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Abstract

Bone fractures remainsagnificantconcernworldwide especially with aging and bodamaging
diseasesThese fractureaot only lead toa high rate ofmorbidity and mortality bualsoplacea
considerable burden on the econonffiis burden is as a result of thiemet need for better
mechanical tools for predie® and preventive measures of bone frasturaiscan be traced to
the fact that there is still an incomplete mechanistic understanding of how bornefrasiste
specificallynot undestanding what changeausdracture resistande decline with aging anah
bone damaging diseases. In this study, a continuum damage mechanics (CDM) awpsoach
investigatedo model the microdamage process z{(MBPZ), a primary toughening mechanism
in cortical bone fractre. The CDM model was then validated agaixgteeimentally generated
microdamage process zones using digital image correldt@enCDM model was able to replicate
MDPZ formation observed experimentallyResults demonstratethat continuum daage
mechanics providesrabust means of modelling the microdamage process zone in cortical bone
fracture With further developmenthis work could yield a useful toolto betterunderstandhe

fracture process in cortical bone inntex of its MDPZ formation.
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Chapter 1
Introduction

1.1 Motivation

The most critical failure mode in bone, the major load bearing organ in the human @y
(Figure 11). Roughly8.9 million bone fractures car worldwide annuallyl]. Not only does the
high occurrence of bone fractures lead to morbidity andatity [2], it places &igh financial

burden on the worl dbés economy. For instance,

| appraximately 30,000 hip fractures and their related
implications annually in Canaf#j. If not alarming
enough,the figure is projected tincrease to $2.4
billion CAD by 20413]. The major reason for the

four-fold increase in the projected cost is the

expectedncrease in the segment of the population
over 65 years oldnthe next 25 yearshepopulation
over 65 year®ld in Canada is expected to double
and thiswill represen25% of theentire population
[4]. Though a number of factors contribute to the
elderly population (over 65 years old) having the

highest ri& of bone fracture, a major contributor is

the ekt eri orati on of t he bone

Figure 11: A femoral fractureLicensed
underCC-BY-SA[133]

competencéb,6]. Competencef bone was attributed

to loss of bone mineral density as one ages, with a
relationship foundbetween bone mineral density and fractur& fig. Consequently, current
clinical tools examine bone mineral density to predict fractigie [8]. However, there is a
disproportion between bone density loss and bone strengthadecvath bone strength declining
at a faster rate than bone density with agifiyy Furthermore, Huiet al. uncovered that
independent of bone mineral density measutesre is about a tefiold increasan fracture risk
with aging[6]. More so, in certain diseases, such abelies and kidney disorders, there is a higher
risk of fracture without a significant decrease in bonesdassity[10,11]. This has led to the



general conclusion that bone mineral density is not the sole indicator of fracture riskt Rece
studies on bone fracture hagensequently shifted focus from just bone mineral density to a
broaderte m fibone qualityo which e nmaniypydrexgapatite t h e
crystals and collagen) and their arrangement at the differerthlsngles including the presence

of pores and flawglL2i 15]. Despite this shift, there is still no consensnshe mechanisms taig

placeto caugincreased fracture riskith aging and irbone damagindiseases. In addition, there

is still an unmet need for better mechanical tools for predictive and preventive measures in terms
of bone fracture. The two highlighted issues can be tracédetdact that there istill not a
complete mechanistic understanding of Hmmes resist fraatire A more complete understandin

of thiswill betterinform thepossiblechanges occurrinigp the bone tissut® result in its declining
fractureresistancavith aging andn bone damagindisease. Therefore, theres aneed forfurther
studesto gain a better mechanistic understanding of the fracture resistance mechaisngs of

1.2 Composition andtructure ofobone

Bone is a very important organ asl@tesnot only havestructuralfunctionsbut alsabiological and
chemical functions. Its main function is to provide support to the framework of the body but it also
serves as mineral reservoir and regulator for certain ions such as calcium and phosphate, the
initiating site for the formation of bloocklls, as well as providing mechanical protection for other

vital organs in living organism4.6].

The building blocks obone can be divided into three mgprasesaninorganic phaseanorganic
phase anda fluid phase They constituteroughly by volume 45%, 45% and 10% obone
respectvely [17]. The inorganic phase is made of carbonatedtite crystals known as
hydroxyapatitg Cas(PQs,COs3)3(OH)]. The organic phase conssdf typel collagen making up
about 90% of this phase with the remaining portion consisting etalb&genous protas such
as osteocalcin, osteopontin, sialoprotein and osteond@&]nThe fluid phase is basically water.



Bone is consideredas a natural fiber reinforced compositeaterid because of its structural
organkation [18]. It has a hierat@l structure with unique structuratganiation at different
length scalegdence the structure can be described by definingh@nkzationat trese different
length scales movingrom thesubnanoscale to maciscale(Figure 12)

Collagen
molecule

Cancellous bone

Collagen
y/ % Collagen :
/ Lamella fiber ﬁbl
Cortical bone \ T
%\ Bone
Osteon  Haversian & ¥} Crystals
) _ _ canal ——]
o~
-
10-500 pm 37 um
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 12: The different lengtlscales structures of bone moving fromitieeroscale to sub
nanoscale. Reprinted from Rho et al.,1998 [16]

At the nanoscale levekortical bone is characterized by imain constituenisthe collagen
molecules and hydroxyapatite crystals. The bone collagercoieleomprisethree polypeptide
chains which form a triple helical structufgdure 13) [19,20]. This moleule due to its structure

is cylindrically shaped with a radius and length of approximately 0.75 and 280 nm respectively
[19i 21]. The hydroxyapatite crystals, on tl¢gher hand, are plai&ke shaped with average
dimensions of 5025 3nm[16,18i 20]. These collagen molecules align parallel to eabbrdout

in a staggered manner with an offse6@hmmoving from one molecule to the nefidgure 13)
[18,19]. Along the long axis obone thecollagen molecules stack up on top of each other with
the unique feature of gaps betmeone molecule to the neXigure 13). The size oftiese gaps

is between 35 to 40nfh8,19,22]. Thesagaps serve as sites for the formation of the hydroxyapatite
(HA) crystals which becomembedded in between the collagen molec[d2g19]. The crystals
align with the long axis of the collagen molezsil The organisation of these staggered collagen

molecules embeddewith the hydroxyapatite crystals is referred to as the mineralised collagen



collagen fibril [20]. These fibrils define the organisation at the
fibril submicroscale level. Thesebiils have a diameter
—{l+— 1.23 nm between 0.5 to 1urfR0]. The collagen fibril becomes
I collagen stronger and stiffer due to the minkesation by the
molecules crystals [23]. Further, the rough alignment dhe
minerals with the long axis of the collagen fibril leads
hole zone I to the anisotropic nature of bone with the long axis
« 2] HJEJL |, 300 nm direction of bone &en stiffer and stronger compared to
Al ;E_ =t |‘ L the direction perpendicular to the long a24].
=g’ i ﬂJ{ 27 nm o At the microscale level, cylindrically shaped cgka
i ) ‘ \ fibers are formed by the mineralised collagen fibrils
Q protein lining up parallel to each othef18,19,21]. These
bone mineral E;E]: collagen fibers may then be organised in one of two
crystal ways. They ray cluster into a well defined planar
Figure 13: Organisationstructure of arrangement called lamellashich gives rise to

collagen and crystals in the mineralis
collagen fibril of bone. Reprinted frol

Rho et al.,1998 [16] consequently forming woven bofis]. Lamellar bone

lamellar bone or form an irregular configuration

is more prevalent in cortical bone than woven @b The lamellae that may form are tyaliy
3-7um in thickness. The planar lamellae arrangement mayftihhenplexiform or osteonal bone
types[16,20]. Plexiform bone isnore common in animals such as bovinesibumot found in
humans. Plexiform bone has a bridike structure with non lamellar bone layers sandwiching the
lamellae[20]. Alternatively, 3 to 8 concentric layers of lamellae arrange around a canal which
contains a blood vessel. This organisation of concentric layers of lameliaarsling a blood
vessel filled canabk known as Haversiasystens or the osteoji6]. Osteonsarethe predominant
microstructure imuman bone and have also bedservedn bovine boneThese arrange in the
same direction as the lomagisof the bon§l6,20]. The osteon also has a cylindrical structure with
a diameter in between 20@50un16]. A popular concept in the arrangementttod collagen
fibers in heselamellae of the osteon is the change in orientation of the fibevenghérom one
lamellae layer to the nexFigure 14). However, he collagen fiberare more or less parallel to
each other i specific lamell§16,26]. The orientatiortan reach an angle 680cwith respect to

the long axis of the oste[#0]. This configuration of neighbouring lamellae of an osteon



portraying diferentprogressive orientations from one
to the next is known as the twisteglywood
architectur@6]. At the same length scale of the
lamellae, other structures which form part of the osteon

exist. These are the ceméines, lacunae and canaliculi

[25]. The cement line serves as thterface between

Collagen fiber

the various layers of lamellae and have thickness

Figure 14: Thearrangement of  between 1 to 5uf27]. The bone cells known as
collagen fibers in adjacent lamellae
the osteon. Reprinted from Launey
al.,2010[35] which occur as holes in the mielevel organisation of

osteocytes are found in the lacunae and canaliculi,

the Haversian cana8]. Theseosteocytes are matured osteoblasts. The osteoblasts are ¢he bon
making cells and they yadown the molecular building blocks for bone. Dagrithe process of
mineralisation, the osteoblasts become trapped within the collagen fibrils which becomes holes
called the lacunae and have a diameter ranging between 10 to[28}umhe different lacunae

are interconnected by channels referred to as the canaliculi.

At the macroscale, bone can be categorised into corticatrabelcular bone. Corticddone is
typified by its defined osteonal arrangermeaoncentric layers of lamellae surrounding a blood
and nerve filled channel. Howevefor trabecular bone, the lamellae align predominantly
longitudinally instead of concentalty and form a cell foam matrix of collagen fiber rods and
lamellae plates terconnected with each oth@9]. The thickness ofhis foamlike structure is
roughly 200unil9]. A level of lacunae and its connecting canaliculi exist intthleecular bone
structur¢l9]. Further, de to the structure of the trabecular bone, it is more porous than the cortical
bone reaching a porosity of almost 80% whereas the porosity of cortical booerid &6 hence
more dense and compdi®,29]. Forlong bones such as the humeamsl femur and even to an
extent in the vertebrae, the trabecular bone is surrounded by cortical bone andsanvester

covering and shield fahe more porous trabecular bone.



