for the three- point bending procedure. After the prepa-
ration of the specimen, they are submitted in a loading procedure through
a similar support span as in the three- point bending test. The size and the
material of the support span and the actuator depend on the experiment.
However, the main rules followed in the three- point bending, also apply in
the four- point bending test. The difference lies in the application of the
displacement. In the four- point bending test, the displacement is applied
by a pair of actuators instead of a single one. The area of interest, which is
commonly the diaphysis, is contained between the two points of the actuator
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pair. This setup ensures that the bending moment is uniform within the area
of interest. The four- point bending test is a test of pure bending.

Due to irregular surface shape of bone specimen, the span between the
actuator pair may be limited. In order to obtain accurate results, the two
points of load application must contact the bone at the same time. For the
same reason, the complete loading procedure should be synchronized. The
points of contact should be smooth to eliminate stress concentration. The
rate of the loading is once again stable and at the same level as in the case of
three- point bending. Since the specimen are tested to failure, the maximum
displacement cannot be specified before the experiment. It is commonly
selected as a proportion of the displacement reached after the failure load is
applied. The factor that should be determined in the four- point bending
test, is the region of the failure point. It is located in the area between the
actuator pair, but the exact point depends on the microstructure of the bone
and cannot be defined before the experiment.

Fig. 2.2: Typical four- point bending experimental setup

Experimental procedure and data

The quantities that should be measured are once again the force ap-
plied and the corresponding displacement at each timepoint. Therefore, the
loading is calculated through the measurement of the forces applied on the
crossheads. Since the velocity of the motor that applies the deformation of
the pair actuator is constant and the procedure is synchronized, the moment
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developed is expected to be uniform in the area of interest. Deviations are
mainly caused due to bone anisotropies and the deviation of the geometry
from the cylindrical cross- section. The identification of the failure point
is commonly performed after the experimental process is completed, by the
mechanical study of the ruptured specimen. The discontinuities occurring on
the bone surface indicate the mechanical failure and define the failure load,
as described in the three- point bending test.

Respectively to the three- point bending technique, the data saving rate
is stable and pre- selected. The frequency of data collection should be chosen
carefully, in order to preserve the continuity of the collection and in the case
of four- point bending is usually higher in order to identify the failure point
with higher accuracy. The data are also directly saved on a computer storage
system and can be processed after the end of the testing procedure in order
to extract the required information. Typically, a load- deformation curve is
created.

2.2 Embedding of specimen

The three- point and four- point bending tests can also be applied in
specimen, specially configured. A common configuration with important ad-
vantages is the embedding of the specimen in a resin material. The embed-
ding consists of two basis of resin constructed at the extremities of the bone.
The basis extend till the metaphysis surface and only the area of interest,
within the diaphysis region remains unbound. The principal utility of the
embedded specimen is the stabilization of the placement in the experimental
setup. The embedding procedure eliminates rotation and slip occurrence dur-
ing the experimental procedure, reassuring the stability of the specimen. If
the procedure is properly done, it can assure reproducibility and consistency
of the method.

The embedding of the specimen requires the placemen of the bone in
two molding cups. The molds are orthogonal parallelepipeds and of exactly
the same size. The magnitude of the molds is chosen properly in order to
contain the total volume of the extremities, but occupy the minimum possible
volume. The procedure of the embedding should be carefully performed in
order to avoid preloading and secondary mechanical effects that would affect
the mechanical properties of the bone. The experimental conditions, such as
the temperature and the pressure, are precisely controlled, and remain stable
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throughout the procedure of embedding.
The material used for the embedding procedure is significantly impor-

tant, in order to maintain close mechanical properties to the specimen and
eliminate secondary mechanical effects. The principal material used for the
construction of the embedded structure is the resin. Resin is a composite
polymer based material. The most common polymer- based composite ma-
terials include at least two parts, the substrate and the resin. The resin
based materials are commonly used in biomechanics, because of their elas-
ticity modulus, which is close to the elasticity modulus of the bone and are
therefore convenient for showing similar mechanical properties to the bone
tissue.

2.3 Problems of experimental procedure

The described experimental procedures consist the most widespread
techniques for determination of the mechanical properties of various spec-
imen. They are accurate and easily applied techniques, used not only for
mechanical but also for medical purposes. However, in the case of bone
biomechanics, those methods cannot be easily and effectively applied. The
weakness of the methods lies in the lack of applicability in clinical cases. The
specimen cannot be subjected in common experimental tests as vivid tissues.

2.3.1 Experimental limitations

An important problem which questions the liability of the biomechanical
tests is the specimen used. There are two main sources of bone specimen used,
specimen from artificial material, which simulates bone properties, and spec-
imen from necrotic tissue. However, these materials are significantly different
from the real bone tissue, functioning in a biological organism. Moreover,
the necrotic tissue typically used in biomechanical tests is from mammals
with similar bone properties as human’s, as human specimen are not easily
accessible for experiments. The experiment, corresponding to the actual re-
sponse of bones in loading, should be held in vivo. A simple example that
illustrates this flaw of the method, is the action of repair mechanisms. In
the case of a bone tissue inside an active organism, the repair mechanisms
would resist on a bone fracture. In a necrotic tissue, those mechanisms are
deactivated. The reality of the bone functioning could be tested only with
in- vivo experiments, which is not an option in bone biomechanics.
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Consequently, the experimental results depend on the parameters of the
specimen used. The recent experiments follow an oblate protocol for the
use of bone specimen. This protocol describes the optimal conditions of the
sample, in order to simulate as accurately as possible the actual bone func-
tioning. The latest results from similar experiments show high consistency
and accuracy, corresponding as close as possible to experimental results that
would be received from in- vivo experiments. However, they still differ from
the results, that would be obtained from in- vivo experiments.

Another important problem of mechanical tests is the destruction of the
specimen. In order to determine the failure point, the specimen should be
loaded to its failure. As a result, the same tissue cannot be used for confir-
mation of the results. Similar tissues are used to reproduce the experimental
process, but in experiments which study live processes two specimen can
never have the exact same response. In studies where the failure point does
not need to be determined, the tissue is loaded with minimum deformation.
However, due to secondary effects those experiment cannot be reproducible
either.

A necrotic tissue subjected to a loading, even if it has not reached its
failure point, does not have the same load- carrying ability in a second ex-
perimental procedure. This behavior can be described by the fatigue tests
applied in bones. The most commonly used fatigue test is the application
of a stable loading in various cycles at the same specimen. Even if the load
is not hight enough to cause a mechanical failure, small bone damages are
eventually developed over time, causing an observable failure. Fractures re-
sulting from continued repetitive loading rather than extreme trauma are
commonly known as stress fractures.

According to those difficulties described, a variety of secondary prob-
lems arises. Because of the irreversibility of the testing system, the exper-
iments cannot be reproduced under the exact same conditions in the case
of necrotic tissue. On the other hand, the experiments held with artificial
materials, simulating the real bone can be reproduced, since the specimen
used are identical. However, in the case of artificial materials, the mechanical
properties determined, differ significantly from the bone’s properties, as the
microstructure and the anisotropy of the material are not taken into account.
Consequently, the obtained results do not represent the actual situation.

The disadvantage of the three- point bending test in particular, is the
deviation of the loading field from the stable field to which the theoretical
predictions correspond. The moment occurred is not stable in the area of
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interest, but is instead represented by a linear function. This leads to the
occurrence of secondary effects, introducing an additional factor of deviation
from the mathematical predictions of the model. Another important problem
in the three- point bending test is the support of the specimen. In case of
a free specimen, the support system is not sufficient to eliminate rotation of
the specimen, during the loading procedure. As a result, the failure surface
cannot be easily determined.

At the four- point bending test, the moment is stable between the points
of load application, which renders the technique consistent with the theo-
retical approach of the problem. However, in contrast with the three- point
test, where the failure point is precisely determined as the point of load ap-
plication and the strain can be accurately measured in the failure region, in
the four- point test the failure point cannot be easily located. This is the
major disadvantage of the method, which is highly accurate compared to dif-
ferent experimental setups. This practical problem is of major importance,
as it introduces a supplementary factor of vagueness in the experiment. The
difficulty of the determination of the failure point renders the technique im-
practical, since the stress and strain distribution are difficult to be measured
in the exact region of the fracture.

The support problem of the experimental techniques can be solved by
the embedding of the specimen. In that case, the rotation of the system is
excluded and the failure surface is well defined. However, in the case of the
embedded sample, secondary effects cause a possible inconsistency between
the theoretical and the practical approach. In the contact surfaces of the
system, secondary stresses may occur that cannot be measured. Moreover,
if the embedding procedure is not performed with prudence pre- loading
effects may also affect the results. Those practical problems of each method
illustrate the lack of a dominant technique, since every setup has its own
disadvantages.

Because of the destruction of the specimen, the mechanical experiments
cannot be transferred in clinical practice. In reality, this is the major prob-
lem of common mechanical tests. The fundamental utility of biomechanical
tests can be separated in two major categories: research studies and clinical
practice. The research studies can be realized with specimen that would be
destroyed, even if a couple of problems arise by this practice. However, the
specimen destruction in combination with the experimental procedure, which
have not be designed to be applied in- vivo, exclude the application of those
methods in patients. Similar alternative methods can be used clinically, but
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the received results do not correspond to the required outcome.
The major need for a practical and accurate test for the determination

of the bone properties is related to the clinical use. The application of a
mechanical test is of significant importance for diagnostic, therapeutic and
operational uses. If those techniques cannot be transferred in the clinical
reality they cannot be useful for the most important part of the clinical
community: the patients. A modern method should be introduced in order
to utilize the advantages of the mechanical tests, overcoming the problems
of the current techniques.

2.3.2 Limitations in mathematical approach

The major weakness of the theoretical approach in the biomechanical
study of the bone is the inability to attain an analytical solution which in-
cludes the complete model. The limitation of the mathematical model is
introduced by the complicated nature of biological tissues. The bone tissue
is highly anisotropic, due to the directional mechanical properties of osteons,
especially when the microscopical level of structure is studied. The differen-
tial equations that would describe more accurately the real situation, could
not be solved, due to high complexity. This is the main reason for the in-
adequacy of any mathematical model to describe the actual situation. As a
result, the methods proposed for the biomechanical description of the bone
exclude various procedures occurring in the bone micro- processes, which are
important for the further comprehension of the actual model.

