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Viscoelastic behaviour of the canine cranial cruciate ligament complex

Rosti Abdulgader Hama Rashid

Abstract

The caninestifle jointis one ofthe most vulnerable joiswithin the musculoskeletal systeandthe
cranial cruciate ligamerfCCL) is the most susceptible ligament to ruptwithin the joint When this
ligament is damaged, the stifle joinbecomes mechanically unstable |eadito abnormal load
distributionwithin the joint. This physiological change is associated with osteophyte formation at the
joint margins, thickening of the medial aspect of the joint capsule andetilcollateral ligament,
softening of the articularattilageresulting inosteoarthritiOA). Ligament injury can be either purely
traumatic or a degenerative noantact form. The aetiopathogenesis of sontact cranial cruciate
ligament rupture (CCLR) is unclear, however alterations in the composittha extracellular matrix
(ECM) has been implicated as one of its causes.

This thesisaimed to advancthe current understanding of the biomechanical behaviotinetanine
CCL and investigated the contribution of proteoglyc@i?ss)to the viscoelastibehaviour of the€CL.
The objectivescompriseof experimental and numerical studies, including tevelopnent and
utilisation of a nove full-field threedimensional digital imageocrelation method (3D DICand a
representativEEM of the whole canineifie joint.

Experimental Study bn the canine CCLs wake first to focus on characterisirgjow strain rate
sensitivity and hysteresis behaviour of the ligament at theetgien of stressstrain behaviourThis

study showed that arranging mechaniesits in different orders of strain rates resulted in different
tissue response, such that tensile responses of the CCL during the ascending (increasing order of strain
ratesfrom 0.1 to 1%/min, and 1 to 10%/nitests were significantly different from tdescending tests
(decreasing order of strain rates from 10 to 1%/min, and 1 to 0.1%/@ih).during ascending tests

were the CCLsstrain rate sensitive and hysteresis was strain rate depeitiendifferent tensile
responsgof the CCLs during the aseding and descending order of strain ragy beassociated with

strain history of the tissue

In Experimental Study Jltwo groups of the CCLs (control atr@atment{PG depletion) were tested

under tensile load at slow strain rates (0.1, 1 and 10%/R{)content in théreatment groupvas
depletedby 21.11 + 14.51%g=0.45. Water content in the treatment group reduced by approximately
5.2% (p=0.048. Although there were no statistically significant values; stséssn, tangent modulus,
hysteresisand creep behaviour in the treatment was different from the control groups. Stress relaxation
rate was significantly higher in the control than the treatment gnee@.{39. The lower relaxation

rate in the treatment group could be associated with sGA@shwprovides crosknks between
collagen molecules. Hence, it is possible that an efficient depletion of PGs in canine CCLs could result
in significant mechanical changes in the tissue.

A full-field 3D DIC method was developed tenerate ife CCL-specifc FEM and provide load
deformation behaviour across timddle region of the CCLs. This information was utilisegredict
stressstrain behaviour of the CClisrough inverse analysis addition,ananatomically representative
FEM of thecaninestifle joint was developed aneimployed to investigate the joint when PGs in the
CCL were depleted. Results showed reduction in joint stability in joints with depleted(@€.56).
Hence, PG content in the CCL could be one of the ECM components contributivegri@chanical
behaviour of the ligament, and affectitig stability in canine stifle joints

This researcheadsto a better understamag of the biomechanical behaviour of ¢da@CCL, andit is
useful forresearchers in the field of biomechanics andngidical science who are seeking advance
experimental and numerical workstissue mechanics.
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1. Introduction

1.1. Background

The living body is the only machine for which there are no spare parts.

-Adapted from Hermann M. Biggs

Early researchers who studied the mechanics of biological structures eéshegbiving body

as a machinand the whole machine as an assembly of smaller(®og®, 2005; Boschiero,

2007) Living bodies, such as humans atwhs are constructed of boneartilage, ligament,
tendon, muscle and other connective tissues. These muscular and skeletal arrangements
produce an active system commonly known as the musculoskeletal system. These biological
structures function on their own as well as together ifjdims (Amis and Dawkins, 1991,
Carpenter and Cooper, 2006pr example, the knee joint in the human body (known as the
stifle joint in quadrupedss part of the musculoskeletal system and it plays an important role

in allowing relative movement between bones whilst conngcindividual bones and
transferring forces from one bone to the next. These joints also facilitate biochemical and
physiological interaction between neighbouring biological matefidisrntonet al, 2007)

There are several studies looking at hemechanicof various biological tissues, and this
studywill focus on the biomechanics oénine stifle ligamentd his field is an area of clinical
importance, as stifle ligaments provide structural stability to the joint by acting as strong fibrous
connective tissugpreventing hyperextension and anterianglationof the femur in relation

to the tibia within the joinfLevangie and Norkin, 2005; Budras, 2007)

The stifle joint is a compound joint in which three long bones (the distal femur, proximal tibia,
and proximal fibula) and four sesamoid bones artici{@éepenter and Cooper, 2000; Budras,

2007) (Figure1.1). The major bnes in the canine stifle joiatre thefemur, tibia and fibula
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(Carpenter and Cooper, 2000he £muris the heaviestdne in the skeleton of tlanineand

it articulates with thecetabulunproximally and with the tibia distally creating femorotibial
articulations(Adams, 2004; Evanet al, 2012) The long bone of the tibia, which lies in the
medial part of thepelvic limb, articulates with the tarsus proximaliynd the fibula both
proximally and distally. Thdibula is a long and thin bone located in the lateral part of the
pelvic limb; its main function is to facilitate muscle attachment, as it can only support a small
amount of weightAdams, 2004; Evanst al, 2012) The basic anatomy of these bones plays

a major role in the overall motion of the stifle joint and these articulations grensbkle for
improving the melsanical efficiency of the joiniCarpenter and Cooper, 2000; Vasseur, 2002)
As mentioned above, ligaments provide structural stability in the stifle joint. These ligaments
are strong fibrous connective tissues allowing motion in three p{@aepenter and Cooper,
2000; Levangie and Norkin, 2005; Budras, 20@Hijteen ligaments are found in tleanine

stifle joint with the primary ligamentous support of the joint being provided by the femorotibial
ligaments, which are identified by their relationship to a joint, e.g. lateral (LCL) and medial
(MCL) collateral ligaments, and their relationship to eattente.g. cranial (CCL) and caudal
(CaCl) cruciate ligamen{€arpenter and Cooper, 2000; Vasseur, 20Bgurel.1). Cruciate
ligaments lie between the condyle of the femur and the proximal tibia. Their location within
the joint is in the craniataudal and medidateral planeqSaunders, 1933)The LCL is
attached to the joint capsule by loose connective tissue and is not attached to the lateral

meniscus, whereas, the MCL is attached to the medial meffi&asseur and Arnoczky, 1981)

The CCL consists of two bands; a caudolateral band which is taut in extension but loose in
flexion and a craniomedial band which is taut in flexion and exteri€arpenter and Cooper,
2000) The CaCL has also two bandsetcranial band in the CaCL is loose in extension and
taut in flexion while the caudal band is taut in extension and loose in flekroonczky and

Marshall, 1977)The collateral ligaments (MCL and LCL) control varus aaldgus angulation,



such that the LCL is taut in extension and loose in fleX\asseur and Arnoczky, 1981)
However, the cranial part of the MCL is stretched in both flexion and extension, while its caudal
part is stretched in extans only (Vasseur and Arnoczky, 1981All four ligaments function
together to provide translation and rotational stability. When these ligaments are damaged, the
stifle joint becomes mechanically unstable and results in an abhload distribution within
thejoint (Nagelliet al, 2017) Consequently, thisnstability leads to changes associated with
osteoarthritis (OA) such asteophyte formation at the joint margins, thickening of the medial
aspect of the joint capsule and the medial collateral ligarardincreased water content and
sdtness of the articular cartilagBray et al, 1992; Herzoget al, 1993; Herzogpt al, 1998)
Research on the lortgrm effect ofcanineCCL rupture(CCLR) shows that this injury results

in OA as demonstrated by thickness loss of articular cartilage in some load bearing areas of the
joint leading to an increase in joint friction, decrease in motion, pain and loss of muscle mass

and strength in oscles crossing thatifle (Brandtet al, 1991a; Brandet al, 1991b)