1.3 Corticalbonefracture

1.3.1 Basicconcept offracture

Cortical bonelike other naturally occurring biological materiatgsthe unique feature of beg

stiff, strong and tough simultaneousiynlike structuralengineering materialthat often trade
strength for toughness and vice vd@]. However, it is highly susceptible to fractures due to the
presence of numerous cracks and other stress conceninatsrstructureA stress concentrator

is a void that causes localised area of higher stress flow around it as cordparthe rest of the
material. The presence of flawoids)in materials are the basis from which fracture occurs. For

a perfect material, the theoretical strength can be ledécbag31]:

(0]
" oom (1.1
where, r epresents the theoretical strength and

Y

Figure 15: Infinite thin plate with crack shwing thedimensions of the crackicensed under
CC-BY-SA[134
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However, commercially produced materials do not obey this equation, as these materials fail/
fracture at stresses 10 to 100 times lower than their theoretical strength. This is maiolyhdue t
preence of flaws in their structure serving as stress concentratoxse failing at stresses far

lower than theoreticallt hey shoul d. F 133, ra fla@ will ihcfease the dresswv o r k

around it by a factor ofp — as compared to the stress at a flawless iarea infinite plate,

where a and b are half the length of the land perpendicular axes tbfe flaw (Figure 15). For
instance, for a coular hole in a platenherea = b), the stress imposed around the holéise
timeslarger tharthat imposed in the regions further away from the hole with no flaws &m@rck,
the variable b becomesry small and an infinitely large stress will be induced at that region of
the mateial even with the smallest load appliddading to instant failurelherefore, thestress

concentrationfactor stated p — is impractical in terms of dealing witbracks as stress

concentratrs. Hence other approaches fracture mechaos are used to determine the stresses
induced and will be discussed lat€here are three main modes of fractukode |, Il and 11l
[31]. Mode lis referred to as the opening mode and occurs when téovesilng is applied normal
tothe crack tipMode Il is referred to as the shearing mode and occurs ww#ane sharstresses
are applied parallel to the crack tip. Mddleis refereed to as the tearing mode and occurs when
out of plane shear stressas applied normal to the chatip [31]. Despite, theabove detailing
how dire thepresence of cracks is to bone in terms of fractisle bore employs fascinating

mechanisms toncrease its toughnessresist fracture

1.3.2Tougheningnechanisms

For afracture to occyradequateenergy is needed to create new crack surfacesss the cross
sectional areaf the material Anytime a material deforms elastically, it stores up elastic energy.
If a portion of the material failsg portion of the stored elastic energy i®asked. So, for a pre
existing crack to grow, the available elastic energy stored in #teri@ must be equal or greater
than the energy needed to create the new surfaces of the crack. To preveftorgmkpagating

bone employs various mechamis to dissipate the stored elastic energy that would otherwise grow
the crack, therebytighening up the bone. The various mechanisms bone utilises to resist crack
growth by dissipating the elastic energyretbis referred to as toughening mechan|88is In

bone, specifically cortical bontggughening mechaniss can be put into two categori@#rinsic
andextrinsic(Figure 16). Intrinsictoughening mechanisneecur before crackitiation. In other



words, these mechanisms take place to delay the $tadak growth. These mechanisms occur
by engaging the structure of bone below the microscale Ipredominantly, the mineralised
collagen fibrils[34,35]. Due to the fact they slow down the commencement of crack growth, they

typically occur ahead dhe crack tip

Extrinsic Intrinsic
>1um <lum
A Crack deflection Hidden length A
o and twist (sacrificlal bonds) 2
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Figure 16: Intrinsic and extrinsic tougheninechanisms in cortical bonReprinted from
Launey et al.,201({B5]



The slowing down otrack growth isaccomplishedy irreversibledeformation processeés the
mineralised collagen fiber83,35]. The primary means of this irreversible deformation is the
uncoiling and extending of the individual collagen molecules in the mineralized coflagkn

[23]. The hydrogen bonds between the three different amino acid chains that form the collagen
molecule break apart aftgielding, allowing the collgen molecule to stretch out depleting energy

that will otherwise be aviaible for crack growtii36].

In addition, here is sliding or breaking of bonds (crosslinks) between neighbouring collagen
molecules also contributing to energy dissipaf8]. Furthermore, due to the stiffer and stronger
nature of the hydroxyapatite particles, therecamstant slipping and sliding at the junctions
between the collagen molecules and the hydroxyapatite crystals in the mineralised collagen fibril
asthe colagen molecule unravels leading to a large amount of energy also been dif2gpated
This sliding process at the junctions of th@ main constituents of bone is the precursor for the
creation ofdiffuse microcracks These arevoids in the bone structure ranging in a few tens of
micrometers further dissipating enefi@p]. Thesediffuse microcraks also serve as an intrinsic
toughening mechanisniHowever, microcracking is a unique tougheningchaism because it
gualifiesalsoas an extrinsic toughening mechanisecausdt continues to form even after crack
growth initiation. Sacrificial bondsare another dissipative mechanism that contributes to the
intrinsic toughness of borjd7,38]. In the collagn fiber, the grouped mineralised collagen fibrils

are bonded to each other by thin layers of theaékrillar matrix[38]. When the fibrils are stressed

in tension, the extrafibrillar matriwhich is acting as a glue between the fibrils is stressed in
sheaf39]. This causes the bonds at thierface between the extrafibrillar matrix and the fibrils to
break at a forcevhich is approximately 10% to 50% of what will be required to break the
molecules in the mineralidecollagen fibrils.After these bonds breakhe extrafibrillar matrix
beenweak butvery ductile, plastically deformsThe bond beveen the matrix rad the fibrils are

then reformedafter the deformation37,38]. Thi s process of t he, matr.i
disgpates energyallowing the bone to further resist fractur&hese intrinsic toughening
mechanismsre importantprecr sor s t hat al |l owdamhge T @egmamni @am o
cracksin cortical boneln other wordsthere is considerable localiseddiae around the region of

the crack without large scale bone tissue fail@&g.



For extrinsic toughening mechanisms, the bone engages structure at the microscale level and
higher which is mainly the osteon/Haversiarystem [33,35]. Interestingly,these mechasms

occur after crack growthas initiategdwith the organisation and structure of the osteons providing
preferable pathways farack propagation which tend to make fracture more difficult to otur.
other wordstheyact to slow down the crack from growing further and are crack patndept.

The mechanisms happen behind the crack tip or in the crack wake. These ismestat by
shielding or diverting the growing crack tip from its driving ford&s mentioned earlre
microcracking serves as both an intrinsic and extrinsic toughenéigganism. The cement line,
which is the boundary between the osteon andettimcellular matrix of bone,provides the
weakest path for crack growth due to its hyghtineralised natur§40,41]. The cement line
consequenylis thought to be site for the formation of numerous microcracks in the order of tens

to hundreds of micrometers as means of both intrinsically and extrinsically resisting crack
initiation and growth. Microcracks are thought to be importantyssers to other extrinsic
toughening mechanisnig1]. Crack bridging is considered the dominant extrinsic toughening
mechanism durig fracture in the longitudinal direction (long axis direction). In this direction,
microcracks forming due to the presence of cracks along the cemetielinghe same plane as

the crack front. The microcracks then lead to the formation of smallehtiaugracksformed

ahead of the single mother crack with unbroken or uncracked regegiens with no small
cracks) existing between these daugli@icks[14, 411 43]. These unbroken regionsormally
referred to as uncracked ligaments, bear a portidgheofoad, decreasing the force available to
keep the mother crack growing and hence resisting fraf3dr¢1,43]. In addition, at a lesser
length scale of a few micrometers, collagen fibrils may span the opening of the crack behind the
crack tip and prolidy some of the larger microcracks providing closing traction forces that limit
the driving force agessible to th crack tig44]. Though for an isolated crack, this type of fibrillar

or fiber bridging may be minimal in ternag providing facture toughness, its collective effect in

the many microcracks makes it significgd®]. It must be mentionethough uncrackeligament
bridging as well as fibril bridging are potent toughening mechanisms, they are less proficient as
compared to crack deflection/tiisg. This is the predominate mechanism in transverse directed
fracture in bone. Crack deflectionaos due to tb alignment of the osteons. When a crack is
growing transversely, the osteons are aligned roughly perpendicular to it. That means the cement

line which provides an easier route for crack growth is also perpendicular to the direction the crack
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is growing. This causes the growing transverse crack to divert upon interaction with the cement
lines which acts as a delamination barf83,35]. This greatly reduces the driving force available

for crack growth as the growing crack deflects to a directioghly perpendicular to the direction

of the maximum tensile fordd0,45]. For further crak growth, a greater force needs to be applied
hence toughening the bone. This crack deflection leeafighly twisted crack path for transverse
fracturewnhich is visible by its very rough fracture surfaces. It has been showed that for 500um
crack extensn, the fracture toughness in the transverse direction is 500% greater than its
equivalent in thedngitudinal directiorf40]. This is due to the orientation of the osteons, more
specifically, the cement lines as described abamd explains why bone is easier to split

longitudinallythan break transversel40].

1.3.3 Therole of collagen infractureresistance

The presence of the hydroxyapatite crystastributes largely to thetiffness and strengtbf

cortical bone On the contrarythe presencedfy pe | col l agen contribute
toughness. The ductile property of the collagdaws the bone tissue to sustain a considerable

level of post yield behaviour in the longitudinal direction. As mentioned above, for intrinsic
tougheningthe collagen molecules are thought to unwind and stretch out, dissipating energy in

the process, ahpreventing failure in the microstructure of bonehds been shown for other

similar natural materials that individual collagen molecules can attaim D@% strain in tension

before failure and they may reach an ultimate stress level-8DGPa [36,46]. As described

above, the collagen fibsi may also span microcrack openings, providing tradioces that rid

the crack of a portion of its driving force. Recentlyt was s h o wnlagénhngegrityb o n e 0 ¢
correlates very well with its fracture toughng4g]. The collagen integrity was measured by a
thermomechanical method known as hydrothermal isometric tension. Both the collagen integrity

and fracturegoughness of bone was found to decrease with[41(48]. All of these show the

significance of coll agen to boneds ability to

1.3.4 Measuringponefracturetoughness

The putativei mport ance of toughening mechanisms to
necessity of quantifyinghem The measre ofboné s esi st ance to fracture
fracture toughness. Currently in clinicattings, arX-ray approach referred as dual energy X

ray absorptiometry (DEXA) is commonly used in assessing the risk of frgt&}rélowever, this
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method works by quantifying the amount of radiative energy absorbed by the bone which is
predominately done by the bone crystale gl ect i ng the contribution
boneds f r acifd9]). Dee tatloisy QEXA, eahewglit has been capable of predigin
fracture in greatly depleted bone mgmtients, has done a poor job predicting fracture risk on an
individual patient basifb0]. In recent studies, to integrate the importance of the organic (mostly
collagen) phase of bone, fraaumechanics approaches have been adopted to quantify fracture
toughness in bondnitially, a linearelastic fracture mechanics(LEFM) approach was (S#&d

53]. In linear elastic fracture mechanics, the stress and displacement fields local-exestong

crack tip are characterised by a parameter known as the stress intensity factor (K). This stress
intensitygives a measure défow much more intense the stress atcttack tip region is compared

to the nominal stress imposed further away from the crack. When the stress intensity factor is
measured/calculated just before unstable crack growth (sudden fraittige®ferred toasthe

critical stress intensity fact@K 1) and quantifies the fracture toughness of the material in question.
Linear elastic fracture mechanics works on the assumption that the material is perfectly brittle and
that there is no or v little inelastigty/plasticity before fracture. However, from section 1.3.1,
boneis amicrocracking material. The microcracks forrdaanagezone around the crack tip before

crack growth initiation and increasas the bone undergoegalsle crack growth Since
microcracking is an inelastic material behaviour, it renders linear elastic fracture meelsamics
inaccurate means of quantifyingb@ 6 s f r act ur e t o u gdrereeentstudie€on s e q
there has been a shift to nbmear or elastiplastic fracture mechanics approaches.

