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ABSTRACT

Current orthopaedifixation devicesmade fromstainless steel and titaniuran lead to a range of
long-term complications that include bone reabsorption due to stress shielding, implant loosening
and/or infection. Bioabsorbable magnesibased metals offea promising alternative to
permanent metallic devices due to their comparable mechanical properties to the native tissue.
Thesedevices have the potential to support the fracture region during the healing period, while
subsequently being absorbed ona@rtfunctional loaebearing role has been completed. However,

the nonuniform and localised pitting corrosion mechanisms associated with magressau

alloys presents significant design challenges when it cton@edicting iavivo performanceThe
objective of this thesis was tdevelop a computational framework to investigateshert and
long-term performance of bioabsorbable magnesium fixation devicesthopaedic fracture
applications

This thesis presents the development, implementation &agrétion of multiple computational
algorithms that describ@) the mechanobiological aspects of bone tissue repair (&ndon-
uniform surfacebased corrosion processes of degradable magndsised implants. Firstly, a
coupled framework for bone fracture repair was developed using the finite element method to
predict both shofterm fracture healing and losigrm remodelling phases ofetltissue repair.
Additionally, an enhanced surfabased phenomenological magnesium corrosion framework was
developed to robustly predict the spatiotemporal featafeson-uniform galvanic and pitting
corrosion. Finally, a fullyntegrateccomputational radel was developed, whereby the framework

for bone tissue repair was coupled with the enhanced stivéesmal magnesium corrosion model

to predict the longerm performance of bioabsorbable magnesium fixations devices. Through this
combined framework, the adlel was used to investigate the fracture healing and remodeling
performance of a tibial fracture model in the presence of both permanent titanium and
bioabsorbable magnesium fixation plates.

Through the developentof an enhanced surfat®sed corrosioframework, this thesis provided

a robust andexible framework that could predict thEhenomenologicdeatures of nowuniform

pitting corrosion in magnesiwmbased materials. This model was fully implemented in three
dimensions and provided a significattvance on existing models as it enabled the prediction of
intricate features of corrosion such as mditectional pitting and a wide range of pit
morphologies. The corrosion model also eliminated unwanted effects of mesh and model parameter
sensitivity.In parallel, a coupled framework for bone fracture repeais used tanvestigatethe

short andlong-termperformance of permanent fixation devices in tibia fracture model for a range
of loading conditions and fracture gap sizes over a period of 12 mdnthas found that the
introduction of a titanium plate stalsiid the fracture region resulting in accelerated fracture
healing. Howeverin the longeiterm,thehighmechanical properties of titanium relative to native
bonedisruptedhe normal stresslistributionwithin bone resulting stress shielding proximal to the
fixator and stress concentrators at interfacial boundaries, causing bone reabsorption, increasing the
likelihood of implantlooseningand failure. By combining bothlgorithms the performance of
magnesium fixation devices for lodmpnefracturerepairwas investigatedr he results showed that
fixation was only required to provide mechanical stability to the fracture region for approximately
the first 30 days for successful fracture unimodcur. Model corrosion rate and pit severity heavily
influenced the mechanical support provided by the corraai@agnesiunfixator. While the stiffer
titanium fixator slightly outperformed the less rigid magnesium fixator regarding fracture healing,
magresium fixation displayed highly favourable outcomes regarding-temg bone remodelling,
displaying no stress shielding or interfacial dambgsed reabsorption. The computational
methods and outcomes developed within this thesis form a platform fouttive tdesign and
optimisation of magnesium fixation devices.
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CHAPTER 1

Introduction

Bone is a naturally occurring composite matesigh ahighly optimised structure that exhibits

high stiffness andtrength while also being lightweight for efficient movemebiespite this,
approximately 178 million bone fractures occur @alty across the worlil]. Fortunately,

bone tissue has antrinsic capacity for regeneration in responsgdaamaticinjury, whereby

the repair process is initiated througtvell-orchestrated series of biological evetatsestore
skeletal function. As an immediate response to injury, a temporary scaffold is formed around
the damaged region, known as a fracture callus, which has the important function of stabilising
the fracture teensure that repair process can take pjageHowever, in many cases, either
external or internal fixation devices mib&t used to provide additional stabilisation to the bone
[3] to reduce the incidence of fracture defects and bonainimms[4]. The emoval ofthese
fixed-metallic implants is the most common elective orthopaedic procedure in thengU
represents 5% of all orthopaedic surgeriefs, 6]. Revision surgery brings with it
complications that can include infection-fracture, tissue and nerve damageéd post
operative bleedinf7]. Consequently, many orthopaedic fixation implants remasitinpast

their functional requirement and are actually never removed. Howaweent orthopaedic

biomaterials such astainless steendtitanium, have excessively high stiffnessmparedo
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Chapter 1

native bonewhich can lead to a wide range of letegm complications that include bone

reabsorption due to stress shielding, implant loosening and/or infg&}ion

Thedevelopment of suitable bioabsorbaltation devicesould directlyaddress thegesues,

by supporting théracture regiorduring the healing perigavhile subsequentlpeingabsorbed

once their functiondbad-bearingrole hasbeencompleted. This vision woulde beneficial for

all patients andvould be particularlyadvantageous for younger patiemsose bones are still
growing Bioabsorbable magnesiubased alloys offer a promising alternative for treating
orthopaedic fracturd9] due to their comparable meclhead properties to the native tissue and
their osteoinductive properties. However, the adoption of bioabsorbable magnesium implants
in orthopaedic applications remains limited due to the high corrosion rate in physiological
conditions, which can result premature implant loosening and the loss of mechanical strength
due to localised neaniform corrosiorj10]. Several issues relating to magnesioased alloys

for medical orthopaedic applications must be addressed to realise theirgbdtentlinical

use.

1.1 Bone Fractures

1.1.1Fracture Repair Process

Following traumatic injury, fracture healing proceeds through dirgc&membranous or
indirect fracture healing. Direct bone healing is less common as it requires anatomical
reduction of therficture ends and highly stable conditions, uncommonly obtained outside of
open reduction and internal fixatighl]. Direct healing allows for the lamellar anatomical
bone structure to be immediately restored witmentodelingsteps. On the other hd, indirect

bone healing occurs more commonly and it involves a combination ofrttiiimembranous

and endochondral bone formation, which occurs across four distinct §i#je$3] as
representedchiematically inFigure 11. Firstly, the host undergoes an inflammatory response

resulting in the formation of a haematoma, which is transformed into granulatioa &3s

11
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days posfracture. Following 24 weeks, the granulation callus is replaced with fibro
cartilaginoussoft tissue. Over the next2months, the soft callus is replaced by ossified woven
bone, leading to the development of a hard callus. In thevioigpmonths to years, the ossified
hard callus is remodelled, whereby woven bone is gradually replaced with highly structured

lamellar bone, optimising the hard callus shape to achieve the origirfehpineremorphology

[13, 14]
| Phase 2 Phase 3 |
" Phase 1 | Soft Callus Hard Callus | Phase 4
= Inflammation | Formation Formation | Remodeling
S s I |
- ol ol B i iz
53 | || L
=
= I I
= I I
I I
I I
I I

Inflammation | |Remodeling

Response

Figure 11i Schematic representation of 4 phases involved within normal bone fracture
repair.

Healing outcomes have been shown to be directly linked to fracturatgtflil17] and the
adequate supply of blood, hormones and growth fagtéisin terms of stability and the role

of mechanical loading on fracture healing outconke=ren and cavorkers introduced the
conceptofthe Intet r agment ary Strain (I FS) Theory in
cells within the fracture gap differentiated into specific tissue types depending on {&8]IFS
According to this phenomenological theory, reducingititer-fragmentary movement during

the early stages of fracture healir{g@.g. through rigid fixation) ensures favourd®
biomechanical conditions for bone fracture repainimising the risk norunion and delayed

healing [19]. While the IFS theory represents a simplification of the complex
mechanobiological processes that take place during fracture heapngvided a conceptual

link between the mechanics of fracture stabilization, the associated mechanobiological

12
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responses and indeed many observed clinical outc@@0gsWhile several more advanced
mathematical theorigd 6, 21:23] have since been developed to describe the mechanics of
fracture healing, these theories all indicate that fracture stabilisation, which can be achieved

through either external or internal fixation, is essential for successful healing outcomes.

1.1.2BoneRemockling

In the later stages of fracture repair, the ossified hard callus undeegpedeling whereby

woven bone is replaced with highly structured lamellar bone that returns the structure to the
prefracturemorphology The concept of borremodelingvasfirst observed in the #&entury

by Julius Wolff, who described the relationship between the structure and function of bone.
Wolff was the first to notice thdhe orientations of the trabecular cancellous bone structures

were aligned to the trajectoried the principle stresses (s&&gure 12A), leading to the
definition of Wol Il fos | aw, which highlighte
functionally adpted to loading24]. This concept was extended by Frost, who hypothesised
thatbond i ssue remodel s towar ds a [2Pemhisng booea | homn
densityas a function of the loading environmetost proposed the existence of a homeostatic
regulatory mechanism that was responsible for the transduction of mechanical stimuli to
regulate bone mass to accommodate these new mechanicaldde(seafrigure 12B). Frost

theorised that below a certain threshold, bone mass was reabsorbed to remove excess mass,
while above another loading threshold, bone fation occurs[26]. In between these
thresholds, loading is considered to be homeostatic and bone mass is simply maintained,
whereby the amount of bone resorption is balanced with bone formation. Originally, strain
magnitude was proposed as mechanostat stimulus, althoughatieer measures have since

been propose[27]. Boneremodelings carried outia basic multicellular units, composed of

discrete units of osteoclasts and osteoblasts, that are responsible for the deposition and removal

of bone matrix[28]. Under normal conditions, the bomemodelingprocess is essential for

13
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everyday maintenance of the skeletal system. Theteomedelingorocess also plays a critical
role in the fracture repair process as it restores structure and function of the damaged tiss

the longterm.

A 4

) (B)
o = 2B
s 1 B2
& vg'g
"]
=
= AZ7
o 1 2 3
3 1 23

= *u@’

Resorption  Formation
Threshold  Threshold

_M'b

Customary Strain Stimulus

Figure 127 (A) Stress trajectories in curved Culmann crane compared with trabecular

orientation patterns in proximal human femur, taken ff@8]. (B) Schematic displaying

role osteocytes in determining mechanostat thresholds forreomedeling adapted from

[30]

1.1.3Permanent Fixators
For severe fractures that require realignment to facilitate propealinge permanent
orthopaedic fixation devices are implanted to stabilise the fracture region. These implants
consist of plates, screws, nails, rods, wires, and pins, with different methods used depending
on fracture site and typ@1]. Bone plates are the most common form of internal fixations
device[32] and are typically used to attach fracture ends asrdut internal and muscular
loads away from the fracture site. These implants are conventionally composiesheft
metals such as titanium and stainless 4&#&, whose stiffness can be betweedZtimes
greater than native cortical bor@nce the initial period of fracture healing is completed and

woven bone has formed, the site is completely stabilised by the newly formed tissue and the

role of fixator becomes redundahiowever, the mismatch of material properties creates long

14
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term complications as native bone adjacent to the implant experiences excessive shielding of
mechanical loads, leading to bone reabsorption and implant loogd&33%]. Due to the
complications and cog$B6] associated with revision surgery, implants are often leitin
permanently. Whilepermanent implants have attempted to misarthe stresshielding
phenomena through design optimisation and stiffness graded pBtpsthesedevices
fundamentally disrupthe native anatomical loading pattsy which leads tainwantedbone

reabsorptiorandincreagsthe riskof implant migratiorandfailure [34].

1.2 Biodegradable Fixators

1.2.11deal Biodegradable Orthopaedic Device

Figure 13 shows a schematic of tifienctionalperformance of an ideal biodegradable internal
fixation device Here, the fixation devicghould initially provide highmechanicaktiffness to
supportsoft and hard callus formation. Followiagequatessification of the fracture region,

the implant shouldindergomechanicaldegradatiorat a ratethat facilitates healing of the
surrounding tissues. Eventually the implahbuld be completely removed leaving no residue,
resulting in the restoration of normal physiological loading, and elimpéte requirement

for a secondary removal surge@urrently, both polymerand metabasedbioabsorbable
implants are commercigllavailable. However, polymdrased bioabsorbable materials have
relatively poor mechanical properties and have generally been implenotintedlly where
loading is relatively small, in the case of stidsue reattachment for exam{@&]. On the other
hand,metatbasedioabsorbablenaterials have much more favourable mechanical properties,
with magnesium zinc- and ironrbasedalloys all being proposed as bioabsorbable implants. In
particular, magnesium and its alloys have comparable elastic moduli, fracture tougithess a
yield strengths compared to native bone tissue and hold great potential for orthopaedic

applications as magnesium devices could prowdequatesupportduring tissue healing

15
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subsequentlydegradhg reducing the potential folong-term complications andevision

surgerie§39-41].
No Loss of
Mechanical
Integrity
A Loss of .
' Mechanical 1 Time for
I Integrity :Implant (Days)
¢ > >
T 1
£ - !
&0 1 1
= I I
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« |
2 — Fractured Bone
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Figure 13 - Representation of mechanical response for ideal biodegradable fixation device
for bone fracture repair.

1.2.2Magnesium as a Biodegradable Material

Magnesium (Mg) is the fourth most common element found within the human body, and has
been shown to promote begrowth[42]. Over the past 20 yeargreat interest has been shown

in magnesium foorthopaedicimplants due to its good biompatibility, biodegradability and
mechanical propertig43]. Magnesiundegrades ivivo in the presence of chloride ioftsl,
releasing cations C and hydrogen gas as biproducts, which are eliminated by tlyd4t|d
Magnesium is the least noble metal in the galvanic series and is highly susceptible to internal
galvanic corrosion by secondary phases and impurities with grsttedard electronic

potential The heterogeneous distribution of these deleterious elemeatss that magnesium

16
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alloys are generally susceptible to localised corrosion mechaniEgure 14 shows an
example of surfacbased corrosion from a Magnesium WH#8axial test specimerg5],

with localised corrosion getting progressivelpm severe over time (e.g. lt-right). For
load-bearing orthopaedic applications, these localised corrosion mechanisms could lead to an
early loss in mechanical integrity, providimadequate mechanical stabilization of the fracture
site during healig, which couldresult in undesirable host reactiorj46-48]. While the
corrosion rates can be improved through careful selection of alloying metals and/or surface
modifications, this nofuniform corrosion mechanism presents significant design challanges

predicting the longerm performance of bioabsorbable magneshasel devices irvivo.

A)

Figure 141 (A) Experimental localised pitting corrosion within Mg dogne specimens,
taken from45]. (B) Histological of two intact screws (3 and 6 weeks) and one broken screw
(12 weeks) witlransepiphysegbosition, taken frof9] . (C) Radiographs of distal fracture

(red arrow) displaying the corrosion of the Mg fixation screw and the fradtealing process

over a 12 month period, taken frqf0]. (D) Clinical trial investigating the transformation of
implanted titanium and magnesium baswews 3 years after a modified chevon osteotomy
displaying complete healing of osteotomies, with more artifacts observed on titanium screw
than the remnants of the magnesium screw, taken[&bm

17



Chapter 1

While early efforts to use magnesium as an implantable biomatedehiopaedi@pplications

were problematic as degradation took place rapiigrerecently,several magnesiuiasel
fixation devices have achievedccessifl clinical outcomesFigure 14B showsimaging from

an animal study52] that has demonstrated that use of a {sifgangth lean alloy Mg screw
(Mg 0.45Zn 0. 45 Cain a groming wheepbésteotody Xrodel) Here, the
osteosynthesisffect of the implanted Mg alloy wasiown, and it was found that hydrogen gas
evolution had no negative effects on fracture repagure 14C [50] shows imaging data that
demonstrates the lortgrm biodegradability oMg-5wt%Calwt%Zn alloy implants and the
bone formation and ingrowth of the surrounding tissue. Here, the controlled degradation of the
Mg alloy resulted in the formation of a biomimicking calcification matrix at the degradation
interfaces initiating the bone formation process. This facilitated early bone healing, allowing
for the entire implant to be replatiky new bone within one yeaf implantation. Similar long

term performance has been demonstrated in human clinical witlisi-igure 14D showiry
imaging data from a study on distal metatarsal osteotomies on 26 p&tidnmgth Mg screws
displaying midterm clinicalefficacy,showingadequatédonehealing and gradual degradation
over time. Recently, SyntelliY53] have obtainedregulatory approval for a range of
magnesiurrbasedscrews and pins for commercial implantation (Sggire 15A), whichhave

a degradation timeframe ohe or two-years following implantatiofb4]. Similarly, Medical
Magnesium (Aachen, Germany) have magnediased interference and compression screws
available on themarket [55]. While these outline a clear potential of magneshased
orthopaedidevices, the types of devices that have achieved clinical implementation have been
screw or wire-basedThere still remains a distinct need talevelop a better understanding

of the corrosion performance of magnesiurbased devices in the implanted environent

to further increase their viability for commercial use in other types of devices
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B)
(A)

MAGNEZIX®CS 2.0 MAGNEZIX® CS 3.7
mm.FOOT
MAGNEZIX® CS'4.8 MAGNEZIX® CS 2.7

mm.FIX

Figure 157 (A) Range of Syntellix AG products commercially available, taken[B8m
(B) Range of Medical Magnesium productsnmercially available, taken frof&5].

1.3 Computational Models of Biodegradable Fracture Fixation

1.3.1Computational Models of Bone Fracture Healing and Repair

To better understand the procexsfracture repair, mechanobiological models have been
developed to simulate soft callus formation, hard callus formation and remodeling. These
mathematical frameworks describe the differentiation of mesenchymal cellgbitolasts,
chondroblasts, immature and mature bone cells, producing their associated[5i6s&&3

These models are typically implemented using the finite element method and the underlying
theoretical frameworks have advanced well beyond IFS theory, with models incomgorati
single and/or biphasic stimuli models to drive tissue formation, as well as other cellular
activities such as proliferation, migration, and apopt{isss 57} While mechanobiological
models are often carefully calibrated against the healing outcomes of animal expgid®ents
58, 59] they have facilitated a detailed werdtanding of hownechanical stimuli and cellular
activities affect tissue productiaturing bone fracturehealing. However, theseameworks

have generally only been usedetplore the role oihternal fixatorsonthe shortermfracture
healing phase of the repair procf&3]. These studies provide insight into the efté#dixation

on interfragmentary movemenn the early phases of healing, khe wider remodeling
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processes that take place following a successful union over longer time [renvedsot been

considered13, 6062].

Numerous boneemodelingheorieshave been proposédsed on the clinical observation that
equalization of strain energy on the bony surface allows for the minimisation afesteigy
within the whole structure of the bof@3]. This proves the assumption that bone structures
are optimised to generate structures with the highest stiff6@s64] Phenomenological
models implement straiderived criteria (generally strain energy density) asréneodeling
stimulusto describe cellular activity and drive thremodelingprocesg65, 66} Remodeling
algorithms have been widely used to optimise the designplantable orthopaedic devices in
nonfracturebased applications, such as hip and knee replacements, with the effects -of stress
shielding wialy studied[67, 68] However,boneremodelingplays a vital role in the final
stage of the fracture repair process, as woven bone aslually replaced with orientated
lamellar bone to return to original piecturemorphology. Computational frameworks that
consider bone fracture repair anemodelingare rarely used in conjunction, with certain
studies takig the approach of implemengra fracture healing algorithm and barenodeling
algorithm independentljL 4, 69 75] of one another to investide longeiterm responses, which

is not ideal.There is a distinct need to develop consistesbmputational approaches that

can predict both the shortterm healing behaviour, and the longterm remodeling

response of bone fractures to provide more insighhto the fracture repair process.