Unfortunately, thehumanknee joint is also one of the most vulnerable joints withthe
musculoskeletal system, amanongst the four major ligamenw@nterior cruciate ligament
(ACL) is the most susceptible ligament to rupt(@anottiet al, 2009) In the United States,
approximately a quarter of a million people experieACd injuries annually costing over 2
billion dollars per year in medical expengbovaket al, 1996; Gottloket al, 1999; Griffin
et al, 2000; Gianottiet al, 2009) Injuries occur due to necontact and contagtraumatic)
mechanismgHewettet al, 2010; Smithet al, 2012b; Smithet al, 2012a) Contact injuries
can be a result of direct stact with a force to the limb, whereas the 1womtactmechanism
doesnot result from such interactiqiewettet al, 2010; Smithet al, 2012b; Smithet al,
2012a) Non-contact injury mechanisms are typically associatik evasive manoeuvres such
as sudden deceleration prior to a change of direction or m@mhenet al, 2000) It was

estimated that over avi-year period, more than 58% of ACL ruptures occurred because of



norrcontact injuries, where no overt joint traumas occurredwhen the ligament ruptures
(Bodenet al, 2000; Gianottet al, 2009) In addition, some researchers have identified that
there is a greater risk of n@ontact rupture in athletesuch as ligamennid-substance and
bony avulsioninjuries, reporting the ratio of neonontact to conta ACL injuries as 7:3Noyes

and Grood, 1976; McNaiet al, 1990; Boderet al, 2000) Similarly, the most common
pathogenesis ofanineCCLR is a gradual degenerative process (cranial cruciate ligament
disease (CCLD)) generally resulting in a rmontact injury.Canine CCLD has amajor
financial impact; for example, in 2003 the manageme@@fR was estimated to cost more
than $1billion (Bennettet al, 1988;Wilke et al, 2005) The cause ofiorrcontact injury is
controversiabut factors such as joint conformation (i.e. femoral condyle width and height)
(Comerfordet al, 2006; Ragetlyet al, 2011) altered ligament extracellular matrix (ECM)
composition(Comerfordet al, 2005; Hasegawat al, 2013) geneticgWilke et al, 2004;
Baird et al, 2014) and obesity (Duval et al, 1999) have been imptiated in its
aetiopathogenesighe detailed literatar review inSection2.3identified a knowledge gap in

our understanding of the role of proteoglycans (PGs) to the viscoelastic behaviour of the canine
CCLs. Therefore, tiis the hypothesis of this study that PGshie canine CCLs contributes to
the structural integrity of the ligaments whilst altering PG content will result in a
microstructuralchange in the tissue. This change may contributedaecreased structural
supportin the CCL, resulting in ligament laky and CCLR which is believed to be a leading

cause of joint degeneration a®d& (Comerfordet al, 2006)
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1.2. Scope of Research

As reviewed in 8ction1.1, the CCL is different tothe other canine $k& ligaments inits
function, structureand complexity (Arnoczky and Marshall, 1977)The current study
recognied these differences; therefore, experimental tests were carried out to specifically

characterise material properties of the CCL.

Non-contact joint degeneration due to CCidbdieved to be a leading cause of progressive
OA in the stifle jointyComerfordet al, 2006) As rupture of the canine CCL is thougdb be
averted by itsviscoelastic material properti€€ook, 2010) the current study is focused on
characterisingheseproperties.The microstructural origins of the viscoelastic behaviour of
CCLs are unknown, and there areonprevious investigations to identify the role of
proteoglycans (PGs) to the mechanobiologyhas ligament Therefore this study examined
the contribution of PGs to thmaterial propertiesf CCLs because has been hypothesised
that PGscould affect he viscoelastic behaviour of theiman MCLby forming molecular
bridges between neighbouring collagen fibfilajanet al, 2009) To addresthe effect of PGs

to the mechanical behaviour of the CClkxperimentaimethods such as tensile testsnd
numericalmethods such aginite element analysis (FEAyomparng material characteristics

of healthy and microstructurally altered CCLs weneployed(Chapter3).

FEA hasbeenused as an effective method to manage injury and plan sumggiryical practice
(Wismanset al, 1980) To be successful iaclinical setting, advanced imaging sysssuch
as ultrasound, computerised tomograp@y¥) and magnetic resonance imagiMRI) have
been used to generate representative numerical models of the biologicdBbhodyet al,
1998; Elsheikh, 2010; Styliancet al, 2014) This studyused3-teslaMRI to generatean
anatomicallyrepresentativéhreedimensional (3DFEM of thecaninestifle joint thatwasa

true representation of th@nt in vivo. Previously,one studyeveloped a 3[FEM for the stifle
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joint from CT scans, however multiple assumptions were made to simplify the numerical
model, for example excluding the geometries @&jon components like the ligaments or
articular cartilag€Brown et al, 2013) However the current studgevelopedind employea

3D FEM of acanine stifle joint to include geometries of the major components in the joints,
including thecruciate and collateral ligaments, the femur, tibia, fibulkcw@ar cartilage and
menisci. The material properties of these components were defined franine stiflgoint,

and the material parameters of the CCLs were described experimentally with the aid of digital

image correlations and inverse analysis.

1.3. Thesis Structure

This thesis provides a clear description ofdbetoralresearch including its aim and objectives,

methodology, major results and main conclusions. The thesis is organised as follows:

Chapter Iprovides a background introduction to the kjudet andthe scope of the study

Chapter 2 reviews previous research on the morphology and functional anatomy of the canine
CCL,; methods applied to mechanically testing ligaments for thesileemnd viscoelastic
behaviourithe application of th®IC method on biological tissues and generating numerical
modek to representhe knee andkstifle joints. Hypothesis, aim and objectives are outlined in

this chapter.

Chapter 3describs the experimentainethods adoptetbr ExperimentalStudy 1, 11 and Il
including sample preparation, experimental se8ip,DIC methods and analysiSEM and
inverse analysis of the CCLdevelopmentaind employmenof the FEM of the whole stifle

joint and statistical analysis.



Chapter 4 outlines the experimental findingsHaperimentabtudy I, 1l and 1ll. The numerical

results, including th€EM of the CCL and thstifle joint are also presented in thisi@pter.

Chapter 5 provides an overall discussion of the study and its main conclusions, as well as

recommendations fdutureresearch



2. Literature Review

2.1. Introduction

As far back as the golden age of Greek scienteghtury B.C.) pioneering workhasbeen
doneto further ourunderstandingf musculoskeletatissues in terms of mathetical and
physical principlegBraun, 1941; Ascenzi, 1993 this Chaptertheanatomical structure and
biomechanical propertiesf ligamens, with emphasion the canine CClwere reviewedin
addition, this @apter lookedat the main components present in the microstructuf@Gafs
and their contribution to thjeint mechanics. It also reviewg@devious publications on different
experimental test methods and previous findingshenviscoelastic behaviour of ligaments
andother soft biological tissues. Subsequently, ssdie the application dIC and inverse
analysis on ligaments and other soft biological tissue®evaluated. In the last part of this
Chapter, previous research on the development of numerical siod#ie canine stifle joint
wereappraised, and limitatiorsf and gaps in some of the existing numerstdle modeldata
wereidentified. In this Chapterand throughout the thesisanine joints and cranial cruciate
ligamentswerereferred to as stifle joints and CCLs, respectively. Any joints and ligaments
belongng to species other than canwerereferred tdoy the human nomenclatudenge joint

and the ACL.

2.2. Morphology of Canin€€CLs

The late Middle English worligamentis derived from the Latin wortigare, whi ch means
b i n Acoording toFranket al. (1985)the goss appearance of a ligament is white, firm,
homogenous and fibroustheir study categoried ligaments into two subgroupthose
connecting other soft tissues, for example the suspensory ligaments in the abdomen, and those

connecting the coponents of the skeleton. The major functions of skeletal ligaments are to



attach bones to form a joint, guide joint movement, sustain joint harmony andoasitamal

bend and strain sensors for the jdifhorntonet al, 2007) The location and microstructure
of ligaments dominate their functionalityy the living body, hence a review on the
macroanatomy, microanatomy and functional anatomy of the ligaments, in particll&lthe

of the canine stifle joints presented in the following subsections.