Contemporary studies have contributed important improvements in the
traditional mechanical theories, in order to include secondary effects that de-
scribe the actual situation and render the theoretical approach as accurate as
possible. The macrostructure of the bony tissue is successfully described by
numerous mechanical models. If only higher hierarchical levels of structure
are taken into account, the results obtained are adequately accurate. How-
ever, important secondary effects are not included in those models, causing
important deficiencies in certain cases. A typical example of the significant
importance of the microstructure, is the inability of current theories to pre-
dict the failure point, in the four- point bending test.

The exact distribution of stress, in a beam subjected to the action of a
concentrated force is not closely defined, even in the case of the simpler cross-
section of a prismatic beam. The three- point bending problem obtains an
accurate solution as long as the length of the beam exceeds the dimensions
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of each cross- section and the planes far from the central one are studied. In
practical problems, such as biomechanical studies, the beam cross- section is
comparable to its length and the solution is therefore highly divergent.

As the aperture of the beam (length over height) becomes smaller than
ten, the perturbation effects in the central area become more dominant and
cannot be neglected. A detailed elastic solution that includes the punch-
effect is then indispensable in order to avoid solutions that do not correspond
to the actual situation. A couple of modern solutions have been proposed by
Stokes, Timoshenko and Goodier, and later by Crouch and Starfield in an
attempt to define the central solution more accurately. However, the stress
and strain distribution in the central region of the beam cannot be predicted
with strict precision, as the microstructure of the bone should be taken into
account for further correction of the solution.

The exact distribution of stress can be expressed in the study of the four-
point bending. However, a similar problem arises due to the microstruc-
ture of the bone, already mentioned in the experimental limitations of the
test. The inability of identification of the failure point, when the moment
is uniformly distributed in the length of the beam, introduces an important
indeterminacy in the theoretical approach. Equally important as in the ex-
perimental technique, the microstructure of the bone should be studied in
the attempt to suggest a consistent result.

As well as in the experimental methods, the mathematical limitations
exclude important factors from the solution which eliminates the integrity of
the solution. A more accurate method is indispensable to be developed in
order to correspond to the reality of the problem. The currently developed
computational techniques represent the most prominent possibility for the
improvement of the current biomechanical techniques.

2.4 Utility of Computational Methods

The described problems occur either from the practical limitations of
experimental techniques or from the mathematical inability to achieve the
required accuracy. A solution to the majority of those problems can be
achieved by the use of computational methods.The available computational
tools give the opportunity to study complex problems, through simplifica-
tions. The computational methods use simple assumptions to generalize the
nature of a problem and translate an infinite problem into a discrete one.
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The finite element methods ensure the simplicity of the discretization and
the utilization of rapid solvers. A finite element method designed for a bend-
ing experiment can be used for similar problems with simple modifications.
In this way, the procedure is optimized and is becoming as rapid as possi-
ble. Those techniques eliminate the problem of accuracy in the theoretical
approach of the study, since they are applicable in every geometry. The dis-
cretization of the surface assures convergence of the method even in the case
of complex geometries that cannot be studied mathematically.

The computational methods allow regional anisotropy, since each element
can be characterized by different material. As a result, structures of differ-
ent materials can be conveniently modeled, as in the case of the embedded
specimen. The accuracy problem introduced by the theoretical approach is
eliminated in the computational modeling. The accuracy can be improved
by increasing the number of elements used. The grading of the mesh results
in the elimination of deviation and achievement of the desired accuracy. The
increment of the number of elements is a simple way to control the velocity
of convergence over the accuracy of the solution.

The practical limitations of an experimental setup could be appropriately
treated by a computational method, that would recreate the experiment with
the use of a virtual specimen. If the specimen and the experimental setup
description correspond to the studied test, the obtained results could repro-
duce the experiment with high accuracy. The use of a computational model
is offering the ability of reproducibility, since the created model specimen
can be preserved for further experiments. The loading and boundary condi-
tions are not restricted and can be applied in any region of the body. As a
result, the exact experimental procedure can be simulated, when the adverse
effects of not efficient support occurring during experimental techniques, are
eliminated.

The computational methods offer important improvement from both the
experimental and the theoretical approach. Even though they cannot be
applied as an individual method, combined with traditional techniques they
can overcome the main difficulties and produce important results. In the
current study a geometry model will be created for the bone specimen. This
model will be imported in a computational model of experimental setups and
subjected in different experimental procedures.



3. COMPUTATIONAL MODEL: 3D RECONSTRUCTION
OF RABBIT FEMUR BONE

3.1 CT reconstruction

The CT scanner is the most suitable technique for non invasive bone
examination. Opposite to techniques that utilize the hydrogen concentra-
tion in tissues, such as the MRI, or their metabolic activity, such as the
PET scanner, the CT scanner separates different tissues according to den-
sity differences. Due to the high density of bone tissue, the bones are highly
distinguishable from other tissues and the CT scanner can effectively reveal
osseus regions.

The CT images represent a 2−D distribution of the attenuation coefficient
for each slice of the tissue. The image reconstructed from the CT data
represents a distribution of the tissue’s density, in different shades of grey.
The primary image received from the detectors is of limited diagnostic use,
since important artifacts render the image blurred and it does not correspond
to actual tissue structure. The image reconstruction procedure is crucial for
the creation of an accurate image which illustrates the anatomy of the body
in test. The final image reconstruction is achieved after various steps of image
processing.

3.1.1 Image Generation

The reconstruction methods can be separated in two major categories:
the analytical reconstruction and the iterative reconstruction. The analyt-
ical methods typically implement some analytical inversion formula in or-
der to transform collected data into an image corresponding to the actual
anatomical structure. On the other hand, the iterative methods generate a
sequence of estimates that eventually converge towards a real solution, so
that the collected data would be reproduced. Although analytical recon-
struction methods require much less computational effort and are broadly
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used in most image reconstruction devices, iterative methods allows to easily
model constraints and to incorporate prior knowledge, so that the radiation
dose could be significantly reduced (even to 50% of the initial value).

One type of analytical reconstruction methods that is currently widely
used on clinical CT scanners, is the methods based on filtered backprojec-
tion (FBP) because of their computational efficiency and numerical stability.
The basic principle of the backprojection methods, the simplest analytical
methods used, is the use of fourier transformation in order to project the data
to fourier space. The fourier transformation can be defined by the terms:

Forward fourier transformation:

f(x) =

∫ ∞
−∞

F (u) exp[−2iπux]du (3.1)

Inverse fourier transformation:

F (u) =

∫ ∞
−∞

f(x) exp[2iπux]dx (3.2)

One of the most fundamental concepts in CT image reconstruction if
the “Central-slice” theorem. The central-slice theorem states that the one
dimensional fourier transformation of a projection, measured at a certain
angle φ, is equal to the radical slice (a profile through a line drawn through the
center of the fourier plane, at a certain angle) taken from the two dimensional
fourier domain of the object at the same angle.

Fig. 3.1: Central slice theorem
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The central slice theorem plays an important role in image reconstruc-
tion techniques, as it relates the two dimensional fourier transformation of
an image to the one dimensional fourier transformation of its projection. If
all the projections of the object, from every angle, are transformed as de-
scribed and interpolated into a two dimensional fourier plane, then the full
two dimensional fourier transformation of the object will be reconstructed.
The next step requires the inverse fourier transformation to be applied in
the two dimensional fourier representation that has been created. Then, the
object will be reconstructed in the normal plane.

However effective this technique might seem, the backprojection method
results in a blurred image because of the biased data received from the de-
tectors. Due to the angular data collection, the central region of the object is
favored since the projection lines are denser in the center. As a result, there
is a need for a filter application in order to eliminate the favoritism of the
central area and reconstruct an image corresponding to the actual anatomy of
the testing body. This optimized technique is called filtered backprojection.

In the method of filtered backprojection the same procedure is followed in
order to create the two dimensional representation of the image in the fourier
space. Then a filter is applied in order to eliminate artifacts created either
by the detecting system or by the reconstruction procedure. Those filters
depend on the generation of the scanner as well as the exact geometry of the
scanning system. Since the system, subjected to fourier transformations, is
linear, the filter is equivalently applied in the normal and the fourier space.
In common de-blurring image techniques the filter is applied prior to the
backprojection procedure.

In fourier space the filter that needs to be applied has the form of |r|. The
spatial form of the filter is the inverse fourier transformation of the fourier
form. The projection of each cross-section is subjected in one of the follow-
ing processes : fourier transformation, multiplication with |r| and inverse
fourier transformation, or convolving the projection with the inverse fourier
transformation of the filter to be applied, in this case |r|. This procedures,
which are equivalent, transform the projection of each spot into a filtered
projection, with negative side lobes. It is therefore, a spatial-frequency op-
timization of the original projection. The high-frequency boost is exactly
equal to the high-frequency attenuation that is applied during the process of
backprojection.

If all the projections of the object are transformed as described and in-
terpolated into a two dimensional fourier plane, then the full two dimen-
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sional fourier transformation of the object will be reconstructed, exactly as
in the case of backprojection. The positive parts of the image re-enforce each
other, as well as the negative components. The positive and negative com-
ponents though, tend to cancel each other. After numerous back-projection
operations, everything is canceling, except for the intensities at the original
position of each spot of the image. If generalized for a real image, which
is the sum of numerous single spots in case of an arbitrary projection, and
since the system is linear, the above results could be generalized respectively.
The repetition of this operation for a large number of arbitrary projections
would results in the reconstruction of the entire cross-section. The last step
requires the application of the inverse fourier transformation in the two di-
mensional fourier representation that has been created. The reconstruction
of the cross-section is then completed.