1.3.2Magnesium Corrosion Models

The localised and neaniform corrosion behaviour of magnesibased alloys presents
distinct challenges when it comes to predicting the sqtatigporal features of surfatased
corrosion, and th associated mechanical behaviour of the degrading part. A range of
computational models have been eleped to predicshort and longterm performance of
magnesiurrbased devices in both-intro and invivo settinggd76-82], with significant interest
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focused onbioabsorbable ngmesiumbased stents for cardiovascular applicati{f8%86].
Generally, these corrosion models have been implemented within a finite element framework
using either physical or phenomenological approaches. While physical models consider the
detailed electrochemical interactions taking place on the cogalirface, these approaches

are computationally expensive and hanaanly considerediniform corrosioracross thahole
implant[87], or stuly localised corrosion mechanisms at the scalevidual pit[87-89], which

limits their practical utility On the other hand, phenomenological models have been more
widely used, whereby they consider an empirical relationship descnitiang-galvanic/pitting
corrosion, implemesd through continuunrbased damage models that describe geometrical
discontinues and mass loss by removal of damaged elements from the corroding surface.
Recently, corrosiomrmodels [83, 87, 88,90-93] have been implemented based on the
approaches developed by Gastaldiakt[93] and Grogan et al[83], wherebya random
probabilty function is used to predict aspects of Huoiform corrosion and localised pit
formation. While these models can effectively capture corrosion rates and aspects of non
uniform corrosion, they are subject to serveral limitations. At adeval, hese models fail to
capture serverity and spatial distrubtion of pitting features, with these models creating
characteristic Wshaped pits, as shown Higure 16. However, in reality, localised pit
formation is more complex, with corroding materials experiencing a wide range of unique pit
morphologies and even in certain cases experiencing-didtitional pitting, which is not
captured by these models. Furthermahese models tend texhibit high degrees of mesh
sensitivitysensititvty, which creates issues in calibrating model parameters for specific
materials and/or specimenihere is a distinct need to develop robust and fundamentally
consistant corrosion framevorks that are capable of captuing realistic noruniform

corrosion cause by galvanic and pitting processes
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Figure 167 Visual representation gghenomenologicaV-shapped pitting at 3.9%, 10%,
16.4% and 29.6% mass losstlined within Boland et a[94] implementinghe
phenomenological framework developed by Grogiaal.[83].
1.4 Objectives
The global objective of this thesis is to develop a computational framework to investigate the
long-term performance of bioabsorbable magnesium fixation devices used to enhanced fracture
repair in orthopaedic applications. Thiepresenta challenging muil-physics problem that
requires the development, implementation and integration of multiple computational
frameworks that describe mechanobiological aspects of bone tissue repair andbagéace

corrosion processes of degradable magnesiased implantsThe specific aims of this thesis

are the following:

() Todevelop a coupled modelling framework for bone fracture repair that predicts both
shortterm fracture healing and loigrmremodelingphases of the tissue over a period
of 12 months ira fractured biman tibia.

(i) To develop an enhanced surfdised phenomenological corrosion finite element
model that canrobustly predict the spatiotemporal features of -onorform
pitting/micro-galvanic corrosion in bioabsorbable magnesium materials

(iif) To couple both freture repair and surfadgemsed corrosion models in a unified
framework and investigate the lotgrm fracture healing angémodelingoerformance

of permanentitaniumand bioabsorbablmagnesiurrbased fixatiorplates.
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By developing a combined computatiofahmework, this thesis will facilitate a better

understanding of the role of biodegradable fixators on-teng bone fracture repair.

1.5 Thesis Structure

The outline of this thesis is as follows:

Chapter 2 outlines a comprehensive review of physiology of bone fracture repair and bone
remodeling This chapter describes the development of numerous mechanoregulation finite
element models for fracture repair aremodeling their applications in predicting clinical
outcomes and facilitating optimal fixator design. Additionally, a review of magnessuam
implant material for clinical orthopaedic applications and modelling techniques to capture non

uniform corrosion were investigated.

Chapter 3outlines the fadamental theory of continuum mechanics, focusing on finite element

methods implemented @hapter 47 6.

Chapter 4 presentsthe implementation of a coupled bonedture healing and bone
remodelingalgorithm. The effects of loading magnitude and fracture gap size were investigated
for nonplated and plated models. The skherm and longerm consequences of permanent

fixation were analysed.

Chapter 5 presents implementation of updated fumiform corrosion algorithm based on
previous work carried out by Grogan et [&3]. This work created a more robust corrosion

framework, which could capture realistic pitting produced by galvanic and pitting corrosion.

Chapter 6 investigated through the computational models outline@hapter 4 & 5 the
viability of a nonpermanent magnesium fixator, regarding bone fracture repair and
remodeling The impact of cogsion parameters such as corrosion rate and pit severity were

studied regarding healing outcomes.
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Chapter 7 summarises the outcome$ this thesis, focussing on both the technical and
scientific contributions of the completed wofkeveralfuture recommendations for the area

are also provided

24



Chapter2

CHAPTER 2

Literature Review

2.1 Bone Structure and Function

2.1.1Bone Anatomy

The human skeletal system is composkchrtilage, tendonsigamentsandboneshat enable
awide range of baty functions such as movemeartdprotection of vital organsyhile acting

as reservoir of minerals (calcium and phosphorasgd bone marrow[95]. Bone tissue
constantly remodels its architecture to adajitistphysical environment. The bones within the
human skeletal system can be divided into five main categbassd ontheir shape and
function (i) Long baes, which includehe femur and tibiawhose primaryfunction is to
support bodyweighduringskeletal movemen(ii) Short bones, such as metatarsals, are cuboid
and function to provide stability and moveme(it) Flat bones such as cranial bones,
primaily protect important internal organs such as the p(aipSesamoid bones, such as the
patella, relieve tension within muscles and tendons allowing for greater voeighhg
capabilities Finally, (v) irregular bones, such as vertebrae, have congplexrregular shapes

and theimprimary role is to help protect internal organs.
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This thesis will only investigate long boneshosestructure can be divided into three
distinctive regionsnamely theepiphysis, diaphysis, and metaphy[98], as shown in Figure

2.1 The epiphysis is locatl on the proximal and distal ends of the bone, \Wisdextremities
covered in articular cartilage to reduce friction due to movement between bones. The epiphysis
consists primarily of trabecular bone, with red bone marrow filling the voids. The diaphysis
connects the proximal and distal eradglis composd ofa cortex of compadbione andhe
medullary cavity containing yellow bone marrqwvhile themetaphysis is the connecting

region between the epiphysis and diaphysis.

Articular cartilage

Proximal —
epiphysis

Metaphysis — Spongy bone

Epiphyseal line
Red bone marrow

— T Medullary cavity
|

+— Compact bone

Endosteum

Diaphysis — Yellow bone marrow

Periosteum

Nutrient artery

Metaphysis —

_

Distal
epiphysis

Figure 217 Structure of a long bone. Sour86].Bone is a naturally occurring composite
material whose constituephasesare hierarchically organised to provide a highly optimised
structure that exhibits high stiffness and excellent resistance to frg®@#@9]. Considering

Articular cartilage
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the macroscopic scale, bone can be classifiegithgrtrabecular or cortical bone. At the
microstructure scale, bone is formed byweisian systems and single trabeculasdile at
the nanostructure scalbone consists of collagewater am hydroxyapatiteninerals[97].

The macrostructure of bone consisthigh-density cortical bone and ledensity trabecular
bone. Cortical bone forms tloaiter layer of all boneand isconstructed from a repeating unit
osteoml structures, sometimes termed tHaversian systeniseeFigure 22). Osteons are
cylindrical in shapeand havea di amet er of 200 to 250¢&m.
resides a blood vessel responsible for providing blood supplgeliolar components
Trabeculabonewithin long bones resides at the epiphyseal emdbsconsists of individula
trabeculaghat tend to be predominanthigned in the direction of loading00], which are

rod-like in shape with a diameter ranging from58 0 0 € m.

Cancellous
Bone

Collagen

; . 3-700um

0.5um
Macrostructure 50-300pum Sub-Microstructure

Nanostructure
Microstructure

Figure 227 Hierarchical structural organization of bone. Adapted from Rho g8d]..

The irregulayyet highly optimised arrangement of hierarchical structures within btsgue
results ina material that is highlizeterogeneous arekhibitsanisotropic material properties.
Long bones such as the femur havegherelastic modulus in the longitudindirection(11
21GPa), than in the transverdieection(5-13GPa)97]. Generally, thanechanical properties
of bones are dependent on three main critegpiaosity, degree of mineralization and

orientation of collagen fibres afwt trabeculaewithin the tissug101]. These characteristics
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may be influenced by several elementdudingage, gender, location wih body and disease

state, but also thecal loadingenvironmenthat the tissue experiendd92].

2.1.2BoneRemodeling

Bone is a living tissuéhat is constantly renewed and remodelled, wgproximately 10% of
t h e bbond maseplacedannually[102]. In the early 19 century scientists hypothesised
that bone architecture wasuctured to provideptimal stress transfand maximum strength
while maintainingminimal weight. From trabecular architectura&/olff [103] was the first to
describebonds ability to adapt its structure and morphology to mechanicaubktimhen he
observedrabeculae in theroximal head of the femureing aligned to the principle loading

direction (seeFigure 2.3). This was later expanded upon Byost who proposea theoy

wherebylocal strain levelsreguladldd one mass t o a mechainhocak | h o m
strains apovetobobheesskted in bone depoisitd on,
resultedibone reabsorption. Frostso6 Amechanost at ¢

mathematical and theoretical models to analysis bone adapf@8pii04106], which are

discussed later in Secti@n2
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Figure23i Wol f f 6s depiction of trabecular orient
femur. Bone material orientation corresponds to orientation of stress trajectories. Source
[107].
At a cellularlevel, bone is remodelled and modelled under the guidance of osteocyte,
osteoclast, and ostelast cells, whereby damaged tissueeglaced,and tissue is added in
respmse to mechanical loadingOsteoblasts ar®oneforming cells that produce bone
extracellular matrix and are responsible for its mineralisation, whtknclasts are responsible
for bone resorption, which is critical in the maintenance and health of Boneremodeling
occurs over the timeframe of several weeksereby osteoblasts and osteoclasts osganto
temporary anatomical structures called basic multicellular units (BM#ie, anadvancing
front of osteoclasts remove bomatrix, and thisis subsequently replaced by osteoblasths
in the tail section of the BMUas showrschematicallyin Figure 24. Osteocytes are derived
from osteoblast that bedsecome encapsulated within bone matabkowing its deposition.
These osteocytesct as mechanosenspwghich activelytranslaé mechanical and chemical

stimuli into biochemicalsignals that control the activities of osteoblast and osteoclasts within

theBMU.

Direction of o
Remodelling Bone Lining

Cells
i —

Bone Lining

Osteoclasts

Bone
Matrix

Osteocytes

Figure 241 Schematiof boneremodelingn a basic multicellular unit. Adapted froph08].

Theremodelingphase carried out by the BMEdefined byfive distinct sequential phases:
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1. Activation Phase: Initial stage of bonemodelingwhereby osteocytes deteeimodeling
stimulus which can be either mechanical, such as loadingiorodamage, or chemical,
such as the presence of growth factors, hormones, or inflammatory factors.

2. Resorption Phas@reosteoclasts differentiate, and osteoclasts adiretdegin taeabsorb
bone creating a fisealed zoneo.

3. Reversal PhasdRemoval of ctlagen matrix covering the sealed zone in preparation of
osteoblast activity.

4. Formation PhaseRecruited osteoblasts create new bone matrix and promote its
mineralization completing theremodelingprocess. Imbalances between the reabsorption
and formatiomphaseaffectsoverall bone massvhich can result ipathological conditios

5. Termination PhaseOnce anequal quantity of reabsorbed bone has been replaced,
remodeling terminates. Mature osteoblasts undergo apoptosis or differentiate into

osteocytes.

2.1.3Bone Fracture Healing

Fractures are the most common lagggan injuries that occuwith approximately 178 million
traumatic fractures occurring globally each yiddrBone fracturéhealing occurs through two
main pathwaysthrough either direct or indirect healifgrstly, drect or intramembranous
fracture healing, whereby the fracture ends are fixed together in compr@ssobure gap <
0.01mn) and osteoblasts® s t a b | is samella stroctude without the formation of a
cartilaginous callusDirect healing does not commonly occur naturally and usually requires
fixation to reduce the fracture end4]. Under these conditions, osteoclasts remove dead bone
to form new Haversian systems, while newly formed blood vessels provide osteoprogenitor
cells required for osteoblast production. Since little or no callus is fomimedt bone healing

is considered to occur through the direeinodelingof cortical bone[109]. The absolute
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stability of surgical fixation allowfor the physiological fracture healing process to be skipped

and boneemodelingto occur[110].

More commonly, scandary (or indirec) fracture healing occurs in lordgpne fractures and
includes the classical stages of injuof haemorrhage, inflammatory response, fibastilage
formation, intramembranous and endochondral ossification, andreomeeling Secondary
bone healing is @omplexprocedurehat requires orchestratéateractions between calbar
activities (e.g., migration, proliferation, differentiation, and death), mechanical signals and
biochemical signalse(g.,related growth factors and oxygeR)gure 25 summarises theain
phasesof fracture healing (1) inflammatory phase, (2) (3) reparative phase, and (4)

remodelingphasq109, 111115]

External

Bony
/ callus

callus of
spongy
bone
Internal

callus
(fibrous

tissue and vessels
cartilage)
Spongy
bone ‘
| trabeculae | |
(1) Hematoma (@ Fibrocartilaginous (3@ Bony callus (@ Bone remodeling
formation callus formation formation

Figure 2571 Primary phases involved in secondary bone fracture refidi@].

() Inflammatory phasdmmediately bllowing fracture, the bone, blood vessels and soft tissue
surrounding the fracture region are damagelich resultsin blood invading the fracture
region to form a hematoma, known as the inflammatorgsph Due to damage to the
surrounding blood vessels, the fraction region becomes hypoxic, resultingcrosis of
osteoblasts, osteocytes, and damaged tissue. This is immediately followed by inflammatory
responsgewhereby leukocytes and macrophages megaaid invade the region. Additionally

mesenchymal stem cells (MSCs), fibroblasts and endothelial cells invade the[t4dipn
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(i) Reparative phaserollowing the inflammatory phase, the reparative phase begins, which
consists of soft callus and hard callus formatip@9, 113115] Granulation tissue in the
fracture region is gradually replaced by fibrous tisMesenchymal Stem Cells (MSGsithin

the fracture region differentiate accordingbtmth biochemical[109] and mechauial stimuli
[118]. Within the soft callus phasgISCs far away from the fracture ieg and near the cortex
differentiate into osteoblasts producing woven bone. Closer to the fracture, rstias
differentiate into chondrocytes, which aid in stabilizing the fracture zone mechanically.
Chondrocytes mature to become hypertrophic chondeecwthich deposit mineraéd matrix

to form calcified cartilage prior to replacement by bone.

(i) Remodelingohase:During theremodelingphase, osteoblasts migrate invade to regions
within the calcified cartilagevhich contain a blood suppligndochondral ossification involves

the replacement of hyaline cartilage with bony tissue to create a hard callus. The fracture gap
eventually becomes joined by bony tissue,
reached.During theremodelingphase unnecessary or poorly placed bone is resorbed by
osteoclasts and lamellar bone is produced by osteoblasts tbhdaadg regions. This process

continues fomonths to years as bone is restored to its original shape and strength.

2.1.4Role of Mechanical Stimul and Bone Fracture Healing

Over the lasthreedecadesour understanding of fracture healing lea®lved,and further

insight has been gained into the role of mechanical loading on the fracture healing process (see
Figure 26). Themagnitude of mechanical stimuli in the migegavironmenhas beeround to
impacthealing pathwaysubstantiall{119-121]. The local magnitude of strain in the fracture
region can be influenced by mechanical and geometrical features such as fracture pattern,
location of fracture, fracture gap, and loading magnitude, direction, and His2@ijy Smaller

fracture gap sizes result in fast successful healigle larger gaps can result in delalye

healing or the generation on a remion (seeFigure 26).
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Figure 26 - Histological staining of sheep metatarsal stadadl with an externaling fixator.

Sheep were divided into two groups (left) 2.1mm osteotomy gap and (right) 5.7mm osteotomy
gap. Endosteal bridging was observed in smaller osteotomy gap, while periosteal and
endosteal callus formation was observed in the larger osteotomyitfamainly connective

and fibrocartilage tissue in the fracture gap and no bony bridging. SQUA33.

Based on these observatioRgrrenand coeworkers (Perren 1979; Perren and Cordey 1980)
were one of the first to introduce a mathematical theory to describbelthef mechanical
loading on fracture healing through tHeter-Fragmentary Strain thep Inter-Fragmentary
Strain theoryrelates the remodeling of fracture callus tissues to the mechanical strain
experienced by the fractured bone fragments during loading. The remodeling stimutus inter
fragmentary strain (IFS) determined the remodeling outcome of the entire fracture callus,
allowing the formation of only one fracture tissue phenotype at a Reducing IFS allowed

for generation of more complex fracture tissues enabling the gradual stiffening of the fracture
callus. This controllegrogressiorin tissue formation and stifférg is pivotal in the promotion

of successful bone healing, gradually restoring the strength and integrity of fractured bones.
This approach isdirectly applicable to clinical caseas inter-fragmentary movemenis
generally recorded during healing, withany examples of thisicross clinical literature

whereby axial intefragmentary strain stimulates the formation of periosteal callus, enhancing
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fracture healind124]. Experimental studies have shown that adequate mechanical stability

increases MSC differentiation into bone, reggiiin quicker healing timeld.25].

While this theory provides a useful understanding of the role of motion on fracture healing, it
remains somewhadealisedas the stimulus varies spatially within gap region laading on

the tissue tend® bemulti-axial. Therefore, mny further mathematical theories have been
introduced to descrilidde mechanobiology of fractuesdtheseare reviewed in more detail in

Section2.2

2.1.5Fixation of Bone Fractures

The concept of reducing the mechanical stimulusnter-fragmentary straimluring fracture
healing isthe driving factor behind the use of orthopaedic fractuxatfon devices, whose
primary function is providedtabilisationat the fracture site and reducevementto ensure
thatii n axm i 8 avoided. Internal orthopaedic fixators that include wires, screws, plates and
nails and external fixators, which proeidarying degrees of fixation to stabilise the fracture

region, which is represented schematicallfigure 27.
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Figure 27 - Ovaview of different fixation method@) Degree of fixation produced from
different fracture fixation implant¢B) Implementation of different fixation devices currently
used. Adapted frofd26].

While fixation devices provide stability to fractures to aid healing, certain complications can
be encountered during later stages of healingrantbdeling In fact, the emoval of fixed
metallic implants is themost common elective orthopaedic procedure in the Ekls
represent8% of all orthopaedic surgeriead has anestimatad nual cost of over
Due to this revision surgery, complicationan be encountered that include infection, re
fracture,tissue and nerve damageadpostoperative bleeding7]. Therefore, manymplants

are actually never removed and remain in situ well beyond their functional role has been
completed. The presice of these stiff metallic implants can lead to further issues such as stress
shielding[34], whereby tissue is resorbed locally due to the primary load being redirected
through the stiff implant. These features are very commonly observed in larger orthopaedic
implants such as hip replacements (Sgerre 28) butcan also be prevalent for smaller fixation
devices. Permanent fixation devices can be particuteetyyrmental in children where growth
patterns are inhibitedue to the presence of affsimplant that limits the relative movement
between tissue region®©ther complicationsassociated with permanent fixation devices
include late infection, metal allergy/toxicity, hardware migratzom metal failurethrough

corrosion[31].
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Figure 287 (A) Visualization of stress shielding total hip arthroplastiesadapted from
[127]. (B) Micro-computed tomography imagesstress shielding itotal hip arthroplasties
(B1) Rounding of proximal and medial neck; (B2) reduction in medial cortex density around
minor trochanter; (B3) loss in medical cortex density below minor trochanter; (B4) cortical
reabsorption of diaphysis. SourfE28].

2.2 Fracture Healing Algorithms

2.2.1PhenomenologicaMechanoregulation Modelsfor Fracture Healing

The first mathematical framework to model the fracture heal#sgonsavas proposed by

Pauwes [129] who described the differentiation of MS@gcordingto a physical stimulus.

Within Pauweléframework strain and pressure weassumed to stimulate the production of

fiborous and cartilagdissue, respectively (see Figure 29A). A stimulus to predict the
differentiation of bone cells was npresentas even though Pauwel sd w
clinical observations, the magnitudes strains and stresses could not be accurately measured.
Carteretal[l30]i mpl ement ed Pauwel sé framework comput
was consistent with experimental results, however could not validate the influence of

mechanical stresses on tissue differdinim

Peren and ceworkers builton Pauwels worko includea threshold stimulysvherebytissues
would be unable to develajue to excessive straifls31]. As already introduced brieflyheir

Inter-Fragmentary Strain theoputlinedthat the only tissue type that is formed in the fracture
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gap, is the tissue that can sustain the current-iragmentary strair(seeFigure 29B). The

interfragmentary straiflFS) wasdefined as

DEoQRE

O Y Q'@
The interfragmentary strairtheory assumed that the fracausite is initially filled with
granulation tissue, which differentigtdowards cartilage, incremg strength/stiffness of
tissue.As tissue stiffness increasele interfragmentary straiin the fracture gap decreases
leading to formation of stifferral stronger tissues at fracture sitheinter-fragmentary strain
theoryis widely usedlinically to evaluate treatment strategies for fracturEsvever it is not

a viable method of determining fracture callus evolution as it disregards heterogeneous nature

of tissuestructure andhe mechanic®f the fracture region.