2.2.1. Macroanatomy

The CCL originates from the caudomedprt of the lateral femoral condyle and runs
diagonally across the intercondyloid fossa (joint cavity) to attach at the cranial intercondyloid
area of the tibigArnoczky and Marshall, 1977; De Roos#&tral, 2006) The tibid attachment

site is caudal to the attachment of the cranial tibial ligament of the nneeiéécus and cranial

to the attachment of the cranial tibial ligament of the lateral meniscus, while the intermeniscal
ligament crosseover the insertion proximallfFigure2.1). The CCL is narrowest in its mid
region and spreads out proximally and distéieffron and Campbell, 1978 he entheses
(origin and insertion) of the CCaredirectly inserted into the tibia and femur bones. Direct
insertions (fibrocartilaginous entheses) contain four different transition zones: ligament mid
substance (fibrous tissue), fibrocartilage, mineralised (calcified) fibrocartilage and bone
(Benjamin and Ralph4998; Doschak and Zernicke, 20@bjgure2.2). This zonal transition

from ligament to bone is of great importance because the mechanical properties of the two
tissues are vastly different. Without a gradual transitiaghemechanicatharacteristics of the
ligament, abnormalstress concentrations may fonm areas where the two tissuesth

significantly different behaviour me@¥loffat et al, 2008)

Arnoczky andMarshall(1977)described the CCL as two parts which functiomelgpendently
from one another in flexion and extensidfiglire 2.3). The two parts of the cranial cruciate

ligaments (caudolateral (CLB) and craniomedial bands (CMB)) wamedbased on their
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relativesitesto the tibial plateau. The craniomedial band is found to be the most twisted an
the longestand it originates more proximally from the femur and attaches more cranially on
the tibial attachment region. The caudolatéaidoriginates from the most lateral and distal
part of the lateral femoral condyle and attaches on the most caudal regiba tbial
attachment are@rnoczky and Mrshall, 1977; De Roostet al, 2006) Despite the complex
anatomical stricture of the CCL, previous studies successfully obtained the length and cross
sectional aredCSA) of this tissue in different breeds chnine CCL length andCSA in
different canine breeds, such agtweilers and greyhoundsgre reported to vafyetween 17

19 mm and 129 mn?, respectivelyWingfield et al, 2000; Comerforat al, 2006) Even

with thedifferencesetween the twbreed, no statistical differencesere found irthelength

and midCSA of the CCLg(Wingfield et al, 2000; Comerforet al, 2006)

() (b)

Figure2.1: Cranialcrosssectionalview of a left stiflgjoint of acanineincluding the patella
and patellar ligamer{g) and line drawing of the same view (b) showing cranial (1) and
caudal (2) cruciate ligaments; medial (3) and lateral (6) meniscus; interméigecent (4);
medial collateral ligament (5); meniscofemoral ligament (7); popliteal tendon (8); tendon of
the long digital extensor (9); infrapatellar fat pad (10); patellar tendon (11) and patella (12).
Takenfrom De Roosteret al. (2010)
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| Ligament

Fibrocartilage

Calcified fibrocartilage

Bone

Figure2.2: Schematic diagram of a zorigament insertion into bone. Fibroblasts are
embedded throughout the aligned collagen fibatdlagentype ) in the ligament, whereas
larger and less parallel collagen bundlaslagentypes | and Il) and oval shaped cells are
seen in the uncalcifiefibrocartilage. The mineralised fibrocartilage is separated from the
uncalcified fibrocartilage by the wavy tidemark between them. The calcified fibrocartilage
shows mineralised tissue, circular chondrocytes and collagen type |, 1l dradkeffrom

Yang and Temenof{2009)

(a) (b)

Figure2.3: Cranial view of a flexed right stifle joint ofaanine(a) and line drawing of the
same view (b) showintine caudolateral band (1a) and craniomedial (1b) band of the cranial
cruciate ligament; caudal cruciate ligament (2); medial (3) and lateral (4) meniscus; tendon of
the long digital extensor (5); medial) @nd lateral (8) femoral condyle; and tibial tuberosity
(7). Takenfrom De Roosteret al.(2010)
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2.2.2. Functional Anatomy

TheCCL is a dynamic structure and it is one of the four most important anatomical structures
involved inthe stability of the stifle join{Arnoczky and Marshall, 1977The main function

of canine CCLsis mechanical as they provide joint stability. The CCLs control cranial
translation of the tibia (primarily) and internal tibial rotation (secondarily). Howdveydo

not provide any restraint to the caudal translation of the {ib@rntonet al, 2007) In
addition, Arnoczky andViarshall (1977) studied the role of CCLs in joint stability using
selective cutting techniques. They suggestediseof the CMB of the CCLs as the primary
check for cranial drawer motion becatise CMB is taut in both flexion and extens, while
usingthe CLB of the CCLs as the secondary chémkthisbecaus¢heCLB is taut in extension
and loose in flexionDuring hyperextension, when the CCL is highly susceptible to rupture,
CMB could be used as the primary check against hyperéateatthe joint(Arnoczky and

Marshall, 1977)

2.2.3. Microanatomy

The hierarchical structure ebft connective tissues, such as tendons and liganseatsnplex

and consists of mainly collag€r0-80% of ligament dry weigh{Franket al., 1983; Amielet

al., 1984) The hiearchical structurevas firstly described in tendon by Kastedical. (1978)
who reported thate tropocollagen molecules are synthesisetebglocytes (ligamentocytes

in ligamentg(Lo et al, 2002a) then selfassembled and grouped together in a highly ordered
way tocreatdfibrils. Fibrils have a periodicity (spacing) 6#nmand they are under maximum
crimp at the fascicular periphery, whereas inteonaisare nearly straighfAlm and Stromberg,
1974; Kastelicet al, 1978) These wavy fascicular fibrils tend to arge themselveson
uniformly in a parallel and helical fashion to the longitudinal awisallow for multiaxial

loading patterng§Yahia and Drouin, 1989; Amis, 1999)hecombination of fibrils form fibres
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which have an undulating crimp and the crimp period can vary significaatlyeerdifferent
locations within ligamentgFrank et al, 1999) The lkength of a singldibre changes by
straighteningts crimp asit is loaded under tension and this chahge beemeportedoy mary
authors by using histologic assessme(ahia and Drouin, 1989; Amis arzhwkins, 1991)

The fibres were found to be denser and arranged tandggetdigthe ligament surface when the
tissueis in contact with another surfag¢asseuret al, 1985) This fibre arrangement is
maintained even when the ligaments are twisted around each other, as seen in cruciate
ligaments(Vasseuret al,, 1985) It is important to note that fibres éifibre bundles may or
may not aggregate into fascisl€or example fascicles are not as obviouMf@L as they are

in the ACL (Thorntonet al, 2007) As illustrated inFigure2.4, the grouped fascicles form the
entire ligament and each fascicle is separated by endoligdfmematczky, 1983; Yahia and
Drouin, 1989) In addition, the morphological study by Arnoczky and Mars{i&@ll’7)and De
Roosteret al. (2006)showed that thcanine CCLsare not in a singkstrand configuration of
longitudinally aligned collagefibres, but are made up of twisted collageadascicles and
fibre bundles.The crimp in the CCL is believed to diminish under progressively larger
mechanical loadsnd disruption of thégamentfascicles is caused by further tensile loading

(Hayashiet al, 2003a; Hayasket al, 2003b)
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Fascicle Ligament
50-300pm 15mm

Tropocollagen
Microfibril 10nm
Fibril 10-350nm

1.5 nm

64nm b:mdi11>

Interbundle cells-

Crimp—

“Epiligament

\
|
)

—Interfascicular cells

Nerves & blood vessels

Figure2.4: A simplified hierarchical structure déndon andigament. Image redrawn based

on previous studieastelicet al, 1978; Kannus, 2000; Thornten al, 2007) This image

illustrates the organisation bjament/tendon microstructure and it does not illustrate shape

of the connective tissues. For exampie, overalicomplexshape of the CCL changes during

physiological loads by acting as two bundl€s/B and CLB)to accommodat joint stability
However, the two bundles are not distinguished in the microstructural organittaton.

important to note that thilustration, amilar to previous literaturas simplified by assuming
thatthe connective tissuesave a cylindrical shape whereas in reality the ligament cross

section is irregular and complékarpenter and Cooper, 2000)

2.3. Major StructuralComponents o€anineCCLs

Ligaments are strong fibrous tissues which consist of cellulaezindcellular components
This Section will outline the major components @anine CCLand their contribution to

ligament mechanics.

15



2.3.1. CellularMatrix

Most cells insoft connective tissues, such as tendonsligiaghents are fibroblast andin
ligamentsthey ae referred to as ligamentobtaor ligamentocytegAmiel et al, 1984) The

cells are present in long parallel columns between the colfdgea(Amiel et al,, 1984) Their
arrangement in normal ligaments creates a complim@nsional network which consists of

a series of parallel rows. Within each row, the spindle shaped cells have long cytoplasmic
projections connected by gap junctions and ddgcent rows are interconnected by long
projections and gap junctionkigure 2.5) (Lo et al, 2002b) Ligamentocytes irthe canine

CCL are not homogenous and vary in size, shape, orientation and n(@nbret al, 2012c)

The cell types, shapes and density were found to change along the leGthsgVVasseuret

al., 1985; Smithet al, 2012c) Smithet al. (2012c)observed an increase in cellularity of the
epiligament in the region whetbe CCL is in contact whit CaCL (the miesubstance of the
CCL). However,no change in epiligamexetllularity was observed regionally on the surface

of the CaCL(Smithet al, 2012c) Unlike healthy canine CCLwhere the cell density is high

and many spindle shaghecells were found, ruptured CCLs have low cell density and both
spindle and round shaped cells were obsefiddnoheet al, 2015) The role ofthese cells

(i.e. fibroblastg in soft connective tissuasto synthesis and assemiE€M molecules, such

as fibrous proteins (i.e. collagen and elastin) and adhesive molecules (i.e. fibronectin and
laminin) (Yamadaet al, 1985;Hardingham and Fosang, 1992anget al, 1999; Tozer and
Duprez, 2005) In addition, there are other cell populations including fibrocartilage
attachment sites, myofibroblasts at sites of ligament healing and various stages of chondrocyte
like cellswhich are generally aligned within the mat(Xasseuret al, 1985) The cells in
connective tissues, such as ligaments, organise thermselethreedimensionalcellular

matrix and the matrixsense the mechanical environment through deHcell and celito-

matrix interactiong(Lo et al, 2002a) Lo et al. (2002a)suggestedhat direct ceHo-cell
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communication was responsible for coordinating cellular behaviour mainly in response to

mechanical load within ligaments.