Nalla et al.[13,54], Vashishth et al[55,56] and Malik et al.[57] investigated bone fracture
resistance using K resistance curnaierwise known as R curves. R curves work by evaluating

the fracture resistance daog stable crack giwth. Hence fracture toughness is not a singkdue

but rather a curveR curves are defined by plotting fracture resistance aghiestable crack
extensionln bone, due to the growirdpmage zonasstable crack grwth occurs, theris greater

energy dissipation leading to increased fracture resistance with crack extension. Hence bone is
reported to have a rising R curve. Although this approach accounted for the increasing fracture
resistance as theathage zone graswvith crack extesion, the underlying principle is still based

on LEFM[31]. Herce itdoesnot accurately predict fracture toughness as the damage zone leads
to the redistribution of the stress around the crac%®59] (Figure 17).
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Yan et al[58] proposed the usef elagic plastic fracturemechanics (EPFM). This quantifies

fracture toughness using thendegral. It accounts for the energy dissipated both by elastic and

plastic mechanisms, and therefore, accounting for large scale yielding effects on the fracture

resistaace of materials. Ftliermore, this -Integral can be used with the concept of resistance

curves to form J resistance curves, which evaluate the increasing fracture resistance with crack

growth[15,60,61].

Elastic

Elastic-Plastic

Figure 17: Stress redistribution ahead of a crack tip due to theepence of damageplastic
zne (representedybthe moredarkeneccircular zone). Thérokenline indicates the stress
distribution if there was no plastic zone whiles Iteck solidline shows the relistribution of
stres with the presence of theamageplastic zoneReprinted from Anderson, 2005 [125]

Another approach that has baers e d

t o

characterise

boneods

modelling (CZM)[14,63]. CZM operates by assuming two cohessuefaces aheadf the crack

tip. These cohage surfaces are held together by cohesive traction fofeigsré 18). These

traction forces are representative of the eiechonlinear material behaviours (crazing in

polymers, necking in metals or microcrackibgdging in quasibrittle materials) have on the

fracture procesg31].
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External loading acts against these cohesive fpleading to the gradual separation of the two
cohesive surfaces starting from shefaces right ahead of the physicadak tip. This separation

is reminiscent of crack growth. A cohesive law relates the traction forces to the relative
displacement betweethe two surfaces and separation occurs when a critical displacement value

is reached. The cohesive law is normally é&®n the energy dissipated to fracture.
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Figure 18: Cohesive zone modepresented by tractioforces on both sides of a crack that
separate according to a cohesive l&eprinted from Zbnghuaet al,199362]

A common feature of all these ndinear fracure mechanics approachesthg desireto better
modelthe effect of thelamagezone that forms ahead of the crack tip in cortical bone to its fracture
resistanceThe damage zoreads to two maieffects:(1) a shift in the distribution of stress and

strain fields ahead of the crack tip and & increasig fracture toughness with crack extension.

These two consequences relayithportance of the damagene specifically its shape and size,

to understanding and quantifying d@sntributionto the oveall fracture resistancef bone
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1.4 Themicrodamagerocesszone

The concept of microcrackingas been introducesk a toughening mechanisand statedo be
vital to bonés fracture resistancét impacs the fracture mechanics approackiest can beised

t o guant i f ture oughnes8Bhe f r ac

O oo ¥oo)

,....--"""'--..\ formation of microcracks leads to the
“~

s N development of a process zone aroundctaek
tip (Figure 19). It has been proposed that this

happens in two stag¢84]. First, the fomation

of a frontal process zone ahead of the crack tip.
This frontal process zone causes the ebon
/ material ahead of the crack tip to soften,

eventually leading to the propagation of the

crack. As the crack propagates, a second stage is

Figure 19: Process zone developed aheac engaged where miocracks reside in the wake
crack tip due to microcrackindRepinted from ¢ the cracK64,65].
Zhonghua et al,19982] ’

The region ahead of the crack softens as
microcracking causdsss in apparent stiffness seeninadd e f | ect i on cwiresledd n
region[66]. Interestingly, it has been found that the microcrabls formin cortical boneareof
two distinct typesa linear type and more diffuse typd]. The linear form referred to as linear
microcracks was first observed using a stagrtechnique developed by Frost then later impatove
by Burr and Statfird [64,67,68] and has been extensively studied in the past twenty y8a}s
[69i 71]. The linear microcracks (FreBurr type) have a length betwe&6-130um[65] making
them bigger than a canaliculus but smaller than an ofiddrThey are charactedadby lines that
are clearly defined and their edges stain more distinctly than the space bg8/é2h On the
other hand, the diffuse type is made up of a network of fine submicroscopic cracks (<1um) spread

across a confined regi¢64,65,73].

Theformation of linear microcracks has been found to correlate greatly with lamellar boundaries
while the diffuse microcracks do njg4]. The diffuse ntrocracks transcend lamellar boundaries
and theréore suggest that they form at a smaller length scale than the lamellae, that is, at the

mineralised collagen fibril levg64]. Additionaly, the diffuse type is considered a more effective
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energy dissipative mechanism, as compared to the linea3jdt has thereforeden suggested

that the diffuse type may ke precusor for the linear typ§4,75]. This is supported by a study

that demonstrated that the early stages of Dbc
microcrack whiles the later stage is associated lmear microcracks, which leadsentually to

caastrophic fractur¢72]. Further, in tensile loading of young bone, it has been shown that the
microcracks formed were more of the dgéutype of microcrackinfy6]. Additionally, Akkus et

al. [77] reported the difise type of microcrack formationh&n investigatig fracture in both the

transverse and longitudinal directions using histology. All these suggest that the formation of the
process zone ahead and in the wake of a crack as a toughening mechanism, fozarsstnf this

diffuse type of microracking which gentually may grow into linear microcracks leading to frank

crack formation and growtHence, this study will deal with this diffuse type of microcracking as

it is, essentially the effective toughening @ehanism of the two type&ecause of the finer

meshwork nature of the diffuse type of microcrackeeagp d t o pr event confusi c
popul aro |inear microcracks, the pr acesezmme zonhe

(MDP2). This pro@ss zone is synonymous to the damage zone reterredection 1.3.4.

I nterestingly, the relative importance of mi
guestioned42] and this might be because until recently the shape and size, iimgbortant to

its contri but iuoertoughmessbvasma knewnfWillaticefA8] measured in detall,

the size and shape of the MDPZ during transverse directed fracture in bovine bone. The MDPZ
was imaged usg barium sulphate staining and high resolution (3.5um) nrdoropued
tomography (microCT). During the study, bovitileia cortical bone was machined into single

edged notched bending (SENB) specimens. These specimens were loaded pa@rihbsnding

test to different percentage secant modulus loss (5, 10 and maxnepmasented as P% values,

hence a P10 value mealD% secant modulus loss. For each specimen the shape and size were
imaged and measured in 3D. They confirmed that microdamage formirtadsat the onset of
nortlinearity and that the size of the MDRjfew quadratically until failure. The shape of the
MDPZ was t he characteristic Ot ear dropo rep
material$79] (Figure 1.1Q. They confirmed that the size of the MDPZ was meaningfully large,
hence nodinear fracture mechani@pproaches such as thentegral are necessaryadequately

guantify fracture toughness in cortical bone. Further, they found a secdedpolynomial
relationship between the volume of the MDPZ and the fracture toughness measured using the J
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integral @proach. This hints that changes in the size ®MIDPZ will correlate with a change in
fracture toughness. Therefore, investigationsio how changes dompetbnoyn e 6 s n

affect the formation of the MDPZ may provide further insight into theelfoacture process.

Figure 110: Results from imaging the microdamage process zokéllatt et al, 201778] .

(A) and (C) represent the microdamage procese stained at 10% secant modulus loss and
maximum secant modulus loss (i.e. modulus=0) respectively pldhe of the crack tip. (B) and

(D) represent the miodamage formed across the thickness ahead of the crack front for 10%
secant modulus loss andarimum secant modulus lo$8eprinted from Willett et al, 201[78]

1.5 Computationanodelling

1.5.1 Description angdrocess

Computationamodelling is the study of the behaviour, evolution and characteristics of complex
structures, systems or phenomena rbgans of computer simulatior{f80]. Computational
modelling has grown to become a key component in the fields of engineering and science with
major applications in biological, structural, aerospace, mechanical roehegnetic, fluid
dynamics, chemical, control, elecal domains and s@fth. The aim of computational models is

to mimic the behaviour of systems in the real world using relevant quantitative properties or

measures known of the system. To expand on tmahputational modelling proceeds in three
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main stges input, engine ad output stagg81]. The input stage involgadentifying quantitable

features or properties that are vital to the operation of the system or process to the modelled. These
are called state variables as they define the current state of the syktestate variables are
measured from the systemroay be estimated irome cases. The engine stage seeks to replicate

the changes or interactions that goes on in the system in the physical world. This is accomplished
using mathematical relationships armmbmputational algorithms. In some systems, the
mathematical relationshipsmay be simplified by making assumptions. However, these
assumptions must not cause the model to devi at
significantly. The most wiely used computational technique in the engine stageodelling is

the finite element method (FENB1]. The engine stg returns an outconfeutcomes) from the
interaction within the system. This is the output stage and the results in the output stage is usually
represented graphically for easy interpretation. The ougpage is important as, in the
development of modelshe results generaten this stage are used to validate the model. In the
validation process, the model is run for a number of interactions for which the output in the
physical world is known. The outpfrom the model is then compared to the corresipgnhlues

of the sysem in the physical world. If there are good agreements, the model is validated and can

be relied upon to be used to simulate o#ierilarinteraction§31].

1.5.2 Merits over physical experiments

Traditionally, physical systems are studied using @ay&xperiments. Experiments make use of
observatios and sometimesanipulation of the system especially when investigating the
mechanismsthe system employs in its interaction. This is whaymputational models have an
advantage over physical experimi& The methods employed to observe or manipuiatsyistem

in experimets may modify the mechanisms/variablkeingstudied/ measured and this is highly
undesirable. However, with properly constructed computational models, this concern is alleviated.