The mathematics of the image reconstruction process, as described in
the above procedure, can be expressed compactly in the equation:

g(r, θ) =

∫ π

0

∫ ∞
∞

[∫ ∞
∞

f(ξ, φ)exp[−iπρξ]dξ
]
|ρ|exp[iπρrcos(θ − φ)]dρdφ

(3.3)

Where, g(r, θ) is the function representing the reconstructed image at
each point (r, θ) and is given by the filtered backprojection at each angle.
The f(ξ, φ) is representing the original projection, which is subjected in a
fourier transformation as illustrated by the application of the first integration.
The result is multiplied by the filter |ρ| and subjected to an inverse fourier
transformation.

The described techniques represent the basic procedure of the most com-
monly used methods of image generation, through CT scanning. However,
every CT scanner uses special techniques for image generation, appropriately
modified for the specific features and the characteristics not only of the par-
ticular CT- scanner but also of particular case studied. The modification
of the image reproduction technique aims to the optimization of the result-
ing images so that they correspond as accurately as possible to the actual
structure of the tissue. From each specialized procedure, a set of images is
obtained.
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3.1.2 Image Processing

The CT reconstruction procedure results in a set of two- dimensional
images of the scanned cross- sections of the bone, for each scanned slice.
Those images represent the density distribution through different shades of
grey. The denser structures are presented by lighter shades. The denser
structures are typically white regions, while the darkest regions represent
the vacant space, where no attenuation of the beam occurs.

For the reconstruction of the thee- dimensional model, a simple procedure
will be applied. The first step contains the special treatment of each slice of
the CT representation through a brightness filter in order to distinguish the
density that corresponds to the bone areas. Brightness is one of the most
important pixel characteristics. It is involved in many image-editing algo-
rithms. However, there is no conventional formula for brightness calculation
and the term brightness is typically used for the non- quantitative reference
to physiological perceptions of light. Developers of algorithms for digital im-
age processing should develop a method to describe brightness more strictly,
but there is, currently, no conventional numerical description for this stimu-
lus characteristic. Since the application of the same stable filter for each bone
region is not quantitatively accurate, each slice will be examined separately.

The combination of those slices through polynomial curves leads to the
creation of the 3−D model. Then a smoothing algorithm should be applied.
In image processing, the smoothness of a data set corresponds to the creation
of an approximate function in order to capture important patterns in the
data, while leaving out noise or other fine-scale structures. The data points
of a signal are modified so that individual points, caused by noise or false
signal, are reduced, and points that are lower than the adjacent points are
increased leading to a smoother signal. Smoothing can contribute to data
analysis by extracting supplementary information from the data, and reveal
the real geometry of the structure in test, as long as the assumption of the
smoothing is reasonable. Many different algorithms are used for smoothing
but data smoothing is typically done through the simplest density estimator,
the histogram.

The CT scanning of the femur specimen resulted in 186 independent
images, for each cross- section. Those images are inserted in an image pro-
cessing program, 3D- DOCTOR. The purpose of the first processing step is
the creation of the three- dimensional geometry of the bone. The procedure
is separated in the reconstruction of the outer and the inner surface of the
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bone. The outer surface determines the boundary of the bone. The speci-
men is cleansed from adjacent soft tissue in the major part of its extend. The
brightness- threshold applied for the identification of the outer bone surface
is clearly distinguishable.

A clear cross- section is selected as a sample cross- section, typically from
the diaphysis region, for the determination of an accurate threshold.

Fig. 3.2: A typical diaphysis CT slice

This density threshold is selected in order to include the maximum bone
surface, omitting any vacant space.

Fig. 3.3: Threshold application

A polynomial curve is created from the threshold application. This curve
describes the boundary of the bone surface in the selected cross- section and
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will be used for the creation of the 3−D model.

Fig. 3.4: Cut application

This general threshold is then applied to every cross- section, to retain
consistency of the method. However, each cross- section is specially treated
in order to exclude fallacious areas mistaken as bony tissue. In some cases,
virtual holes should be corrected in order to include bone regions of lower
density, that have been omitted by the general threshold application.

Fig. 3.5: Extremity CT slice Fig. 3.6: Threshold application

When the procedure is completed for each slice, a connective algorithm
is applied, as an interpolation between the different cross- sections in order
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to create triangular elements for the determination of the three- dimensional
surface. This process results in the construction of the first approximation
for the outer bone surface. The application of a smoothness algorithm, as
described, eliminates artifacts occurred from the internal spaces between the
slices and assures continuity. The 3 − D model of the outer surface of the
bone is created, as illustrated in the following image.

Fig. 3.7: 3-D model of the outer surface

The described procedure is repeated for the inner surface of the bone,
which separates the cancelous from the trabecular tissue. In the diaphysis
region, where the inner volume of the bone is vacant, the procedure is ac-
complished as described. However, in the extremities of the bone, where the
trabecular and cancelous density do not differ significantly, the procedure is
more complicated. Bibliographic images and anatomy documentaries have
been used in order to set an accurate threshold for those regions. The further
steps are performed similarly to the outer surface, resulting in the creation
of a corresponding 3−D surface of the inner region of the bone.

Fig. 3.8: 3-D model of the inner surface

This process results in the construction of two 3 − D surfaces, which
define the boundaries of the bone region. The combination of those surfaces
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define the volume of the osseus tissue, as illustrated in the following picture,
where the surfaces are set to the transparent mode.

Fig. 3.9: Combination of surfaces resulting in the 3-D bone model

The combination of those surfaces results in the definition of the can-
celous tissue, that will be used for the mechanical tests of the specimen. The
created geometry, after a couple of further processing steps, will be used as
the sample geometry for the bending experiments described. The geometry
from the 3D- DOCTOR is extracted in the form of triangular elements after
the application of various smoothness filters. The model is extracted as a
set of triangular elements, defining the created geometry, in a ”ply” format
file in order to be inserted in the computational program, Solid Works, for
further processing.

3.2 Solid Works

3.2.1 Geometry Model: Dimensioning

The developed geometry is inserted in the form of triangular elements in
the commercial program Solid- Works. The geometry contains two surfaces,
which define the inner and outer boundaries of the bone tissue. Once in-
serted in Solid Works, polynomial curves are created, describing the section
defined by the triangular elements of the model. These curves define a set of
elementary surfaces that cover both of the boundary surfaces of the bone.

Fig. 3.10: Solid Works model for inner surface
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Fig. 3.11: Solid Works model for outer surface

When the inner defined volume is extracted from the outer volume, the
resulting section represents the actual area of the bone’s tissue.

Fig. 3.12: Inner and outer defined volumes

Fig. 3.13: Volume of the femur bone’s tissue
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The developed model is inserted in the Solid Works program, in the an-
gle in which the bone would balance if placed in a horizontal surface. The
geometric model created is then subjected to certain dimensioning measure-
ments, in order to verify the agreement between the computational model
and the specimen. The first measurement concerns the length of the femur
specimen. A pair of auxiliary planes is created, each coinciding with the fur-
thest points of each extremity. Subsequently, the distance between the two
planes is calculated through the respective tool of Solid Works, in order to
be compared to the experimental data.

Fig. 3.14: Length measurement

During the experimental procedure, a set of diameters are measured, for
a selected cross- section of the diaphysis region of the bone. The cylindri-
cal assumption of the diaphysis region, indicate that all the measurements
of the diameters should be equal. However, the actual geometry differs sig-
nificantly from the ideal presentation and there are observable differences
between the experimental measurements. The experimental procedure is re-
produced with a computational technique. The selected cross- section of the
artificial model is identified by locating the plane at the selected distance
from the basis plane, so that it coincides with the cross- section at which the
experimental measurements are performed. For the defined cross- section, a
couple of measurements are performed for the identification of the diameter
length. The results of the computational method are then compared with
the experimental data, as described with more detail in chapter 5.
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Fig. 3.15: Diameter measurement

The third step of the evaluation process concerns the identification of
the head diameter of the femur bone. The experimental measurement is
performed at the widest region of the head. In the computational model, a
set of auxiliary circumcircles are designed around the head region.

Fig. 3.16: Circumcircles around the head

Those circles are utilized for the creation of a sphere, which is coinci-
dent to the head. Afterward, the diameter of the sphere is calculated. The
computational measurement is compared with the experimental results. A
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possible deviation is expected due to the different technique applied for the
measurements of the diameter.

Fig. 3.17: Sphere construction

Fig. 3.18: Head measurement

The results of the evaluation process are cited in detail in chapter 5,
where the confirmation of the model is achieved. The developed model and
the actual geometry of the specimen are in satisfactory agreement. As a
result, the constructed geometry is appropriate to be subjected in the me-
chanical tests, simulating the experimental procedure.
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3.2.2 Geometry of Experimental setup

According to the described procedure, the model simulating the geom-
etry of the femur bone is developed, evaluated and confirmed as consistent
with the actual geometry of the specimen. The next phase consists of the
conversion of the experimental setups to the computational model. The
specimen is already been developed. Accordingly, the supplementary devices
should be constructed and added in the mechanical assembly that will be
used for the computational experiments.

In order to simulate the experimental procedure, a number of additional
mechanical components should be introduced in the computational model.
The main auxiliary components represent the support and the loading sys-
tem, which are inserted as compartments of cylindrical shape. The material
of the cylinders is selected to be of hight elasticity modulus, and is consid-
ered as non- deformable, compared to the bone’s material. The surfaces of
contact between the cylinders and the bone are simulated as contacts be-
tween deformable and rigid bodies. The location of the support structures
should be stable for all the experimental setups, in order to retain consis-
tency. However, since in the case of the free specimen the support system
is more difficult to be selected, differences will occur between the embedded
and the free specimen.

Another important component of the construction is the resin basis, which
are created in the case of the experiments that are performed with the em-
bedded specimen. The purpose of the current study is the evaluation of four
different experimental techniques. Consequently, certain properties should
be similar in all the experimental methods for the processes to be compara-
ble. The basic properties of the computational experiments should also be
consistent with the experimental procedure.

At first, the area of interest, within the diaphysis region has to be iden-
tified. The area of interest will be placed among the support structures and
will be stable for all the experiments. It contributes significantly to the ob-
tained results and its identification is therefore of major importance. The
selected region has to satisfy a number of conditions. First of all, the se-
lected area must belong to the diaphysis area. Hence, the cross- section of
the selected area has to be as close as possible to cylindrical.