Carter[132] later extended the intdiragmentary strain concept tohao-dimensionakheory
whereby (i) regions of high tensile stramthe fracture gapesulted infibrous tissue (ii)
cartilaginous tissue was formed in regions of hydrastatmpressioand (iii) bone formed in
regions if low hydrostatic pressufgeeFigure 29C). There were no specific limits set for the
tension and pressure line showrFigure 29C. Claesand ceworkerslater combined animal
experiments andell culture studies tarive the development dfnite element models to
investigate the effectthat fracture gap and stability had on fracture hea[ht, 120] In
particular, Claes and Heigle[16] implemented a finite element modéhat defined
guantitativemechanical thresholdsom animal experiment® regulate new tissue formation
(seeFigure 29D). Based on histological data from animal experiments, it was proposed that
when the local strain was < 5% and hydrostatic pressid5MPa intramembranous bone
formation occurred, while ifocal strain was> 15% andhydrostatic pressure >0.15MPa,
endochondral ossification occurred. All other conditions resulted in fibrous or

fibrocartilaginous tissueThis mechanoregulatory theory was established on the observation
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that bone formation @urs mainly near calcified surfaces and intramembranous and

endochondral ossification exist in fracture healing.

While the models above provided a general framework fomgaehanoregulain of fracture
healing, many in vitro studies were simultaneouskyniz place that provided clear evidence
that the cell types involved in fracture healing were also mechanosensitive to fluid flow
stimulation [133, 134] This led to biphasitheory being implemented in fracture healing
models, whereby the fracture region wlascribé asa porous medium consisting of a porous
permeable solid matrix and an interstitial fliMlithin this framework, sear strain within the
solid phase and fluid velogitwithin the interstitial fluid phase were used to describe the
biophysical stimulthatcontrolled cellular differentiation. Huiskes et @dI35] determined the
ranges of biophysical required for cellular differentiatiop comparing finite elment
simulations to experiments carried out by Sgballe. §36-138]. Prendergast and amorkers
built on this, whereby.acroix et al.[21] developed anechanobiological model to simulate
human tibia fracture repainat considered both these stimuli, with this mo@didated against
experiments performed by Prendesa2]. Fibrous tissue formed under high values of both
shear strain and fluid flow, while cartilage fadunder intermediate values (degure 29E).

Only low valuesf shear strain and fluid flogromoted bone formation.
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Since the early 2000 budt,on theameghanoregslai@ernwdeks r s h
described abovelevelopingevermore advanced computational modelgredict the inicate

features of fracture healingable 21 provides a summary of the widphenomenological

fracture healing models that are currently availabléheliterature Apart from mechanical
stimulation, Lacroix et al[21] were the first to include the proliferation and migration of
mesenchymal stem cells around the callus region within the biphasic model. Cellular
proliferation /migration of cells were modelled by considering it to be analogous to diffusion.
These modelsllawed the transport of MSCs from the periosteum, cortical interface, and bone
marrow simultaneously. Cellular concentration had a considerable effect on healing with

regions in proximity to progenitor cell source healing an accelerate(sesfeigure 210).
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Figure 21071 Overview of proliferation and migration of MSCs into fracture callus; (A)
MSCs invade from (R1) external tissuéR2) cortical periosteum and (R3) bone marrow; (B)
Governingequationcontrolling spreading of cells within the fracture callus; (C)
Visualization of MSC concentrations within the fracture callus at 25, 50, 75 and 100 days.

Additionally the simulations carried out lhacroix et al[21] concluded that fracture gap size
affected the healing time and intieagmentay strain. This model was extended further by
Kelly and Prenderga§23] to include cell differentiation and death to provide a more realistic
representation of cell activities. Perez amgnidergas{139] implemented a randomwalk

model to simulate the proliferation of cells throughout the fraatatels, which resulted in
heterogenous tissue distribution, corresponding quantitatively to clinical outcomes. Isaksson
[140] implemented a more phenoméwgical approach, whereby cell activities such as:
migration, proliferation, diffusion were modelled explicitly using coupled partial differential
equatiors (seeFigure 210B). This coupled mechanoregulatory model could predict not only
normal healing but pathological conditions like mechanical overloading, periosteal stripping

and the impaired effects of cartilagamodeling
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Reference

Carter et al.
(1998)[118]

Claes and
Heigele
(1999)[16]
Ament and
Hofer

(2000)144]

Prendergast

et al. (1997)
[146]

Lacroix et al.
(2002)[148]

Gomez
Benito et al.
(2005)[56]

Andreyskiv
et al. (2008)

Perez and
Prendergast
(2007)[139]

Table 217 Overview of phenomenological fracture healing models currently available in the literature.

Model Type

Single phase finite
element
model

Single phase finite
element

model

Single phase finite
elementmodel and
fuzzy logic

Biphasic finite
element

model

Biphasic finite
elemenimodel and
diffusion equation

Biphasic finite
elementmodel and
diffusion analysis
andthermoelastic
analysis

Biphasic finite
element

model

Biphasic finite
element
model and
stochastic
model

Material
Property
Linear elastic

Linear elastic
and
hyperelastic
Linear elastic

Poroelastic

Poroelastic

Poroelastic

Poroelastic

Poroelastic

Mechanical Stimuli

Principle tensile and
hydrosttic stress

Principle strain and
hydrostatic pressure

Strain density and
osteogenic factor
Shear strain and fluid
velocity

Shear strain and fluid

flow

Second invariant of the
deviatoric strain tensor

Shear strain and fluid flov

Octahedral sha strain
and
relative fluid velocity
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Cells

Mesenchymal
stemcells

MSCs,
Chondrocytes
Fibroblasts
Osteoblasts
MSCs,
Chondrocytes
Fibroblasts
Osteoblasts

Angiogenesis

Callus growth

Mesenchymal
stem cell
proliferation
chondrocyte
hypertrophy

Clinical Application

Pseudoarthrosis
formatiorf141]
Asymmetric
fracture$142]

Distraction osteogenesi
[143]

Sheep trabecular bone
fracture healing145]
Patientspecific bone
fracture healing60]
Fixation configuration
[147]

Tissue differentiation ir
bone chambef149] and
during osteochondra
defect healing23]

Effect of stiffness of
external fixatof150]

Human tibia fracture with
realistic muscle loading
[65]
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Isaksson et
al. (2008)
[140]

Checa and
Prendergast
(2009)[151]

Shefelbine et
al. (2005)
[145]

Chen et al.
(2009)[152]

Simon et al.
(2011)[58]

Alierta et al.
(2016)[154]

Garcia-
Aznar et al.
(2006)[155]

Isakson et al.
(2007)[59]

Wilson et al.
(2015)[157]

biphasic finite
element

model and cell
phenotype
specific activity
Biphasic finite
element
model and
model

Single phase
element model
and fuzzy logic

Single phase
element model
and fuzzy logic
Interface finite
element

model
Interface finite
element

model

single phase
element model

and diffusion model

Biphasic element

model

and swelling model

Periosteurronly
model

lattice

Poroelastic

Poroelastic

Linear elastic

Linear elastic

Linear elastic

Cohesive
element and
linear
element
Linear elastic

Poroelastic

Linear elastic

elastic

Deviatoric shear strain
and fluid velocity

Shear strain and fluid
velocity

Octahedral shear strain
and hydrostatic strain

Dilatational strain

Distortional strain

Union degree

Second invariant of the
deviatoric strain

Octahedral shear strain

and fluid velocity

Deviatoric strain and
dilatationalstrain
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MSCs

MSCs,
Chondrocytes
Fibroblasts
Osteoblasts
MSCs,
Chondrocytes
Fibroblasts
Osteoblasts

Endothelial cells

MSCs,
Chondrocytes
Fibroblasts
Osteoblasts

MSCs,
Chondrocytes
Fibroblasts
Osteoblasts

Branching -
Sprouts growth
Anastomosis

Fuzzy logic -

Vascuar matrix = Volume
growth

Vascular matrix Volume
growth

- Mesenchymal
stem
cell
Proliferation
Chondrocyte
Hypertrophy

- Volume
growth

- Bone and
cartilage
formation

Optimal fixation
configuration[153]

Optimal fixation
configuration[153]

Oblique fractures in tibia
and fibula[154]

Distraction osteogenesi
[156]

Distraction osteogenesi
[59]
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Isaksson et a[158] compared numerous mechanoregulatory models, within the same finite
element model, such that the results could be compared directly. Within their work they
concluded none of the volumetric components,., pore pressure or fluid velocity
independently cdd not predict the spatial or temporal distribution of fracture tissues.
Deviatoric strain however could accurately predict normal healing independently, therefore
suggesting that the deviatoric component may be the most important mechanical stimulus in
controlling tissue differentiation for indirect fracture healing. Further studies carried out by
Isaksson et a]159] whereby an ovine tibia was subjected to two load cases: axial compression
and torsional rotation. Histological data at 4 and 8 weeks of the animal experiments were
compared to fracture repair algorithms implementing diffemegdthanical stimuli. Within the
torsional loading case models controlled by hydrostatic pressure and fluid flow failed to
accurately predict normal healing. Algorithm controlled by deviatoric strain and fluid flow
could predict healing in torsion and resgdltin the most accurate representation efivo
results. It was noted deviatoric strain alone did not comply withvio data and that none of

the proposed algorithms could fully predict fracture healing under both loading cases.

While biphasic mechanegulation models enabled predictions of fracture healing, tere

certain numerical issues that arose in its implementation due to abrupt changes in phenotype
(seeFigure 211A). Therefore, the generaxpression of biphasic mechanoregulation for
fracture repair was modified by Sapotnick and Nackenhbé€l] though the implementation

of fuzzy zones to prevent abrupt changes in tissue differentidigaré 211A)). Ament and

Hofer [144] implemented a fuzzy logic controller, based on the mechanical stimulus and
medical knowledge tissues obtained membership to phenotypesbigstransformations

such asintramembranous or chondral ossification, atrophy or destruEesfrigure 211B).
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Figure 211 - (A) Mechanobiological regulations implemented by Prendergast Ei44)

and implemented using fuzzy logic zones based onpeodikrmedoy Sapotnick and

Nackenhorsf160]. Memberslp functions controlling cell differentiation regarding
mechanical stimulus (S) and osteogenic factor{{@4]

2.2.2Mechanoregulatory and BiochemicalModels

While the mechanoregulatory modetsitlined in Section 2.2.1 have enabled good predictions

of fracture repair, thes@odels have been primarily governed by mechamcabrsalong and

have not accounted for mosome of the more complex biological and biochemical process

that take place following fracture. In particuldme process dfacture healinglepend$ieavily

on other factors including biochemical cell signallingygen concentration and angiogenesis.

To addresghese, several other mathematical frameworks that account for such biochemical

have been developed, with a summary providekthinle 22. These models impieent a series

of linear/nonlinear partial differential equatiors describing cell migration, mitosis and

differentiation, tissuesynthesisand degradatiomand growth factor production, diffusion and

decay.In particular,Geris et al[161] developed a coupled fracture healing model including

mechanical and biologicaégulatoryfactors, capturing the actions of growth factors and the
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process of angiogenesis in a mechanics met@adier et al.[162] extended this concept of
this model through the development afmultiscale model of osteogenesis and sprouting
angiogenesiswhichcreating an enhanced n&dhat enabledhvestigaton ofthe influence of
molecular mechanisms on angiogenesis and bone formation. Carligdé8hlso developed

a computdonal framework describingegulatory properties of oxygen on bone fracture
healing demonstrating the regulatory properties oxygen has opetii@viourof skeletalcells

during normal and impaired healing cases.
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Bailon-Plaza

and van der

Meulen (2001)

[164]
Geris et
(2008)[165]

Peiffer et
(2011)[166]

al.

al.

Carlier et al.

(2012)[162]

Carlier et al.

(2015)[163]

Bailon-Plaza

and van
der
(2003)[167]
Geris et

(2010)[161]

Meulen

al.

Table 221 Summary of biological and mechanobiological healing models

Biochemical signals
Chondrogenic growth
factors

Osteogenic growth factor

Chondrogenic growth
factors

Osteogenic growth factor
Angiogenic growth factor:
Chongrogenic growth
factors

Osteogenic growth factor
Angiogenic growth factor:
Chondrogenic growth
factors

Osteogenic growth factor
Angiogenic growth factor:
Chondrogenic growth
factors

Osteogenic growth factor
Angiogenic growth
factors

Oxygen tension
Chondrogenic growth
factors

Osteogenic growth factor

Chondrogenic growth
factors

Osteogenic growth factor
Angiogenic growth factor:

Mechanical stimuli

Deviatoric strains
dilatational strains

Hydrostatic pressure
and fluid flow

Cells

Mesenchymal stem cells
Chondocytes
osteoblasts

Mesenchymal stem cells
Chondrocytes
Osteaoblasts

Endothelial cells
Mesenchymal stem cells
Chondrocytes
Osteaoblasts

endothelial cells
Mesenchymal stem cells
Chondrocytes
Osteaoblasts

Endothelial cells
Mesenchymal stem cells
Chondrocytes
Osteoblasts

Endothelial cells

Mesenchymal stem cells
Chondrocytes
Osteoblasts

Mesenchymal stem cells
Chondrocytes
Osteaoblasts

Endothelial cells
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Angiogenesis

Partial differential
equation

Blood vessel growth
Anastomosis

Tip cell movement
Sprouting
Anastomosis

Tip cell movement
Sprouting
Anastomosis

Partial differential
equation

Clinical application

Impaired fracture
healing

resulting from MMP9
deficiency[166]
Impaired fracture
healing

resulting from a large
fracture gag162]
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2.3 BoneRemodelingAlgorithms

2.3.1Phenomenological models

Adaptive boneremodelingalgorithms predict boneemodelingby assumingmathematical
relationships betweemechanical stimuli and bone response, without considering cellular
activities [168]. Phenomenological models are often based on the assumption that bone
remodelingtends towards a physiological or homeostatic stim[89s 104, 105, 169, 170]

Two prominent phenomenological models have been developed: (1) Stanford University model
[105, 171, 172thatproposed a daily stress stimulasd the(2) We i n a n s 06,33} e |
which implementedtrain energy density (SED) per unit volume of bone asdahmdeling
stimulus Both models have distinct similarities in themplementation,and both have
predicted equivalent resulfg3, 169] Both models tendowards a homeosiatmechanical
stimulus , whereby the local mechanical load in the bone tissue is a function of local stress
tensord Q afudtr, the local strain tensok £ ¢fuhx, and apparent density

~ ,~

” \l rly .
<

Q” SR
—, oakh h mw 7 7 (2.2)
Qo
where” is the maximum density of cortical bone. As the objective function approaches zero,
the system reaches equilibrium. Botimodelingalgorithms can be described by the following

generic relationship:

Q” .
—, 6 h L ” ” (2.3)
Qo
whereo is a remodeling rate constant, oftdx is the local mechanical stimulus and

a nonsite-specific constant, which describes the homeostatic state. The models consider

bone as an isotropic mater{&3, 169] however anisotropic bone models exist where bone
density was associated to orientation and anisotfbpd176]. The main difference between

the models exists in the calculation of teenodelingstimulus and the homeostatic state
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( . An overview of the algorithm implemented in the Stanford model is stm@low in
Figure 212
Load Attractor State
History Stress Stimulus
ref
S.tress Osteoblast Activity
St"“}’“lus & Recruitment
Bone Geometry A .
& Composition > 7
'y — Apposition/
Apparent Osteoclast 'Act1v1ty Resorption Rate at
Geometry bp <5 KRGS TG Bone Surfaces

Density

P=Py+ 75, PA 1|4

P =ty A t l——]

Figure 212 - Flowchart of Stanford bonemodelingalgorithm, whereby bone remodels
towards the homeostatic state stimulus .

The Stanford model described tteenodelingstimulus as the daily tissue stress stimulus:

. (24)

where, is the continuum effective stress defined as MO Y2 is the number of cycles of

load typeQand empirical constant stress exporienThe value ofi determines the influence

stress magnitude and number of load cycles has on the daily stimulus, where higher values of
& increases the influence of high stress magnitudes. The continuumlégslieelationship

can be described as:

.o - (2.5)

where” denotes the maximum density of cortical bone andis the tissue level daily

stimulus. The net change in apparent bone density approaches zero when nearing equilibrium,
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therefore near the equilibrium stdte ” h , allowing Equation(2.6 to rewritten

as.

o " (2.6)

where0 is called homeostatic state constant. Finally, the tiseel remodelingerror ‘Q

is defined which in conjunction with the homeostatic state stimulus are the driving force for

boneremodeling

'Q ” ” (2-7)
Bone apposition occurs when the stress stimulus exceeds the homeostatic value, and bone
reabsorptioroccurs when the stress stimulus is below the homeostatic Wliserelationship

is expressed mathematica(seeFigure 213A) by the followingequatiors:

Qe 28)
0o ' ¥

where"Y describes the bone surface area densityRgpae 213B) described by Martin et al.

[177]and” is the true density of bone tissue.
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Figure 21371 (A) Hypothetical curves displaying the rate of surfemm®odelingas a function
of tissue stress level for the skull, femur periosteum and femur metaphysis. Adapted from
[105]. (B) Surface area density as a function of bone apparent density. Adaptdd #igm

49



Chapter2

Within Weinansdé model, the daily stress was

whereby the average strain enerdy was considered far cycles:

Y

¢ 2.9

The homeostatic stimulus was calculated according to the follazgugtion

” (210

|— c ‘O ”
The change in apparent bone density tdkesform expressed previdysn Equation(2.3.
Both models considered bone an isotropic material and predicted equivalent7&ul&o]

The development of anisotropic bone models exists, wherelgrttmelingrules are applied

to the full anisotropic stiffness tenddr74-176].

Through their implementation within finite element frameworks, researchers have used these
models to predicbone remodelingin response to stimuli. Mosthpnomenological bone
remodelingmodelsthat have been implementéallow the basic configuratioachematically
representeth Figure 214A. These models are usually controlled by three components within
the remodeling rate relations (RRR) (se&igure 214B): (1) Density rate functions

" "Q6 ¢ ®4 B @) theremodelingrate function i function of and ) and the (3)

stimulus definition ( and its homeostatic value®).
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Figure 214 - (A) Generic algorithm implemented to model bone phenomenologi(2dE).
Different types ofemodelingrate relations implementedB) with dead zongC) bilinear,
(D) bilinear with saturation andE) piecewise linear.

Huiskes et al.[34] implemented early iterations of Weinans adaptive boeraodeling
algorithm to show the relationship be®meimplant flexibility for total hip replacements and
stress shielding. For stiffer stems bone reabsorption was found to occur the entire medial
cortex, and through a large portion of the medial cortex, with more flexible stems displaying
more favourable asults. McNamara et a[73] advanced Weinans modethrough the
characterisation of bone overloading through the calculation of tissue leveldaitrage,
which regulated damag®ased reabsorption. Scannell et[@R] implemented the combined
strain/damageemodelingalgorithm to produce more realistic adaptigsmodelingsimulations
around load bearing implants. Recently beemodelingalgorithms incorporating cellular
activities of the BMU have included autocrine and paracrine factors which regulate the cell
population, implementing biochemical factors such as OPG/RANK/RANKL andblTGF

[178]. Patient specific modelsave been reconstructed using computer tomography T@iE).
supports the creation of patiespecific models simulations under different physiological
situations[179]. These models offer a unique prediction on aspects such as joint contact,

musculoskeletal loading during gait and initial bodensity howeverthey are rarely
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implementedwith remodeling algorithms to obtain a full analysis of the patient. The
combination of patierspecific simulations with boneemodelingmodels could provide

valuable information for bone treatments.

2.3.2DamagebasedRemodeling

Mechanical loadings known toresult inbone formation and increased bone density according

to Wolff [103], howeveiit has also been found thextcessive mechanical stimulation can lead

to damage accumulation, which actually results ioss of bone densitue to damagg.80].
Excessive loading in regions were bone and implant interface are of concern due to the creation
of stress concentrations causing damageed reabsorption, subsequently leading to implant
loosening and failur§l81]. Damagebased phenomenological modéksed assumption that
damageadaptiveremodelingwas prioritised when darga levels exceeded critical threshold

1 , thus optimising bone strength and stiffness to control damage generated by creep and
fatigue and providing a plausible prediction of BMU behav[@3; 182, 183]Damaged bone

within the body was assumed to be removed at a constant repajr ratefor healthy bone,

thus damage equilibrium was achieved when the damage formationjratand repair rate

were equal. It was hypotheed that damagg exists,even aremodelingequilibrium in the

form of interconstituent micrecracks, described by the followirguation
Qy, @9 (2.12)

0o Qo 00 7
whereY .1 , and denote the change in damage, actual damage within the microstructure

and damage repair respectively. Mitca mage wi t hin bones can r esu
[184] or natural stress concentrators due to the microstructure orjig8%jelt must be noted

that Equation (2.11 does not account for damage related to disease or aging. Damage is
calculated with the remaining life approa@eeFigure 215), whereby in the case of fatigue

failure the remaining life is a function efj 0 , where0 is the number of cycles to failure
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and ¢ is the current number of accumulated cyclEse rate of damage accumulation is
assumed to be independent of the current damage level. Damage accumulation rate can be

calculated as the reciprocal of fatigue life:

LS (2.12)
0
Increasing the cyclic stress reduced the number of cycles to failure due to high damage
accumulation. Carter et 4lL86] from experimentadata equated an empirical relationship in
the form of Minero6s Rul e:
176 0at,Q 0YO" O (213
where, (in MPa),”Y(in °C) and” (in g/cn?) denote cyclic stress, temperature, and density,

respectively, an@D 0, 0 andd are empirical constants.