Computational models have further benefits over physgperiments as listed below:

1 The starting configuration of anxgerimental design is highly repeatable with a
computational model whereas they are bound to be differences for physical experiments
1 Variations in specimens especially from biological systareed in physical experiments

can be eliminated by using a congtional model if the experimental design requires so
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1 State variables can be easily manipulated to further investigate and understand the
behaviour of the system. Manipulations sometimes bandone quite accurately
experimentally but may involviarge sample sizes therefore costly and a large amount of
time to prepare and test specimens as well as analyse.results

1 Computational models allofor easier analysis and interpretation of resadtthey can be
presented graphically and easier expastatf results to other software if necessary

1.5.3 Applications antmitations
Computational models have a variety of usethenarious fieldsof engineering and science. A
few general applicaiins are listed below:

1. Computational models provide a silapvay to investigate whether a hypothesis is true or
not

2. Since they can be used to test hypotheses, they can be used to suggest experiments to
undertakeor changes that ay have to be made theexperimental designs

3. They are also used to investigate mathms that might be in play in the interactions of a
system.

4. They can be used to easily test how changes in the state variables may affecuioeibeh

of the system.

Though computational modelseawvery useful and carry certain advantages over physical
experiments, they have two main limitations. First, they cannot replace physical experimentation.
State variables are required for models and theaatifiable features/characteristics are measured
from physical experiments. The secondhsugh they cadisprove mechanism#)atthey cannot

prove mechanisms on their own. Through modelling, a mechanism may be shown to produce an
output identical tahat observed in the physical world but tllaesnot necessarily mean that

mechanism produced the observation in the realdwvorl

Because of these limitations, computational models are regarded as complementary tools and when
used together withx@erimentation and theory can accelerate discovasawnodels may fill up

the loopholes that experiments and theory cannot.
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1.6 Compudtional modelling of cortical bone fracture

Extensive work has been carried outamputationamodellingof the fractuie process of cortical
bone. The most common compliwaal method used in these studies isRE®M. These models
have been used to investigate the contributi ol

different lengthscales to the fracture process.

At the nano and sufmicro length scalea 2D finite elemen{FE) model was used to studyet

effect the collagemineral platelets interface had on the propagation of fra¢82je This was
accomplished by defining a cohesive law (tracseparation law) for the interface. They
investigated three types of interfaageraction ionic (strong), hydrogen bond with vaer Waal
(intermediate) and Van d#vaal with viscous shear (weak). Théound that the intermediate was
more representative of the propagation of fracture in bone. A 3D FE model of a single mineralised
collagen fibril was developed by Barkaoui et [@3]. This model incorporated five collagen
molecules intamonnected with crosslinks modelled as linear springs and surrounded by
hydroxyapatite (HA) crystals. This model was used to investigate the effect of the volume fraction
of the HA crystals as well the nio@r of crosslinks present on the failure propedidgoril. There

was a considerable increase in both damping capadityaiation fracture stress of the fibril with
increasing number of crosslinks. There was however, no further increase of daapgioiycand
fracture stress initiation after moreath20 crosslinks were added. A higher volume fraction of HA
resulted ina decrease in damping capacity and initiation fracture stress. This suggests the
importance of the organic phase to the dampingagpand delayed fracture initiation of the
fibril.

Structures at the microscale, predominantly the osteons and their demasnhave also been
modelled and their influence on microcrack propagation investigated. Najafi@4]alising an

2D FEmodel siowed that the propagation of microcracks is impduethe presence of osteons

by deviating the microcrack trajectory away from the osteon. This behaviour of deviation of the

microcrack growth is consistent with experimental observafiibis

Further,another widely useBEM approach in modelling fragtiat the microscale is the cohesive
finite element method. In this approach, a tracgeparation law is defined and aj@rack grows
when this law is met. For instance, using this method, iNhiski and Ura[86] developed a 2D

model of an osteon surrounded by a cement line and the interstitial bone tissue and studied the
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interaction of crack growth with &se micostructures. They showed that the low strength ef th
cement l ines aided in the crack diversion
whereas the fracture properties of the osteon influenced crack growth path irrespective otits elasti
modulws. Further, they discovered shorter cracks requereent lines of higher strength and
fracture toughness to deflect them into the cement line. Also, they found that the orientation of the
crack affected the crack propagation path. This model wtas@edo include a larger number of

osteon487]. However, this cohesive FE method requires the crack pathway to-defpred.

To rectify this limitation in microscale fractistudis, another finite element approach known as

the exteded finite element method (XFEM) has been used in modelling bone fracture. This
method allows a path independent analysis of crack growth and also allows discontinuities to exist
in modelling crak propayation[88]. Budyn et al[89], employing this methodjeveloped a muki

faceted model of the osteonal system and simulated multiple crack growths in the system. Using
experiment data from actual human bone specimens, the arrangement of micresandtheir
randomised mechanical properties were assigmélde model. This produced a model geometry
with mechanical properties that closely mimicked the-weald equivalent. They studied the
effect of aging, disease, microstructural arrangemenipanokityon the fracture process at the
microscale level. Aditionally, the Silberschmidt group has used XFEM to analyse crack growth

at the micrescale leve[90,91]. They built a 2D model of the Haversian system of the cortical
bone and using data from microscopy developed the morphology of the microstructure. The
mechanical properties assigned to the microsirattconponents were those measured using
nanoindentation. Aey also showed how microstructure changes greatly influences crack

propagation.

Though these models have been very useful in showing the significance of the microstructure to
crack propagationptigheniig mechanisms that play a vital role in the frachinacess of cortical

bone are mostly not explicitly incorporated into them.

1.7 Basicconcept ofcontinuumdamagemechanics (CDM)

Continuum damage mechanig€DM) seeks to creatanathematical modelof damage
accumulation in materia[92]. Damage is identified as the loss of continuity in the matérias
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can beeither the formation of voids or cracks. The accumulation of damage therefore atects th
mechanical propées of the material. A key mechanical property nueaed to show the effect of

damage is stiffned®3]. This is because damage accumulation causes s@ftenmaterials and

this is reflected by a decrease inifigial stiffness.Damage accumulation in CDM is characterised

by a damage variabl e nor nild damagervariphiee ssemple ed as

uniaxialcase is given aq94]:
5
o — (1.2)
0

whered represents the total area of the material that is damaged eeqmtesents the total cress
sectional area of material. This means when there is no dai@aget andO p when the

material is completelgamayged.

Extending this concept to thead-displacemetrelationshipof an elastic material, if there is no

damage, the relationship is given as:

5 20 (13)

5
where P is the load, E is the elastic modulus of the undamaagedial, L is the length of material

and| is thedeflection

After damage accumulation, this equation evolves to
~ 00 0 (1.4)

Substituting equatio(i.2) into equation(1.4), the equation can be written: as

. O0bp ©
: pﬁ : (1.5)

Writing this in terms of stress and strain we have

, o~ (1.6)
Op ©O 5

Oz Cx

" ‘O p ’O - (1 .7)
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From the above, a damaged material can be considered as a material with a modulus that has
decreased by a factor g 'O . Furthermore, it is important to note thaas represented here is

known as the apparent stress. This stress is referrasiajgpaent becauset assumes the initial

area of the material remains the saimel o e xrotsi der t hat a portion o

area has been damaged. This formafatather assigns the damage to a degradatistiffimess.

Torepresent the degradation of stiffness in a general state of stress form, two concepts are applied.
First, the concept of effective stress will be app]#4]. The effective stress is the load acting per

unit undamaged area of the material. Ftbedefinition, it can be considered as a measure of the
true gress induced in the material. Mathematically it is calculated as:

v (1.8)
) 0 O
" (2.9
” p vo
where, is the effective stress andis the apparent stress.
Representing thabove in a general state of stress form ¢8&ds
(2.10)

” 0 ”

where, represents the effective stress tengois the damage effect tensondg, is the apparent

stress tensor.

0 is a fourth order linear transformer tensor operator and is a function of the damage

variable/operator D

The simplest form ob is obtainedn a uniaxial stress state of a material that undergoes isotropic

damage. Such a damage effect tensor is given as

p . (1.11)

where'Qs a fourth order identity matrix.
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Further, applying the principle of stress equivalg@é¢, whi ¢ h srhimassecated With t he s
a damaged state der the apparent stress is equal to the strain associated with the undamaged state

under the effective stresso, the effective st

) ey (1.12)

whereas the apparent stress tensor will be expressed as

894 (1.13)

whered is the stiffness tensor of the undamaged matérialthe stiffness tensor tie damaged

material and ds the strain tensor.

Substitutingequationg1.12) and(1.13) into equation(1.10) gives:

6 06 0 BB (1.14)

Therefore, the effective stiffness tensor at any point for an elastic material undergoing damage can

be expressed as:

This isthe product of the inverse of the damage effect tensor and the undamaged stiffness tensor.

Using equation(1.15), the evolution of the stiffness of a material undergoing damage ean b
defined.

1.8 Digitalimagecorrelation

Digital image correlation (DIC) is an optical method that uses digital prioges$ images to
calculate displacemenand strains on the surface of a specirmeperiencingdeformation. This
method can measuredvdimensional displaceméand strairon a planar surfacghen used with
a single camera while with multiple camedisplacement can be measucethree dimensioal,

non-planar surfacef@7].

DIC operates by comparing images taken before and after deformatemn@ge taken before

deformation is known as the reference image and the image after deformiflttwa referred to
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ashe O60deformed i magedé. To calcul ate displ aceme
the reference image. DIC then divides this ROI into smaller evenly spaced areas called subsets.
Each subset is made up of the same numbgixels. The number gfixels that make up a subset

is known as the subset size. Each pixel has a grayscale naltieese values are summed up for

the pixels in each subset. This gives each subset a specific grayscale value. For DIC to work
accuratelyjt requires that eachubset gets a uniqueayscalevalue Therefore, it is necessary for

the surface being imaged have a random grayscale distribution on its surface. Hence in some

i nstances, the speci menoOs dom spechle mattein $0 emhandel f i e d
unique grayscale values for the subsets. For every subset in the reference image, sizgohilar

area as the subset sought in the deformed image that will have the best matching grayscale value

to it. This is also knownas the area with the mamum grayscale correlation coefficient.
Mathematically, this may be computed[83]:

 prg L BOG OGS
0 o hw (1.16)
B'Oahwdy B OGS huf

whered afudus oS represents the correlation coefficient

"Oatw represents the grayscale value of the subset undergoing correldtierréference image
"OwWw represents the grayscale value of the different subsets prescribed in the deformed image
ofto represents the center position of the subset in the reference image
Ww represents the center position of thierent subsets prescribed metdeformed image

Other correlatian coefficient equationshan the one given above may b&d[98]. Once, the
subset has been matched to an area on the deformed image, the displacement is initially calculated

at the center positions of the matched subsets. Mathematically, this can be expsged a

6 G o (2.17)
6 S o (1.18)

where 6 represents the digggement in the-axis

0 represents the displacement in thexis
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wandware the xcomponent and-gomponent of the center position of the reference image
subset

o ME & are the xcomponent and-gomponent of the center positi of the deformed
image subset