The part of the bone, that belongs to the region of interest represents
almost half of the bone’s extend, and is selected, according to the studied
cross- sections, so that it contains the majority of the diaphysis area. The
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parts outside the region of interest, do not contribute to the mechanical study
and can therefore be neglected. Those parts will be at the external side of
the support system. In the case of the embedded specimen, those regions will
be inserted into the molds, in order to be immersed into the resin material.
The next sketch shows the bone separation into the described regions, along
with the corresponding dimensions.

Fig. 3.19: Region of interest: Dimensioning

The most important step of the procedure is the selection of the main
region. After the completion of this step, the embedding of the specimen
can be performed. The embedding area is selected as the area that does not
belong in the region of interest. The projection of the metaphysis and the
epiphysis regions is sketched on the auxiliary plane that defines the lowest
surface of the bone. This projection defines two rectangular areas, corre-
sponding to the two extremities of the bone. The area of the projection of
the upper extremity is wider than the area of the lower extremity. Since the
embedding parts should be equal, the embedding area will be determined
from the upper extremity projection.
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Fig. 3.20: Embedding procedure: Definition of projections

Therefore, the two areas are designed by equal and parallel lines that
define the rectangular regions of the embedding space. Those regions con-
tain the total projection of both extremities. The computational embedding
procedure is completed by the extraction of those areas, so that they cover
the entire bone volume. From the two rectangles, the two orthogonal par-
allelepipeds are reconstructed. The above description defines the principal
process for the embedding procedure. Then, the different experimental proce-
dures will be tested on the two specimen types developed: the free specimen
and the embedded specimen. The two model specimen are shown in the
following images:

Fig. 3.21: Computational model: Free specimen
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Fig. 3.22: Computational model: Embedded specimen

Two different experimental setups should then be applied on each model.
The support system will be similar for all the experimental setups. The points
of the support cylinders location should be chosen so that the diaphysis is in
the region of linear moment, in the case of the three- point bending experi-
ment, or the region of stable moment, in the case of the four- point bending
experiment, respectively, as described in chapter 1. The major difference of
the two experimental setups is the application of different loading systems.

The positions of the support cylinders will be defined according to the
embedded region of the bone. The cylinders will be placed at a selected dis-
tance from the plane defined by the internal facets of the auxiliary orthogonal
parallelepipeds of resin. In both experiments, the cylinders should be placed
equidistant from the central cross- section of the diaphysis. As a result, the
distance from the internal facet plane will be equal for both sides.

The central cross- section of the diaphysis is defined during the loading
procedure of the three- point bending experiment. The central cross- section
is identified as the region of maximum deformation of the curved region of
the diaphysis. At a selected lateral view, this point is identified as the point
of maximum distance from the horizontal axis of the bone. The central
cross- section is placed at the middle of the distance between the embedding
parallelipeds. The three- point bending experiment requires the definition of
an actuator point, at which the load will be applied. The load application
point is defined by a cylindric compartment, respectively to the support
system. This point will be placed in the middle cross- section of the region
of interest, so that it is equidistant from the parallelepipeds’ facets. Both
in the embedded and in the free specimen, the point of load application will
remain the same, at the central cross- section of the diaphysis region.

The point of the load application is defined as the intersection point of
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the diagonal lines drawn from the internal edges of the orthogonal paral-
lelepipeds. A sketch of the central point determination is given below.

Fig. 3.23: Experimental design: 3 point bending, embedded specimen

This procedure cannot be reproduced in the case of the free specimen.
For this reason, the central cross- section will be defined as the cross- section
of the maximum deformation of the diaphysis curve, as in the case of the
three- point bending experiment. Representative distances are measured for
each procedure, in order to retain consistency between the different experi-
ments.

Fig. 3.24: Experimental design: 3 point bending, free specimen

The three- point bending experiment requires the definition of an ac-
tuator, while the four- point bending experiment requires the definition of
an actuator pair. The actuator pair is defined by a pair of cylindrical com-
partments, so that they are equidistant from the central cross- section of the
diaphysis. The location of the points, at which the actuators will be placed,
is also defined by the resin orthogonal parallelepipeds internal facet. The dis-
tance of loading application from the internal facets is equal to the distance
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of the support application from the external facets. As a result, the distance
from the internal facets is defined through the length of the parallelepipeds
and the distance of the support system from their internal facets. The sketch
of the described procedure for the pair actuator determination is given below.

Fig. 3.25: Experimental design: 4 point bending, embedded specimen

In the case of the free specimen, the procedure cannot be reproduced.
As described in the three- point bending construction, the central cross-
section will be defined as the cross- section of the maximum draft of the
diaphysis curve and will be placed in the middle of the region of interest. The
support system of the bone will be based on the designed support system for
the case of the three- point bending experiment of the free specimen. The
loading points will be selected in order to be equidistant from the central
cross- section and at the same height level. This requirement is of high
significance, since the actuator pair should be synchronized. The described
procedure is consistent with the experimental procedure of the support and
loading systems’ definition.

Fig. 3.26: Experimental design: 4 point bending, free specimen



4. COMPUTATIONAL MODEL: SIMULATION OF
EXPERIMENTAL PROCEDURE

The simulation of the experimental procedure will be performed through
the commercial program ANSYS. ANSYS is a computational program that
uses finite element analysis to simulate physical processes. Different me-
chanical problems, described by a set of differential equations, can be solved
through ANSYS analysis, as described in detail in chapter 1. More informa-
tion on the solver and the finite element method of ANSYS is given in the
Appendix 1.

4.1 Techniques used

The computational analysis, performed through ANSYS, requires a num-
ber of steps. The first phase of the analysis contains the construction of the
geometry of the model. The geometry is defined by a set of points, forming
lines, areas and volumes. The typical procedure requires the determination
of a coordinate system, according to which the parts of the designed geome-
try will be defined. The points defined will be used for the determination of
the nodes of the elements, in the meshing procedure. At the current study,
the geometry of the model is defined from the external file, received from
the 3D- DOCTOR and the Solid Works analysis. As a result, the first phase
is carried out by defining the input file from which the geometry will be
constructed.

Since ANSYS is a finite element based program, the next step requires the
definition of the element properties. The type of element is first selected, ac-
cording to the geometry and its separation in elementary parts. The element
type should be carefully chosen for the analysis to be accurate. Different
types of elements, for example two- dimensional or three- dimensional ele-
ments define different problem solutions. The number of used elements is
defined during the meshing procedure.
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Another important step is the material definition. The materials used are
defined for each compartment of the mechanical construction. The type of
the material is first chosen, according to the mechanical properties of each
part. The most common materials are defined as linear elastic, or linear
elastic perfectly plastic. In the current study, rigid parts are defined as non-
deformable. The deformable parts are defined either as linear elastic, such as
the resin parts, or as linear elastic perfectly plastic, as the bone’s parts. The
data used for the material definition are received from previous experimental
data and bibliography.

After the definition of the materials and the elements used, the grid of
the solution should be defined. Since the element type is already selected,
the grid is defined by the number of elements used. The selection of this
number is important for the convergence of the problem. If a high enough
number is chosen the problem will not be able to be solved in a rational time
period. On the other side, a selection of a small enough number will provide
non- accurate results. For those reasons, a parametric study should be made
for the determination of a suitable number of elements. The problem is first
solved for a small number of elements. Then the procedure is repeated, with
densification of the nodes used. At each solution a characteristic measure-
ment is stored in order to verify the convergence if the solution. If the finite
element analysis is accurate, densification of the nodes should result in sta-
bilization of the characteristic measurement and accordingly stabilization of
the received solution.

The next step consists of the loading and support definition. The support
system should be carefully defined, for the model to be sufficiently supported
in order to be mechanically consistent and solvable. The load application is
an important step for the determination of a correct solution that corresponds
to the actual mechanical problem. For example, in the case of the four- point
bending procedure of the free specimen, the determination of the loading
system is rather complex, in order to retain a synchronized loading procedure
that would be consistent with the experimental process.

After the definition of the above critical properties, the mechanical model
is ready to be solved. Then, the solution parameters should be selected. De-
pending on the nature of the mechanical problem, different solution param-
eters are important. Those options are important for the elimination of the
duration of the solution procedure. The parametric analysis is also highly
affecting this part of the process and is therefore representing a procedure of
high significance for the convergence speed. The solving parameter settings
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control the solving technique, whether an iterative or direct solution will be
used, the steps of the solution, as well as the stored information at each
step. Commonly, the important data are collected after the convergence of
the solution. The convergence is defined from the difference of characteristic
measurements between two iterative steps, that should be under a selected
quantity.

The last phase of the ANSYS analysis consists of the data processing.
The results received from the finite element analysis are stored in a general
database and the valuable information should be extracted in order to be
used. The most useful results concern the stress and strain concentration,
from which the strain- stress curve is designed in order to be compared with
the experimental results.

4.2 Model details

4.2.1 Geometry construction

As already mentioned, the geometry of the computational model is de-
fined by an external file, created through the Solid Works program. The
geometry data are introduced into the ANSYS analysis as an input file, de-
fined in the beginning of the analysis. The input file contains the information
for the geometry construction. First of all, the keypoints of the geometry are
introduced, from which the geometric areas and the corresponding volumes
are defined. The model contains different separated volumes, according to
the experimental setup studied. Generally, the bones areas, the embedding
areas and the loading- support cylinders are independently defined.



4. Computational Model: Simulation of experimental procedure 93

Fig. 4.1: Geometry structure, as inserted through Solid Works: area definition

Fig. 4.2: Geometry structure, as inserted through Solid Works: volume definition

The bone, as well as the embedding areas should be defined as a con-
sistent body, since they cannot be separated after the embedding procedure.
For this reason, the areas which are not defined by the same volume are
joined together by the following technique. Each volume is defined by a set
of keypoints. Within the areas that need to be joined, the keypoints of each
volume coincide with the keypoints of the corresponding volume. A function
is applied to those keypoints, which replaces the pair of keypoints that are
separated by a distance below a selected threshold, with a single keypoint.
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Through this procedure, the required volumes are glued and are handled by
the program as a united body.