3
=
=14l
o
=
=
2
=
=
=
-
3
< 1
Nfz’

Number of Cycles to Failure

Figure 21517 Remaining life variable and linear damage law basedtguatiors (2.11 &
(2.13.

McNamara et al.[73] implemented this coupled strain/damagechanoregulatiorto
characterise the behaviour of a single BMU along a trabecular bone surface. These models
described the development of resorptionvities initiated to remove damage bone,
subsequently refilled due to the local change in strain due to the presence of a reabsorption

cavity.
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Model type
Daily Cyclic Tissue
Level Stress Stimulus

Stanford Model
[105]

Strain Energy

SED per Unit Volume
Density (SED)[106]

of Bone
Micro -damage[182] Stress Induced
Microdamage

Anisotropic Bone

Daily Cyclic Tissue
Remodeling[174]

Level Stress Stimulus

17y”
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Mechanical stimuli

Table 2371 Review of phenomenological algorithms commonly cited within the literature.
RemodelingAlgorithm

Apparent Density



2.4 Biodegradable Materials

2.4.1Biodegradable Implants

Current orthopaedic implants (e.g., plates, screws, nails and wireggreeallyproduced
usingpermanent metallimaterials such as stainless staadtitanium alloyq187], which tend

to have high stiffnessThese inplantsstabilise the fracture region providing external support
facilitating fracture healing. Traditional implants exhibit mechanical propetiagsare5-11

fold greater than native bon@ee Figure 216A), resulting in norphysbplogical loading
patterns[188]. Abnormal loading patterns can result in poor clinical outcomes such as: (1)
stress shieldg and reabsorption of newly formed bone during fracture repair; (2) stress
concentrations at implant interface resulting in dgedzased reabsorption of bone and
possible device failure; (3) inflammation and psstgery infection[189]. These undesirable

outcomes often result in implant removal requradditional surgeries.

Table 247 Material properties of human bone compared to orthopaedic implant materials.
Material properties of biological tissues (cortical/trabecular bone) dadradablematerials
(Mg/TCP/PLGA)ary widely invivo based due biological remodeling and material
degradation respectively.

Implant Material Density Modulus of Compressive Yield References
(g/cny) Elasticity (MPa)  Strength (MPa)
Cortical Bone 1.81 2.0 51 23 1307 180 [190]
Trabecular Bone 1.0i 1.4 0.0171 1.57 47 12 [190],[191]
Magnesium 1.74i 1.84 417 45 657 345 [192],[193]
Titanium 4.47 4.5 1107 117 7587 1117 [194],[195]
Stainless Steel (316L) 7.9 190 1707 310 [196],[191]
CoCr Alloys 8.31 9.2 2107 253 4507 1000 [196]
Synthetic 3.1 7371 117 600 [194]
Hydroxyapatite (HA)
Tri -Calcium 3.14 2471 39 27 3.5 [197]
Phosphate (TCP)
Poly Lactic-co-Glycolic  1.27 1.3 1.47 2.8 41.47 55.2 [197]

Acid (PLGA)
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Bioabsorbable matils are a category of biomaterial that gradually degrade when implanted

in a biological environment. They have the potential to form the basis for the next generation
of orthopaedic medical implants as they can redneeneed for revision surgeriaadavoid
biocompatibility issues associated with conventional permanent implAntsidealised
biodegradable implant should provide strong initial mechasiggportduring the early stages

of healing, degrade at a rate which supportsthieoundinghealingtissues, and subsequently

be absorbed entiseleaving no residuéBoth polymer and metabased bioabsorbable implant
materials have been developed; however, several issues relating to poor mechanical properties
and/or uncontrollable degradation behavibas presented significant technical challenges to

the medical device sectoBeveral major industry players, including Smith & Nephew and
DePuy Synthes have already developed polyimased bioabsorbable implants that have
achieved clinical success applicationd198, 199] where loading is relately smal| such as
applications for soft tissueattachmentHowever, the widespread implementation of polymer
basedbioabsorbablén orthopaedic applications remains limited by their poor mechanical
properties, with clinical failures arising in more deweng loadbearing applicationf200].
Metalbasedbioabsorbabldold significant potential in orthopaedic applicationshees have

elastic moduli, fracture toughness and yield strentijthtare @mparable to the native tissue

thus avoiding stresshieldingcomplications raisedyktraditional metallic implantsSupportive
implants produced from biodegradable metals are expected to provide the required support to
facilitate tissue recovery, then subsequently degrade gradually and safely following in
healng [41]. It must be noted that biodeglable implants are only suitable for regenerative
surgeries requiring temporary support, whereas anatomical replacements (e.g., shoulder, hip,

teeth, and knee replacements) require permanent imjik&xits

Among bioresorbable metalthree main candidates are viable for commercial use: (1) iron,

(2) zinc and (3) magnesium. Iron has higher mechanical properties, which is helpful in the
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manufacturing of implants stiffer/stronger implants, however the slowadatjon rate of

x T @ afw 'Q cand ferromagnetic properties lead to complications for implantable devices
[202]. Zn-based alloyfiave low melting points that allows for ease of manufacty#fg] and

good biocompatibility204], however Zn has quite low strength and poor creep resistanee. Mg
based alloys are biocompatible materials with adequate strength andeftaciginness to be
considered for orthopaedic applicati¢85]. The largest challenge facing Mgsed implants

is its corrosion rate of T T AT ©[i206]. Considerable research has been performed to
extend thdifetime of Mg invivo throughmechanical working and heat treatment, alloying
andthe application of surfacatingg205]. Mg bone implants provide promising alternatives

in bone fixation devices and botigsue engineering scaffolds. An ideal bioresorbable maater
for orthopaedic applications should have an elastic modulus similar to native bone and have a
controlled corrosion rate providing stability to the fracture region facilitating fracture repair

(seeFigure 216B).

2.4.2Magnesium as Bioabsorbable Material

Magnesium is the fourth most abundant element found within the human body. Magnesium
and its alloygprovide a promisinglternativeto permanent metallienplantsfor both vascular

and orthopaedic applicatiodsie to theimdvantageous propertigd) biodegradability207],

(2) appropriate mechanicatiffness similar to the native bone, which aaauced stress
shielding[208], (3) osteogenieffects[209] and (4) antimicrobial propertig210]. In the body,
magnesium homeostasis is maintained primarily by ititestines, bone and kidneys. The
kidneys play a crucial role as serum magnesium concentration is primarily controlled by its
excretion in uring211-214). Studies have investigated the health riskeypermagnesemia,
produced in rats with both healthy kidney function and chronic kidney failure (CRF). The
evidence indicated that orthopaedic medical devices may be considered for CRF patients

without biosafety concerns. The recommended daily allowan8&)YRor magnesium is
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400mg/day[215], while the RDA of zinc and iron are 11mg/day and 8mg/day respectively
[216]. This is a considerably higher intakthan expectedg corrosion products from an

implant, which is whyit has goodiocompatibility.

High purity magnesium has limited medical applications wuigs low mechanical strength

[217, 218] However alloying magnesium, such as precipitation of new phases and altering the
microstructure can improve degradation resistance and mechanical prdgé@jeReducing

the corrosion time Hvivo is pivotal to maintaimg the mechanical strength of the implant to
facilitate and support proper healing (§8gure 216B). High purity alloys such as AZ91E

have corrosion resistance up to 100 tirttesthe standard purity alloy220]. Thecorrosion

of magnesium and its alloys primardgpends upon thé) concentration of harmful impurities

( Fe, Ni and Cu) ; (i) d i s {phased; (i) gramsjze; Gvd mp o0 s |
corrosive ewmironment; and (v) thickness of coating. The development of computational

modelsto describe this procesequires a comprehensive understanding of the corrosion
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2.4.3Magnesium Corrosion

2.4.3.1General Overview of Magnesium Corrosion

The degradation process of Mg and its alloys is an electrochemical pfp22kthat differs

in an aqueous environment to the oxidation process, which occurs [@238]r Chemical
Equatiors(2.14.1- (2.14.7 describe the degradation mechanism in an aqueous environment are

describe by the following reactionR22-224}

Anodic
0Q)r0Q qQ ( _ (214.2)
Reaction)
Cathodic
¢Oom ¢Q 1 ¢h™O O ( _ (2.14.2)
Reaction)
Cathodic
¢com O TQ 1100 ( _ (2143)
Reaction)
Product
0DQ ¢ 1 0QA O ( _ (2.14.4)
Formation)

High concentrations of hydrogen gas produced during the anodic reaction result in a reduction
in the speed of the cathodic reaction, known as the negative difference effect phei2@sjena
During the cathodic phase, a protective layer forms slowing the cathodic rate of reaction.
Chloride ions account for approximately two thirds of anions present in extracellular fluid
within humang226] and are reported to haa strong promoting influence on pitting corrosion

of Mg alloys[207, 227230]. Chloride ions attack the protective layer reladin@0 'O with

0 "Q6 ¢seeFigure 217), reducing corrosion resistanceta§Q0 ¢ moderagly soluble[207].

High concentrations of hydroxyl ions increase the alkalinity, and in the presence of calcium or
phosphate ions results in the precipitation of a calcium phosphate protective layer on the
corroding surfacg224]. Corrosion resistance was found to be significantly less in aqueous
environments such as body fluids when compared to atmospheric envirorfgijt(see

Figure 217):
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DQ O ¢6a 4+ 0Q6a (2.145)
0Q ¢O0 + D' QAO O (2.14.6)
0Q coa + D "Q6 a (2.14.7)

T h e phbse and impurities play a pivotal role in determining the corrosion resistance of Mg
alloys. Magnesium is the least noble of the galvanic series with a standard electronic potential

of -2.37V[231], making it extremely susceptible to galvanic corrosion. The galvanic potential

bet we en -phgsesdnmprties fcreated micrgalvanic cell§232]. Galvanic corrosion

occurs when two metals of different electrochemical potentialprasent within the same
electrolyte and S usual |l y ac-phasesawitendtheby i m
microstructure. EI -phadetosurrsunding apthodds eledsingdviionish e U
which are utilsed in the formation of corrosionrpducts or dissolve into the aqueous medium

[220]. The electrochemical potential between metals provides a good indichtleleterious

nature (sedable 25).

Table 257 Electrochemical series of common alloying metals and impurities present within
Mg and its alloys arranged in order of standard potentials to hydrogen eled238g

Element Electrode Potential (Volts)
Magnesium -2.37
Aluminium -1.67
Manganese -1.19

Zinc -0.76
Iron -0.44
Cobalt -0.28
Nickel -0.24

Impurities such as Fe, Ni, Cu and Co decreasagnesiuntorrosion resistance, due to their

higher standard electrode potenti@32]. Alloying elements can form secondary particles that
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facilitate corrosion or enrich corrosion products inhibiting corro§&34]. b-phases have a
significant effect on galvanic corrosion resistance, acting as corrosive barrier or catalyst for
galvanic corrosiorj235]. Tipdhales can be c kphaseaconceatraiosse d by
(ii) grain size, (iii) precipitated phases and (iv) standidtede potential effect corrosion rate

of Mg alloys [235]. Re f i n egraersize canesultbin the precipitation along grain
boundaries i mproving corrosion resi-phlasenice, w
will increase the corrosion rgt235, 236] Galvanic corrosion rate is increased by the following

factors: (1) large area ratio of cathode to anode, (2) decreasing the distance between cathode

and anode, large potential difference, and high conductivity medium.

Impurities due to their low soldolubility limits act as cathode sites and are extremely
deleterious. The degradation rate of magnesium is greatly accelerated when the impurity
concentrdon exceeds the tolerance limit, whereas the corrosion rate remains low if the
tolerance limit is not exceeded (deégure 217B). Impurity tolerance limits are affected by the
presence and concentration of other elements, for example the iron tolerance limit is dependent
on the Mn or Zn concentratiorf237]. Alloying elements are at only used to increase
mechanical propertiebut alsohave a significant impact on degradation mechanisms of Mg

alloys by dissolving insoluble impurities into less active phfk&g|.

2.4.3.2Localised Magnesium Corrosion

Pitting corrosion can be characterised as highly localised galvanic corrosion, caused by
breakages inhie passivation layer exposing the alpha phase to corrosive ionfi@see
2.18C). The oxidation layer is in a permanent state of breakdown and [28&]i Penetration

of the oxide layer is generally linked to the heterogenous inclusion ofnatailic particles

on the oxide film[239]. Micro-galvanic cells are created around uncovered secondary areas,

resulting in very localised galvanic corrosion and the dissolutidargé particles into the
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surrounding environment. Corrosion continues within the pit until a new passivation layer is

precipitated on the surfa¢231].
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Figure 21771 (A) Degradation of Mg in vivo, adapted frdg07]. (B) Effects of impurities
and alloying elements on the corrosion rafanagnesium, sour¢240]. (C) Typical
corrosion types of magnesium degradation in biological environnji21s.

Galvanic and pitting corrosion are caused by the same underlying electrochemical processes,
which are described Byquatiors (2.14.1 - (2.14.7, however, they have different initiators and
result in different pit morpologies (sedigure 218). Through galvanic and pitting corrosion
pit morphologiesoccursuch as: (i) deep and narrow (i) elliptical, (iii) wide &adbw, (iv)
subsurface, (v) undercutting, (v) vertical grain attack and horizontal grain occuigsee

2.18).
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Figure218-Magnesi um al |l oy/ U p h a syellow. (A) letarial.

micro-galvanic corrosion. (B) External galvanic corrosion. (C) Schematic of pitting

corrosion. (D) Visual representation of different types of corrosion; ég@& narrow, (ii)

elliptical, (iii) wide & shallow, (iv) subsurface, (v) undercutting, (vi) horizontal and (vii)

vertical. Image adapted frof@42].

| mpur

Magnesiumshows promising characteristics for orthopaedic applications, however loss in

mechanical properties due lacalisedcorrosioncanprevent clinicakealisation [243]. Many

studies on in vitro immersion of magnesium have used bulk measurements of corrosion to

guantify mass loss, which is determined through techniques setdca®chemical tesf44-

247], hydrogen evolution[246, 248255] or mass/volume loss measureme[56-258]

However, these studies provide limited information on Howalised corrosion affects

mechanical performance. Recent studies have sought to provide better understanding of how

local corrosion mechanisms impact mechanical performance, with studies first quantifying the

nortuniform relationship between mass loswl aspecimen strengtf250, 251]and more

recently providing a quantitative understanding on howseeerity and spatial distribution of

surface corrosion affects overall mechanical performf®,e259, 260]

Zhang et al[259] examined the bending strength of #gn alloy, which was found to rapidly

decrease during the early stages of degradation and then continuously deteriorate as mass loss
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increased. This was hypotlwsl to have occurred due to surface defects and localised
corrosion features as shown kiigure 219A. Grogan et al[83] carried out experiment®
characterise and model the effect nomform corrosion had on AZ31 foil specimens. A total
of 26 specimens were degraded in Hankoés sol
(seeFigure 219C) where a clearhynonuniform relationship existed between mass loss and
specimen strengtlGrogan et al. also developed a finite elentgaged framework to capture
phenomenologicdkatures of experiental corrosion, andharacterise the loss of mechanical
integrity of specimeng83]. Van Gaalen et al[261] performancea systematicstudy on
corrosion of WE43hat hasprovided a quantitative understanding on howdéeerity and
spatial distribution of surface corrosion affects ovemadichanical performandseeFigure
2.19D). Through this most recent approach, it has been demonstratedaretterising spatial
characteristics of pittingould provide a mechanistic link between the severity of localised
corrosion and the remaining mechanical strengthditionally, the degree of pitting within
degradable metals was characterised by pitting factor:

80 "QOITQ0
000 n ©0Bq¢ (2.15)

0 Qo6 CAEEGD

Van Gaalen et al. demonstrated that parameters described in ASTH94E2E2], such as pit
number, pit density and pitting factehowed limitedcorrelaton to mechanical performance
of specimens undergoing corrosionowever other parametershat were relatedo the
reduction in crossection area of the specimen displayed strong correlagiaisas ultimate

tensile strength
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Figure 2197 Review of experiments correlating roniform mass loss in Mg alloys to
reductions in specimen strength. @9rrosion surface ofgi Zn magnesiurfollowing 12%
weight loss, (B) loss in bending strength due to-moifiorm corrosion, sourcf259]. (C)
Specimen strength for AZ31 foils under uniform and pitting corrosion meuleice[83].

(D) Specimen strength as a function of mean hydrogen gas evdR&i@in

2.4.4Magnesium Corrosion Models

To evaluate magnesium implants forvivo applications, numerous time consang and

costly experiments are required waderstand its lonterm performanceSeveral research

groups have developed numerical methdals simulating the degradation behaviour of

magnesium alloys #rivo. Numerical

models can be characterised

phenomenologicadr (i) physicalbased modelling approaches

irgidher (i)

These modelling techniques are usually based on different theories and assumg@ésasbe

one or more characteristics of magnesium degradation. Phenomenological models generally

usea combination of a continuurbhased damage (CDM) mechanics and/or element removal
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on the corroding surface to simulate mass |l&¥s.the other handphysical models are
generally more compleand computationally expensias theyconsider the electrochenaic
interactions and physics of species interactimte degradatiorCorrosion processes che
affecedby organic molecules, fluid flow, pH values, and biological ions. Physical models have
been implemented to characterise uniform corrosion of whole implants or localised in small
samples to study individual pit growf63]. Table 26 summarise several physicalipased
andphenomenologicalorrosion models that have been developed in the literatithefurther

detail provided in a review by Boland et [@64].
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Table 267 Review of phenomenological and physical computational models used to predict the degradation of magnesium and its alloys

Models Key Equations Explicit pH Molecular Hydrogen
Mechanical Value Distribution Volume
Analysis

Material Uniform Corrosion Model93] [O.ONNNN o Y N N Y

Damage Q0 0
Model Stress Corrosion Mod¢93] v R Y N N Y

@ 0 po v T
Pitting Corrosion Mod€]83] 0 o Y N N Y
Qo 0 T
Straincontrolled Corrosion Model E 1 01| Y N N Y
[265] Qo O
TN M I 2 n r T o1y ” Y N N N
G 0del[266] % — cn QstGﬂ— p nQ Tt
Multi - Transport Mode]267] T0Q , . N N Y Y
phase 5 1O tun
Model Adapted Transport Mod¢268] T 0Q - O N N Y Y
5 n0O "t Q QLQpPp —
To O

Q06 a

Activation Controlled ModeJ269] i L. N N Y Y
e
Empirical Model[270] Y = N N N Y
Q Q p Q Qo
Multi-component Mod€e271] " non” " ” " N N Y Y
©RE e
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2.4.4.1Physical Models

The degradation model outlined within this thesis is based upon material damdtyerefore

a brief description of physical model characteristics will be outliRégsical modelling can
be achieved using two methods: (1) activation controlled, whiehfisction of electrode

potential differences or (2) transport controlled, which is a function of species concentrations

(seeFigure2.20).
A) Vad=0 B) Boundary Velocity
<
Electrolyte
= = Csolid @
g— ¢ & -
Vp=0
; '}: \ Csaturalion
Phase penase | b S
E\ od:; (Cath udee) Csolution
7 - -
P Corrosive
P 200pm o~ Enviroment

Figure 2.20- (A) Representation of activatiezontrolled model used in Deshpande et al
[269]. (B) Representation of transpecontrolled corrosion model use jA67].

Activation controlled models are used to account for the early stages of Mg corrosion when
Mg ion migration is faster than the transformation of Mg oxide layer. Potential differences

bet ween U and b controlled corroegall@d®: sur f ac

5
[ —— (2.16)
a o
Wherei is corrosion surface velocity, the atomic mass of the anodic meéathe electron
number;OF ar a d a y 0 %thecdensity andn t the potential gradient. Physical model

parameters such as electrolyte/aqueous solution/surrounding reneimb conductivity,

anodic and cathodic piecewise current functions must be deterf@ir&d273]

Grogan et al. proposef267] a transport model implementing adaptive meshing and

molecular diffusion theory to account for the evolving magnesium corroding surface. It was
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assumed that the Mg ion diffusion rate was slower than the electrochemical reaction, therefore

velocity of Mg corpsion was described by the Rankidegoniot condition:

0O " ® ® o2zZs T (2.17)

Where® and® represent the concentration of magnesium ions in the solid and the
saturation limit for the given solute respectivéije transport model of Mg is controlled by

three parameters: (1) Mg ion concentration within metal; (2) saturation limit of Mg ions in
simulated body fluid (SBF) under physiological pH and temperature values; (3) diffusivity of

Mg ions in SBF.