Fascicle

Endoligament

Figure2.5: Schematic representation of tieeedimensional array of cells in a normal
ligament. Epiligament refers to the surface layer associated with ligaments and endoligament
refers to the tissue dividing ligament collagen fibres into separate fasdialeen from Loet

al. (2002b)

2.3.2. Extracellular Matrix

The ECM is the norcellular structural system that is formed by cells and provides physical
scaffolding for the cellular matri{Frantzet al, 2010) The ECM is also esponsible for
initiating biochemical and biomechanical signals that are required for tissue morphogenesis,
differentiation and homeostagBenjamin and Ralphs, 1997; Fraetzal, 2010) TheECM in

ligaments consists of water, collagen, proteoglycans, fibronectin, elastin, actin and a few other
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glycoproteins, which are described bel@enjamin and Ralphs, 1997; Frank, 2004; Thornton

et al, 2007)

2.3.2.1. Water

Watercomprises0-80% of the total wet weigtdf ligaments and the water content is likely

to contribute to cellular functions antcoelastidehaviour(Khatod and Amiel, 2003; Frank,
2004) Within ligaments, water can be freely bound or be structurally bound to B@Mr
components and it can be bound to polar side chains, known as transitional watey (loosel
bound)(Thorntonet al, 2007) It is believed that a significant part of the wateligamensis
associated with the PGs, and together they interact with each other andldefiseoelastic
characteristics of ligamengBrank, 2004; Bragt al, 2005) It is also presumed that water with
PGs provids lubrication and facilitates sliding between the fascicles, hence iaffeitie
gliding function of aligaments(Woo et al, 1999; Brayet al, 2005) In addition, water is
responsible for carrying nutrients to the fibroblasts and removing waste subgEraeson

et al, 2007)

2.3.2.2. Dry matterof canine CCLs

The dry matter of a ligamerdagproximatelyne third total wet weight) includes fibrous protein
(i.e. collagen, elastin, and other proteins such as fibronectin and laminin) asdqobigride

(i.e proteoglycans and glycosaminoglyca(ispank, 2004)

2.3.2.2.1. Collagen

Collagen is a triple helix protein amdmprises approximately 7680% of the dry weight of
ligamens (Franket al, 1983; Amielet al, 1984) Up to 90% of the ligamentous collagen is

fibrillar type |, with the second and third most common type being fibrillar 11l and beaded

filament VI respectivelAmiel et al, 1984; Frank, 2004)A very smdl amount of collagen

18



typesV, Xl, and XIV have also been reportedligamentgAmiel et al, 1984; Frank, 2004)
Collagen is important for ligament scaffolding, maintaining the tissue structure, cell adhesion,
morphogenesis and tissue reffKiadleret al, 2007) Collagen type I,i particular, is the major
protein that provides mechanical stability, elasticity and strength to ligarticadter et al,

2007) Collagen molecules are covalently crisged, transferring loaglfrom one molecule

to another(Gautieriet al, 2012) As illustrated inFigure 2.6, the collagen molecules are
assembled in a grallel fashion forming fibrilsand tke fibrils are cros$inked with

macromolecules, such as P@senforming collagen fibre (Gautieriet al,, 2012)

Water Decorin Collagen

Collagen molecules

R ? Eﬁ .
Glycosaminoglycan Protein .
Collagen molecules 'y(sugar cnf-.:) core Collagen fiber

Figure2.6: Schematidllustrationof collagen fibrerelationship with other ECM molecules
Taken from Gautieret al. (2012)

2.3.2.2.2. Elastin

Elastin and microfibrils form elastic fibres which are one of the major assemblies in the ECM
of connective tissue@Vise and Weiss, 2009[lastic fibresare reported to account for about
1-2% of the dry weight of ligamesi{Thorntonet al, 2007) however this quantity can vary
significantly between different species. For instance, the ACiumman was found to contain
<5% elastin(Dodds and Aroczky, 1994) whereas in canine CCLs, elastin comprised
approximately 10% and 4.6% of its dry weight in greyhounds and Staffordshire bull terriers,

respectively(Smithet al, 2014; Kharaz, 2015Yhe tropoelastin molecules (the precursb
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elastin) assemble into fies and become highly crotisked to one another via their lysine
residue when unstressérantzet al, 2010) However, elastin stretches into a more ordered
configuration under stress and regernto a coiled arrangement when the stress is removed
again(Frantzet al, 2010) Importantly elastin stretch is crucially limited by tight association
with collagen fibrils(Frantzet al, 2010) The roleof elastin in a ligament is related to the
tensile response of the tissue to applied loads, recovery of ligament length after removing stress

and proteang collagen atow strains(Thorntonet al, 2007)

2.3.2.2.3. Glycoproteins

Glycoproteins such as laminin and fibronectin are found in small quantitiee ligament
ECM (Frank, 2004; Thorntomt al, 2007) Fibronectin facilitates a wide range of cellular
interactions with the ECM and plays an important role in the ma#lifeedback mechanism
(Pankov and Yamada, 2002)aminin play a role in cell adhesion, migration, growth and

differentiaton (Kreis and Vale, 1993)

2.3.2.2.4. Glycosaminoglycans

Glycosaminoglycans (GAGS) occur in many veréd® connective tissues and GAGntent

can be up to approximately 5% of normal ligament dry wegightiel, 1990) GAGs consist

of large linear (unbranched) polysaccharides formed by repeating disaccharide units containing
uronic acid (glucuronic or iduronic) or hexose (galactose) and hexosamine (galactosamine or
glucosamine)fRuoslahti, 1988; Schagemaanal, 2004) GAGs contain negatively charged
carboxylate or sulphate groups, hetivey playan important role in controlling elgolytes

and water in the extracellular flu@hakrabarti and Park, 1980)he polyanionic nature of
GAGs is thought to provide electrostatic interaction with polycationic molecules or the
positively charged region of a macromolec(@akrabarti and Park, 1980; Hardingham and

Bayliss, 1990)Hence, the main role of GAGs is thought to be structural, rathechizamnical,

20



as they occupg lage amount of space and provideghness and flexibility in the connective
tissues(Chakrabarti and Park, 1980t has been reported that disturbance in the normal
distribution of these polysaccharides can lead to serious clinical ahltoem tha are
characteristiof various diseases such as rheumatoid artliviteng and Roehrl, 2002J here

are different types of GA@ mammalian tissue and they are distinguighetheir saccharides
(sugar) the type of linkage betweesaccharidesand the number and location of sulphate
groups Theyare: hyaluronic acid or hyaluronan, chondroitin sulplfatnd-6, dermatan
sulphate, keratan sulphate, and heparin/heparan sulptatingham, 1981; Schagemaein

al., 2004)

2.3.2.2.5. Proteoglycans

A PGis a composite molecule consistingaoprotein core that is attached to one or more GAG
chains(Figure2.7). The number of GAG chains on theregrotein varies from 1 to 1Gthd
their lergths vary from a few disaccharide units to hund(®dgyel, 1994; Schagemamt al,,
2004) Proteoglycans are categorised into three typesndépg on the types d6AG chain
those with chondrtin or dermatan sulphate chairtspse with heparan sulphate chaarsd
those substituted with keratan sulph@tegel, 1994) PGs with a long protein core and many
GAG chains are referred to as large aggregating PGs such as aggrecans and versican, whereas
PGs with a shaer protein core and fewer GAGhairs are called smalleucine rich
proteoglycans (SLRPsuch as decorin and biglyc@viogel, 1994; Schagemarm al, 2004)
PGs comprise less than 3% of ligament dry weight apdoapnately 20% of the total PG
contentis large chondroitin and keratan sulphate containing (M&y et al, 1990) llic et al.
(2005)stated that wsican is theredominant large P@ ligament and the major type of PG

in ligaments is decorin (~90%).
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Figure2.7: Schematidllustration of a proteoglycashowing glycosaminoglycan chains
covalently bonded to a protein cof@kenfrom Swartz and Fleur{2007).