This gives a displacemedistribution across

Glij+1) G(i+1 j+1) the ROI at the center points of the subsets in
the deformed image. However,the
Center of piel gfggm displacementsf these centepointsin the
¢ @l deformed imagelo not alwaysoccur as an
V. J integer multiple othe pixel sizeThis leads
G(iJ) G(i+1.j) to some of these demfmed center points

Pixel point occurring inbetween pixel centerfor the

% i deformed imageas shown inFigure 111

For accurate displacement measurements,
Figure 111: Figure showing the nghbouring
pixels involved in the interpolation scheme fi
calculating the displacemnt of poii@aJ hes uses interpol&n schemes to deal with these
located in between pixel centers in a deform
image. Reprinted fom Yoneyama015[97]

DIC must accounfor this. DIC therefore

subpixel  disgacements [99]. The
interpolation schemes are used to calculate
the greyscale values between pixels. The calculation is done usingayseadg values of the
neighbouring pixels abouhat point. The most common inter@dlon schemes used are the
bilinear and biculm functions. The bilinear uses four neighbouring pixels to interpolate the
greyscale value of the poirfigure 111) while the bicubic uses sixta neighbouring pixels to
interpolate. It has been showmat the bicubic functions produces a smaller measurement error
compared to the bilinedunction[99,100]. Since greyscale values can be estimated in between
pixels, the correlation coeffient criteria can be used to match the points in betwiets in the
deformed image to its corresponding points in the reference image. The displacemdras ban t
calculated using equatio.17) and(1.18). Note that these displacements will not be a multiple

integer of goixel sizebut will include sub pixel displacements.
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Furthermore, the subsets may deform

as S p e c undeegoed s
Ax deformation as shown iRigure 113
[ This means for accurate measurement
P‘O T Ay After deformation  of displacementthe deformed subset

*

vy

Before deformation small
X, x"

displaced point ¢ s

u, must be taken

and therefore

intoconsideration.
Assuming the deformation is very

uniform, a

in the

Figure 112: Possibe deformation of subsetin = geformed image subsean be related

deformed imageReprinted fom Yoneyama S., 20!

[97] to the corresponding poinéf in the

referencamage subset using shape functions expressgidap

N7 \ y TO‘-" TO"’r
W W O —Yn —Yw
() w
, ) To .. 1o o,
W W o —Yn —Yw
() w

(1.19)

(1.20)

where: 0 represents the displacement in thaxisfrom the centepoint of the subset

0 represents the displacement in thexysfrom the center point of the subset

Yoo represents the distance of po{mty) from the center point of the subset in the x

diredion

Yo represents the distance of pomty) from thecenter point of the subset in the y

direction

From the earlier discussed correlation criterion and interpolation schemes, calculaimdp

have been shown (equatiofisl7) and(1.18)). This leaves six unknowns from equati¢hs 9)

~o

and(1.20) (YatVoh— h—h—h— .
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YafiYoocan be easily calculated by finding the distances between point (x, y) and the center point

of the subset in the x and y direction respectively.

The other four unknownseferred to as the displacenigmnadients, are calcukd by revising the
correlation coefficient equation (equati¢hl6)) to include au vedor [102]. Thisu vector is a

representation of the displacements and displacement grgdientaq102]:

6 1o 1o 10 (1.21)

Therefore, the correlation coefficient becorf&g:

e a B "OGhw "O6f hus ho
0 odudw hw ho (1.22)
B OdmG B OGS

Theu vector is determirgeby finding a set of displacesnt and displacement gradients values that
gives the maximum correlation coefficient. This means that the partial derivatives of the above

eqguation with respect to each of the displacements and displaogradients must eagilizero.

When this nodinear simultaneous equation is solved, the displacement gradients are obtained.
The nonlinear simultaneous equation is solved by DIC using an initial guess system and iterative
processes such as NewdaBaphson, Levenbeiiglarquardtor Gaussaan-Newton method$101i

103]. With all these variables determined, the displacement of pifit in the deformed image

can be calculated.

It is important to note that due to the interpolation schesed to estimate theayscale alue at
subpixel points and the approximate iterative solutions used to solve for the displacement, errors
are incurred in the calculations. To minimise thesersyit has been found that the size of the dots
that make ughe speckle pattern on the sacsémustoccupyabout3 -5 pixels[104]. This is the

ideal case and the size of the pixel will depend on the magnification of the image and the resolution

of the optical systeracquiringthe images.

The calculated dplacements are then differentiated to computethe stra acr oss t he s
surface. Theequations are given §504:
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o 1o pro6 To (1.23)
Tweg T o T w
R S - A (1.24)
Twege T o T
. PTOTO plotlTo T060TE0O (1.25)
C woTw ¢ Tow!lTow Tow!ow

where- h- @& [Q represent the normal strains in the x andirgction (longitudinal ad

transverse dir@ions respectivelyand shear strain respectively.

However, it is important to note thidieerrors incurred ialculating displacements in Dl@ffect

the cdculation of strainsWhen these displacements are differentiated to calculate strains, the
errors are doublel@¢ading to greater errors in the strain calculations. DIC algorithms therefore use
different methods, such as the lesgtiare or FEM to reduce the errofd03]. These methods

will not be discussed in thdissertatiorbut itis worth noting that these methods decreasarin
thestrain calclations contributing to the accuracy of DIC.
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Chapter 2
Objectives and hypothesis
2.1 Objectives

The overall objective of this study was to develop and validate a cotigmah model that
simulates the formation of the microdamage process zZWhiEZ) in cortical bone using a
continuum damage mechanics (CDM) approddhthe best of our knowledge this will be the first

model of its kiml for cortical bone.
This study can be further broken down into thiese objectives:

1. Identify and modelCDM theory applicable for microdamage generatiokartical bone
using FE softwareABAQUYS);

2. Validatethe FEmodel using experimentally generated full field strain measurements from
DIC;

3. Comparetheresults fromthe FE model againspreviousexperimentalwork in which the
MDPZ wasimagedusing microCT and

4. Compareaesults from FEnodel for irradiated bone against previous experimental work in

which the MDPZ size was measured ifoadiated bone

2.2 Hypothesis

It was hypothesized that a CDNnodel can replicatethe microdamage formationobserved

experimentallyreflecing asimilar MDPZ size and shape
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Chapter 3
Methods

To model the microdamage process zone (MDPZ), a continuum damage mechanics approach was
implemented inthe commercial finite element software ABAQUS 2017 (Abaqus WWEA).
ABAQUS allows the bone specimen torhedelled by dividing it into a finite number of smaller
portions called element§.e. the finite element methad)lhese elementare assigned &
mechanical properties and behaviours of cortical bone required to sinhddt@mation of the

MDPZ. A threepoint single edge notched bending (SENB) te$tavine cortical bone specimen

was simulatednd validated witlexperimentatesults fronWil lett et al[78] andnew experiments

A SENB specimerontainsa sharpened b of known dimensins machined into the side of the
specimen that experiences tension during a bending test. The notch was directed such that the
resulting crack grew in the circumferential diten on the transverse plane of the diapsly$he
modelling was done in 2D bagse CDM has only been formulated in 2D for ABAQUS.

3.1 Theory for modelling

A typical load versus loatine deflection curve for a cortical bone specimen subjected to bending

can be divided into two regiondinear and nosinear (Figure 31). The nonlinear region
represents theoftening of the cortical bone specimen with increasing deflecliom softening is

the result of the formation of thenicrodamage process zone (MDR&6). The onset of nen

linearity represents the initiation of microdamdgemation in the cortical bonespecimenThe

continual formation of microdamage leads to continual degradation stitfmess of the region

of microdamage formation leading to the overall reductiohiet speci mends secant

complete spcimen rupture.

Therefore to model this material behaviour of microdamage formation, two important parameters

must be dfined:

1. The load (stress) at which microdamage formation initjaed

2. The rate of stiness degradation with continual formation lo¢ tMDPZ until fracture.
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Figure 31: A typical load versus loaline deflection curve fobovine cortical bone

3.1.1Initiation of microdamage formation

The initiation of microdamage signifies the start of stiffness degiadin the specimen. Up to
this point, the specimen behaves as a linearly elastic material. To defipeiti of micralamage
formation initiation,the Hashin failure criteria wsused[105]. The Hashin criterigs a frequently
utilised failure criteria for fiber reinforced composites. Bone can be considered eefilferced
composite because of the orientation of its predontimacroscale structure, the osteon, and its
established gproximate transverse isotrofiy06]. At the microstructural level, the osteoalign
along the axis of the long bone serving as the resnfgrfibers, while the interstitial bone tissue
around them servas the matri§106]. Furtherthe Hashin criteria defirefailure separately for
tension and compression in the both the longitudinal (fiber) and trangwveas®x) directions.
Cortical bone exhibits aresropic material behaviour as well as asymmetric strength. Therefore
the Hashin criteridbecoms a suitable failure criterion to account for these. ABAQUS 2017 has
an inbuilt function that allows the definition of failure by the Hashin failureecid[107]. The
Hashin crieriais improved in ABAQUS by incporating amodificationbased on work done by
Davila and Camachfd08]. In their work theyformulatedchanges to th&ilure criteria fo both

longitudinal and transvee compressiorfailure modes to allow moreceuratepredictions of
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failure in these modg408]. The general forms of the criteria in the different directions are given
as[107]:

o T_ A Tt (3.1)
() ()

o A T (3.2)
()

o T_ K T (3.3)
() (A
i A i + A T (3.4)

O — — P = T
) Cw () ()

where, h, ht are the effective longitudinal, transverse and shear stressestigspeand

& hd K are the longitudinal tensile, compressive and shear strengths respectively, and
® hd Iy are the transverse tensile, compressive and shear strengthstivebped i s a
coefficient that determines the ddhution of the shear stress to the Idndinal tensile initiation
criterion (U=0 for this model)’.‘OH represents the value of the failure variable in the longitudinal
direction when in tension oompression respectively ar@" , thevalue of the failure variable in

the transverse direction when in tension or compression respectively.

When any of the failure mode variablé‘@ﬁ[) reaches a value of 1, the failure criterion for that
mode is met. This means the start of rmtanage formation begins when the failure variable
reaches 1. Hence the initiation point of the microdamage formation for the model is achieved using
the Hashin failure criteria function in ABAQUSABAQUS provides anoutput variable,
HSNFTCRT, whichis used b define the microdamage process zone in the model. This output
represents the Hashin failure criterion in the longitudinal tension direction. Any element with a
HSNFTCRT value equal to 1 or above signifieatthicrodamagdormation has initiateth that

element.

3.1.2Evolution ofstiffnessdegradation

After microdamage formation has been initiatdte stiffness of the bone material will begin to
degrade. It is important that the rate at which the stiffness degrades for the model adequately
mimicstherate at which the stiffness degrades in the physical world. To evaluate this evolution of

stiffness degradation, ABAQUS allows a-lmear continuum damage mechanics (CDM) law
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be defined Figure 32). This bilinear CDM law is similar and consistent with the cohesive zone
modelling (CZM) law mentioned itsection 1.3.4. The difference that while the CZM law
considers only the openingf the crack tip (craclgrowth) in relation to the strasstran field
distribution around it, the Hinear CDM law considers degrading the stiffness of the material
around the crack tip in relation to the stremin field distributionThebi-linear MM law uses

the concept of continuum damage mechanicdegrale stiffness by establishing a relationship

between applied stress, displacement (deformation of an element) and the damage variable.