Fig. 4.3: Joined specimen parts

4.2.2 Element and material properties

The elements selected for the separation of the volumes are the same
for the finite element analysis of every experimental setup. The mechanical
process is not linear. As a result, the selection of elements with midpoints are
not accurate and would only cause useless delay, since it would not contribute
to the result approach. Therefore, the selected elements are defined by nodes
which are placed only in the edges of each element. The three- dimensional
model indicates a use of three- dimensional elements. As a result, there are
used elements of Solid183 type. The elements are chosen to be triangular
three- dimensional, as illustrated by the following sketch:
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Fig. 4.4: Element Solid185

There will be used three types of materials in the current study: the
bone material, the resin material and the cylinders’ material. The simulated
material of the cylinders, which are considered as rigid bodies, is steel and is
defined as linear elastic, characterized by a modulus of elasticity of 110GPa.
The mechanical properties of the steel are estimated by the relative bibliog-
raphy. The resin material is also defined as linear elastic. The modulus of
elasticity is defined at 0, 992GPa, as derived from the experimental study of
the resin material used in the experimental procedure. The bone material is
simulated as linear elastic perfectly plastic material. The values of the elas-
ticity modulus, 17GPa, and the yield strength, 130MPa, are also defined by
the bibliographic studies.

Fig. 4.5: Bone material definition
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Then, the type of contact elements is defined, for each pair of contact
area. The contact element technique, is a method used by ANSYS program in
order to identify the forces developed during a mechanical procedure, between
two areas of contact. The contact elements will be used in the current study
for the definition of the contact behavior between the support system and
the specimen and the contact behavior between the loading system and the
specimen. In both cases, the cylinder volume should not penetrate in the
specimen volume. At the same time, the surfaces of the cylinders and of
the specimen should remain in contact and not be separated, during the
experimental procedure.

The loading cylinder is meshed as an one- element contact, and more
specifically as a rigid cylindrical element. The contact element technique,
used for the loading cylinder simulation, requires that the distance between
the specimen surface and the external cylinder surface should remain stable.
This requirement is achieved by controlling the developed forces between
the two surfaces element, so that this distance is allowed to remain between
certain limitations. At each step of the procedure, a new force is applied, so
that the model satisfies the above requirement.

Fig. 4.6: Contact elements: loading cylinder

The support system is simulated by an ideal system of a spherical and
roller support. The center of each support cylinder is immobilized. Then,
a contact relation is imposed for each contact element surface pair, so that
the mechanical requirements are satisfied. According to the type of support,
all the degrees of freedom are restricted except from those that remain free
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in each support system. The contact element technique imposes a developed
force of the contact surfaces, which reserves the distances at the restricted
degrees of freedom stable, so that the surfaces remain in contact during the
experimental procedure simulation.

Fig. 4.7: Contact elements: support system

Fig. 4.8: Contact element general structure

4.2.3 Meshing of the model

Once the element and material definitions are completed, the meshing of
the model is easily performed. The number of elements is the least possible
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number of elements, for which a consistent solution is obtained. The cylinders
are meshed with a single element, since no deformation occurs within those
regions, due to the high elasticity modulus. The resin areas are meshed with
the largest elements allowed, in order to receive an accurate solution. It is
important to keep the number of elements as small as possible in order to
accelerate the solution procedure. However, in the bone region the elements
are chosen to be much denser in order to describe the complex geometry as
accurately as possible.

Fig. 4.9: Meshing of bone area

A parametric analysis is required for the definition of the most conve-
nient number of elements. The divergence of the solution must decrease with
the increase of the number of elements. Once the convergent behavior is
assured, the number of elements is selected as the one that gives an absolute
error lower that the required one, between two steps of element densifica-
tion. The meshing procedure is completed when the number of elements is
identified for the optimized convergent behavior.
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Fig. 4.10: Meshing of embedded parts

Fig. 4.11: Meshing of the model

4.2.4 Loading and support definition

The loading and support systems are both defined through the relations
imposed between the specimen and the corresponding cylinders. Both the
support and the loading conditions are imposed as deformation conditions
and the developed loading, or the developed stress respectively, is measured
at each step of the procedure. The loading is applied through the actuator
point, or the actuator pair, according to the experimental procedure. In the
case of an actuator pair the displacement is synchronized between the two
points of loading application.
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Fig. 4.12: Loading definition

A maximum displacement is imposed at each loading cylinder. Then, the
displacement of each loading step is defined, or the number of the total steps
until the maximum displacement is defined. At each step a stable displace-
ment is imposed and the developed stress in measured after the convergence
of the system.

The support system is characterized by two different constrains, which
simulate spherical (pin) and roller type support. The roller support allows
two degrees of freedom, a horizontal displacement and a rotation around a
certain axis. The spherical support allows only one degree of freedom, the
rotation around a certain axis. As a result, in the cylinder where the roller
support is applied, all the degrees of freedom are constrained except from a
horizontal displacement and a rotation. The constrains are represented by
setting the distance between the cylinder and the specimen as stable and
zero, for the degrees of freedom that are restricted. Respectively, in the
cylinder where the spherical support is applied, all the degrees of freedom
are constrained except from a rotation.
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Fig. 4.13: Support definition

4.2.5 Solution and data acquisition

Then, the computational model is completely defined. The program runs
each case for the different experimental setups. A couple of parameters are
defined, in order to optimize the solving procedure. For the current study,
those parameters are stable for all the experimental setups. High deforma-
tions are allowed during the solution procedure, due to the complexity of the
model. The number of substeps in each iteration step is selected to be ad-
justed at each step, in order to accelerate the solving procedure. The results
are stored in each step of the procedure, after the convergence is achieved.

For the three- point bending experiment, the most important cross- sec-
tion is the central cross- section. For this reason, the stress and strain values
are calculated for each point of the central cross- section.
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Fig. 4.14: Diagram of solution convergence criteria

Fig. 4.15: Criteria of solution convergence for first step accomplished

4.2.6 Parametrization study

Cylinder position

The distance of the support cylinder system from the faces of the resin
parallelepipeds is a parameter that should be tested. Since, there is no op-
timized position for the cylinder’s location, two possible positions will be
compared in order to illustrate the influence of this distance to the results.
The parameter of the position of the support system will be tested on the
three- point bending experiment for the embedded specimen. For the exper-
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imental setups used for the main part of the study, the distance of 20mm
between the loading and the support system will be selected in order to retain
consistency with the real experimental procedure.

The characteristic value that will be used for each parametrization test,
is the stress distribution in the central cross- section of the diaphysis. The
central cut applied in the bone volume, allows the determination of the stress
distribution across the central cross- section. In the three- point bending ex-
periment, where the load application position is stable and the fracture is
expected to commence at this stable point of load application, where the
maximum moment appear, the stress distribution at this point is a charac-
teristic measurement. For the same material, the modulus of elasticity is
constant, as well as the moment of inertia for stable cross- section. Also, the
developed moment is stable since the maximum moment appears at the cen-
tral cross- section. As a result, the stress measurement depends on the tested
parameter and represents a useful comparative value. The stress distribution
will be stored for each parametric case and compared for the different cases
in study.

Resin material

The material of the resin parallelepipeds is in question, due to the possi-
ble affects in the specimen response to the experimental procedure. Because
of the high practical importance of the experiment application on the embed-
ded specimen, the result of this parametric study is significantly important.
Two types of resin material will be used, in the case of the three- point bend-
ing experiment. The first type of the resin material has properties similar
to the bone tissue mechanical properties. The results of the above material
simulation will be compared to the results of a resin material, which corre-
sponds to the actual material used during the experimental procedure. In
the main part of the study, the resin material used during the experimental
procedure will be used.

Meshing

As mentioned in the meshing description, the selection of the elements
size is of high importance for the computational study of each mechanical
procedure. For the current study, a number of different meshing selections
will be used is order to test the effect of the meshing to the results. The maxi-
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mum developed stress in the central cross- section will be studied respectively
to the increment of the elements numbers. As the number of elements is in-
creasing, the expected result is a stabilization of the stress distribution, which
converges in a constant value. This value represents the optimized approach
of the real stress value. According to the minimum acceptable deviation, the
suitable meshing for the model is selected.

Contact element parameters

The most important factor of control at the contact element analysis, is
the tangent penalty stiffness factor (FKN). For the augmented Lagrangian
method, which is used at the current contact element analysis, the normal
and tangential contact stiffnesses are required. The amount of penetration
between contact and target surfaces depends on the normal stiffness. The
amount of slip between contact surfaces depends on the tangential stiffness.
Higher stiffness values decrease the amount of penetration and slip, but can
lead to ill- conditioning of the global stiffness matrix and to convergence
difficulties. Lower stiffness values risk to produce an inaccurate solution.
Ideally, a high enough stiffness is requested for the penetration and slip to
be acceptably small, and a low enough stiffness for the problem to be well-
behaved in terms of convergence. The FKN factor represents a parameter
which needs to be tested. In the current study a FKN parameter of 0.1
will be used at the first study and it will be progressively increased. The
maximum developed stress at the central cross- section, will be compared for
each FKN value and the most suitable value will be selected to be applied in
the four different experimental setups.

4.2.7 Experimental specifications

The two experiments are applied to both specimen types, to the em-
bedded specimen, as well as to the free specimen. The different geometries
for each case has been developed through Solid Works, as described in the
previous chapter. The differences that each experimental setup introduces
concerns mainly the loading and support procedure. This modification also
affect the contact element definition. The element and material definition
and the meshing procedure are not significantly affected.

In the case of the free specimen, there are a couple of supplementary
modifications of the model. The material definition is restricted to the bone
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material and the defined volumes concern merely the bone area. For this
reason, the procedure of keypoint merging, described at the geometry con-
struction, is of higher significance in the case of the free specimen, since the
bone volumes should be joined consistently. The contact elements are mod-
ified so that the support system is in contact with the bone surface instead
of the resin parallelepipeds.