It is reported that PGs are responsible for organising and orienting the collagen fibres within
ligamentECM, in which individual collagen fibrils are linked together by P&gfre 2.6)
(Gautieriet al, 2012) Rumianret al.(2007)hypothesised that increasing PG content may allow
for more slippage between fibrils and fascicles allowingaraeformation, thus preventing
strairdamage during sport activities such as runningnlattempt to describe the contribution

of GAG chains to the mechanical anidcoelasticoehaviour of ligaments, some researchers
investigated the effect alermatarsulphate (DS) on the tensile and resistance properties of the
human MCL undenuasistaticloading conditiongLujan et al, 2009) Consequentlythey
determined the contribution of GAGstheviscoelastidoehaviour of the MCL, reporting that
the interactions between GAGs and collagen fibrils had no impact sistoelastigroperties
(Lujanet al, 2009) Similar findings were observed in studying the contribution of GAGs to
viscoelastigroperties of aortic valve tissEckertet al, 2013) It was reported that the GAG
content in porcine aodiheart valve leaflets under tensile forces have no direct role in the time
dependent properties of the tisqiickert et al, 2013) However, the researchers strongly
associate the role of GAGs with fibfiere and fibrematrix interaction at low stress levels,
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sud that they hypothesised that GAGs could provide a damping mechanism reducing aortic
valve leaflet flutter when the leaflet is not under high tensile sfieskertet al, 2013)

Similarly, Eshel and Lani{2001) in a study using rat dorsal skin, showeat PGs control the

ti ssueds response at | ow strain Igienofestresswher e
strain behaviour)Associating GAGs with fibrdibre and fibe-matrix interactions has also

been suggested by a number of authors, as they reportédetmeraction between PGs and
collagen fibrils organissthe ECM, andtransmis and resigtensile stressan the tissue, hence
contributingto the strength and material behavigGribb and Scott, 1995; Eshel and Lanir,

2001; Schagemaret al, 2004)

Furthermore, another study focused onéffect of sulphatedlycosaminoglycans (SGAGS)

on the permeability of porcine MCL, with the hypothesis that depletB&Gswould decrease
compressive stress and increase MCL transverse permeé@béityingeret al, 2010) Their
resuls showed thasGAG depletionsignificantly increased permeability and reduced peak
stress during confined compressive loadifbey studied transverse compressive loading
because ligaments frequently undergo lateral contraction during axial tensile |6&tey a
ligament experiensedynamic compressive loading, the pressure from interstitial fluid within
the tissue contributes to the compressive mod{8uwartzand Fleury, 2007)However, this
mechanism was found to be greatest at low volumetric strain because permeability was
dependent on stra(ilenningetet al, 2010) Therefore, at low strain leved& AGs were found

to have an important role in providing compressive support by controlling permeability within
ligamentgdHenningeeet al,, 2010) The process of SGAG depletion showed an increase in water
content in thdigaments(Henningeret al, 2010) For example,he increasén water content

was only notable when researchers compared chondroitinase ABC (CHAEE) treated

with untreated ligaments, but the water content was not statistically diffiet@nhABC buffer

and enzyme treated ligamengs>0.05 (Henningeret al, 2010) Increase in tissue hydration
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with sGAG depletion was also observed in the study by Muriegirad. (2015) when they
depletedsGAGsfrom porcine sclera. They explained the increase in hydration SHAG
removal by distinguishing Aboundo and Afreeo
chains. When the GAG chains are abundant and long, which is the case of chondroitin sulphate
(Schagemanet al, 2004) they tend to interact with each other and create a tight matrix. This
matrix has a large number of polar sites to which whaiteds butlittle space for free water
(Murienneet al, 2015) Howe\er, when a large majority of the GAG chains are removed, the
matrix losses watdpinding sites, hence increasing its capaddy free water absorption
(Murienneet al, 2015) They also reported thanincrease in hydration resulted in minimal
increasen volume which means that the water molecules occupied less volume than the GAGs,
and lowered interfibrillar friction which decreased hjgtessure stiffness in the tissue.
Consequently, they concluded ts@AGsmay affect the viscoelastic and tensile habar of

sclera inthe oppositeway toan increase in hydratiqiMurienre et al, 2015) This suggestion

is similar to the hypothesis of thikesis that altering PG content in canine CGiteangeshe

ECM composition which maiy turn alterthe viscoelastipropertiesof thetissue resulting in
ligament laxity CCLD and CCLR which is the leading cause of joint degeneration and

progressive OAComerfordet al, 2006)

2.4. Experimental Testing Methods

To determine the mechanical properties of a given tissue, one must ini@bsean
appropriate experimental method. The most desirable method to determine ligament behaviour
which is representative of that observadvivo is uniaxial testing of borkgamentbone
complex(Butler et al, 1978a; Danto and Woo, 1993)niaxial tests involve subjecting the
tissue to a ondimensional tensile force at a prescribed strain rate. Subsequéetipad

deformation measurements are used together
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(length andCSA) to determine stresstrain characteristicand hencethe stiffness of the
material (Fung, 1993) The CCL has a complex anatomical structure and broad insertion
regions; therefore, it is difficult to obtain the CCL length @8Awith a high level of accuracy

(Carpenter and Cooper, 2000)

Vasseuet al.(1991)determined the average length of canine €f@am the craniomedial and
caudolateral portions of the ligament before mounting the intact&@hebone to theensile
testing machineCCL lengthswerefound tovary betweercaninebreeds, for example CCL
length in mature mongretanines(20.5mm) wasgreaterthan in rottweilers (187mm),
greyhounds (17.3mm) andabradorRetrievers (17.2mm{Vasseuret al, 1991; Wingfieldet

al., 2000; Comerforet al, 2005)

Researchersaveused several methods to measure the CSA of soft tissues sand@ss and
ligamentyGillis et al, 1995; Noguchet al, 2002; Liuet al, 2008; Vergaret al, 2010) The
two most common methods employed by previous invastig include contact (i.e.
destructive or nowlestructive) and nenontact(i.e. norrdestructive)nethods. Of the contact
methods, the constant pressure area micrometre and the strain gauge micrometre technique
have been identified as producing more accurate CSA measurements tiamtaah CSA
measuremeni{®Vooet al, 1990a; Goodship and Birch, 200Hpwever, botimethods resulted
in sample destructionhérefore different tissuesvere used for mechanical testsaking the
results norcomparable. For this reason, roontact techniques to maae the CSA of
ligaments have been raployed by researchersincluding computerised tomography,
ultrasonography and laser scannfillis et al, 1995; Noguchet al, 2002; Liuet al, 2008;
Vergariet al, 2010) However, the method used by Goodshiy Birch(2005) produced a
more accurate CSA measurement than those reptedioguchi et al. (2002) using

ultrasonography determinatiofhis wasa nonrdestructive replica methddr determinng the
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CSA of soft connective tissué&oodship and Birch, 2005 here are many advantages
using the replica techniqui¢ is quick, simple, can be done at a low cost and can be used on
sampleswith an irregular shape such as CGRace and Amis, 1996; Wingfiekt al, 2000;
Goodship and Birch, 2005)Also, it produces comparatively better results than other non

contact method@Noguchiet al, 2002; Goodship and Birch, 2005)

The experimental @paratus employed to determitlee material characteristics of knee
ligaments contributes to the accuracytlod results. Several researché@veused a custom

built clamp to testheknee bondigamentbone complex under tensile loagdi#aut and Little,
1969;Noyes and Grood, 1978Yoo et al, 1987; Woo et al, 1990c; Danto and Woo, 1993)

The illustration inFigure 2.8 shows an example of a specially designed clamp employed to
hold theACL and perform tensile tes(g/oo et al, 1987; Danto and Woo, 1993)he clamp
holdsthefemoraland tibid bones in placevith two ¥xinch steel bars securatlthetop of the

bones. In addition, orthodontic cement was used to help further secure the bones whilst
allowing ligaments to be free from obstruction. The clamping system was desigmishtate

the ACL so that the longludinal axis of the ACL was in line with the loading ai¢oo et al,

1987; Danto and Woo, 1993VUsing this tye of clamping arrangement allowddr
determination of ligament behaviour whiglas representative of that observedvivo. In
addition, other researchdraveextracted strigike shaped ligamesfor tensile tests and they
excluded the use of femur and tibia bones to assist with grigpingn et al, 2009) This
approach was seen in the studies by Lejaal. (2009)as they used a hardened steel punch to
extract four tensile samples from different locations in the MCL at different regions between
the tibia and femur attachments. The shape of the steel punch included bevelled ends for
gripping and was oriented so that its longsaxas aligned with visible fite bundles Figure