Based on the transport corrosion model Bajger.¢2@8] considered the effect of the oxide
layer and aggressive chloride ions foundivo. The model considered the primary variables
involved in Mg corrosion: Mg ion concentration [Mg], protective film F and chlorine ion

concentration [CI].

0 "Q . O .
%2 1o g0 b0 p = Q005 a (2.18)
T o @)
T 0. . O e
00" —— Q08 ¢ 219
o Q00 p 3 Q06 & (219
T 0 ‘a n ’O n b C‘X (220)
T o

Where'Q andQ represent reaction rates of magnesium oxide layer formation and dissolution
respectively/O and’Orepresent the effective diffusion coefficient and the magnesium oxide
concentrationThese models can additionally account for the effects of fluid Viacity, pH,
organic molecules, and other ions on degradation rEtesmultrcomponent models outlined

by Dahms et al[270] characterised the primary physibemicalinteractions involved in the
dissolution of Mg in aqueous solution through iom@actions formation of corrosion products

on the surface layer and dissolution of surface layer due to reagbg&ances
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While physically based corrosion models capttive chemical processes taking place, they
have mainly been used to model uniform corrosion of the whole imf@@hor localised in

small samples to study individual pit grow2v-29].

Physical models are not easily applicable to medical implants due to the difficulty associated
with carrying out experimental based calibration for model parameters and the high
compuational cost associated with modelling electrochemical read@nBurther examples

of physically based models are summarisetahle 26.

2.4.4.2Phenomerlogical Models

The more widely used approach is phenomenological frameworks, which use combinations of
a continuurdbased damage (CDM) mechanics and/or element removal on the corroding
surface to simulate mass loss. These models capture reductions in mechanical steetgyth d
geometrical discontinuities through the definition of a scalar field to quantify the distribution
of damage within the mode\ uniform corrosion model for magnesium corrosion was initially
proposed by Gastaldi et §274], implemen¢dbased on continuum damage mechanics. Here,
the mechanical integrity of each element was defined by an assigned damage patameter

which described the status of the internal geometry over time

0o p — (2.21)
Where, and, representthe element Cauchy stress,anthe effective Cauchy stress. The

damage within the elements ranged from undama@ed 1t to completely damagedO

p . Therefore, the damage increment could be described by the follegiragion

O 1 222)

Qo 0
Where| was the characteristic length linked to the critical thickness of the corrosion

degradation film{) was the characteristic length to reduce the influence of mesh siZ& and
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is a corrosion rate parameter. This model assumed that anodic and cathodic regions were
homogeneous distributed throughout the entire material. These models observed linear
reductons in specimen strength for a given siass, which failed to describe experimentally

observed notlinear reductions in specimen strength with mass loss.

Grogan et al.[83] updated the uform corrosion model tenable predictions afonuniform
pitting/localisedcorrosion. A stochastipitting paramete} based on a Weibudistribution

wasassigned to elements the corroding surface by:

06 o 0 (223

whereby the Weibull shape parameter controls the degree of heterogeneity of the pitting
parametel_ . Pitting parameter(_ accounted for characteristics effecting heterogeneous
degradationsuch asreakagesn the oxide layer due to aggressive ions and heterogeneous
distribution off andf phase components throughout the matetiglon element removal
(O p a fraction ofthe removed elemedd pitting parameter values is transferred to

adjacent elements

| i (2.29)

wherel is the pitting parameter within the removed element aadlimensionless parameter
controlling pit propagation, allowing localised pits to form and develop Kspare 221).

Damage accumulation within elemts can be described by:

Q0 .

= Ll (2.25)
Qo U

Through the implementation of namiform corrosion modelGrogan et al. showed that the

relationship between specimen strength and mass loss wéisemmunder (seEigure 219B).

The Weibull shape parametey) feavily influenced the rate at which specimen strength was

|l ost per unit mass, with | ower values of 2
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and higher values of 9 being [88pTherefore@epn es eant
pivotal factor to consider when designing load bearing fixation device as the retention of

adequate specimen strength is a critical factor.

Figure 22171 (A) Computational corrosion of magnesium alloy WE43 described in Grogan
et al [83]

More recently,Gastaldi et al[93] built on their initial framework and developedstress
corrosion modehdapted by Da Costdattos[275], which investigated the effect a constant
load on a stainlessteel specimen in an acidic environmgB@¥5]. Stress corrosion is
considered a verglangerous failure mode as specimen strength can rapidly deteriorate under
loading[276, 277] Stress corrosion model is also based on continuum mechanics:

, Y., .

% ]U— 5 © h; ©.oom (2.26)

mh ”

Where, © and, represents the equivalent stress and threshold at which stress corrosion

occurs respectively. Paramet®¥and'Y represent characteristics of the corrosive environment.

Galvin et al. adapted the stress corrosion model to account for the influenceneinstdated
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damage(see Equatiorf2.26). Medical implants especially stents under loading experience
inhomogeneous stresses due to geometrical discontinues which result in localised plastic

deformation

Q0 .
- ]— Qr (2.27)
Qo v
Where andll represent an index for plastic deformation and scaling parameter to account

for the number of exposed elemental surfaces respectively.

Many other authors have implemented similar corrosion models of thi§A§p8793, 267]

to predict corrosion behavioof magnesium for both vascular and orthopaedic applications.
Boland et al. [84] combined physiologicalremodeling of the reointimal am the
aforementioned magnesium corrosion model to evaluate the effect neointimal growth had on

the mechanical performance of the biodegradable stent.

While these models can accurately mimic the corrosion rates reported in the experimental
literature, they are subject to several limitations. Firstly, very few of these models have been
directly compared to experimental samples undergoing corrosion and few, if any, capture the
severity and spatial distribution of pitting features on the corroduréace[32], which is

clearly seen ifrigure 221 through the development of characteristishapped pitting, which

does not accurately represent corrosion. The underlying reason fgetimeetric simplicity,

were caused by methods of @ahtion of pitting paramete _ and the redistribution of
pitting parameter values (s&guation(2.24), preventing pit morphologies from evolviag

the specimen degrades (sEmgure 221). Therefore, pit morphologies well described
experimental literaturf32] (seeFigure 218) are not possiblerhese models attempt to model

the continuous electrochemical process of corrosion within a dssackétamework, which can

|l ead to complications. Many models i mpl ement
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element dimensions regarding corrosidgnh i s fisi zi ng termo uswually

characteristic element length described below

b ® (228)

This implementation assumes that elements are square in shape and does not consider the
degree of surface available foror r osi on. Therefore this fAsi z
describe geometric characteristics of elements regarding corrosion. Corrosion models

i mpl ementing this fAsizing termod have a high
mesh density/struate will influence shape/rate of corrosion within the model. Additionally,

many models, through the improper implementation of parameters have created inherent
dependencies between the parameters controlling corrosion rate and shape of corrosion,

whereby &ering shape parameters effected the overall corrosion rate.

2.5Models of Fixators in Orthopaedic Applications

2.5.1Models of Permanent Fixators in Orthopaedic Applications

Since the initial introduction of FEM there have been rapid advancements in compagdg,s
finite element methodssoft and hardissue mechanical properties and imagecessing
techniqueg278]. Within FEM thegoal of fracture repair simulations is to inform the design
and optimisation of implantablerthopaedicdevices and treatment strategidsrange of
studieg279-281] have been implemented using fracture healing algoritbnmsvestigate the
role of pemanent fixators on healing performan8everal of these studies hademonstrated
that areductionin fracture healing time is possible with fixators of increasing stiff{i&s%
281]. However, a limitation of such modelling approaches is tiafihalremodelingphase of
bone repair is rarely fully consideresleparatelynumeroustudieg106, 170, 173, 282)ave
implemented boneemodelingalgorithms, with the primary optimization goal to minimise the

bone reabsorption due to implantests shieldingln fact, the majority of studies that have
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implemented boneemodelingalgorithms have not been used to investigate fixation devices,
but instead examine other permanent implants, such as total hip oeglEEmentf283]. In

the context of fixation device$sacture healing and borremodelingalgorithmshave been
implementedindependently andchave provided limited insight into thngterm bone

remodelingfollowing that occurs podtacture union

2.5.2Models of Biodegradable Fixators in Orthopaedic Applications

There are limited examples of magnesibased corrosion models being used to address
orthopaedicapplications. One of the firstxamplesof a model to address the role of a
biodegradable fixator in an orthopaedic application was by Mehboold284)who analysed

the performance of phosphate gld#se/poly-lactic acid (biodegradable) composite bone
plates and predict the healing performances of bone plates through the use of a deviatoric strain
mechaneregulatory algorithmThese models predicted that the biodegradable composite bone
plates had considable better healing performance, this model did not considetésngbone

remodeling[284].

Mohammad et a[89] extended th@henomenologicakpproach to include a diffusidmsed

term, which was used take into account pitting, for biodegradable dfpkts manufactured

by laser power bed fusion. Elements in which the concentration of Mg was below a certain
threshold (representative of the formationbofQ0b "O ) after the corrosion simulation were
deletedwith good correlation with experimental s (seeFigure 2.22). This study only
examines the mechanics of scaffold corrosion eutltonsidering biological healing. More
recently,asilico model was develope to assesboneregeneratioffiollowing porous Mgbases
scaffold implantation informing scaffold design. Here a mechagalatory model was
coupled with a phenomenological magnesiconrosionmodelto investigate how temporal

changes in mechanical properties impacted fracture rdpab]. Songyun et al[76]
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implemented the corrosion framework developed by Grogan @3jl.and biphasic bone
fracture model developed by Huiskes et[aB5]. Modelling the temporalchanges in tissue

phenotypes over 16 weeks, as the magnesium plate degrades losing mechanical integrity (see

Figure2.22B).
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Figure2.2271 (A) Diffusionbased corrosion of Mg scaffolds taken from in Mohammad et al.
[89]. (B) Development of tissues within fracture callus as theham@cal integrity of
biodegradable plate and screws decrease, taken from Songyufi7é&] al.
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Theory

This chapter outlines thieoreticalbackground on continuum mechanitise finite element
method and the mechanoregulatajriracturehealingandremodeling Continuum mechanics
provide predictive mathematical models that relate complex loading to the materials motion

and deformatiofi286], with the relevanequatiors are presented in SectioBsl-3.3.

3.1 Continuum Mechanics

3.1.1Notation
The notation used within chapter is outlined for clarity. Vectors and scalars are denoted by

lower case letters, while tensors and matramsoted bycapital letters. Vectors, tensors, and
matrices are shown in bold font, and thei co mponent s are displayed
notations were implemented to compact the representation of eegtatiors. The repetition

of an index implies summation over the specified range of the index, therefore the dot product

of two 3D vectorg; ) may be written as:

Tl 0h 60 0b B (3.)
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where'Q pltlo represents the,x and z axis. Within a second order tensor the location of

each component is described by two subscri@sd QTherefore, a tensor componen has

a position in théQ row and’Q column.

3.1.2Strain Measures

Reference
Configuration
(QR)

Current
A Q‘. Configuration
e Q N ©0)

P
dx
*Q

€

Figure 31i Schematic depicting a volume of matter undergoing motion from the reference to
current configurations.

ConsiderFigure 31 which displays a body undergoing motion and deformation. Initially at
0 0, the body is in its reference configuratiom § and undergoes a motios=(to a
deformed configuratiom{ ) following a progression in tim&( 0). As the volume of matter

in the reference configuration is disturbed, the initial position of material particles in the
reference configurationX() move to a new position in the curremnfiguration @) which is

described by:

e WAM (32)
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Within Figure 31 material particles are mapped through a position vest@ragrangias,

while position vectom describes the spatial (Eulerian) coordinategyrangianspecification
implements a particlbased reference frame based on the initial position of particles, while
Eulerian specification describes the motion of a particle based on a fixed refeaemed he
displacement¢ of material particle) is the difference between its coordinateshatdurrent

and reference configurations:

0 e =+ (33
The deformation gradieny transforms the infinitesimal line element wbetween point®

and0 in the reference configurationitodn the current configuration:

T, 1 @

Substitutingequation(3.3 into (3.4 the deformation gradient can be rewritteregsiation(3.5

where kdenotes the second order identity tensor.

K%

1 G L (3.5)
Infinitesimal strain theory, also known as small deformation theory, is a mathematical approach
whereby the deformations of a solid body are assumed to much smaller than the relevant

dimensions of the body (s&&gure 32)
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MJ” (x:y + dy )

C
A
y
A
—— Wa(x,y)

Figure 32 -1 Two-dimensional geometrical deformation of an infinitesimal material
element.

The geometric linearization of the Lagrangid&) (seeEquation(3.6), and the Euleriane]
strain (seeEquation(3.7)) tensor simplifies thequatiors of motion for smalldeformation

problems, removing the second order @hoear) term:
PT YT YT MY

Y1 Y

P

- - 36

T 7o 76 {016 cie 76 59

L BLO1C18 0 p1os -
CTw Tw Twlw CTw Jw

For infinitesimal strainghe linearisation of the Lagrangian and Euleaa® approximately the
same, therefore it can be assumed that material displacement gradient and spatial gradient

components are approximately equal, giving the infinitesimal strain tensor:

F m t P 6r Of (3.8
SubstitutingEquation(3.5 into (3.8 the infinitesimal strain can be written as:
P L 39)

g =
C=|=|
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While the strain ranges in this thesis ammsidered small straiand linear elastic material
properties implemente@ll models arenabled with notiinear geometric effectequiringa
finite deformation frameworkwith the all-user subroutines implemented based on the
logarithmic straircomponats within AbaqusThe right and lefthand CauchGreen tensors

expressed by and || respectivelyprovide meaningfuévaluations of stretch, given by:

F 3 3and]| =33 (3.10)

The polar decomposition theorem states that any second order tensor whose determinant is
positiveA A"O 1 can be uniquely decomposed into an orthogonal rotational ténand

symmetric left and right stretch tensofsand=- respectively:

1 43 79 (3.19)

These stretch tensors can be related back to the G&relen tensors through the following

expressions:

T || and= r (312

The decomposition is not unique. It is made unique by chogstogoeasymmetrical tensor.
The eigenvalues of the right stretch tensor provide the principle stretclesh , whereas

the logarithmic strain can be derived frgm

- 0 (3.13
For an isotropic material, the strain energy density function can be expressed uniquely in terms

of the principle stretches or regarding the invariants oCénechyGreen tensors:

O OiF _ (319
0 g"o oiF  _ _ o _ (315)
0 AAe 0 _ _ _ (3.16)
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The velocity of a material describes the rate of change of spatial pasitiith respects to the

current coordinates as a function of time:

o °* (3.17)
10
The relative velocity of neighbouring material points P and Qigare 31 can be expressed

as.

10 (]—O‘] o Heo (318
1 ®
Where the spatial velocity gradient tensor —f is related to the deformation gradient,

therefore making it possible to convert frivagrangiarto Eulerian modes:

To1= 17
J 11_%7 T 40 (3.19)
Wheres isthe inverse of. The velocity gradient can be further decomposed into symmetric

rate of deformation tensofr and antisymmetric spin tensow parts as follows:

4 (3.20)

© 4 4 (3.22)

NI NI

Logarithmic strain also referred to as natural strain, arises from the time integration of the rate
of deformation tensor, described in the Abaqus User Md28@] (DS SIMULIA, RI, USA)

by the following:

-0 " ""Q r i - (322)

Octahedral strain  provides a useful scalar quantity of strain at a point within a body,

consideringhe threedimensional nature of strain, including all normal ahdarcomponents.
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S R S (323
o)

3.1.3Stress Measures

Upon a material being subjected to external loading, we assuméntiatal forces are
distributed continuously through the material. These forces can be characterised into two major
groups: body forces and surface for¢eseFigure 3.4). Traction «s the force per unit area

that acts on the defined infinitesimal surface elerfjemtd is presumed to depend continuously

on the unit vector . The Cauchy stres3is described by

<« G (3.24)

Traction
Components

Current %l g
. UJA_ )
l Configuration o g, 6.
Ty

X

Figure 337 Schematic depicting a traction vectaacting over an infinitesimal surface area
= -||of a body cut by a plane with surface normal Traction components on coordinate
surfaces.
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The symmetry of the Cauchy stress tensor allows for its decomposition into two parts: the
deviatoric stress{ which acts to change the shape only, and the hydrostatic or dilatational

stress 0 which acts to change the volume anly

a 4 ok (325
with:
; _na (326)
o
where”Yid , . The von Mises equivalent str&8sare useful in the study of homogenous

elastieplastic materials is defined as:

d Toyry (327)

3.1.4Equilibrium Equations and Principle of Virtual Work

Virtual work can be described as the total work done byapipdied forces and internal forces
as it moves through a set of virtual di spl ac
of equilibriumequatiors used to solve finite element models. The virtual work statement can

be written as:

0oQY Jooaow Gci,?—f Q® (328)
The accurate solution to finite element models requires that both force and negonébtium
be always maintained over the vol umeguiresf t he
only that equilibrium be maintained in an average sense over a finite division of the body

volume. This approach provides a more robust mathematicaltbasithe alternative method
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of direct discretization of the derivative in the differengguationof equilibrium at a given

point.

3.2 Material Constitutive Behaviours

3.2.11sotropic Linear Elasticity Theory

Within an isotropic materiathe stiffness tensor has no preferred direciath can be described
by:

., J - - (329

where_is called the Lam constant antl refers to the shear modulus or modulus of rigidity
and is the Kronecker delta. Stresgain relations may be inverted to express strain in terms

of stress as written as:

P b 0 : (3.30)
!O ” ‘O”
whereO and is described as elastic modulus, and is referred to as the
Poissonbs ratio. Additionally for el astic

0 and shear modulu®can be related to stress through:

O
op Q0
O
¢p U
Elastic strain contains a deviatorieind hydrostatic @&components, whereby hydrostatic is

(331)

(332

closely related to volume change, while deviatoric regards deformation at a constant volume
e Py (333
o

wo- Py (3.34)
(0]
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3.2.2Poroelasticity
Within this thesis, the tissues outlinedGhapter 48& Chapter Gare modelled using biphasic

poroelastic theorywithin continuum mechanicé is usualy assumed that pore structures are
uniformly distributed within the material at a lengitale that iseveral orders of magnitude
lower than that of the bulk material. Pore fluid is freely transported within the interconnected
porous microstructureUnde mechanical stress, the fluid filled pore experience pressure,
which drives fluidmotion, see Sadd et §88] for further detailsThe change of fluid volume
(= per unit material volume is described as:

;_; . (3.35)
Whererj hdenotes a specific discharge vectgnoringbody forces, the fluidransport within

the interstitial space is controlled by Darc

n n (3.36)
Where describes the permeability coefficient, which is generally a function of pore geometry
and fluid viscosity and) is the fluid pore presure.The fluid imparts a pore pressure that
produces material dilatational deformatidmerefore, the total medium stress is considered a

combination of solid and fluid portions as showrrigure3.4.

Pore fluid
Elastic solid A A A stress
stress
i 1

@ C:D ! 0

O
OOOO Oo
e

O
@
O

Figure 3471 Schematic depicting dual stress distribution in poroelastic media.
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CombiningEquatiors (3.35& (3.36 creates a fluid diffusion term:

T = ne 33
o In (337

Combining this diffusion model with linear elastic theory, Biot proposed a linear elastic

constitutive law of the form:

LI
cO’ Y
where material constant®and’Y charactasethe coupling between the solid and fluid stress

(3.39)

and strain fieldsThe stressstrain relationship can be inverted to produce:

” — “O' °| c‘ - | ﬁ (339)
where| —asisreferredtod®i ot 6 s coef fi ci Eaonstitfive reldtibne ct i v e

are decomposed into volumetric and deviatoric terms respectively

5 - - (3.40)

-H (341

When considering thiehaviour of fluid filled porous materiali$ is important to understand
the response for the undrained and drained ckeeshe undrained cases the fluid is assumed
to be trapped- 1t Forthe drainedtase the pore pressure gradient is zerq 711, whereby
there is no change in pore pressure in response to external loads as the fluid freely flows in and
out of the poredJnderundrained conditionghe volumetric case can be described as:

Y
P o v

where is considered the undrained bulk modulus of the material. The undrained case

0 .
- - o ) (342

produces a higher volumetric stiffness than the drained 0 .
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3.2.3Continuum Damage Mechanics

Continuum damage mechanics theory is used to model damage mechanisms in niaterials,
assuming that theucleation of micrecracksor voids cause a reduction in the resisting area of
the material. Although these local mechanisms are not direstlydelled their effects are
accounted for by introducing a generalized damage tensor cala slamage field (D) to
describe internal geometrical discontinuities, such as na@oks and void formatiorFor
surfacebased corrosion modelsprtinuum damage mechanics accounts for loss on the
material on the corroding surface and/or the nucleatib pits representing surfadeased
corrosion.Here, the scalar damage field variable has a value between 0 and 1.DMhén,

the material elemeig undamageadnd no corrosion is presemthile whernD = 1, the material
elementis completely corroded andan be removed from the simulatiofully corroded
materialD = 1 implies a complete loss in mechanical integrity, whereby the material can no
longer sustain or carry loadlhe equationbelow describes the relationship betweentthe

stresy,, ) and,, the effective stresand the scalar damage varigble

- 343
" 5 (343
Continuum damage theory allows roniform geometric discontinuities to be modelled,

without explicitly capturing volume/mass loss.