Three point bending details

The three point bending is the first tested experimental setup. The
parametric studies are applied in this particular experiment. As a result,
the most suitable parameters are selected for the optimization of the solu-
tion. In the case of the three- point bending experiment, for the embedded
specimen, the support and loading systems are constantly defined. The only
parameter, which is free to be identified, is the maximum loading applied.
The maximum deformation applied, which represents the maximum loading,
is selected in the three- point bending procedure, so that the experimental
procedure leads to a mechanical fracture. The material definition accord-
ing to bibliographic data, defines the ultimate strength of the specimen. As
a result, the applied deformation should be selected do that the maximum
developed stress overcomes this stress value. From the solution data, the
maximum moment developed in the bone is defined. The maximum moment
is expected to be developed in the central cross- section, where the fracture
should also appear.
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Fig. 4.16: Three- point bending experiment

Four point bending details

In the case of the four- point bending experiment, the parameters are
selected to be consistent with the three- point bending experiment. The sup-
port system is constant and the maximum loading should also be identified.
Since the elasticity modulus and the moment of inertia are stable, the max-
imum moment defines the mechanical behavior of the specimen. In order
to keep the experimental procedure consistent between the different exper-
imental setups, the maximum applied deformation will be defined from the
maximum developed moment. This maximum moment should be defined
from the measured maximum moment of the three- point bending experi-
ment.



4. Computational Model: Simulation of experimental procedure 107

Fig. 4.17: Four- point bending experiment



5. RESULTS

5.1 3D reconstruction

The geometry developed through the 3D- DOCTOR program requires
to be evaluated in order to confirm the correspondence of the model with
the actual specimen. The importance of an accurate geometry is of high
significance, since the results of the mechanical tests highly depend on the
geometry of the bone. The first phase of the evaluation contains the regu-
lation of the general geometrical characteristics of the specimen. The model
should be consistent with the anatomy described in the first chapter.

A set of photos of the specimen, taken during the experimental procedure
will be used for the first step of the evaluation process. A number of those
photos are cited in the following study, in comparison with the corresponding
images from the developed model. For each point of view, the photo of the
model is cited along with a 3D- DOCTOR picture and a Solid Works picture
of the developed geometry. Important characteristic regions of the bone, such
as the head of the femur, the condyles and the diaphysis region are cited, in
order to indicate the correspondence of the model with the specimen.

The second phase of the evaluation contains the measurement of charac-
teristic quantities of the specimen, as described in chapter 3. The geometri-
cal features of the femur bone are calculated with two independent methods.
From the computational model, the measurements of important typical quan-
tities are obtained through the described procedure. The specimen is also
measured experimentally, in consistency with the computational method.
The computational results will be tested, supplementary to the image iden-
tification of important bone’s regions, in order to verify the agreement with
the experimental measurements.
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5.1.1 Image verification

The first selected perspective is the anterior surface of the left femur
bone. Within the first set of images, the geometry of the head, the neck, the
lesser and the greater trochanter are shown. The magnitude of the images
though, does not allow high precision in the comparison between the com-
putational model and the specimen. However, the basic geometrical features
indicate satisfactory agreement between the computational and the experi-
mental features of the bone.

Fig. 5.1: Specimen anterior surface

Fig. 5.2: 3D- DOCTOR anterior surface

Fig. 5.3: Solid Works anterior surface
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The second perspective also presents the anterior surface of the bone
with more precision in the trochanter surfaces. This point of view allows a
further study of the upper extremity. The view does not contribute much
more information than the first set of images, for the evaluation process, but
confirms the agreement between the computational and the experimental
features of the bone.

Fig. 5.4: Specimen anterior surface, trochanters

Fig. 5.5: 3D- DOCTOR anterior surface, trochanters

Fig. 5.6: Solid Works anterior surface, trochanters
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The third selected perspective represents the posterior surface of the
bone. The condyles are shown in detail, as well as the compartments of
the upper extremity. The geometry of the lower extremity is shown in more
details. There is not any observable dissimilarity between the computational
model and the actual geometry. However, the agreement cannot be certified
with high accuracy through image comparison.

Fig. 5.7: Specimen posterior surface

Fig. 5.8: 3D- DOCTOR posterior surface

Fig. 5.9: Solid Works posterior surface
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The next point of view, represents a lateral surface of the bone. Both
extremities are shown, in low detail. The importance of this particular view
concerns the curvature of the diaphysis. The diaphysis is the region of main
interest for the mechanical tests applied. The curvature of the femur, at
this region, is responsible for the mechanical properties that affect the bone
response in different mechanical loadings. Through the lateral perspective,
the agreement of the diaphysis curvature between the computational model
and the specimen is confirmed.

Fig. 5.10: Specimen lateral surface

Fig. 5.11: 3D- DOCTOR lateral surface

Fig. 5.12: Solid Works lateral surface
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The next set of images, concern details of characteristic regions of the
femur, that are important for the mechanical properties of the bone. The
main comparable regions include the head of the femur, which is also used
for the numerical measurements, and the condyles. The next images contain
a more detailed view of the condyles region, for further examination.

Fig. 5.13: Specimen condyles

Fig. 5.14: 3D- DOCTOR condyles

Fig. 5.15: Solid Works condyles
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The last examined perspective represents the head of the femur. The
spherical approximation of the head, performed in the measurement verifica-
tion, is justified by the geometry of the head illustrated both in the specimen
images and the computational model.

Fig. 5.16: Specimen head

Fig. 5.17: 3D- DOCTOR head
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Fig. 5.18: Solid Works head

5.1.2 Characteristic measurement verification

For the numerical evaluation of the model, the computational and the
experimental measurements are compared. The evaluation procedure, de-
scribed in chapter 3, results in a number of measurements for the geometric
features of the bone. The conclusions of those measurements are cited in
the next table. The experimental measurements along with the computa-
tional measurements for the length, the mean diameter of the bone and the
diameter of the head are given in detail.

Data Computational Experimental Deviation
Specimen Length 10.17 10.15 0.2%

Diaphysis Diameter- lateral- 8.61 8.89 3%
Diaphysis Diameter- anteroposterior- 8.12 7.88 3%

Diaphysis Thickness 1.53 1.49 2.6%
Head Diameter 5.08 4.94 2.8%

Tab. 5.1: Comparison of Measurements

The above results from the comparison of the experimental data with the
computational data, verify the validity of the model. The numerical deviation
of the geometric measurements do not exceed the 3]%, as received from the
above table. These results allow the assumption that the developed geometry
is in satisfactory agreement with the actual geometry of the specimen in test.

The above statement is also supported by the comparative study of the
experimental photos and the computational snapshots received during the
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development of the computational model. At each point of view, for the
various cited perspectives, the artificial geometries are in high accordance
with the actual geometry, as permitted to be studied by the resolution of the
listed images. The main geometrical features of the computational model,
also tested by the more objective measurements, also seem in high accuracy
with the experimental specimen. As a result, the developed geometry can
be considered as a sufficiently accurate representation of the actual geom-
etry and can be used without important limitations for the experimental
simulations described.

5.2 Simulation of experiments

5.2.1 Solid Works experimental models

As described in chapter 3, the four experimental setups, utilized for the
simulation of the mechanical tests are developed through the commercial
program Solid Works. The geometries of the experimental setups, which
contain the specimen geometry along with the auxiliary cylinders for the
loading and support system, are shown in the images that are produced
through the Solid Works.

The first experimental setup represents the three- point bending ex-
periment performed at the embedded specimen. In the image below, the
structure of the specimen, as well as the experimental setup, are illustrated.
The central cross- section is defined by the loading point application.

Fig. 5.19: Three- point bending of embedded specimen

The second experimental setup represents the four- point bending ex-
periment performed at the embedded specimen. In the image below, the
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structure of the specimen, as well as the experimental setup, are illustrated.
The actuator pair is placed equilateral to the central cross- section and the
loading cylinders are synchronized.

Fig. 5.20: Four- point bending of embedded specimen

The third experimental setup represents the three- point bending exper-
iment performed at the free specimen. In the image below, the structure of
the specimen, as well as the experimental setup, are illustrated. The loading
cylinder is placed at the central cross- section, to retain consistency with the
case of the embedded specimen. The support cylinders are placed so that
they are equidistant from the central cross- section and at the same height
level, for the free specimen to balance at the horizontal position.

Fig. 5.21: Three- point bending of free specimen

The fourth experimental setup represents the four- point bending exper-
iment performed at the free specimen. In the image below, the structure of
the specimen, as well as the experimental setup, are illustrated. The support
cylinders are placed according to the described procedure for the three- point
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bending experiment of the free specimen. The loading cylinders must remain
equidistant from the central cross- section and should be synchronized. For
this reason they are selected to be almost at the same height level, depending
to the complexity of the specimen geometry.

Fig. 5.22: Four- point bending of free specimen

5.2.2 ANSYS experimental models

The described geometries are inserted into ANSYS for the simulation of
each experimental procedure. Due to programming inconsistencies, related
with memory and storage limitations the experimental models are simplified.
The major simplification in the case of the embedded specimen is the extrac-
tion of the bone volume from the resin regions, as there is not a possible grid
for the meshing of the actual model, which would lead to convergence. As a
result, the resin regions are considered to be fully occupied by resin material.
The four experimental setups, that will be tested, are given in the following
sketches, as inserted in ANSYS.

The first experimental setup represents the three- point bending exper-
iment performed at the embedded specimen. In the experimental setup of
the following image, the parametric tests would be applied in order to verify
the independence of the model from the basic computational parameters.
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Fig. 5.23: Three- point bending of embedded specimen

The second experimental setup represents the four- point bending ex-
periment also performed at the embedded specimen.

Fig. 5.24: Four- point bending of embedded specimen

The third experimental setup represents the three- point bending exper-
iment performed at the free specimen.
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Fig. 5.25: Three- point bending of free specimen

The fourth experimental setup represents the four- point bending exper-
iment performed at the free specimen.

Fig. 5.26: Four- point bending of free specimen
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5.2.3 ANSYS parametric study

For each case of study, the most important mechanical properties are
represented by the stress distribution and the deformation of the bone beam.
Those characteristics are compared between the different parametric runs,
in order to verify the validity of the computational model. The first charac-
teristic that will be tested is the dependence of the solution from the resin
material. Two different materials are used. The mechanical properties of
the osseus tissue are attributed to the first resin material, while the second
material represents the actual material used for the experimental study of
the embedded specimen.