2.9). However, extracting tensile specimens from the MCLs using a steel punch inevitably cut
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the collagen fibes and breakthe fibre-matrix bonds. Hence, the mechanical response of the

tissue 0 the applied load may be affect@uapp and Weiss, 1998)

Another important aspect of obtaining a reliable experimental result is the testing environment.
Haut and Litle (1969)investigated three different typestesting environments, including a
slightly moistenedenvironmentduring mechanical tests with a saline solution, immersion in a
saline solution at room temperature and immersion in a saline solution at 38.3°C (canine body
temperature). Their results showed ttie moistenedCCLs behaved in a similar fashion to
those immersed in saline at room temperature, whereas thessteesscurve foligaments
immersed in saline at canine body temperatuas significantly different. Thesuggested that
elevated temperature may drasticalhange the material response of tissue to tensile loads,
however, they could najive conclusive proof abouhe effect of temperature during tests
because othe limited number of varying temperatuestswhich resulted in the irregularities

in thar reaults (Haut and Little, 1969)Similarly, Haut and Powlisori1990) highlightedthe
importance of an appropriate test environmentifioestigating material parameters swft
connective tissuesThey found a significantly higher modulus and strength tfee patella
tendon when it wasested in a temperatuo®ntrolled saline bath compared to testing the
tendon in a drip (moistened) environmenggesting that soft tissues such as ligaments tested

in air may be subject to dehydration.
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Figure2.8: Schematic diagram of the anterior cruciate ligament (ACL) in a specially
designed clamp. The clamp was emploiyegrevious studie® perform tensile testsn the
ACLs. Taken from Danto and Wda993)

Figure2.9: lllustration of specimen acquisitidrom different regions of an MCL using a
steel punch. As shown, the punch shaped specimen is cut from the MCL leaving bevelled
ends for gripping. The two adjacent halliptical strips were used for tissue hydration
monitoring. Thanagnifiedimage on the right shows a photograph of the specimen set
obtained from the MCLsTakenfrom Lujan et al.(2009)
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2.5. Material Properties

The mechanical properties of ligaments vary depending on their location in the body, their
function, age and gend@Noo et al, 1990b; Wocet al, 1992) As shown inFigure2.10, the
stiffness of ligament§rate of change of load with deformatiorgries nordinearly with load

(Woo, 1982) The initial part of the loadeformation diagram, zone I, is the toe region where
ligament fibres ghten and the crimp is removelh. this zone, there is a relatively large
deformationof the tissuewith little increase in load and this permits initial joint deformations
with minimal tissue resistan¢Pale and Baer, 1974; Fratd al, 1998; Wingfieldet al, 2000)

With the disappearance of crimp, the linear galdstic phase)f the loaddeformation curve
(zone 1) starts wire the collagen fibres agdl recruited to resist applied log®ale and Baer,

1974; Fratzlet al, 1998;Wingdfield et al, 2000) Together with ther ligamentsand major
components of the knee joint, ligaments work within theirforee level to guide normal joint
movementgDale and Baer, 1974; Fratzt al, 1998; Wingfieldet al, 2000) Zone Il is the
plastic phase where ligament stretching is irreversible. At higher loads, liganssaisido
stiffer, providing more resistance to tissleformation Increasing the applied load to further
deform the ligament and overcome stage Il resistance will lead to tissue rupture (zone V)
(Dale and Baer, 1974; Fratet al, 1998; Wingfieldet al, 2000; Thorntoret al, 2007) It is

the toe region and the lower strain portion of the elastic phase that is addressed in the current

study.

The mechanical behaviour of mdsiological tissues is nelinear viscoelastic rather than
elastic (Haslach, 2005)Viscoelastic materials exhibit both elastic and viscos behaviour
including history and timedependent characteristigsung, 1993)To understand the material
behaviourof kneeand stifle igaments, researchetsave investigated dierent forms of

viscoelasticcharacteristicencluding preconditioning strain rate sensitivity, hysteres@geep
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and stress relaxatiqiaut and Little, 1969; Fung, 1993; Hingoratal., 2004; Solomonow,
2004; Quinn and Winkelstein, 2011; Millet al, 2012) These properties which are the focus

in the current studgre reviewed in the followingegtions.
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Figure2.10: A typical loaddeformation curve of bealthyligament loaded under tensile
force to failure. The top part of the diagram shows schematic representations of ligament
fibres going through stages of crimp (I) through reaneitt (Il) to progressive failure (11l and
IV). Redrawnbased ormhorntonet al.(2007)and Wingfieldet al. (2000)

2.5.1. Preconditioning

Fung(1993)described the preconditioning of soft biological tissues as a process of repeated
cyclic loading of asamplewhereby a gradual adaptation of the tissue to its loading is achieved.
The preconditioning process is ugatr to mechanical tests to eliminate the effects of tissue
handling and establish a steady state condition for the t{Bsung, 1993) Although this is a

widely used processi,its effects are not thoroughly understo{@onza, 2005) Typically,
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preconditioning results in a stiffening of the tissue with progressre increase of loading
cycles, although Eshel and Lan{R001) reported a decrease in stiffsesvhen they
preconditioned rodent dermal tisst®wever, it should be noted ththeypreconditioned their
samples under cyclic stretch at a fast rate to a high strain of approximatel(E2aeb and

Lanir, 2001) Consequently, the decrease in stiffness could be a result of microstructural failure
or plastic deformation of sont8CM component$Quinn and Winkelstein, 2011y here are no
standard preconditioning procedures because preconditioning is highly dependent on the
mechanical test profile such agthmount of load or elongatig@onza, 2005)One way to
establish a common baseline for testing material propeitssit tissues is to perform a series

of preliminary experiments, such as subjecting the tissue to several loading and unloading
cycles until consistent behaviour is obser¢edng, 1993)It has been reported that applying

low loads (below 3050% of ultimate failure) allows the tissue to reach its preconditioning state

with a lower number of loading and unloading cy¢f@enza, 2005)

During preconditioning cycles, the stress associated with a given strain decreasetheith

first few cycles, untilconsistent stresstrain behaviour is establishe&idgure 2.11). The
specific microstructural mechanisms that drive this change in the mechanical progerties
associated with the realignment of the collagen filarigisin the tissuen the direction of the
applied load(Quinn and Winkelstein, 2011Similarly, prior to the study by Quinn and
Winkelstein (2011) other authors suspected that thecpss of preconditioning involveal

large viscous energy loss which may be associated with rearrangement of the interfibrillar
matrix including water and PGgrahia and Drouin, 1990)During cyclic loading and
unloading, it is important to provide adequatst iigme to allowtissue recoveryincluding a
combination of water influx, returning collagen crimps, elastin tensile force, and decreasing

collagenous organisation under unloaded conditf@hsrntonet al., 2007)
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Figure2.11: Typical stressstrain behaviour of a ligament tissue during preconditioning
demonstrating the shifting behaviour with progressive cyBedrawrbased orschatzmann
et al.(1998)

2.5.2. Strain Rate Sensitivity

Strain rate sensitivity is a tirgeependent characteristic of certain materials in which the stress
strain behaviour alters depending on the rate at watrein is appliedqFung, 1993) Typically,

higher strain rates will produce stiffer behaviour, producing a higher modulus. This
phenomenon of viscoelastic characteristics has been observed in soft biological tissues such as
thesclaa(Elsheikhet al., 2010) cornegElsheikhet al, 2011) tendon(Robinsoret al, 2004)

and ligament¢Bonneret al, 2015) The ensionwhichdevelops in a ligament is depemd on

strain rate. For exampls|ow strain rates result in the development of low tension, whereas
high strain rates cause high tens{®voo et al, 1990c) Several reseahers focused on the

effect of loading tdailure using high strain rateshik is when ligament failureccurrence is

likely due to contact and nesontact sport injurie€Crowninshield and Pope, 1976; Lyden

al., 1995; Crisceet al, 2002) Haut and Little(1969)investigated lower strain rates between
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approximatéy 2 and 54%/min. In their study dhe mechanical properties of the cani@€L,

they reported that the tissue stiffness (measured by tangent modulus) increased with strain rate,
the overall shape of the strestsain curve did not undergo major changes,thetransition

from thetoe region appeared at lower strain levels in tests with higher strain rates. In the same
tests, rapid change in the tangent modulus was found with the slow strain rates (between 1.7
and10.8 %/min) but the change became progvedssmallerwith higher strain rates (above