3.3 The Finite Element Method
The characteristic feature of the finite elem@i) method is that the body is subdivided into

a finite number smaller parts (elementgiich are connected at nodes at the element boundary
(seeFigure3.5). Characterising the behaviour of each element generally requires the creation
of partial differentiakequatiors for the problem and its weak form. The overall behavieugr. (
stress, straindisplacement) of the body can be charatgrthrough the combination of

individual elemenequatiors to obtain a system efjuatiors, which are incrementally solved.
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The Abaqus emmercialFE code (DS SIMULIA, USA) was implemented within this thesis to
solve continuum mechanical models. The subsequent overview BEtheethodreferences
topics outlined in our overview of continuum mechanicsanti®n3.1 More detailed analysis
of the FE method related to this work are available in Belytschko E88l, 290] and the

Abaqus Theory manual (DS SIMULIA, USA).

Elements

Solid Body Discretized Body

Figure 3.51 Solid body discréted into a finite number of points to create a mesh object.
Individual elements are connected to adjoining elements at junctions called nodes.

3.3.1Implicit Finit e Element Method

Each element within the mesh is assigned governing partial differeofigtios, which
collectively represent the behaviour of the body. As outlined in Se@tio the principle of
virtual work states that sum of all forces on a body in static equilibrium equate to zero,

providing the underlyingquationfor the finite element method:

1TEdQm 10 QY (3.44)

werew and"Yrepresent the reference volume and surface associated with the reference volume
respectivelydand «epresent the stress and surface traction respectivedyd ¢ the virtual
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strain and displacement vectoQuantities such as displacemeénand strain are calculated

throughout the body fromodal displacementgpplied through boundary conditions:

10 4990 (3.45)

T |10 (346)
whered and || are shape function matrix and shape function gradient matrix respectively,
and 7¢ is a column vector that represents nodal displacements. The finite element

approximation of virtual work is assembled by substitukgation(3.44into Equation(3.47:

10 | ao Qw 104 @y (347)

The global form okequationcan bewritten as:

| oo 4 @7y (348
where || andd are the global shape function matrix and shape function gradient matrix
respectively, ané is the global nodal displacement. The principle of virtual work for rigid
bodies assumes that external virtual work applied to the body equals the internalwarkua

Any residualforce"Ocan be expressed as the difference in internal and external virtual work:

"00 | a0 Qo 4 @7y (349
An implicit finite elementiteration is completed when thiesidualforce within the body is
sufficiently small "'0¢ 1, with solution at time® Yo and displacemento v,
Abaqus/Standard implicimplements the NewteRaphson technique, whereby an initial
guess at nodal displamentsd Y is taken at the end of the previous incremerfor any

given increment, an approximation difference in the approximate and exact solutions can be

described by:
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. T 0 7

y y y (350
10 0 0 o 719
The time increment is reduced such that:
0% e aqi dEdQ (351)
Equation(3.51 can be expressed regarding the tangential stiffness nfatrix

The tangential element stiffness matkixcan be expressed in terms of displacement:

Tq ¢ T i~
L — 3.53
0 o 79 | a¢ Qe 3 (353
Lo I rFlQo (354)
T

Where |  represents the Jacobian of tostitutive law:

=

z G t (3.55)
m ry

The NewtonRaphson method provides an accurate and rapid solution, allowing for relatively

large time stepd.arge deformations induggeometric nodinearity, leading® changes in the
global stiffness matrixconsequently requiring thdewtonRaphson methotb capture the
effects oflarge displacements or rotations, ensuring accurate solutions itinean finite
elementanalysis.However complicationscan arise within Abaqus/Standard implicit when
simulating large deformations dwigh contact/impact simulationsvhich preventgesidual

force"Ofrom converging in which case alternative explicit solution methods may be used.
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A Coupled Computational Framevkor
for Bone Fracture Healing and Long
term Remodeling: Investigating the
Role of Permanent Internal Fixation on
Bone Fractures

4.1 Introduction

Secondary bone fracture repair is a fetage procesid 3] that begins with an inflammatp
response and haematoma formation, resulting in granulation tissue forma&taay8 after the
initial fracture. After 2-4 weeks, a fibrecartilaginous soft callus is produced from the
granulation tissue, which subsequently leads to the developmemtogkdied hard callus of
woven bone surrounding the fracture region aftdrrdonths. Over the next several months to
years, remodeling of the woven bone takes place to achieve the originalfracture
morphology[13, 14] Assuming the fracture site receives an adequate supply of blood,
hormones and growth factof$6], fracture healing is largely dictated by the biomechanical
conditions in the fracture cally&91, 292] To enhance the repair process, various types of
internal fixation devices are available, whose role is to stabilise the fracture andsminier
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fragmentary movement in the early phases of healing. Many complications in bone repair, such
as nonunion, implant failure, and delayed healing, are derived from instability in the fracture
region[19]. However, fixation devices themselves can causestatge problems in the repair
process, as bone resorption can take place around overlyxstiffrs in theemodelingohase,

which can increase the likelihood of implant fail§293]. The ideal fixation device should
reduce intefragmentary movement in the early phases of healing to minimise damage to the
callus tissue but should enable lemdnsferbackto the bone itself once themodelingohase

has initiated to avoid unwanted effects of stress shield6®]. Understanding the
biomechanical performance of these devices represents a challenging mgokagioal
probdem which shouldconsider in detail the devidessue interaction throughout all stages of

the bone repair process.

Computational models have been used extensively to understand bone fracture healing,
whereby the iterative finite element method has been used to determine the mechanical
environment at the site of fracture and local tissue formation proceeds accowpgdpriate
mechaneregulation theoriefl3, 14, 21, 158]Typically, these models account for a range of
biophysical stimuli at the fracture site, including combinations of strain, stress, fluid flow,
streaming potentials and acceleratif294], that drive biological processes and cellular
activities, including migration and proliferation of mesenchymal stem cells (MSCs) from the
external environment, their differentiation into riblasts, chondrocytes or osteoblasts and
tissue formation. While these models require careful calibration of numerical parameters, they
have provided a detailed understanding of how local factors, such as mechanical stimuli and
cellular activities, affectissue production following a bone fracture without fixatja8, 14,

21, 158] Several studies have also used similar frameworks to explore the role of implant

design and fixation conditions on fracture healing resp§®@f with studies that identify
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reductions in healing time are possible with fixators of increasing stiff6@§s However, a
limitation of such modelling approaches is that the freahodelingphase of bone repair is
rarely fully considered. Instead, these models tend to examine the role of fixation en inter
fragmentary meement in the early phases of healibgt do not consider the lostgrm bone
remodelingfollowing that occurs podtacture unior{13, 60-62]. Healthy bone tissue actively
remodels its apparent bone density in response to the local mechanical envirdrimaent.
remodelingof bone from the cellular to organ scale results in the optimisation of bone density
to accommodate the loading environment acdoi ng t o \Bone femadslingl a w.
algorithms are widely used to provide numer.
daily loading according to the theory of mechand&&it Numerous boneemodelingheories

have been proposed, with theories using stlaiived[34, 99, 295pnd/or damagbased66,

73, 171, 296299] stimuli to describe cellular activity65, 66] and drive theremodeling
process. While these theories support the concept thatdrooeelirgis a targeted mechanism

to simultaneously preserve bone mass and prevent fracturesebwaelingalso plays a vital

role in the final stage of the fracture repair process, as woven bone is gradually replaced with
orientated lamellar bone to return awiginal prefracture morphology However, these
remodelingorocesses are rarely incorporated within fracture healing algorithms, neglecting the
long-term tissue respons€&he ability to predict the response of bone tissue to adaptations in
mechanical loaidg [300] is of vital significance when considering how the introduction of
load-bearing implahwill affect the structural architecture. Identifying a fixation device that
has optimal stability in the early phases fracture repair and an appropriate design to minimise
stress shielding requires computational models of fracture repair that congiudraloture
healing and subsequarimodelingesponses. These approaches could be particularly relevant
given the ongoing development of bioabsorbable fixation devices, which provide the potential

to control both spatial and temporal lelaelaring performace during healing.

94



Chapter 4

The objective of this study is to develop a coupled modelling framework for bone fracture
repair that predicts both fracture healing aschodelingphases of the tissue over a period of

12 months. During the fracture healing phase, the model predicts fissduction based on a
combination of the biophysical stimuli and cellular concentration in the fracture callus. The
remodelingphase is only initiated once a suitable fracture union is achieved and considers both
damage and straienergy density (SED) bad tissuaemodeling The coupled modelling
framework for bone fracture repair is used to investigate the role of an internal fixation plate

on the longterm healing performance under a range of loading conditions.

4.2 Material and M ethods

4.2.1Model Geometry

Threedimensional finite element models of Aplated and plated lorlgone tibia fractures
were developed, according to dimensions providddgare4.1l. The tibia was simplified as a
smooth ceaxial cylinder composed of cortical bone and bone marrow at the centfédsee
4.1A), with the shaperal dimensions based on previous stufild8, 158, 301] The fracture
callus was divided into three zones, (1) outer callus, (2) callus focus and (3) inner callus
Several fracture gaps<£0.75mm, 2.5mm, 5mm, 8mm and 12mm) were considered. For the
plated models, six selbcking screws fastened damium bone plate to the tib[802] (see
Figure4.1C-D). The cortical bone, callus, bone marrow and sepéate system were modelled
with 32,076, 17,750 and 15,7208ded linear brick, trilinear displacement, pore pressure and
temperature, reduced integration elements (C3D8R®$pectivelyGeometric nodineaity

was enabled for all models, enabling the simulation to account for finite deformations.
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Figure4.1 - Geometric information on human tibia implanted and external fixator; (A) bone
plate; (B) callus regions; (C) tedown view of [ate without pins; (D) side view of plate with
pins. All measurements were recorded in millimetres.

4.2.2Bone Repair Model

4.2.2.1General Overview

The bone repair model is represented schematicalllfignre 4.2, whereby an iterative
approach that considers both (a) fracture healing anérfi)delingohases of bone repair was
developed. For the fracture healing component sgare4.2A), a fracture callus comprised

of granulation tissue is infilated by considering angiogenesis and migration of mesenchymal
stem cells (MSCs) from the adjacent undamaged cortical endSésten4d.2.2.9. As the
patient gradually loads the fractured bone, biophysical stimuli acting on the cells drive
differentiation and tissue production process, with gradual changes from one phenotype to
another enabled by a smoothing process within the fracture healimgthaiy (see Section

4223 . Once adequate woven bone haKBguréd@B)med i n
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the entire fracture callus automatically enters the benedelingalgorithm, whereby both
damage and stranergy density (SED) basedmodelingis predicted. Thaemodeling
algorithm updates the bone material properties according to one of four processes; (1} damage
basedremodeling (2) positive SEDremodeling (3) negative SEDremodeling (4) no
remodeling(seeSection4.2.2.4. The apparent bone density continuously remodels to achieve
the homeostatic bone energy density. The model is implemented in the Abadar&finite

element framework through a series of wefined field Subroutines (USDFLD).

Bone

Fracture
A ing B
Repair (A) Remodelling
Fractured Undate N
T=0 : Region Compute P ll:’l:t:riaiw P Smoothing
Granulation Connected SED (¢) and 4 : - Procedure
Tissue By Bone Damage (©) Properties
Initialize Loading Wit L 3
Conditions g
e apa .
Update “ i\
. No Material Y
BW 100 [ Properties
Y 1
Py e
1 1
1
d 1 1
Smoothing ;}ﬂ / L
Cell P Procedure i i
Migration | and Mixing : I
F 3 A
‘ 4 d’l
Compute _ Cellular | Tissue :
Biophysical | Differentiation " Production dp, i ¥
dt
#

Figure 4.2 - Iterative calculations for tissue development for bone fracture repair and bone
remodeling (a) Bone fracture repair algorithrand (b) SED/damagkased bone
remodeling

4.2.2.2Blood Vessel Growth/Cell Migration and Proliferation
A diffusion model was implemented in the fracture callus to model the infiltration of MSCs

and the development of blood vessels according to
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(04
Qo

0 ® 4.

where0 is the cell concentration of MS3,is the mass diffusion coefficienthis diffusion
model was implemented in Abaqus using a thermal analogy, given the similarity between the
thermal diffusion and mass diffusion (Fick's 2nd lagliation This approach has been applied

by other studies, with further details of the implemeataprocess available {i14]. Briefly,

the diffusion modeassumes that the movement of the cells is random andiremtional, with

the local relative cellular concentratiow ( ranging fromrmt @ p. The source of the
progenitor cells was the surrounding soft tissue, bone marrow and inneratarhibhe
periosteuniseeFigure4.3A) [70]. At the beginning of simulations ( 1, the callus does not
contain any MSCsew Tt and consists of only granulation tissue. The cell concentration
changes with respedb time according tdequation (4.1). The diffusion coefficient was
determinedy a hit and trail method implemented by previous stul@iBs66, 299whereby a
steady state cell concentration was achieved after 112 lojaysing aiffusion coefficient of
D=0.3mm%day. The diffusion model was used to describe the migration of all cells under the
assumption that cell movements were random anddireational.Cell concentration at the
integration points were calculatég interpolating nodal cell concentrations. Previstiglies

[14, 76] appied the maximum cellular concentratioo  pR'Y plp 6 T at the
boundaries showin Figure 4.3A. However, this results in the integration points of these
elements having a cellular concentration equal to half of the applied cellular concentration at
timezerow T@M O T, and causes these elements to stiffen much quicker than the rest
of the eements within the fracture callus. Therefore, udtagation(4.2), a temporal non

linear magnitude wasreated(Figure4.3B) and applied to the surface of the fracture callus

highlighted withinFigure4.3A:
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Figure 4.3 - Overview of diffusion model used to describe the infiltration of
MSCs/development of blood vessels; (A) MSCs invading the fracture callus from the
surrounding soft tissue, bone marrow and inner cambial of the periosteum; (B) Cellular
concentration magtude applied to surface shown Figure 4.3A.

4.2.2.3Fracture Healing MechancRegulation Algorithm
The biphasic mechana®gulation theory described by Prenderd&46] was used t@overn
MSC differentiation and tissue phenotype under mechanical loading within the callus tissue

(seeFigure4.4A). It wasassumed that the tissue was biphasic, and completely saturated, such

that the sum of the volume fractions of the sadid)(andfluid (& ) phase must equal ane

@ o P (43)

Mechanical loading produced a deviatoric strain (shear deformation) and a fluid flow

throughout the fracture callus. The effective pore fluid velodity) (vas calculated as the

velocity of the fluid phase0 with respect to the solid phase .
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(4.4)

The fluid flow velocity 0 was calculated usifgquation(4.5). The deviatoric strain-

was calculated usingquation(4.6), which considers this term adunction of the principal
strains {1, 2, G).The local elemental stimulugY (seeEquation(4.7) taken directly from
biphasic mechanoegulation theory[73], which was defined as the sum of the equivalent

deviatoric strain and the interstitial fluid velocity in whidh T8t 0 xand® o 6fi [303]:

0 0 8 (4.5)
- S - - - - - - (4.6)
o
- 0
Y —— : 4.7
W w

The local stimuluswithin an element controlled whether the MSCs within that element
differentiated into fibroblasts, chondrocytes or osteoblasts. As a rule, high levels of mechanical
stimuli 3 o resulted in the formation of fibrous tissue, intermediate levels of
stimulaion p 3 o promoted cartilaginous tissue, lower levels of stimulus resulted in
formation of immature bone® ¢ ¢ x3 p , while woven bone was formed between when

the stimulus was@tp 3 1@ @ @ for very low stimuli T8t p 3 callus resorption
occurs, whenrgy osteoclasts removed ntoaded bone tissyd4]. These mechangegulation

rules were implemented considering fuzzy zofi&] that allowed for gradual changes in
tissue properties as differentiation occurred, whereby two tissue phenotypes could be produced
simultaneously, allowing for smoother transits between cell phenotypes. Sapotnick and
Nackenhorst altered the range of their fuzzy zones from 50% to 400% with minimal effects on

healing outcomes. A relatively conservative approach was tadeswhen determining the
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width of the fuzzy zones, wherglthe range was determined by taking 10% of the threshold

stimulus 3 o83 pMB 1@ ¢ PBx T8 p.
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Figure4.4 - (A) The mechancegulation model based on deviatoric strain and fluid velocity.
(B) Smoothednechanobiological regulation based on Sapotnick §1&0].

Tissue membership’Y0 was determined by the biophysical stimu(fgure 4.4A). The
tissue membership levebntrolled cell differentiation and tissue production. The local TM for
fibrous, cartilage, immature bone and mature bone ranged from"YOy p.
Maximum tissue membershipY0 p of a phenotype resulted in compleeeruitment of
available cells, while zerdissue membership”YO 1 resulted in norecruitment.The
evolution of fibroblasts, chondrocytes, immature bone cells and mature cells &nd th

associated tissues are describe&fyation(4.8)-(4.11) [304]. Here & Fofbfto and®d  are

normalsed mesenchymal, fibroblast, chondrocyte, immature bone, and mature bone cell
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densities, respectivelyOFORO and "O are cell differentiation rates. The differential
potential of MSCsfibroblasts, chondrocytes, immature bone cells and mature cells was
ordered from highest to lowest respectivélells were allowed to differentiate into different
cell phenotypes of lower differential potential. As showrE@uation(4.9), given"Y0D T,

MSC @ and fibroblasts & differentiated intochondrocytes. However, ifY0 Tt or

"YO 1, chondrocytes were differentiatado immature or mature boreells respectively

1

Qa .
”, z 2 o g i ”, z -, 3 o i », z 2 "o o i »n,
oY OzZ'YL p W W Oz°YL p W W Oz'Y0 p W W O (4.8)

z'Y0 p B @

1

Qa . - .~ v
Ts YO p OO & 0Ye p & E OO p b D (4.9
‘Q&) jod jod 7. i " i i
o DzZY0 p 0 O O w O zYD p ® w (4.10
o 0 Yo p b O b O b (411)

Tissue production and replacement is regulated by the corresponding cells, tissues themselves
and TM. The volume fraction of fibrous tisswe (, cartilage¢ , immature bonei , and

mature bone § are described b¥quatiors (4.12)-(4.15). Granulation tissue, fibrous
tissue, cartilage, immatarbone and mature bone were given priority in order respectively.
Therefore, allowing cartilaginous tissue to replace fibrous tissue within the fracture callus,
however cartilaginous tissue cannot replace immature or mature borteq(ssen(4.14)).

Initially “Y 711, the entire fracture callus consdtof granulation tissued( p .

Granulation tissue was replaced by accordingdoation(4.16):

Qa - .
o U zZYO p & ® (4-12)
04 i i o
28 5 evp o pa & 6 YOO O 4 (413
Qo
04 ) o o
Tac‘) 0 2Y0D p & a a A YO U YOU @ & & (4'14)
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% 5:vo pa & & & & YO & Yoo vsbas (419
a p a & a a (4.16)
A time control 30 within the fracture healing algorithm was implemented to ensure

the change in tissue volume fraction did not exceed the maximum thresholdafalue
@t v for any given time incrementlf Qd& x HX KX 3 the time
incrementwas updated according Equation(4.17), ensuring model accuracy regarding bone

fracture repair was maintained

R | .
y T y ™, y 7, ros y h
30 A@a Qa Maha (4.17)
(90) 30 1200

The rule of mixtures (RoM) was used to calculate the predicted elastic modulus of the elements
within the fracture callus for each increment uditgguation(4.18). The RoM calculated the

predicted elastic modulus before smoothing occurred

0 a z 0 &« z0 & z O @
(4.19)

The implementation of thimmechaneregulation algorithm also included a further smoothing
strategy, whereby the elastic moduli@® ( was calculated by obtaining a time averaged

value of the elastic modulus from the previous 10 days according to

(0 0z (4.19)

P
p T
Many previous studies have implemented time averaging using a fixed increméhdl s&0,

304]. However, using a variable time step with custom time controls allows for greater

accuracy and versatility as the time steg is controlled by changes in cellular
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concentration and prevents abrupt changes in cell/tissneentrations. Fracture healing
continued within the callus wuntil the nAcall
woven bone and the change in elastic modulus due to SED surpassed the change in elastic
modulus due bone fracture repair. Followitlys, the fracture callus underwent bone
remodelingwhereby strain energy density (SED)/mictamage were the controlling stimuli.
4.2.2.4Coupled Strain/Damage basedRemodeling.