The second parametric study concerns the position of the support and
loading cylinders. In the case of the three- point bending experiment, the
support cylinders will be placed in three different positions in order to identify
the dependency of their position to the solution of the experimental problem.
The results of the parametric study are listed below and contain the von Mises
stress distribution along the bone specimen, the shear stress developed along
the cross- sections of the bone, as well as the deformed shape of the bone, at
the final position of the loading procedure.
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(a) Main case (b) Resin material similar to bone

(c) Larger distance from center (d) Smaller distance from center

Fig. 5.27: Parametric analysis: Deformation distribution

From the deformation of the beam, in the various parametric cases,
significant information cannot be extracted. The curvature of the bone is
almost the same for all the parametric cases and the maximum deformation
does not differ significantly.

First of all, the differences between the two resin material are not dis-
tinctive. The curve of the deformation, as well as the value of the maximum
deformation do not vary at a noticeable level between the two cases. This
result illustrates the small effect of the resin material to the displacement of
the region of interest and justifies the elimination of the bone regions within
the resin regions.

The position of the support cylinders slightly affects the deformation of
the beam, but important differences cannot be noticed between the different
cases. A larger deviation from the central cross- section results in a restric-
tion of the deformation and the rotation of the beam. A selection of a smaller
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distance from the central cross- section results in an increment of the defor-
mation. The maximum deformation is located at the central cross- section,
where the loading is applied, for every parametric case.

(a) Main case (b) Resin material similar to bone

(c) Larger distance from center (d) Smaller distance from center

Fig. 5.28: Parametric analysis: Von Mises stress distribution

As far as the stress distribution is concerned, the variation between the
different cases is more distinctive. The stress distribution illustrates the
regions of maximum and minimum stress. As expected, the central cross-
section is the region of maximum stress for every parametric case. However,
there are also several other regions where high stresses occur. For example,
in the case of the actual resin material high stress occurs near the regions of
contact between the bone and the resin material. Those effects are eliminated
in the case where a resin material close to the bone mechanical properties
is utilized. The maximum stress is higher in the later case, where the resin
material’s properties are similar to the bone’s mechanical properties.
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On the other hand, the results of the support cylinders distance from the
central cross- section are negligible. The stress distribution is stable for all
three cases and the maximum stress deviation is less than 0.05%, a results
that illustrates the small effect of the support location from the study of the
mechanical properties of the bone in the diaphysis region.

(a) Main case (b) Resin material similar to bone

(c) Larger distance from center (d) Smaller distance from center

Fig. 5.29: Parametric analysis: Shear stress distribution

The shear stress distribution is not highly distinctive for any case. The
distribution along the bone specimen does not vary significantly at any point
of the bone. However, in every case the maximum shear stress is located at
the central cross- section as expected, where the famous shearing effect oc-
curs. Important results cannot be extracted from the shear stress distribution
to illustrate the differences between the studied cases.

The general conclusion of the above parametric study, is the small effect
of the studied characteristics to the important mechanical properties that are
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derived from the experimental procedures. The main case of study is selected
to be consistent with the experimental procedure. However, important devi-
ations do not occur between the different cases and any of those cases could
be selected for the computational study of the different experimental pro-
cedures. Respectively, the meshing characteristics and the contact element
factors are not significantly affecting the results of the computational study.
The selected factors correspond to the optimal selection for the more rapid
convergence of the computational procedure to the solution.

5.2.4 Experimental study

Three- point bending of embedded specimen results

The first important results concern the deformation of the beam. The
first image of the results illustrates the deformation of the bone beam, from
the application of 5mm of displacement in the central cross- section. The
displacement and the rotation of the beam are also given in the following
images.

Fig. 5.30: Deformation occurred at the three- point bending of the embedded spec-
imen
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Fig. 5.31: Total displacement occurred at the three- point bending of the embed-
ded specimen

Fig. 5.32: Total rotation occurred at the three- point bending of the embedded
specimen

Another mechanical feature of equal importance is the stress distribu-
tion along the bone beam. Different stress distributions are cited below for
the case of the three- point bending procedure of the embedded specimen.
The different stress distributions contain the von Mises stress, the princi-
pal stresses and the shear stresses developed in each cross- section of the
specimen.



5. Results 127

Fig. 5.33: Von Mises stress developed at the three- point bending of the embedded
specimen
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(a) First principal (b) Shear stress, XY plane

(c) Second principal (d) Shear stress, XZ plane

(e) Third principal (f) Shear stress, ZY plane

Fig. 5.34: Stress distribution at the three- point bending of the embedded specimen

The most important cross- section is the central cross- section, where
the loading is applied. For this reason, a further study of the central cross-
section is made. A more detailed distribution of the deformation and the
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stress distribution is given in the images below, where the central cross-
section is depicted.

Fig. 5.35: Von Mises stress distribution at the central cross- section

Fig. 5.36: Total displacement distribution at the central cross- section
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Fig. 5.37: Energy distribution at the central cross- section



5. Results 131

(a) X component of stress (b) Shear stress, XY plane

(c) Y component of stress (d) Shear stress, XZ plane

(e) Z component of stress (f) Shear stress, ZY plane

Fig. 5.38: Stress distribution at the three- point bending of the embedded specimen
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(a) First principal of stress (b) X component of strain

(c) Second principal of stress (d) Y component of strain

(e) Third principal of stress (f) Z component of strain

Fig. 5.39: Stress and strain distribution at the three- point bending of the embed-
ded specimen
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Four- point bending of embedded specimen results

The deformation of the bone beam, in the case of four point bending of
the embedded specimen, is given in the next image. A displacement of 5mm
is applied to the loading cylinders, but a fracture is observed before the total
amount of the displacement is applied. The displacement and the rotation
of the beam are also given in the following images.

Fig. 5.40: Deformation occurred at the four- point bending of the embedded spec-
imen

Fig. 5.41: Total displacement occurred at the four- point bending of the embedded
specimen



5. Results 134

Fig. 5.42: Total rotation occurred at the four- point bending of the embedded
specimen

The fracture is illustrated by the regions, where the von Mises equivalent
stress value exceeds the ultimate stress value of the bone, as defined in the
material description. Different stress distributions are cited below for the case
of the four- point bending procedure of the embedded specimen. The different
stress distributions contain the von Mises stress, the principal stresses and
the shear stresses developed in each cross- section of the specimen. The
maximum stress value is observed in the regions of the bone connection to
the resin material and in the lower fiber of the bone.

Fig. 5.43: Von Mises stress developed at the four- point bending of the embedded
specimen
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(a) First principal (b) Shear stress, XY plane

(c) Second principal (d) Shear stress, XZ plane

(e) Third principal (f) Shear stress, ZY plane

Fig. 5.44: Stress distribution at the four- point bending of the embedded specimen
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Three- point bending of free specimen results

The next image illustrates the deformation of the bone beam, from the
application of 1mm of displacement in the central cross- section. The results
for the three- point bending experiment of the free specimen, concern much
more smaller loading that in the case of the embedded specimen and therefore
they cannot be compared.

Fig. 5.45: Deformation occurred at the three- point bending of the free specimen

The stress distribution are also cited for the case of the three- point
bending experiment of the free specimen. The different stress distributions
contain the von Mises stress, the principal stresses and the shear stresses
developed in each cross- section of the specimen. Due to the low loading the
results of the two experimental procedures cannot be compared.
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Fig. 5.46: Von Mises stress developed at the three- point bending of the free spec-
imen
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(a) First principal (b) Shear stress, XY plane

(c) Second principal (d) Shear stress, XZ plane

(e) Third principal (f) Shear stress, ZY plane

Fig. 5.47: Stress distribution at the three- point bending of the free specimen

For the three point bending of the free specimen two more cases are
studied. In both cases a displacement of 5mm is applied in the central cross-
section of the beam. In the first case no rotation limitations are applied
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as external boundary conditions. In the second case vertical rotations are
limited at the regions of contact area between the bone and the support
cylinders in order to restrict the high rotation around the x- axis, which
occurred during the first case of the computational simulation. The results
are given below. The next images illustrates the deformation of the bone
beam.

(a) Free specimen (b) Restricted rotation

Fig. 5.48: Deformation occurred at the three- point bending of the free specimen

The stress distribution are also cited for the two different cases of the
three- point bending experiment of the free specimen. The different stress
distributions contain the von Mises stress, the principal stresses and the shear
stresses developed in each cross- section of the specimen. The difference of
the rotation restriction is evident in the differences of the stress distribution
diagram of the two cases of study.
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(a) Free specimen (b) Restricted rotation

Fig. 5.49: Von Mises stress developed at the three- point bending of the free spec-
imen
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(a) First principal,
free specimen

(b) First principal, restricted rota-
tion

(c) Second principal,
free specimen

(d) Second principal, restricted rota-
tion

(e) Third principal,
free specimen

(f) Third principal, restricted rota-
tion

Fig. 5.50: Principal stress distribution at the three- point bending of the free spec-
imen
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(a) Shear stress, XY plane, free
specimen

(b) Shear stress, XY plane, restricted
rotation

(c) Shear stress, XZ plane, free
specimen

(d) Shear stress, XZ plane, restricted
rotation

(e) Shear stress, ZY plane, free
specimen

(f) Shear stress, ZY plane, restricted
rotation

Fig. 5.51: Shear stress distribution at the three- point bending of the free specimen



6. CONCLUSIONS

The current study examines the response of a rabbit femur bone, through
different loading procedures, simulating four different experimental setups of
bending procedures. The most significant result of the study is the recog-
nition of the transportation of the experimental limitations, which render
the mechanical procedure difficult to be reproduced, to the computational
model. The difficulties, observed during the experimental procedure, occur
during the computational procedure too. At first sight, this result is nega-
tive for the generalization of the application of the computational method.
However, a more meticulous study of the mentioned characteristic reveals
the utility of the computational methods. The current model of a rabbit fe-
mur bone represents in fact an accurate model which can be used for further
studies of mechanical response not only in bending but in other mechanical
experiments too.