10.8 %/min). Moreover, they reported that strssain behaviour at the toe regiaovas
dependent on strain rates up to 6% stfideut and Little, 1969)Similarly, Piolettiet al.(1999)

showed that for a given strain level the stress increases with augmentation of the strain rate.
For example, when they tested bovi€L at 2400%/s they reported that 70% of stress was
due to the effect of strain rate. However, some authors stilidietechanical properties tie
rabbitMCL between the strain rates of 0.&8d9300%/min and foundat the MCL complex

was only minimally strain rate sensitijd@/ooet al, 1981;Wooet al, 1990c) Similarly, others
havereported that the strain rate sensitivity decreases with the increase of deformation rate
(Crisco et al, 2002; Bonneret al, 2015) Bonneret al. (2015) undertook macroscale
experiments at strain rates ranging from-88®%/min) onthe porcine stifleLCL. They
observed a typical stressrain behaviour showing a toe regiontaB-4% strain followed by

a linear region. As described in Sectid®, previous literatureshowedthe toe region to be
associated with the uncrpmmg of the collagen fibrils followed by sequencef molecular

twists within the gap regions of collagen fibriMisof et al, 1997; Thorntoret al, 2007) As
presented irFigure2.12, Bonne et al. (2015)believal that at slow strain rate (~6%/min) the
unloaded fibrils Figure2.12 (i)) go through the toe regioffrigure2.12(ii)) beforepresening
intra-fibrillar gliding (Figure2.12(iii)). However, at fast strain rates (~300%/min) fibrils start
from an unloaded stateF{gure2.12 (i)) thenmovedirectly tointra-fibrillar gliding (Figure

2.12(iv)). PGs are believed to greatly contribute to the organisation andlicrkisg of fibrils
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in connective tissuefGautieriet al, 2012) andare also believed to affect the strain rate
sensitivity(Robinsonret al, 2004) These authorbelieve that decorinignificantly affects the

strain rate sensitivity of tend@in mice and they observed that tendon fascicles without
decorin had similar elastic properties to normal fascicles, but reduced strain rate sensitivity
(Robinsonret al, 2004) In addition, they found that collagen fibre content had little effect on
viscoelasticity of the tendon. Their study suggested that the site sensitivity in a tendon

is more associated withCM components, such as B@ather than collagen. Since decorin is
also a major PG in the ligameritic et al, 2005) these findings could also provideiasight

into the viscoelastic behaviour of the canine CCL.
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Figure2.12: Deformation mechanisms proposed by Boretal. (2015)of the actions of
intra- and inteffibrillar structuresn ligament durindow (top) and high (bottom) strain rates.

2.5.3. Hysteresis

Hysteresis is characterised during cyclic loading of soft biological tissues and it can be

measured by finding the difference between the loading and unloadings$teasscurves
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(Fung, 1993)Figure2.13). Hysteresis represents the loss of energy (energy dissipated) within

the material. This phenomenon is only weakly dependent on strain rates within soft biological
tissues (Fung, 1993) However, Haslach2005) poi nt ed out t mahis Funga
phenomenomwasbased on a small number of experiments on rabbit papillary muscle using
only three different strain rates. Hence, I
independence of hysteresis from strain rates. B{3@@7)studiedon the viscoelastic tensile

response of bovine corneadsupported Haslddd s suggestion and they f
hysteresis with decreasing straineatHysteresis is associated with cyclic deformatand

load at a constant peak magniti8elomonow, 2004{Figure2.14). Increasing the number of

cyclic deformatios at a constant peak stretch results in a decrease in tensionreflecksthe
development of loadelaxation Figure 2.14 (a)). However, increasindié number of load

cycles at a constant peak load results in an increase in ligament length showing the development

of creep Figure 2.14 (b)). In sumnary, Solomonow(2004) observedthat the impact of

hysteresis gradually decreagension in the ligament, deve®jpint laxity, reducs joint

stability and hence increastherisk of ligament injuriesTherefore, it is important to alloa

sufficient rest period betweetest cycles to facilitte recovery of the ligament function

(Solomonow2004)

Decorinaccounts fo®0% ofthe PGs within ligamentgllic et al, 2005)and it is believed to
contribute to the material properties of ligange(guch as permeability)Henningeret al,
2010) Howevera reduction irdecorincontent as determined by depletion with chondroitinase
B (ChB)in humanMCL was found to have no effect on hysteresis of the tidsuan et al,

2007)

During in vitro mechanical tests of sdffiological tissues, it is important to employ careful

sample handling and storag®ection2.5.1). To minimie the effect of tissue handling,
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preconditionprocess is usedripr to mechanical testg-ung, 1993) During preconditioning
cycles, hysteresiwas found to decrease significan{Mvoo et al, 1986; Fung, 1993)The

effect of tissuetsrage, such as freemy-thawing, on hysteresis has been studiedonnective
tissues such as ligaments aeddons(Woo et al, 1986; Gianniniet al, 2008; Chenet al,

2011) Chenet al.(2011)found no significant differences in stiffness, maximum strain, elastic
modulus and energy density of rabbit Achilles tendon after repeated frékaimimg at80°C.
However, histological chges were observed as the number of freethiagiing increased

from three to ten time@Chenet al, 2011) For example, the arrangement of tendon bundles
and collageriibrils were disordered and apparent gaps appeared between the tendon bundles
because of the faration of ice crystal@Chenet al, 2011) This change in the tendon tokgy

only affected certain biomechanical measuresienth as the values of maximum load and
stressand energytmaximum loadGianniniet al, 2008; Chert al, 2011) Wooet al.(1986)

studied biomechanical properties of fresh and frozen rabbit MCI20a€ forthree months
Theyreported significant differences in hysteseaiea between fresh and frodM@Ls during

the first few loadunload test cyclesHowever, vith exception to the hysteresis arpalonged
freezing and storage did not significantly affdat stresstrain, tensile strength and ultimate
strain of ligamentgWoo et al, 1986) This is similar to the findings by Mooet al. (2006)
whostudied streselaxation behaviour of fresh and frozen (two time&@tC for four weeks)

rabbit MCL and found natatistical differences between the two groups. Therefore, careful
storage and refreezing of the CCL is suggested to have little or no effect on the biomechanical

propertiefWoo et al, 1986; Mooret al, 2006)
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Figure2.13: Hysteresisarea between a loading andloading stresstrain curveRedrawn
based ortlsheikhet al.(2008)
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Figure2.14: Hysteresis associated with cyclic displacement (a) and load (b) at the same peak
magnitude Taken from Solomono{2004)
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2.5.4. Creep

Ligaments creep when subjected to a constant leigdie2.15), and it is observed that creep
behaviour in ligaments results in extension over time until the point of unloading or failure

(Frank, 2004; Robinsoet al, 2004)

One of the studies on quantifying creep behaviour of knee ligaments was by Thairaton
(2002) and they used rabbit MGlto examine creep over a range of stresses, including toe
region, transitiorbetween toeand lineasregionsand lineasregion of the stresstrain curves.

Their concurrent crimanalysis showethat fibre recruitments hedo minimisethe creep of
ligaments at low, toeegion stressesenceprevening joint instability (by minimising ligament
elongation) and ligament fibre rupture (by progressively reducing the stress on by initi
loaded fibres) during normal knee joint movements. At this physiologically relevant (&mgon
andlinearregions)of ligament behaviour, the rate of creep was reported to be stress dependent
in the rabbit MCL, with the rate of creep decreasing with increasing gti@sgoraniet al,

2004) However, they found resistance to creep by fibre recruitments to be limited at higher

stresses (lineaglasic).

As described in Séion 2.3.2.2.5 at a low strain level,the sGAGsof PGs were found to
characterise permeability in ligaments, hence diges#{B4Gs was reported to increase
hydration in ligaments leading tn increasein ligament capacity of free water absorption
(Henningeret al, 2010; Murienneet al, 2015) Moreover,a change in water content in
ligamentswas reported to be directly proportional to chamycreep behavioyihorntonet
al., 2001) They reported that increasing ligament hydratidrtéeinincrease itigamentcreep
(Thorntonet al, 2001) However, previous literaturéid not indicatethe direct relationship

between creep behaviour and PG contenthim canine CCL. Hence, this study further
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investigats creep behaviour witbhangingPG content inhe canine CCLs which main turn

lead to CCLD and CCLR.
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Figure2.15: A typical loadtime (input) and extensietime (response) profile during a
loading and unloading test to stutthe creep behaviour of ligamentsaliow stresdevel.
Redrawrbased on Thorntoet al. (2001)