The coupled stra#®& damageadaptive algorithm outlined by McNamara and Prendefgap

was used to simulate bomemodeling Strairbasedremodelingused strain energy density

(SED) as theemodelingstimulus [ "YI” , where"Yis the strain energy, is the apparent

bone density. A sitgpecific approach was implemented whereby each blemeent tried to

reach a homeostatic state of SED. The homeostatic SED reference¢ pointwascalculated

according tdequation(4.20) (seeFigure4.5A):

- 4.20
[ c o (4.20)

Where, RO " are the homeostatic values for stress, elastic modulus, and density, which
have values of 6.6MPa, 17000MRad 1.649g/cthrespectively. This however can cause
difficulties as it creates a dependency between the final converged solution and the initial state
and width of lazy zone0 [168]. Bone elements remodel towards thper [ and lower

[ SED values, therefore the formulation was modified (seEquation(4.21)) to allow

bone to positively remodel to its homeostatastic modulus under normal loading conditions

[ 7 S
p 0 QQo (4.21)

¢ O

The upper and lowaeference point for SED was were describedEhyatiors (4.22)-(4.23).

Within this modified approach altering the valuebobnly altered the positions ¢f  and
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[ ,while[ remains constant. The region of reabsorption due to SED could be incbyase

decreasing , while increasing resulted in the opposite effect

r I zZp 0 (422

[ [ Zp 0 (423
The width 0 value controlled the size of the lazy zone, and the degree of reabsorption. The
width 0 had no effect on the value [of as it has no dependendw. line with previous
studies, alimensionlessvidth of 015 was chosef283]. Boneremodelingwas simulated as a
change in apparent be density. Carter and Hayes found that the elastic modulus of cortical
and trabecular bone is approximately proportional to the cube and square respectively of the
apparent bone densif05], this relationship between density (gRrand elastic modulus
(MPa) is described by

O oxorm (4.29)

The rate ofemodelings affected by the amount of free surface areae@®delingoccurs at
the pore surfaces. Martjd77] determined the internal free sack area as a function of the
apparent density ” . The internal free surface area per unit volenie 0 " Fwis shown
in Figure4.5B. At maximum bone density p& &¥& & and the minimum bone density
” T8t {X¥o & hno boneremodelingoccurs, as the free surface area eqaal®. The

remodelingules and formulae that determine the rateeafodelingare shown ifFigure4.5C.
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Figure4.5- (A) Boneremodelingalgorithm using SED as the mechanical stimulus for the
implant;(B) Surface area density of borie” as a function of bone dens[B06].

A strainremodelingrate was determinelom 6 & ” 1, wheret is a time constant with a
value oft poc@dd& O permonth, andw” is the specific surface ar¢@2]. Time
controlled incrementationw 6  was implemented such th&r any given iteration the
maximum allowable density changem was T X'@® & per month If the density
changesor any given iteration exceeded the allowable maximum, then time increfaent

was reduced according:to

3M .
wo h @ wo zCo
' Gmzzz 3 "Yi 2Q0 ‘ (429

Damaged bone tissue within bone is constantly removed and replaced with healthy bone tissue.
At equilibrium, damage] exists within bone due to the cyclicalding of bone tissue.
Damage is calculated within each element using the remaining life approach, whereby
undamaged bone is denoted]by 1T, while fracture bone is denoted by p [182]. It is

assumed within healthy bone tissue that damaged is removed at a constant rate which is denoted
byl . If the damage formation rate exceeds the repair rgte damage is accumulate

within the bone tissue, it will create damagenodelingstimulusw] as showrbelow:
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W] 11 Qo (4.26)

The damage formation rate was assumed to be
[307], which determined the damage formation rateand repair rateé . Previous
experimental data by Cartetral.[186] provides the nuimer of cycles to failuré) ) for several

different stress levels. Usingquatiors (4.27)&(4.28), the damage and repair rates were
calculated, wherg is the stress in MPa, T the temperature (37 °c) and H, J, T and M are
empirical constants

P
o (4.27)

i ©Oaeg,Q 0"Yo” O (428
Once the accumulated damage exceeds a critical damage threshold, damagebased
resorption occurred. The critical damage level was determined atl3%@th [ located at
150¢H Therefore, the critical damage threshisl situated 2000Habove  or approximately
1.3 times the strain gf . Damage can exist within the bone without activating darbaged
reabsorption, until the damage critical damage threshold is exceeded. Similar to SED
basedremodelhg, a damagdased time controkg 0 was implementedsgeEquation
(4.29). A damage rate constant of T®Q was used72]. Simulations considered cases
with damage @) and without damag@\D) basedemodelingfor the plated modeldVithin
the combined fracture healingmodeling algorithm the smallest value of
wo oo ©& QO was always implemented to determine the new time

incrementQd

, MinegquL ., . .
WO z = h @ wO0 z' (D (4.29
WM Z0 2, 7]
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4.2.3Boundary Conditions

Postoperative loading of the tibia contained four different loading phdgesdirect loading,

(2) walking with crutches(3) imperfect gait and4) perfectgait (seeFigure4.6) [280]. The

body weight of a healthy patient was assumed to be 70kg. All loading conditions were applied
as scaled uniaxial compression. An initial load of 10% of body weight (BW) was applied for
the first 28 days to simulate indirect loading. From days 28 tdh&ttibia was loaded to
simulate the patient walking with crutches, gradually transferring more load through the injured
tibia. The load transferred through the tibia continually increbséseen days 5612 as the
patient walked with an imperfect gait. Following 112 days, a normal gait of 300% BW was
implemented. The initial loading conditions (LC) were altered betwé&etl@ daysaccording

to several different conditions described §(R) i LC(H), asshown inFigure4.6. LC(B) i

LC(D) exists between LC(A) and LC(E) and have an initial load of 87.5N, 105N, 122.5N. The

distal end of the tibia wasxed in all direction$280].

2100N

(BW 300%) ' '

| |
= 70N (LC(A

— 1400N | | rc@y
Z. (BW 200%) ‘ ' — 140N (LC(E))
g | | | | = 700N (LC(F))
= 700N | | | = 1400N (LC(G)

BW 100%

( ) 2100N (LC(H))

70 - 140N | | |

(BW 10 - 20%) | | |
0

0 ——(1)——28——(2)— 56 ——(3)— 84 ——(4)—112
Iteration (Days)

Figure 4.6 - Postoperative loading conditions.
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4.2.4Material Properties

During the healing process, the MSCs within the fracture callus differentiate into fibroblasts,
chondrocytes and osteoblag368]. All materials wereassumed to be isotropic. The material
properties of the different tissues used in the bone fracture repair andrdyoodeling
algorithm are listed ifable4.1.

Table4.17 Material properties for bone plate and bone.

Elastic Permeability Poi s s Initial Solid Bulk Fluid
Modulus [m#/Ns] Ratio Porosity Modulus Modulus
[MPa] [MPa] [MPa]
Cortical bone 17,000[148] 1E-17[148] | 0.37 0.04[148] | 20,00014] 2,30014]
[148]
Marrow 0.0247309] 1E-14[148] | 0.167 0.8[148] | 2,30(14] 2,30014]
[148]
Granulation tissue | 0.00:2 [14, | 1E-14[148] | 0.167 0.8[148] | 2,30014] 2,30014]
148] [148]
Fibrous tissue 0.2-5[148] 1E-14[148] | 0.167 0.8[148] | 2,30014] 2,30014]
[148]
Cartilage 571 500[148] | 5E-15[148] | 0.167 0.8[148] | 3,40Q14] 2,30014]
[148]
Immature bone 500 i 1,000| 1E-13[148] | 0.3[148] | 0.8[148] | 20,00q14] 2,30014]
[148]
Intermediate bone | 1,000 2,000 3.7E13[148] | 0.3[148] | 0.8[148] | 20,00014] 2,30014]
[148]
Mature bone 2,000 -6,000| 3.7E13[148] | 0.3[148] | 0.8[148] | 20,000414] 2,30014]
[148]
Titanium(Grade 2) | 110,000[310] | - - - - -

4.2 .5Fracture Healing Model Calibration

A 3mm middiaphyseal osteotomy was induced innetatarsusf a sheep and stabilised with

a unilateral external fixator. The geometry used for fracture healing roatietation (see
Figure4.7D) was adaptedrom Claes et al[16] to create a thredimensional model which
included bone marrow. An initial displacement of 1.13mm was induced through the application
of a 500N force. Calibration of the model produced the following model parameters: cell

differentiationrates”™O = 0.15day!, "O = 0.15day!, "O = 0.3day*, "O = 0.02day}, tissue
production rate8 =0.1day,,0 =0.1day*, 0 =0.2day'andd = 0.12day’. Using these
parameters, the model was accurately able to reproduce the interfragmentargtsained
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by Claes et al[16]. Here, the model does not predict the formation of a complete bony bridge
after 50 days in the osteotomy gap, leaving a portion of the callus filled with fibrous and
cartilage tissue, which corresponds with éxperiments carried out by Claes ef{a6].

Mesh sensitivity for fracture healing was carried out using a global &@d{ 1.5, 1 and 0.5,
which resulted in 256, 12547 and 956 elements. Element size had minimécton the

healing outcome asshown inFigure 4.7A. For all smulations, a global seed of 1.5 was

implemented.

1.4
-
s 12
g
z 1
S °
= ® Claes et al 1998
g g 08 GLOBAL SEED = 0.5
g g e GLOBALSEED= 1
S o0s "%  ®GLOBALSEED=15
= 0.4 m‘
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e ) .
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O g
1 8 15 22 29 36 43 50
Time (Days)

Figure4.7 - (A) Predicted IFM by FEmodel versus healing time of an osteotomy of a sheep.
(B) Histology section of a wellealed mouse at day 26. (C) Histology section of a mouse
with mixed healing at day 26. Stainad with
falsecoloured. Blue = cartilage, yellow = trabecular bone, purple = fibrous/amorphous
tissue, red = cortical bone, black/white = bone mari®@6].(D) Geometrical dimensions of
one quarter of FEModel of the callusegion used fracture healing model calibratid®].

4.3 Results

4.3.1Fracture Repair- Effect of Loading Conditions (NonPlated)

Figure 48A-B shows the predicted mean elastic modulus in the callus focus reggpn (
between both cortex ends) over the course of 365 days, based on the coupled fracture healing
and boneemodelingalgorithms, under a range of different loading conditions. For the non

plated 3mm fracture gap, the rate of healing was reduced when higher loading regimes were
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applied. Here, it is shown that the formation of a bony bridge occurred at 16.6 days for LC(A),
which was the smallest loading regime, resulting in the fastest rate of healing with fracture
union achieved at 120 days. For increasing loading magnitudes, the time to form a bony bridge
and fracture union was progressively longer. For excessive loadmdjtions in LC(D) and

LC(E), there is little or no increase in elastic modulus over the first 120 days. The higher loads
inhibited the formation of a bony bridge, preventing the stabitin of fracture callus region

and resulted in the formation of amunion.

The coupled fracture repair framework only alemthe callus to enter SED basenodeling

once a fracture union had formed between the cortical ebdeng remodeling the
SED/microdamage framework caused the outer and inner callus to benpratéity negatively
remodelled and reabsorbed. Meanwhile, the callus focus region underwent pesiteling

as shown irFigure 48E. The undamaged cortical bone initially negatively remodelled under
the reduced physiological load, however as loading returns to normal, the undamaged cortical

bone was positively remodelled and returned to homeostatic (seelSigure 43E).
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Figure 48 - Elastic modulus of fractured tibia over aygar time period with a constant
fracture gap and different loading conditions; (A) fracture callhealing performance over 1
year; (B) fracture callus healing performance over 112 days; [ contour plots of

fracture callus; E) SED/micredamagebasedremodeling
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4.3.2Fracture Repair & Remodeling Effect of Fracture Gap
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Figure 49 - Elastic modulus of fractured tibia over aygar time period with a constant

loading condition and different fracture gaps; (A) fracture callus healing performance over 1

year; (B) fracture callus healing performance over 112 days; [ contour plots of
fracture callus; E) SED/micredamagebasedremodeling
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Figure 49 shows the predicted elastic modulus in the callus over the 365 days, based on the
coupled fracture repair framework for loading condition LC(A) and fracture gaps of 3mm,
4mm, 6mm and 8mm. Her the fracture healing performance was directly related to the
fracture gap size, with the 3mm showing the fastest rate of healing. Increasing the fracture gap
size slowed the rate of fracture healing as there was a slower infiltration of cells teefsatetur

in addition to an increased biophysical stimulus due to geonR#modelingoroceeded like
before, with the inner and outer callus undergoing negegivedeling while the callus focus

region underwent positiveemodeling Where a union is succdslly formed, the elastic

modulus of the remodelled tissue is very similar across all cases after 365 days.
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4.3.3Fracture Repair 1 Effect of Plating

The effects of the implantation of a titanium plate on fracture healing and remodelling was
investigated for LCA), LC(F) i LC(H). Figure 48B shows thathe predicted elastic modulus

in the callus during the 365 days of repair for these loading conditutiie Figure 49B shows

the predicted elastic modulus during repair for different fracture gap sizé<C{@dy). Figure

4.8B shows that thentroduction of a titanium plate allowed the tibia to undergo successful
healing at much higher loading conditions, compared to thelated versions. Neanion
occurred for the wplated case und&C(C) (0.33MPa), while the plated version successfully
healed up to LC(H)(6.6MPa), which had substantially higher magnitap@sed (sed-igure

4.6). The introductio of a stiff plate increased the overall rate of fracture repair, which is clear
when comparing the platedAptated models utilizing LGX). Figure4.10 showsthe healing

profile of the callus itself, where the presence of the plate affects the spatial progression of
healing. Tissues positioned closer to the plate stiffened aret@absorbd quicker than tissue
positioned further away for the plate. While the plated cases showed faster healing rates, their
performance was substantially different once they entered the remodelling phase, with all
plated cases remodelling to a much lower eastodulus than any of the yolated loading

cases (se€igure 48). The intraduction of a titanium plate allowed for successful fracture
healing to occur at much lang&acture gaps, although with a delayed healing performance

with increasing fracturgaps(seeFigure 49).
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Figure 4.10- Contour plots of plated fracture callus; {AC) fracture callus with a constant

fracture gap and different conditions; (DE) fracture callus with a constant loading
condition and different fracture gaps; (E) wireframe representation of callus and plate

positions.

In Figure4.11, posterior, medial and anterior cuts of the tibia at 150, 200, 250, 300 and 350
days show the stress shielding and damdugesg:d remodellopthat occurs due to introduction

of the plate. The remodelling framework considered cases with damage (D) and with no
damage (ND). The highest degree of stress shielding occurred antesemafigure4.11A),
while the least amount of stress shielding occurred posteriorly as sessekigure4.11C).
Stress concentrations were created locally, mainly in the interfacial regions between the
titanium pins and cortical bone. Models containing damage (D) led to ddrasgd

reabsorption aund the pins, while the models without damage (ND) the high stresses resulted
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in positive SED remodelling around the pins. A significantly higher degree of stress shielding
around the plate was observed for the mode

cont ai ni n geeHigdredrhBApy e 0 (
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Figure4.11 - Elastic modulus within cortical bone and fracture callus focus for plated tibia
with 3mm frature gap under LC(A) at 150, 200, 250, 300 and 350 d&iygsulations were
run with damage (D) and with the no damage (ND).
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4.4 Discussion

In this studya coupled biphasic model for bone fracture repair was developed that considers
both fracture healing and remodelling phases of repair to investigate the performance of a
fractured tibia in both neplated and plated conditions. It was found that introdactf a
titanium plate allowed the tibia to undergo successful healing at higher loading conditions and
fracture gaps, compared to the faated versions. While these plated cases showed faster
rates of repair in the healing phase, their performance wastantially different once they
entered the remodelling phase, with all plated cases remodelling to a much lower elastic
modulus than any of the ngolated loading cases, with the coupled modelling framework
predicting substantial regions of stress shigd This framework is one of the few
implementations of coupled fracture healing and remodelling algorithms and included several
innovative approaches to smoothing, timeeraging and time incrementation in its
implementation, thereby avoiding any unwahébrupt changes in tissue phenotypes. Previous
paperg69] implemented time averaging within a static time increm@ p , thereforetie
updated elastic modulus was always updated over 10 incre(eeeisjuation(4.19). No study

has implemented time averaging with a variable time step allowingréater flexibility,

control and convergence when modelling.

This coupled model provides a better representation of tissue development in the fracture callus
and cortical bone when compared with fracture healing alone and provides novel platform to
investgate the longerm performance of orthopaedic fixation devices. This would include the
more effective design of permanent fixators and provide an opportunity to optimise both spatial
and temporal behaviour bfoabsorbable implants to limit unwanted eféeot stress shielding.

The coupled fracture repair model was shown to provide very good correlation to animal
experiments carried out by Claes e{3l.1], in terms of both predicted intélagmentary strain

(seeFigure4.7) and the time sequence of the read6]. During the fracture healing phase,
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the simulations generally predicted the formation of the cartilaginoussca8 weeks from

the start of the healing procedst]. The extremities of the fracture callus experience lower
biphasic stimulus and stiffen more quicklfhe bony bridge provides mechanical support
lowering the biphasic stimuli at the fracture site, allowing for bone formation to occur in other
regions suchasenar the bone marrow and fracture gap
bridgedo was a pivot al a s p(seeFigure 48 & Rigured.1®)y i ng S |
and the coupled fracture repair model used this feature as the criteria that determined whether
the bone remodelling phase would be initiated (the time at which this occurred was not
prescibed apriori). Upon successful fracture healing, the ipteted models remodelled
positively, tending towards the orjBrFnal d
17,000MPa). This was largely driven by the fact that a homeostatic load of 6.6MPa was
assumed to be acting on the tibia after day 112 for all conditions, resulting in similar bone
densities for the neplated models. Due to the geometry of the-ptated models, they were
remodelled in a symmetric manner, with tiimer and outer callus ungming negative
remodelling, while the callus focus region underwent positive remodeBeef(gure 48).

During all transitions, the coupled fracture repair algponitwas implemented in such a way

that abrupt changes in tissue modulus due to local stimuli were avoided. This was achieved
through the implementation of several time incrementation controls and smoothing techniques
(seeSection4.2.2.3. For the latter, the change in elastic modulus due to the biphasic stimulus

and SED were time averaged over 10 days. Therefore, a change in the elastic modulus of an
element was duw its stimulus history, opposed to a single time instance as was commonly
employed in other studi¢$78, 312, 313]

The implantation of a titanium plate played a critical role irlihgand remodelling phases of

bone repair, creating an uneven stress distribution across the fracture callus that resulted in

substantially different healing outcomes betwé#ss plated and neplated modelsDuring
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fracture healing, regions directly adgnt to the plate experience lower biophysical stimuli than

regions on the opposite side. Based on the meetegndatory framework, these elements
transitiored through tissue phenotypes more quickly, leading to local stiffening, with some
regions even bag absorbed due to the lack of a biophysical stimulus during fracture healing
(seeFigure4.10). Uponentering the remodelling phaseost ofthe stress is distributed through

the implant, as it has a stiffness of approximately 6.5 times greater than cortical bone, thereby
shielding the adjacent region. The proximity of the surrounding tissue to the titanium plate
heavily influenced the degreef stressshielding. The highest degree of stress shielding
occurred anteriorly, while the least amount of stress shielding occurred posteriofig(see

411). Ths subsequently resulted iIin the anteri ol
negatively remodel, while the posterior portion remodelled positively producing a cortical

shell. Most of the bone loss around the titanium plate occurred betwieémibnthsfor the
Adamaged model s with a signif i emanihs, matehidgict i on
experimental tests of an implanted titanium stem carried by Jaffe and33ddtinterestingly,

during the remodelling phases, the plateddels also predicted further resorption in stress
concentration regions where screws were fastened to the bone. The stress concentrations were
generated due to (i) the dissimilar stiffness of titanium<BE10GPa) and cortical bone.(&

17GPa) and (iithe geometry of hole generated by the titanium pin. In this study, the role of
damagebased reabsorption was during rdeanmmoadgee d i n-
models, the high stresses generated around the pins led to high levels of positieliregmod

This subsequently led to higher levels of stress being redistributed through the titanium plate
increasing the streshielding effect. On the contrary, when damage was included in these
models, these high stresses led to danrteged reabsorption these regions. Interestingly,

the effect of this damageased resorptiomedistributedstress away from the pins and

subsequently the plate, thereby substantially reducing the stress shielding effect. Damage
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based reabsorption occurs much more rapidgntnegative SED remodelling, which may
cause implant failure as the interfacial bone around the pins is reabsorbed, resulting in bone
plate slippage.

The healing performance for both the plated andplated simulation were directly impacted

by the loathg conditions(seeFigure 48 & Figure4.10) and fracture gap sidseeFigure 49).