Through the computational procedure, a number of important problems
occur. The difference from the experimental procedure, which render the
computational approach significantly useful, is that those problems can be
solved in their furthest extend. The computational approach gives the oppor-
tunity to deal with abnormalities, that occur during the simulations. More-
over, the solutions suggested in order to overcome the computational limita-
tions could suggest a possible generalization to the experimental level. Since
the limitations, which occur during the computational simulations, corre-
spond to the experimental limitations, a possible solution of the first could
result in the optimization of the later and an improvement of the experimen-
tal technique.

Moreover, the reproducibility of the computational method and the op-
portunity to simulate the same experimental procedure applied to the exact
geometry, results in an opportunity of the optimization of the computational
method. The improvements applied in each simulation, can be generalized
in every computational model of a similar experimental simulation. The sug-
gested solutions will also correspond to a wider category of computational
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experiment. This feature of the computational methods, is the major advan-
tage of the computational approach over the experimental procedure which
lacks reproducibility and as a result cannot be easily optimized.

An important advantage of the computational method is the opportunity
of post analysis of the simulation data. Important results can be extracted af-
ter the completion of the experimental simulation. For example, even though
the measurements during the simulation of the experimental procedure con-
cern merely the displacement and the developed loading, at each point of the
specimen, other important information, such as the energy absorption, and
stress and strain distribution along the specimen can be calculated compu-
tationally.

6.1 Computational improvements

Each experimental procedure has different advantages and disadvan-
tages. From the current study, a general conclusion can be drawn: there
is no optimal experimental procedure. Every case has specific limitations,
that renders its application more difficult in certain situations. On the other
hand, each experimental setup is superior in a different field. This is why, no
optimal procedure exists. Every case should be studied by the experimental
setup, which is appropriately configured to apply at the specific situation in
test. However, a couple of general conclusions can be drawn for each case of
study.

The material of the resin, used for the embedding of the specimen does
not affect significantly the results. The displacement and stress distribution
do not differ between the studied cases. However, a possible extension of
the length of the resins could result in an observable effect to the solution.
This is a parameter of possible further study. Respectively, the position of
the support system do not affect the stress and displacement distribution
either. This is the main reason for the placement of the support cylinders in
the most convenient position during the experimental procedure, since the
results of the central cross- section are only slightly affected, less than 1%.

In the three- point bending procedure of the free specimen, the major
experimental difficulty is the rotation of the specimen, during the loading
procedure. The deviation of the primal position of the specimen, causes sec-
ondary effects that cannot be easily measured experimentally and often affect
the collected results. This problem causes serious inconsistencies between dif-
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ferent bending experiments, that may lead to misleading results. The same
problem occurs during the computational simulation. A primal rotation,
however slight it is, and a possible deviation from the primal position occur
during the simulation. However, the advantage of the computational method
is the capability of measurement of those deviations from the primal position
of the specimen. The easily identifiable variation of the specimen position in
each simulation gives the opportunity of a consistent study of the procedure.
The collected data correspond to the specific variation of each experiment
and as a result a generalization of the mechanical results can be applied.

The major advantage of the three- point bending procedure of the free
specimen is the simplicity of the experimental application and of the col-
lection of important data. For example, the fracture point can be easily
determined, since it coincides with the point of the loading application, and
the deformation can be measured at the selected cross- section. The three-
point bending procedure is automated to a large extent and as a result it is
the mostly used experimental method with the most available experimental
data to be compared and evaluated. For a determination of the ultimate
strength, the three- point bending technique is currently the most commonly
used and the most accurate procedure.

However, the three- point bending experimental procedure can be op-
timized by the embedding of the specimen, as described in the previous
chapters. The embedding of the specimen offers the opportunity of a consis-
tent method, which can be easily reproduced. The stress distribution along
the specimen is stable at the region of interest, for both procedures. Conse-
quently, the received results are consistent between the three- point bending
applied in the free and the embedded specimen. A couple of restrictions
should be taken into account. For example, the load intensity should be
carefully chosen so that the developed moment is stable for both experimen-
tal procedures. Since the central cross- section is stable, so are the geometric
properties of the specimen important for the mechanical study of the bone,
such as the moment of inertia and the developed stress depends mainly on
the moment developed at the diaphysis of the bone.

The disadvantage of the embedded specimen is the increment of the dis-
tance of the support and loading system from the neutral axis. This is the
main reason, the procedure should be calibrated so that the developed mo-
ment should be consistent between the different experiments. The second
problem is the effect of the embedding at the mechanical properties of the
bone, which cannot be evaluated computationally. The embedding procedure



6. Conclusions 146

should be experimentally tested in order to evaluate the possible mechanical
effects at the specimen, that could also affect the experimental results.

From the computational study, the variations between the free and the
embedded specimen are not considered to be significantly important. More-
over, the material of the resin, used for the embedding of the specimen, does
not affect the mechanical results of the experiment. Consequently, it can be
assumed that around the area of interest, at the diaphysis region, the embed-
ding regions are not affecting the independence of the mechanical results, if
the mechanical characteristics of each experiment are carefully chosen. The
embedding procedure can be safely applied to the experimental procedure
with small influence on the results, but the features of the experimental pro-
cedure should be carefully chosen so that they retain consistency.

As far as the theoretical study is concerned, the three- point bending is
difficult to be described through a complete mathematical approach. The
microstructure of the bone, along with the secondary effects, which occur
close to the loading region render the mathematical approach even more
inaccurate. A confirmation of this observation is attributed to the punch
effect, which occurs close to the loading area, at the contact area between
the cylinder and the bone surface. A possible indication of the punch effect is
the high deviation of the stress distribution from the symmetric distribution
expected between the upper and the lower fiber at the central cross- section
of the specimen. However, the punch effect cannot be easily evaluated and
its contribution to the final solution cannot be quantified and eliminated.

A solution to this problem is the experimental examination of the speci-
men through the four point bending procedure. The advantage of the four-
point bending experiment is the constant moment which is developed at the
region of interest. The stability of the experimental features, allows a more
generalized study that concentrates to the mechanical and geometric prop-
erties of the specimen in study.

However, the major problem of the four- point bending procedure, both
in the embedded and the free specimen, is the inability of theoretical de-
termination of the fracture point. This disadvantage is important not only
for the experimental method, where the fracture point is important to be
determined for the collection of the experimental results but also for the
computational method, since the fracture point would also determine the
cross- section from where the most important data will be stored. In the
computational procedure, however, data are stored for every cross- section
and the mechanical properties of the fracture cross- section are more easily
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determined.
The above study cannot be considered as complete. Many supplementary

parameters of the computational procedure can be tested in order to extract
important information that can be utilized in the experimental procedure
and improve the current methods. A more complete study, with the use of
more advanced memory and storage possibilities would give the opportunity
of a more in depth study of all the designed experimental setups. Many
modifications can be made in the developed model in order to include more
accurately the experimental details of each procedure. The advantage of the
computational model is that those improvements can be easily applied in the
developed model. Little modifications and improvements could lead to the
development of an optimal model that would describe more accurately and
consistently the experimental procedure. Numerous experimental parameter
can be tested through the developed model, in order to evaluate their effect on
the solution. This way, the reproducibility of the experimental procedures
could be improved and the experimental data could be more consistently
evaluated.

These procedure could also consist a base for a clinical application, since
it is based on a non- invasive imaging technique, the CT scanning. A develop-
ment of an accurate computational method that simulates with high accuracy
the experimental procedure, could be applied in every geometry that would
be developed through the CT scanning. The CT images could be received
through a typical and simple imaging technique so that the geometry of the
bane can be easily recreated and the basic mechanical properties of the bony
tissue, such as bone density, can be easily measured medically. Those results
could be inserted in the computational model and used for computational
simulations. Through the described procedure, computational tests could
result in the extraction of useful information not only for research but pos-
sibly for clinical use too and eliminate the need of experimental procedures
to the basic. The current study constitutes a basis for a further study of
the mechanical properties of specimen bending. The developed model could
also be generalized for the application of different loading procedures or a
combination of them in more complex setups.
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A. INSTRUMENTATION

The computational reproduction of the specimen’s geometry and the
verification of the results with the experimental data requires the utilization
of a number of programs and instruments. The current study is performed
under the supervision of the biomechanical laboratory of associate professor
S.K. Kourkoulis, in the National Technical University of Athens. The major-
ity of the computational programs utilized through this study, such as Solid
Works and ANSYS, have been provided by the biomechanical laboratory of
S.K. Kourkoulis, in the National Technical University of Athens.

The current study is performed in the framework of the experimental
study of rabbit femur bones, subjected under bending experiments, carried
out by the biomedical engineering company ”BioHexagon”, by Dr E.A. Mag-
nissalis. The first phase of the model development requires the CT scanning
of the specimen, which has been realized by ”BioHexagon” company. In ad-
dition, the 3D- DOCTOR program for the CT- images processing has also
been provided by ”BioHexagon” company. The experimental study evalu-
ation also requires the measurement of the specimen, as well as the photo
sampling of the specimen. The procedure of experimental verification of the
model, performed through the mentioned processes, was carried out in collab-
oration with the ”BioHexagon” company. The camera and the microscope
instruments for the specimen study has been provided by ”BioHexagon”
company.

In detail, a list of the instruments and programs used, throughout the
current study, is outlined below.

• Digital Camera NIKON Coolpix 5400, provided by ”BioHexagon”
company, used for still picture and video capture, during biomechanical
testing and microscope application.

• 3D- DOCTOR, developed by Able Software Corp., provided by ”Bio-
Hexagon” company, is an advanced 3D image rendering, processing,
and analysis software. 3D- DOCTOR was developed to provide a
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complete set of tools for visualizing 3D volume image data, such as
Computed Tomography data (CT).

• Solid Works, Office Premium 2010 × 64 Edition, developed by Das-
sault Systemes S.A., provided by National Technical University of Athens,
is a 3D CAD Design software developed for the simulation of mechan-
ical systems and applications.

• ANSYS 2012, release 12.0.1, provided by National Technical Univer-
sity of Athens, is a simulation software developed for the simulation of
structural aspect of mechanical products.
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