Stress

0
Geq

7
./'

./-
./.
./I

g |
- 1 Gqc
: |
' [

824 Seq 57 . Displacement

Figure 32: Bi-linear law defining evolution of stiffness degradation after Ha&dlare
initiation

The damage variable was introduced in Section 1.6. The total area underlittearblaw
represents the fracture enerd® () (Figure 32). The fracture energy is the energy that will be
dissipated to completely damage (fracture) the material. The first part of the law, up to the
maximum stress,, ), is charaatrisedby the constant initial stiffness of the undamaged bone
material in tkat particular direction (longitudinal or transverse). The Hashin failure criterion for a
particular failure mode (longitudinal tension or compression, transverse temsiompreasion)
is met at this maximum stress value. For pure riddading,where no shear stresses are induced
around the area of crack propagation, the maximum stress in a particular failure mode is equivalent

to the proportional limit strasin thatfailure mode

Once this maximum stress is reached, microdanfageation begins. Accompanying this is a
decrease in stiffness of the bone material which is controlled by the damage variable. The damage

variable for any particular failure modegwen aq107]:
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11 (3-5)

whereQ is the damage variahle is the dsplacement at initiation of stiffness degradafion
is the displacement at complete damdiyacture and  is the current displacemenf the

material

The vabe of| is dependent on the initial stiffness atengthdefined for that mode whije

is determined by the failure strain of cortical bone in this mddete that the blinear law
provided by ABAQUS is defined gy displaements. To convert these to their strain equivalence,
ABAQUS uses a variable known as the characteristic |ed§Xh]. This characteristic length is
dependent on the type and size of mesh used in thelraod is aalogous to the original length
parameter used in calculating engineering strdihis characteristic length is particularly
important as fracture in cortical bone has been found to be strain confddlJe@his means, it is
more accurate to use the strain at fracture &emniningthe point of complete damage. The

characteristic length provides a means of distaing a relationship between the strain at fracture

(- ) and its equivalent displacement representéd am the btlinear law. This is given as:

S 3.6

a
Considering the blinear lawin Figure 32, the total area under the curve can be calculated based
on the equation for calculating theea ofa triangle. Since this area is equal to the fracture energy,
this becomes:

0 SQ’ 2 (3.7)

Substituting equatio(8.6) into (3.7) gives
0 gq WS (3.8)
., and- can be determined experimentally and¢an be calculated if the type and size of the

mesh is known. With all these variabl@stermined;O can becalculatedand the biinear law

can be esiblishedo control the evoltion of the damage viable.The btlinear law and therefore
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the damage variable are defined for all failure modes in the Hashin failure criteria (longitudinal

(fiber) tension and compression and transverse (matrix) tension and compression).

With these damge variables determed, the corresponding stiffness tengbthe bone material

at any point can be obtained by:

p Q0O p Q p QU O L1
5 % P Qp QU O P Q0O m (3.9)
T L1 Op Q O
whereO p p Q p QU U
0 AAT AGCARO ERIEE BAD OEJ 1T =
AAT AGAROERAKEE RAD DPOAQOETRI
9 AAT AGCAROERAIAABGOB DB OE T n

AAT AGAAOERAIAABAEDDPOAQOE I

Q p p Q p Q

‘0,0 andO are the undaagedinitial) longitudinal, transverse and shear Young moduli
O ,0 aretheundamagd®io i s satios. 0 S

With the damaging stiffness matrix defined, the stress response of the bone material can be

computed using:

s (3.10)

where ,, is the effective stress tensor
0 is the damaging stiffness tensor
- is the strain tensor

3.1.3 Modelanalysis

As depicted inFigure 31, the solution ofthe modelinvolved a considerable amount of Ron
linearity. This means the stresgain relationship involved a system of Horear equations. To
solve this system of nelmear equations, ABAQUS employs the NewARaphson technique.
Foremost, this techgue divides the whole analysis into smaller portions, known as time steps.

For each time step, the stiffness matrix of the model is solved. This is achieved by initially guessing
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the stiffness matrix solution tihe system of notinear equations and itetavely re-solving the
systems of equations until the solution is within a tolerance limit relative to the solution of the

equivalent system of linear equations. This tolerance limit is defined by ABAQUS.

Furthermore, because this analysiolved consideable degrdation of the stiffness matrix, the
model suffered convergence difficultids.other wordsthe stiffness matrix becomes negative at
a point. To rectify this difficulty, ABAQUS allows the introduction of a viscous regularisation
scheme.tlworks byslowing down the degradation of the stiffness matrix and allowing a positive
stiffness matrix t@xist for each time step. This viscous regularisation is based on the regularisation
model of Duvant and Liorfd09]. The viscousegularisation introduces a viscous damage variable
in place of the damage variable and thisosputed a$107]:

QQ p

Pq ¢ 3.11
05 -~ @ @ (3.11)

whereQ is the viscous damage variafe— is the first derivative of the viscous damage vagabl

with respect to step tim&is the inviscid damage variablend — is a viscosity parameter that
represents the characteristic stress relaxation time of the viscous system/ntataviahis

parameter is determinedll be discussed later in thehager.

Solving the differentialequationgives

Q Qp G (3.12)

where t is the time step.

When - © Hhequation (3.12) reduces toQ 'Q This means the effect of the viscous

regularisation scheme on the results will be negligible. However, for a larger valaenof
comparison td, viscosiy effects areritroduced into the analysis of the model by slowing down

the rate of increase in damage and therefore the rate of stiffness degradation. This function can be
utilised as a means of incorporating rdependent behaviour in the mog#8]. In modelling the

MDPZ in this case, this function waspoited to add viscoelastic effects to the model.

Altogether, the stiffness matrix of the model was generally computeddnatime step to the
next ag107]:
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Loy g 1990 (3.13)
T - TQT Q -

where 0 is the damaged asticity matrix from the previous step time and the second term

represents the degradation of elasticity matrix as a result of increased damage in the failure modes

of interest.

If there is no damaggenerationn atime step, then the damaged elasticitgtmx remairs the
same and the model will behave linearly elastier that time step

3.2Modelling in Abaqus

3.2.1Geometrypoundaryconditions andneshing

25mm
| |
| 1

2mm

ORI Amm

1.8mm

\ X-axis Plane of symmetry

Figure 33: Details of the geometry of the model atsdplane of symmetry

The specimen was modelled as a 2D solid deformable body. Transverse isotropy was assumed for
the modelThis is a reasonable assumptasthe mechanical propies of cortical bone have been

found to be comparable in the radial amdtwmnferential directionsut signifiantly different in

the longitudinal directionfl10,111]. The geometry of the SENB bovine cortical bone specimen

in Will ett et al [78] was closely replicated as representeBigure 33. A plane of symmetry was
applied in the Xaxis along the center line of the notd herefore, only half of the specimen was
moddled and an Xsymmetry function applied to it in ABAQUS-igure 33). To replicate the

testing configurations, a roller boundagndition was applied atéfpoint at the base of specimen

5mm away from the edge of the specimé&ig@re 34). A displacementontrolled load was

applied at the top of the spe®n along the center line of the notfffrigure 34). This is

representative of the loading carried out in a real SENB test.
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A rectangular region fointerest (ROI) was defined around the crack tip. This ROl was the
perceived region of the model that will undergo the faromaof the MDPZ.The ROI was 2mm

in height and 1.5mm in width. The dimensions were chosen based on knometgeof the
MDPZ from experimental resultf’8]. This RA had a finer mesh compared to the rest of the
model to accurately capture the formation of the MDPguyre 35). The mesh size for the ROI

was 10um ad the rest of the model was mostlgshed with 500um sized elements.

Figure 34: The boundary conditions defined for the model

The ROI was meshed with square quadratic plane stress elements while the rest of the model was
meshed square linear plasieess elements. The variation in mesh size and elements was

performed to reduce comptitanal cost. The region expected to form the microdamage was

given a higher degree of mesh and element type to accurately capture the mreohanis
microdamage formatiowhile the rest of the model ditbt require the same level of detail. A

stress field ghtribution of the model is presented in the results section to confirm this mesh

pattern as an accurate approach.
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Figure 35: Region of interest defined and variability of meshing of the model

3.2.2 Definingmechanicaproperties

A number of mechanical properties of thavine cortical bone wasecessary to run an analysis

in the model The mechanical properties required were those needed to definditteabCDM

law (Figure 32). First, the elastic modulias well as the Poisson ratior the longitudinal and
transverse directions were defined. To define these values, studies measuringfertiepwere
sought fromthe literature. However, values reported in literature showed a considerable level of
variability everwithin the same studylhis is understandable as bone is a heterogenous biological
material and its mechanical properties de@based oits constituents angorosity[112,113]. To
determine a single value for each elastic modulus and Poisson ratio, a teat@nuptimisation
method was used. Starting with the average values given in literature, the values|justesl

until the linear portion of lad versus loatine deflection curve generated from the mditethe
curveproducedn experimentatesting However, tis value had to be within the reported mean +
standard deviatiofor these mechanical properties reportethim literature. The average values
utilised were adpted from Reilly and Bursteifi10] and Li et al[111].
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Further, the strength of the bovine cortical bone material in tfereiit failure modes had to be
defined. The strength as stdthere, refers to the elastic/proportional limit on the ss&as curve

for that falure mode andot necessarily the ultimate strength. The strength was defined in the
longitudinal tensiongcompression and shear directions as well as transverserntecsmpression

and shear directions. This is a requirement in ABAQUS. The strengtrs\sgrefied he stress

at which microdamage formation began for any particular failure mbdaqthesame as as
defined in the CDM hlinear law).Similar to the elastic moduli and Poisson ratios, the strength
values can vary significantly from orovine cortical bone to another. To ascertaispecific
value to use for a particular specimersimilar trial and error optimisation approasfas taken
such that the loadeflection curves from the experiment and model matched closely. In addition,
using stressstrain plots from Reilly and Burstejth10] and Li et al[111], estimated ranges of the
elastic/proportional limit strains inéhcompressive and tensile failure modes were determined (

Table 31). Usingthese values arfequation(3.14), estimated strength values can be obtained and
the trial anderror optimisation approach can be used to further refine the loads\aefaction

curve to fit closely to the one generatedexxpentally.
-0 (3.14)

where, is the strength, is the elasticiinit strain andOis the elastic moduli selected using the

trial and error optimisabh approach. All these are specific to the failure mode of interest.

The longitudinal and transvershearstrengths were however kept constant for the different
analyss. These values usevere adopted from Turner et |l14].