For simulations in which the fracture gap was altered thdidgacondition LC(A) was
implemented for all simulation&Jnder different loading regimes in the first 28 days, it was
found that the time at which the fAbony bridq
plated scenarios. The plated models were tbseiccessfully heal at much higher loagelg) (

LC(H)) when compared with the neglated modelsq.g.,LC(C)). An increase in fracture gap

size decreased the healing performance for both plated anplated simulations. Larger
fracture gaps increasedetibiphasic stimulus induced within the fracture region for the same
loading conditions. For all fracture gaps the diffusion coefficient remained constant at
0.3mm/day. This, in turn, influenced the time taken for the callus focus region to become
confluentin MSCs, and thus slowed the healing response. The simulated results obtained here
mimic that of experimental results seen in a rat model conducted by Meesof3&5]al
whereby a femoral osteotomy of different sizes (Imm, 1.5mm and 2mm) resulted in delayed
healing over a&veek period.

The prediction of londgerm outcomes of bone fracture repair represents an extremely
challenging problem thanvolves highly complex interaction between physical, chemical, and
biological processes taking place at the fracture callus. This implies that the coupled healing
and remodelling framework presented here is subject to several limitations. Both the fracture
healing and remodelling algorithms rely on sets of phenomenological rules to drive cellular
activity, according to a series of thresholds that dictate tissue formation at different stages of

the procesd-or these, threshold parameters have been chosed ba existing experimental

121



Chapter 4

and computational literature for bone fracture refEi®] and bone remodellinfL73], with

novel numerical implementations such as smoothing, time averaging and automatic time
incrementation preventing abrupt chasge tissue phenotypdn validating the coupled
framework, themodel predictions showed excellent agreement with -inégmentary
movement (IFM) from an animal experiment, with differences below 0.1 mm seen throughout
the healing phase. The model alsodarced typical patterns and appropriate time sequences
that have been observed in both bone healing and bone remodelling phases across animal and
human studieg16, 306] Therefore, this coupled model provides a suitable platform to
investigate bone fracture repair and the logrgn performance of orthopaedic fixation deac

To simulate fracture healing and bone remodelling effectively several simplifications were
made regarding model geometry and boundary conditions. The idealized geometry allowed for
a great reduction in the number of elements, reducing computationaddgionally, loading

was modelled as one loading cycle per day, therefore ignoring the accumulative effect of
repetitive cyclic loading. Both simplifications would prevent the model outlined in this paper
capturing the actual stress distribution ofracfured tibia in vivo.Additional limitations
include limited experimental data and a lack of experimental case studies for clinical
applications.[316]. Ideally mechanoregulatory models shoulé patient specific: the
geometry, boundary conditions and model parameters.

The results outlined within this paper provide a valuable resource into orthopaedic device
design. Numerous studies when considering bone fracture repair only consider pfattieg fo
first 31 6 months, not considering the considering the {targ effects of permanent platting.

The algorithm outlined within this paper provides a quantifiable output to analyse the effects
platting has on sheterm bone fracture repair and leteym bone remodelling providing a
more realistic result. Therefore, allowing for greater scope when optimising implanted

orthopaedic device design.
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4.5 Conclusions

In this study, a coupled biphasic model for bone fracture repair was developed that considers
both fracture healing ancemodelingphases of repair and investigates the performance of a
fractured tibia in both noeplated and plated conditions. It was found that introduction of a
titanium plate allowed the tibia to undergo successful healing at Hagdng conditions and
fracture gaps, compared to the rlated versions, but resulted in substantial regions of stress
shielding at later stages of repdirwas found healing time was increased when increases in
either loadingconditionsor fracture gp sizewere consideredlhis model representation of
tissue development in the fracture callus and cortical bone provides novel platform to
investigate the lonterm performance of orthopaedic fixation devices. This approach could be
used to optimise thepatial and temporal loaldearing performance of bioabsorbable fixation
devices, to enhance repair outcomes.

Data Availability

The model is implemented in the Abaqus/Standard finite element frameworkewetiakuser
defined subroutinewritten to predict fracture healing and barenodeling A set of example

files have been included in the GitHrdpositorylink.
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CHAPTER 5

An Enhanced Phenomenological Model
to predict Surfacdased Localised
Corrosion of Magnesium Alloys for
Medical Use

5.1 Introduction

Magnesium alloys show promising potential in both orthopaedic and cardiovascular implant
applications as they avoid lostgrm conplications associated with permanent metallic
implants. Several materials used in permanent metallic implants suffer from the release of toxic
metallic ions through wear or corrosif#17-320], which results in inflammatory cascades and

tissue 10s$189, 269] Magnesium on the other hand is biodegradable such thatpi®dycts

are metabased by the bodyj321l]and pl ay an i mportant role in
systems[322]. Howeve, magnesiunbased implants present certain challenges as its high
corrosion rate in a physiological environmg823-326] can lead to rapid deterioration of

mechanical properties, leading to implant failure before tissue repair has corfipi&esP6]
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Magnesium is the least noble material of the galvanic series with a standard electronic potential
of -2.37V [231], making it highly susceptible to galvanic corrosion. Magnesium along with
many other light metals especially when alloyed undergoesuniborm surface corrosion,
therefoe understanding and predicting its mechanisms are pivotal to developing implantable
magnesium devices. Galvanic corrosion usually occurs due to the presence of impurities or the
accumulation of secondary cathodic phases in the microstructure. This geoecalis when

the metal contacts a more noble material inside a conductive medium, which leads to localised
corrosion around the contact area. Since magnesium is the least noble metal, it is always
consumed by anodizing, whereby electrons migrate froomtheg nesi um al pha ( U)
different cathodes releasing magnesium ions (anodic reaction). These magnesium ions either
diffuse to the surface to form corrosion products or are dissolved in the surrounding aqueous
environmen{220]. Internal galvanic corrosion is due to the existence of grains of impurities
and alloying elements at the grain boundaries, schematically represerfigglia 5.1A.

External galvanic corrosion occurs due to contact with a nobler metal as shéwuia5.1B.

The U grains c oagsesisn oradolid solutioh & magmesiumeandralloying
elements such as Al, Zn, Ca, Mn, and other rare earth riiZ28ls Alloying elements can fan
secondary particles which facilitate corrosion or enrich corrosion products inhibiting corrosion
[234]. Impurities such as Fe, Cu, Ni and [3@7] are the four main elements that significantly
influence the corrosion resistance of magnegiR2a®]. Pitting corrosion is the second most
common corrosion type of magnesium and its alloys, defined as localised and random severe

corrosion on the surface of the magnesium glk2p].

Modelling corrosion mechanisms of magnesium alloys has been widely implemented within
finite element (FE) frameworks and applied to medical implants to predict in vitro and in vivo

performancd90, 328]using either physically based or phenomenological model frameworks.
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Physicallybased models consider the electrochemical interactions and physics of species
interaction[189] and these approaches have been applied to magng3lithrough either
activationcontrolled [269] or transporcontrolled degradatiofi269]. Activation-controlled
models describe the potential difference between the anodic material and the solution. Initially,
activation effects were the dominant factor in corrosion, howevertkmng degradation has

been found to be independent of the activatioaat${329]. Meanwhile, transpoitontrolled
corrosion models consider the diffusion of magnesium ions from the corroding surface into the
corrosive environmentWhile physically based corrosion models captuhe chemical
processes taking place, they have mainly been used to model uniform corrosion of the whole
implant [87] or localised in small samples to study individual pit groy@h89]. Physical
models are not easily applicable to medical implants due to the difficulty associated with
carrying out experimentdlased calibration for model parameters and the high computational
cost associated with modelling electrochemical reacti®2®]. The more widely used
approach is phenomenological frameworks, which use combinationcaitamuumbased
damage (CDM) mechanics and/or element removal on the corroding surface to simulate mass
loss. These models capture reductions in mechanical strength due to geometrical discontinuities
through the definition of a scalar field to quantife tistribution of damage within the model.
Many recent corrosion models of this ty8&, 88, 9092, 267, 322]have been based oreth
approaches proposed by both Gastaldi €BaR] and Grogan et aJ83], whereby a random
distribution function is used to prescribe weighted probabilities across the corroding surface
that enable localised pits to form and evolve. While these models can accurately mimic the
corrosion rates reported in the experimental liteeg they are subject to several limitations.
Firstly, very few of these models have been directly compared to experimental samples
undergoing corrosion and few, if any, actually capture the severity and spatial distribution of

pitting features on the aarding surface[260]. The underlying reason is the geometric
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simplicity in their approach, whereby corrosion of the model volume is based only on the
parameters prescribed to théial corrosion surface. This limits how corrosion can evolve and
means that models are unable to capture rdukictional or suksurface pitting, which is a
phenomenon that is wellescribed in experimental literati&?]. Furthermore, these models

do not produce any variation in pit morphologies on the corroding surface, with models only
producing a characteristic-$haped pit$83]. Finally, these models tend to a high degree of
mesh sensitivity, whereby the initial model discretisation will dictate the overall pit shape/size
and, more critically, will influence the overall corrosion rate. To betsgtwre localised

corrosion mechanisms, more advanced modelling frameworks are required.

In this study, an enhanced phenomenological model for pitting corrosion of magnesium alloys

is presented, which extends the original suHaased model that was presed by Grogan et

al. [83]. This model provides a robust, more effective numerical framework for capturing non
uniform corrosion in metals. The numerical approach implemented using a metihod tha
considers corrosion evolution due to the presence of impurities and accumulation of secondary
cathodic phases t hiphasey that enables the predictioneof muatil (b
directional pitting and a range of pit morphologies. The introductioneaf parameters to

control time incrementation and track excess damage, allows for a reduction in computational
cost while retaining model accuracy. The innovative approach development in determining
mesh sizing parameter and pitting parameter valuesedidar the elimination of mesh sizing

effects and provides independence of pitting parameter values and corrosion rate

Table5.1 - Chemical formulation of corrosion process on Mg alloy surface

0Qsr0Q ¢Q (Anodic Reactioh  (5.1)
Cathodic

¢Om ¢Q 1 ¢0™0O O ( _ (52
Reaction)
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(Product

0Q ¢0O 1 0QA O . (53
Formation)

H -+ -
W @ @ @y Mo @o Ve B0 MO g g

(A) (B)

(i (i) (iii) (iv)  (v) (vi) (vii)

(D)

Figure51-Magnesium alloy/ U phase (grey). I-mpur it
galvanic corrosion. (B) External galvanic corrosion. (C) Schematic of pitting corrosion. (D)
Visual representation of different types of pitting corrosion; (i) Deep & narfwelliptical,
(i) wide & shallow, (iv) subsurface, (v) undercutting, (vi) horizontal and (vii) vertical.
Image adapted frorf242].

5.2 Methodology

5.2.1Surface-based CorrosionModelling

This study uses a phenomenological approach to pitting, based on continuum damage
mechanics theory. The introduction of a scalar damage fgldafging from 0 to 1 was used

to describe internal geometrical discontinuities (pits, cracks, efargsenting surfadeased
corrosion. WherD = 0 the material element was undamaged, while wibenl, the material
element was completely corroded and removed. Continuum damage theory allows non

uniform geometric discontinuities to be modelled, withoutliekly capturing volume/mass
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loss. This was achieved usigguation(5.4, whereby, is the true stress andthe effective

stress

i p—O (5.4
Surfacebased uniform corrosion can be considered through a uniform distribution of micro
galvanic cells, with each element on the corroding surface having the same probability of
corroding. This approach describes the corrosion kinetics outlined in @a&dtal.[322] and
Grogan et al[83]. Grogan et.a]83] developed the damage evolution IéseeEquation(5.5)
by assigning each element on the corroding surface a rapadrability, which was capable

of modelling noruniform pitting. Pitting parameter values were only applied to surface

elements through the following relation

@ 1 01 (55)

Qo6 O
where 'Q was the corrosion rate paramety and 0 were the material and element
characteristic lengths, respectiveBy assigning a set of random numb }s to the surface
elements based on a Weibull distribution function, this model can capturaniform
corrosion, which is principally governed by the random distribution initially generated on the

exposed surface. Following element deletion, the adjatemieats inherited a portioh ( of

the removed elements pitting value

N (56)

5.2.2Enhanced Surfacebased Corrosion Framework
The enhanced surfadmsed corrosion model developed within this study extends the finite
element model developed by Grogan efg8]by consi der iplmage compaentso | e

throughout the material volume during the evolution of the corroding suiféagnesium
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alloys contai anUp h as e ( ma g nphasés yatoyinganetals/irbpurities) throughout
the material volume. Thephas e cat al yz e s -phdse The products sfithe n o f
chemical reaction are precipitated onto the cathode protecting it from corrosiio. ésturs
when theJandb phases are not uniformly distributed, leading to breakdown of the protective
layer. The model outlined within this paper phenomenologically captures the different pit
morphologies shown iRigure5.1D that arise due to micrgalvanic corrosion and breakages

in the passivation layer cause by aggressive chloride[2&t§. The key difference between

our model is that we extend the approach of Grogan ¢83), whereby we prescrilee set of
continuous random numbers to the entire material volume. This enhanced sufface
based corrosi on -pmasemhporendscwithinrthe snatdrial to erfable non
uniform and multidirectional evolution of corrosiorHere, we provide anpdated damage

evolution model that calme described bgquation

% 0 Q_ (5.7)
Where Lactive IS an updated term that to accurately account for the characteristic element
dimensionsLactiveiS an updated term that accurately accounts for the characteristic dimensions
of the elementThe model workflow is represented schematicallfFigure’5.2, which begins
with a preprocessing step (see Sectibr2.2.]) that defines the model parameters, which

ultimately control the rate and shape pitting corrosion within the simulated models. Model
parameters can be categorised into two groups: shape parameféfsilfull shape),
(Characterist pit radius) and RS (Random seed)) and rate param&e{B¢gradation Rate)
andO  (Time increment control), described in more detail belbach element in the finite

element mesh is assigned a random nun }er, which was used tareate a continuous
distribution of pitting values (see Sectibr2.2.3. The algorithm cycles through each element

within the model until it findsan exposed magnesium element, resulting in damage
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accumulation at that location (s€ection5.2.2.9 determined by an active length parameter
(see Section5.2.2.3 and local shape and rate parameters. An element removal scheme is
implementedywhereby arelement is removed when the criticalndage thresholdO p is
reached(described inSection5.2.2.9. The algorithm cycles through all elements, which

enables progressive mass loss on the corroding surface to be captured.

Set Model
Parameters

(ku!rpits 1’
De max’ RS)

j A
Remove Element
Next Element A

a
-

Redistribute Excess

Damage (Do)
Yes
| |
No
] De21 3
Damage Increment
dp,
T = Lactivekulenorm
Update Material
Reduce Time Properties
Increment

[

Damage Accumulation
Do=D¢ ;1 +dDt+ D,

Time Control

Figure 5.2 - Overview of enhanced surfabased corrosion damage algorithm.
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5.2.2.1Pre-Processor

Prior to running a degdation step within Abaqus, a ppeocessing step was implemented
through Abaqus using python scripting. The-precessing step extracted model information,
initialised model parameters, and generated the random numbers used for corrosion: The pre
processp generated; (Anode labels, nodal coordinates, initial corroding surface, element

connectivity and (B) pitting parameter values, as showigare5.3.

. e e . s s e o, S S S o, S o o S o, B . o S o
(A) (B)
Store Node
Labels Set Weibull Beta (y)
1 and r; Values
Store Nodal 1
Coordinates

| |
I |
I |
I |
| |
I
| I
| I
I Generate Initial I
Pitting Parameter I
I Values (he) |
| |
I |
I |
| |
| I
| I
| I
I I
, I
I

For Each Node

——

Store Adjacent % -
Element Labels Calculate Distance Normalize W;lbl.lll No.
Between Integration =] enorm = ——eW
1 Points (d;) g S 2 hepew
e
—
Set Initial 1 ﬁ - T
Corroding Surface ?Z §
Calculate Weibull = Update Weibull No.
Contributions (ksi)l k. = maxval (i)

Figure 5.3 - Basic overview of operations that occur within{jmr@cessor. (A) Stored node
labels, nodal coordinates, element connectivity and set initial corroding surface. (B)
Calculates the normalised pitting parameter values
5.2.2.2Pitting Parameter Value Generation
The generation of pitting parameter values occurs within thenoeessor, represented

schematically inFigure 5.3B. The distribution ofandom pitting parameter valuel; was
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controlled through the implementation of Veibull distributiorbased random number
generator, which used a random seed. The probabilil; dfing between 4, b] for each

element was described by:

0@ 1 @ "QO'Q W (5.8)
Where "Qw denotes the standard Weibull distribution probability density function (PDF)
described by:

MO [ Q (5.9)

The shape parameter controls the degree of heterogeneity of the pitting paran_ster
Increasing the sipe parameter leads to a more uniform distribution, while decreasing the scale

parameter leads to more severe pitting, represented schemati¢agyies.4D.

Exposed Surface s T S ——

[ 1
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?cel ké’df 7t'e7 9\3109{313*816 ?cewkezz
?\82 AES Aea ?\81119141917 7\620 l623
hes Aee A€9 Ael: Aﬁ’ls A918 7L€21A924| (D) 25
z
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X

Figure5.4 - (A) Pitting parameter values initially assigned to each element within the
degrading magnesium sample: (B) Visualization of redistribution of pitting paeasiegased
on Equation(5.8-(5.10: (C) Corroding surface updating followingeenent removal: (D) The
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PDF for a standard Wei bull di stribution. D
corrosion: (E) Redistribution of pitting parameter values from initial assignmentto
redistributed pitting parameter values

Based on the generated Weibull distribution, each element within the corroding part was
assigned a random numk}:rthrough an external python scrigeeFigure5.3). This initial
assignment of pitting parameter values determined the position and strength of the pit nuclei,
from which the pit propagated frofgure5.4E. However, by assigning values in this way, a
discontinuous spatial distribution of pitting parameters resulted across the mesh. A smoothing
step was included to+distribute the pitting parameters to a continuous distribution sithes
me s h . For this, a fraction of elacwas stole@ ment O

based on the distance between its element and other elements within théOmesho r al |

el ements il1:ehemmesh rri(smb efiguresdBThed char act er |

pit fiadi wasasasipgreed model parameter that <con

pi t dndiddua pits may merge to form a pit larger than:

_ _ _ a X (5.10)

The maxi mum stored pitting parameten val we b

(sEqgua(Gillpwheir=t: e Ilneummebnetr Thi s created a cont i |
pitting par amet Eigurev4gl ues as shown in
l Ag hh hb hb hb B_ (5.11)

| n a dtthe sum a¥ pitting parameter values within a part\ay dramatically depending

on the shape parameter andc har acpgietr idadices sl édct ed. Thi s, i
affect the oveEhalt ¢f mtngpararseheevalues wete rormalised r o s s

al |l el ement Eqtac @®m2r d wh grdéelmyot es t he number o]

el ements in the degrading part
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= - (5.12)

5.2.2.3Active Length d1u ¢ o
Within previous studie$82, 267, 322] the characteristic element lengih was used to
describe the sizing effect of elements within the mesh. The characteristic element length of a

brick/quadrilateral element can be described ®ifnation(5.13, wherew ando describe the

element volume and area respectively

b ® (513

Gao et al. considered the effect surface area had on corrosi{8bidig recoding the number

of exposed surfaces on each element. However, both these methods assumes that the elements
were cubic in shape. When meshing more complesntetries, element shape can vary
dramatically, which cannot accurately be describedEqyation(513and resul ts i n
effectsod that r ecowokidnsateitothe diseretised geometryt Irythisarfodet, h

a sizing parameter was introduced within the framework to geometrically represent the
continuous process of corrosion in a discretised manner, while avoiding unwanted sizing
effects. A new activiength parameter( ) was introduced at element level to describe the

ratio of exposed element surface area to element volume. This required the steps outlined in

Figure5.5, and below, to calculate tte parameter.
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Figure 5.5 - (A) Processes involved in the calculatiorbof  on exposed surface. (B) Node
connectivity numbering for brick elements within Abaqus. (D)r2presentation of irregular
element face with required variables for calculating element face area.

Node labels and nodal coordinates for each element weretextraithin the prgprocessing
stepFigure5.3A. The nodal connectivity for brick/quad elements (from Abaqus) is represented
schematically irfFigure5.5B. In terms of node ordering, nodes 1, 2, 3 and 4 will always lie on

the same element faddgure 55B. Upon element removal, the shared nodes in adjacent
elements were activated. Given all the nodes on element face were active, the surface area was
calculated usindgequation(5.14&(5.15. To calculate the area of an irregular quadrilateral,
positional vectors from each node B, C and Dand two opposites angles—QO— were

required as shown iRigure5.5C:

6 080 0

— Al O—/——F—7—— (5.14)
O 0s O o8
0 ™o 20 YQ& ™0 z0 YO& (519
The total exposed are@a (  and active lengthi was calculated for each element using

Equation(5.16& (5.17 respectively
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