Finally, the fracture energies fomgitudinal tensiomnd compression as well as transverse tension
and compression wedefined. To define thesBguation(3.8) from Section 3.1.2. was reisited

The failure strains for the various failure med interest were adopted from Reilly and Burstein
[110](

Table 31). The mesh size of our ROI as stated earlier ¥asn and was meshed with quadratic
elements. The characteristic lenghh a quadric element is half its siz¢88]. Hence the

characteristic length was 5um fitre elements in the ROA. is equivalent to the Hashin failure
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strength in the direction for which the fracture energy iadpealculated. With all these properties

defined, the fracture energies were calculated.

Table 31: The elastic limit ashultimate(failure) strains for bovine cortidabne in the different failure modes (Adapted frdari 0]

and[111])

Failure mode Elastic limit strain range | Ultimate strain
Longitudinal tension 0.004%0.00055 0.02
Longitudinal compressio| 0.01+0.00045 0.016
Transverse tension 0.0044:0.00045 0.007
Transverse compression 0.0020.00105 0.042

The strengths and fracture energies were only defined for the elements in the R&deJdes in

the elements outside the ROI were not expecteceachthe Hashin failure strengths of the
different failure modes. This was verified in the model by plotting the stress field distribution at
failure (seeResuls section). This me# there was no need for the strengths and fracture energies
to be defined as only the linear portion of @2M bi-linear law will be required in these elements.
Similar to the mesh size variation, this was done to reduce computation time and allow easier

convergence of the model to the final solution.

Tables showig the various mechanical properties values ugethe different analyses (for
verification and validation) carried out with the model are presentidw lppendix

3.2.3 Defining theviscosity parameted] for the viscous regularisation scheme

Fondrk et al[115] proposed a damage model for the #iarar behaviour ofartical bone under

tension. In their modethey suggested three different mechanisonaccount for the nofinear
behaviour of bortedamage accumulation,sdoelasticity and plasticity. However, in the initial

stages of developing their damage modadyttiefined a damage model without plasticity. This,

they called aperfectly damaging mod&INormally, after loading paghefiyield pointo of cortical

boneand then unloadg, there exists a level afrecoverable straidue to irreversible effects of
plasticity (Figure 36). Ho we v er , in the o6perfectly dawaging
there is no irrecoverable strain for this mod¥spite thisshortcomingthefiperfectly damaging

modeb is a good approximation of the ntinear behaviouof cortical boneduring the loading
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stageas it matches closely with the loading portion ofeaperimental stress strain cunanly

deviating for the unloading regime of the cu(t/gure 36).
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Figure 36: Perfectly damage model simulation from Fondrkldtl15] compared to an
experimental stresstrain curve for bovine cortical bone. The crosses represent the
experimental resultahiles the solid line the model simulated stress strain cupezfectly
damage model simulation from Fondrk efZl5] compared to an experim&l stressstrain
curve for bovine cortical bone. The crosses represent the experimental results whiles the solid
line the model simulated stress strain curve.

The formulation of the CDM modeh ABAQUS in this study,makesit synonymous to this
perfectly danaging modelin Fondrk et al[115]. The damage variable represents the damage
accumulation mechanism while the enhanced viscous amgation scheme introduces the
viscoelastic mechanism. ABAQUfesnot allow plasticity to bedefined when using the Hashin
failure criteria functionhence plasticitys not defined for the CDM model.

Further,F o n d pekfetitly damaging mode$ ianalogous to a standard linear solid (SLS) model

for a viscoelastic solid (®eFigure 37) when damage and plasticity do not occBmce the
viscosity parameter (d) heperfpatlyedangagirigsnodelhtes alsoe | a x a
analogous to the relaxation time for the SLS model. This viscosity parameter is defined for the

perfectly damaging model when no damage has oadur
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o(t) e— —e o(t) o(t) &— ——e o(t)

E, E, = E(1—d)
(a) (b)

Figure 37: (a) representation ohiestandard linear solid (SLS) model for a viscoelastic
element, and (b) representation of the perfectly damaging model proposed by Fondrk et al.
d represents the damage valie

In the CDM model, a controlled displacement was applied, heraredat strain condition (stress
relaxation response) will be considered. For a constant strain condition, the relaxation time for the
stress relaxation response of a SLS is given as:

)
where' is the viscosity ceefficient of the material/system.

Therefore, for the perfectly damaging model, the viscosity paraméter §lso given as:

e)
For bovine cortical bon&ondrk etal [115, 116]found’O, which is known as the relaxed modulus

to be 0.880.030 whereO is the instantaneous (initial) elastic modulus

From the SLS model formulation,

O O ©
ThereforelO =0.12t0.030 for cortical boneonce relaxed to equilibrium. Also, the viscosity co
efficient ( ) was reported to be 103.5 MP§145]. Using these values, thascosity parameter
range for each &cture direction can be calculatéaa longitudinally directed fracture, transverse
stresses are applied and hence the transverse elastic modulus will be used. Assuming an average
transverse modulus of 10.1 GPa, whishconsistent with the value usedtime CDM model

simulations, the longitudinally directed viscosity parameter will be between001Q8. In

transversely directed fracture, longitudinal stresses are applied and hence a longitudinal elastic
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modulus of 187 GPa was used, again consistenbhe value used in the CDM model. This gives

rise to a transversely directed viscosity parameter between 0.04 to 0.06s.

For each direction, a single value was picked from each respective range for a specific specimen
CDM simulation such that the experintahload versus deflection curve was matched by the CDM
model equivalent. The viscosity parameter values for different simulations are reported in the

Appendix along with the other mechanical properties.

3.2.4 Verificaton of bi-linear CDMlaw

An important step in modelling is the verification step. In this step, simple loading conditions are
imposed on the model for which the expected outcome is knbBama transversely dicted crak
specimen in aureMode| bending testthe mostritical mode of failure will be in the longitudinal
tensle mode. To verify the CDM model obeyed thelibear law as established 8ection 3.1.2.,

a simple tensile test in the longitudinal directiwas performed with the mechanical properties
defined. This test was conducted because it considers the masit €aifure modelongitudinal
tension. Further, it is the failure mode of interest for achieving the objective of the model, which
is to simuate microdamage formation ahead of the crack tip in the SENB specimen. The region
ahead of the crack tip expamiEes tension and since the crack is growing transversely, the material
fractures across the longitudinal direction.

To perfam the test, a simple plate was modelled in 2D assuming plane stress of dimensions
0.01x0.1mm Figure 38). The block was fixed at one end and a displacement control defined at
the other end tesimulate asimple tensile test in the Igitudinal direction Figure 38). The plate

was meshed with square quadratic elements of size 10um. Bgiration(3.8) , the fracture
energy was calculate@wo different types of this test were rwith the stresstrain curve of the
modelthen plottedor each typeFirst, a test was run without the implementation of the viscous
regularisatio schemelt was expectethatthe stress strain cunad this typewill mimic the CDM
bi-linear law verifying that the model obeys the la8econdly, the same test was run but with the
viscous regularisation scheme implemented in this instance. Thiovgaew the effect of th
ratedependent behaviour on the modedr Bdditional verificationthis procedurevas repeated

for the transverse tension failure modée mechanical properties usedtfm@severification tests

are reported in the Appendi
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0.1mm

Figure 38: Simple plate model for verification of CDM-lmear theory

3.2.5 Running the BM model

After defining the boundary conditions and mechanical properties for the CDM model as well as
verifying the bilinear law, the model was run in ABAQUS/Standard as an implicit analysis. This
mimicked the quasstatic loadng that occurred in the ghical SENB experiment{sg8]. A time

step of 0.001 was usedth 1000 substepsrequired to complete the analysis. The reaction force
and displacement of the node on which the displacement control load was aq§igued 34)

was tracked throughouthe analysis. Using these two parameters, the load versudinead
deflection curve was plotted for the CDM model.

3.2.6 Mesh sensitivitiest

A mesh sensitivity test was ced out to study the mesh independency of the model. This was
performed by meshg the ROI with quadratic square elements of different sizes (0.0075, 0.01,
0.015, 003, 005 mm) and generating the load versus defleatiowes for each mesh size mbde

It was expected that these load versus deflection curves matched to signifgthadependency

of the model. The mechanical properties were kept constant for all mesh sizes except the fracture
energies. The fracture egés have been shown to dependenbn the characteristic length of

the elements which is a function of mesh $iguation(3.8)). The fracture energies were therefore
calculated to match the mesh sbming used in the various sensitivity te$he various fracture
energies used for the different mesh sizes are tegporthe Appendix

3.3Experimental validation using DIC

The next step after building the model was to validate it using experingetsa To do this, the
loading configuréon (3-point SENB test) modelled was carried outwa bovine femoral cortical

bone specimens. Using a microscope equipped with a camera, image@ken during the test
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and digital image correlation (DIC) wased to measure the full field strairswdibution ahead of

the crack tip. Using the strain fieldeasurement from DIC, the area of microdamage formation

can be determined and compared to that generated by the model. The SENB specimens were
prepared by ambining testing guidelines from both ASTBtandard E182(117] and D6068

[118]. For instance, the sharpening of the starter notch as required for thiagieist was done

by using a razor bladesastipulated in D6068 (sefection 3.3.2). However, a modification was

made to the testing span stipulated in both standards. The testing span is the distance between the
roller supports for the bending tegigure 39). Both standards require the testing span to be four
times the height of the specimen. However, to prevent high shear stiressdsing induced

around the crack tip due to the compmandanisotropic behaviour of cortical bone, aiteg span

of ten times the height was used. This was consistent with previousbyankr group60,78].

From theabove, specimens of dimensions 4x4x50mm were prepéthda sharpened starter

crack of 2mm long. This meant a testing span of 40mm was bBggpdd 39). These dimesions

were also consistent withe dimensions used in the model.

v“___-—— Loading nose

Sharpened starter =4dmm
notch=2mm

Testing span=40mm

Roller support

Figure 39: Testing configuration and dimensions of important parameters in accordance with
ASTM E1820 and D6068 testing standards

3.3.1 Rough and fineutting of SENB specimen

The femurof a young cow was sourced from a local abattoir and kept frz€0°C. Cutting of

the femur to produce the SENB specimens was carried out at room temperature. Prior to cutting,
the femur was thawed and rid of any sfsue using a scalpel and a shagor blade. The femur

was then rdrozen and, in that statedhe epiphysis at both ends of the femur was cut off using a
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140 Craftex CX104 wood cutting band saw (Busy
diaphysis of the femur for further cutty. The diaphysis was approximately 100mm in length.

Using the land saw again, the diaphysis was split into two halves along the long axis of the bone.
The split halves were allowed to thand the bone marrow removeci3 produced two hollow

semi cylindical specimens of bovine femoral cortical bone. The diaphyasssplit in two to allow

for ease of cutting in the subsequent steps.

A vertical mini computer numerical control (CNC) mill (model 5410, Sherline produdt,V
California, US) was then usdd cut a rectangular block out of one half of the diaphysigs Th
cutting was done dry as the mill works by dry cutting. The-ti@physis was securely mounted

on the table of the mirCNC mill using step block holdown sets (Sherline products, Vista,
California, US). A piece of rough sandpaper was placed undehaliediaphysis to prevent
slipping during cutting by the mill. Using Zi&nd mill cutter, a rectangular block of about 70mm

in length and 15mm in width was cut out of the tthéfphysis.The rectangular block was cut out
from the middle portion of #ndiaphysis. This ensured that the straightest and thickest portion was
cut ou. The cutting of the rectangular block was done by cutting the trace of the rectangular block
dimensions (1870mmn) at a 1mm depth from the periosteum surface of thediagtthyss. The

end mill cutter was then stepped down a further millimeter and amathafong the trace of the
rectangular block was done. This process continued until the block was detachdukefrest bf

the halfdiaphysis. The end mill cutter was run agpeed of about 2000rpwith the table feed

rate set at 15mm/min (set as f15the gcode). After obtaining the rectangular block, it was
flattened on both the endosteum and periosteum sidg asVz inch end mill cutter. Again, the
flattening is carried duby running the cutter at a cutting depth of 21mm from the highest point on
the surface and stepping it down until the surface of the block is completely flattened. A lower
speed of about 1580m was used but the table feed rate of 15mm/min was maintd&imedly,

the ends of the rectangular block along the long axis dighe was cut off. This was because the
step blocks were mounted at these ends hence were not flattened with theheseofangular
block. This fine cutting process produced aafimectangular block approximately 5mm in
thickness, 15mm in width and 50min length.

Next, two parallel beams were cut from the block with the aid of a low speed metallurgical saw

(IsometBuehler, Lake Bluff, IL, U% The metallurgical saw was equipped with a 300pm diamond
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wafering blade (15HC diamond, Isomet, Buehler, Lake Bluff, IL, US). Cutting by thedeads

saw is done wet. To cut the beams, teetangular block &m the previous cutting step was
mounted securely in an irregular specimen chuck (Buehler, Lake Bluff, IL, US). To begin, a thin
slice of the rectangular block at the end closest to the wgfbtade was cut off. This was done

to ensue all further cuts ppduced beams with parallel sides. The cut was performed by screwing
the chuck with the mounted block unto the support arm of the metallurgical saw. The wafering
blade was set to a 250rpm s@deoughly 8 on the speed knob). The weighthe end of the
support arm that held the mounted specimen away from the blade was taken off and other weights
were put at the front end of the support arm. The cutting arm was lowered gently unto the already
rotating blade and allowed to cut through theck under gravityAfter, the thin slice is cut off,

the current position of the rectangular block was considered as a zero position. A micrometer screw
gauge was attached to the support arm which alloweduregaent of the movement of the support

arm hn relation to the wiaring blade. Using the micrometer screw gauge, the rectangular block
was moved 4.5mm. The 4.5mm shift accounted for the 4mm width cut wanted, 0.3mm for the
width of the wafering blade and @2Zn as allowance for cutting and polishingheT cutting
procedurdor the thin slice cut was repeated to cut two beds gave rise to two rectangular
beams roughly 2mm in width,5mm in thickness and 50mm in lengtikhere the thickness is

measured fronthe endosteum surface to the periosteurfasafacrcss the radial directign

3.3.2 Polishing andotching of SENB specimen

After obtaining the two rectangular beams, they were then polished. The polishing was done using
circular metal bondediamond disc 8in diameter (ltraPrep, Buehler, Lake Bff, IL, US). These
diamond disc had diamond particles embedded on their surfaces. Three diamond discs with
different sized diamond particte45,15 and 9um were utilised. The beams weré fidished

using the 45um disc, folleed by the 15um disc andslidy the 9um disc. The polishing was done

by hand. The polishing was performed by spreading a thin layer of water over the diamond disc
and with lightly applied pressure on the beam, the sardd interest is run over the digcabout

100-150 circular cgles. The polishing was done on all surfaces of the beams apart from the cross
sectional surfaces. The surfaces of the beams corresponding to the periosteum and endosteum
surfaces were trackes this will be important for ensag accurate notching. A fah polishing

stage was undertaken to give a finer and smoother surface. A finer and smoother surface aided in

the strain measurements with DIC. This final stage used a polycrystalline diaugmehsion
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(MetaDi Supreme, Buehletake Bluff, IL, US) to polsh the surfaces. The size of the diamonds
suspended in the slurry were 6um. This polishing was done in a similar manner to that with the
diamond disc with the water being replaced with thendiad slurry and the disc with a syatit
rayonpolishing cloth(MicroCloth, Buehler, Lake Bluff, IL, US). All the polishing stages were
performed such that the beams had their final dimension&00®3mm in width,4+0.05mm in
thicknessand 50£1.0mm inlength The width and thickness &fie beamswvas meaured using

digital micrometerscrewgauge These dimensions were taken at three different posjtioaswo

edges andne at the migsectionof the beamsnd these values were averaged out tadetal

single value for eactiimension The length was measuredngia ruler.These dimensions were

crosscheckednceto ensure theiaccuracy

The last step in preparing the SENB specimens was creating a ma&abh. The notching stage

was divided into tw steps: a macrnotching stage and microtching stage. The twhing
process was carried out in this manner to replicate closely the ASTM E1820 guidelines for a SENB
specimen. The macnootch was machined ugj the low speed metallurgical saw (Isomet,
Buehler, Lake Bluff, IL, US)The macrenotch was cut in the midoan of the beams along the
circumferential direction as shownkiigure 310. The depth of the macneotch was 1.8mm. The

depthwas measured by a customised micrometer screw gauge attached to theetbsaspe

/

Radial
‘ Circumferential
Longitudinal
Figure 310: Diagram showing direction in which maermtching wa:
done

The beams were mounted securely one at a time into a dressing blade chunk. The beams were

mounted such that the midspan of the beam in the circumferential direijoadawith the

50



diamond wafering blade. With the mounted beam a few milénseback, thevafering blade was

started and set to a speed of 250rpm (8 on the speed knob). The mounted beam was gradually
brought towards the rotating wafering blade using theliwaieel at the end of the chunk. At the

first hint of the beam touching thdade, the mimmeter gauge is zeroed. The beam is gradually
moved into the blade using the handwheel of the chunk until the micrometer reads a depth of
1.8mm has been cut. Oncetlais point, the beam was gradually pulled away from the wafering

blade andhe macrenotch was done.

For the micrenotch, the vertical mirCNC mill was utilised. The micraotch was cut using an
ultracsharp razor blade (American Line, Extra Keen SinglgeEBlades)The razor blade was
securely held in a custom razor blade hddsystem andcrewed into the end mill holder of the
mini-CNC mill. The macrenotched beam was securely fixed on the table of the mill with the step
block hold down sets. The sade with the macraotch faced upward to allow the mountedor
blade to Bde through. Arough sandpaper was put under the clamped maatahed beam to
prevent slipping as the micrmtch was created. To allow for easy creation of the sharpened
(micro) notch, 22 drops of 1um diamond suspension slurry was used as a lubfitentrops
wereallowed to flow into the base of the magrotch. The razor blade was then gently guided
and slid through the macrmtch until it touched the base of the maooich This position was

the zero position. The mH€CNC mill was then programrdeto move theazor blade across the
base of the macrnotch and then stepped down by 0.02mm to create a cut ahead of the base of the
macrenotch. This sequence of moving the rabtade across the base of the previous cut and
stepping down by 0.02mm waspreated until anicro-notch of 0.2mm was achieveeigure 311
shows the micraotch (pe-crack) ahead of the macyootch for one of the specimenghe
combined length of the macro and microtch was 2mn, half the thickness of the beam. This

finalised the preparation of the SENB specimen.

After notching, the beams were wrapped wgtuzes soaked in phosphate buffemsa(PBS)
solutioncontainingone millimole (mM) of calcium ionsand refrozen at-20eC. The preparation
of the beams took about 6 hours anieédup during the process. Wrapping a gauze soaked in PBS
aroundthe beamsllowedthemto returnclosely to their initial physiological statend keep them
in this stateuntil mechanical testingvas performed[119]. Further, the protocolised in the

preparation was a@ted to reduce damage to the bealusng theirpreparation. It was mainly
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done by reducing the heat production durihg different forms otutting and plishing. This
explains why a 1mm depth step by step cutting was adopted for the CNC mill cuttiegywaa
used in polishing as well as the beams lubricatedforo-notchirg.

micro-notch

macro-notch

Figure 311: An example of a microotch (precrack) ahead of the maciwotch of theone of the

SENB bovine cortical bone specirsarsed. This image was taken under a microscope
3.3.3 Mechanical testing
Prior to mechanical testinthe frozen SENB specimens wénawedand soaked in PBS solution
containing one mM calcium ions for 5 hodasth at room temperaturéds discussed in Section
1.7, analysis with DIC requires the surface under analysiaue & large greyscale gradient for
more accurate results. Amrdier study done in our lab (unpublished) showed that the use of a
speckle pattern othe 6um polished specimen surface of interest provided the best greyscale
gradient for the DIC analysis cqared with other alternatives including the natural 6um petish
specimen surface with no speckle pattern. Therefore, after soaking the spediB&ngalution,
a speckle pattern was created on the surface of interest (either the endosteum or periosteum
surface) using high resolution toner powder (Xerox Phaser 6@6€r toner cartridge). The
diameter of a single toner powder was approximatépum. This speckle pattern was created just
before the threpoint bending test was performed. The toner powdes placed in an atomiser

jar. The atomiser jar allowed the at®mn of a cloud of the toner powder over the surface of interest.
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The toner powder ithe cloud eventually settled on the surface creating a randomised pattern on
thespecimen surfacé-{gure 312). A thin layer of hair spray was applied to the surface of interest
before the toner powdevas sprayed on it to act as an adhesive. This was important for accurate
DIC results, as the randospeckle pattern created must deform along with the spesoréace.

Figure 312 The randomised speckle pattern generatedhe SENB bovine cortical specimen
for DIC analysis

Immediately after the creation of the speckle pattern, the SENB specimen underwenpaittiree
bendng test. The bending test was carried out with uTS universal mechanical testing machine
(PsylotechEvanston, IL, US). The test system was mounted obration isolating workstation
(Vision IsoStation, Newport Corp., California, US). This workstatiorv@nés ambient vibration
(10-50Hz) from influencing the performance of devices mounted on it. Alsonted unto the
vibration isolated workstation and ovle test system was a microscope (Olympus Corp., Center
Valley, PA, US) embedded with a 5 megapixamera (HSI, Correlated solutions, Irmo, SC, US)
(SeeFigure 313). The specimen was mounted such that the loading nose was placed on the
unnotched side ofhe specimen at the midspan. In otherds, the loading nose was placed
directly in line with the notchRigure 39). This was necessary to obtain a phMtede | loading
configuration. Further, a 5X magnification objective lens (Olym@orp., Center Valley, PA, US)
attached to the microscope was used to focuthe region around the peeack (micrenotch) in
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