2.5.5. StresRelaxation

Stress relaxation is a characteristic similar to creep, however, rather than a constant load being
held, a constant deformation is appliédg(re 2.16). Stress relaxation is a characteristic of
ligaments and it decreases stress over timtha@snicrostructure of the tissue reorganise
themselves to reduce the applied I¢chnk, 2004) Stress relaxation is a result of the viscous
component of the |igamentés response to | oad
is for the viscous component to dissip@tkorntonet al, 2007) Also, a study on human MCL

showed that the stress relaxation of ligaments tested at lower Istrals was significantly
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greater than that at higher strain lesfglujan et al, 2009) Similarly, Hingoraniet al. (2004)

also showed that within the physiologigatelevant region of ligament behavipthe rate of
stress relaxation is strain dependent in the rabbit MCL, with the rate of relaxation decreasing
with increasing tissue strain. Unlike the preconditioning phenomenon, where a large collagen
fibre realignment was observed, no significant cleangere seen during stress relaxation in
the rat supraspinatus tendg@Miller et al., 2012) The microstructural mechanism of stress
relaxation is also different from cre@pung, 1993)as found by crimp analysis in rabbit MCL
where no changes in collagen fibre crimp behaviouas foundbefore and after sss
relaxation tes whereas fibres were engaged during creep (€btsrntonet al, 2002) This
finding, together withthe results fromMiller et al. (2012) on tendons showing the lack of
collagen fibre realignment during stress relaxatismggests thaa shift in the structural
organisation of collagen fibres may not lespgonsible for this phenomeno@ther than
collagenous fibres, oth&CM components itonnective tissues, such as P&ws, believed to
affecttheviscoelasticity of the tissug&obinsoret al, 2004) A quantitative study on the effect

of PGson the viscoelastic behaviour of tenddn rat tails illustrated fasteand largerstress
relaxation in decoriteficient tissuesompared tdghe tendons in the control gro(lliott et

al., 2003) Similarly, a study on human MCL showed a small increase (approximately 2.1%)
in stress relaxation after treating figamentswith chondroitinase ABC (ChABOp remove

the sGAGs which contribute to a large proportion of decorin, the predominant PG in ligaments
(Lujanet al, 2009) The ralbit MCL, which has been reported to have a higiter content
hasbeen shown to undergo greater stress relaxatianglcyclic loading than those ligaments
with lower water contenfChimichet al, 1992) Consequently, removing a large majority of

the sGAG chansin PGsis expected to result ithe ligamentECM losing waterbinding sites

and increasingits capacity of free water absorptigMurienneet al, 2015)and this may

increase stress relaxation values. Other factors such as strain rate amdnpast effect on
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the stress relaxation of ligameihizve beestudied by preius researchef§Vooet al, 1986;
Weisset al, 2002) The effect of shin rates onhe stresgelaxation behaviour of human MCL
were found to be unaffected by the different magnitudes of strain(kfesset al, 2002)
Similarly, as explained in &tion2.5.3 no significant differences were reported between the
fresh and thdrozenligaments although after relaxation the former showed a slightly lower

stress value than the lat@voo et al, 1986)
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Figure2.16: A typical extensioftime (input) and loadime (response) profile during a
loading and unloading test to stutthe stress relaxation behaviour of ligaments at low stress
levels. Redrawn based on Milleat al.(2012)

2.6. Digital Image CorrelatiofDIC)

Digital Image Correlation (DIC) is a nesontact method fooptically measuring local strain
on the surface of an object without any contact between the object and the loading equipment

(Peters and Ranson, 198Zhis methodbtains results witgreater accuracy because there are
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no fixing points between theptical measuremergquipment(i.e. digital camerasand the
sample during mechanical tests. These fixing points have the potential to create boundary
conditions and, as such, alter the res@¥amaguchi, 1981; Peters and Ranson, 1982)
Different arrangements of DIC have been used by multiple resear®fersaguchi, 1981;

Peters and Ranson, 1982; Helfriekal, 2011) For examm, atwo-dimensional2D) DIC
technique was first developed and used by several reseancliee 1988 (Yamaguchi, 1981,

Peters and Ranson, 198Zhis method utilises a single fixed camera which results in a limited
measwement of thein-planedeformation of the object. Any cwff-plane deformation will
change the magnification and can lead to errors in the measurements obtained. To overcome
this limitation, a method dhreedimensional3D) DIC was developed. This methiscbased

on the principle of stereoscopic vision and is well known for its simple experimentgd aatl
preparation, whilst giving accurate resyltelfrick et al, 2011) Errors due to oblique angle
observations, present in the 2D setup, are compensated for in the 3D (hitlencl, 2010;

Hu et al, 2011) However, Chert al. (2013)stated thathe 3D DIC method also has its own
limitations when used during mechanical tests. One of th&ations identified was that when

the size of the object is beyond theld of view of the cameras, the distance between the
cameras and the object or camera lenses needs to be adjusted and these adjustments could lead
to a reduction inthe number of effetive pixels. Another limitation is associated witke thbject

shape. Br examplean object with complex curvature may produce visual blind spots that the
camera cannot resolve properly into an accurate 3D image. To overcome theset @hen
(2013)propose a multi-camergfor example 4, 5, &r more camerasystemin their study,

they used four synchronised chagmipled device (CCD) cameras and grouped any two
random cameras into a pair, with each pair measuring a plane of the object. They calibrated
their system to account for tlmeal world and image coordinatystems, using a calibration

target with precisely manufactured patterns of fixed sized black and white squares. The main
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advantage of this system is that no special marks are required to allow the computer to combine
the resultant images. The system abstuces calculation errors because there is no translation

or rotation required in any areas which overlap between im&igpe€2.17).

Cameral Camera2 Camera3 Camera4

Figure2.17: A four camera digital image correlation (DIC) systendetermine surface
deformation of a test sample. Taken from Céeal.(2013)

In order to apply this systetu biological tissus, such a sclera, ligament and othevgh little

to notexture, a speckle pattern needs to be applied to the area under obs¢dudtanet al,

2009) Some authors hypothesised that different speckle patterns, such as rigid and deformable
particles, might affect the results obtained from a DIC system, however their findings showed
no significant difference in results bewve the two approachg8arrangeret al, 2012)

Creating an effective speckle pattern on biological soft tissue which would be suitable for DIC
measwements is challenging. This is because the creatitrespeckle pattern should adhere

to the tissue surface and withstand large deformation, but not cause sample dehydration, nor
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changet h e t mmeclsnicalpoperties. Several approadieege beerused by previous
researchers to create speqsddterns on biological tissuesn®was using a twstep procedure

to create a highkgontrasted pattern which required staining of the tissue with methylene blue
solution to obtain a dark background and aighing the surface with paint to create white
speckleqLionello et al, 2014) This method showed small but nsignificant changes in the
stiffness behaviour of the tissue. Whitfatdal. (2016)did not stain the whole biological tissue
and instead created discrete spesklising cellulosbased paintghosen for their stability,
rapid solvent evaporation and organic natlieese authorapplied this methodo corneal
tissue and optimised the DIC output, and similaLimnello et al. (2014) they found no
significant differences in material behaviour before and after the application of paints

(Whitford et al, 2016)

One study used 3D DIC to examittee strain distribution in the human Achilles tendon and
showed that measurements obtained from the 3D DIC method wezexnooirate in the centre
of thetendonwhere scatter values around 0.03% strain were attdingakx et al, 2014)
Similarly, Mallett and Arrud42017)used the migubstance of the anterior medial bunalle
ovine ACL to characterishemechanical properties of the ligament because the axial response
of this region was found to be relatively homogenous. Several atiénoeproved 3D DIC to

be a very accurate and reproducible tool for strain measurenmestsdtibiological tissues
because DIC measures the tistaxel strain and it is not affected by the mechanical testing
system i.e. test clamps(Lionello et al, 2014; Luyckxet al, 2014; Luyckxet al, 2016;
Whitford et al, 2016; Mallett and Arruda, 2017ror exampleMallett andArruda (2017)
showed lower strain valu@sthe anterior medial buite of ovine ACLs than that of traditional
grip-to-grip method. This difference could be due to similar reasorthosereportedby
Rigozziet al.(2009)which states that a combination of relative movement betthedmternal

tissue substructure or slippage oé tissue within the grip system could affect the machine
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based strains. Some studasmparedhe DIC data with machinkbased resultéMallett and
Arruda, 2017) whereas other authors used DIC information to perform inverse analysis
(Whitford et al, 2016) In the case of the latter study, inverse analysisd to derivehe
representative material propertiestod porcine eye glob@Vhitford et al, 2016) To achieve

this, they createdredFEM of the eye globe. The geometry of the modedsdefined based on

the topographical information extracted usa®D DIC method Several studies used either a
2D or a 3D DICmethoddo study the surface strain of biological tissue. However, to thase,

is the first complex tissue study usiagull-field multi-camera 3DDIC methodto derive
representative material parameterslighments such athe canne CCL through inverse

analysisin conjunction withCCL-specific FEM.

2.7. Numerical Simulations of th8tifle Joint

Numerical methods have been usaeer the lastfour decades for the simulation of the
biomechanical behaviour of the knee jofitismanset al, 1980) A numerical knee model
canbe used as a powerful tool to support medical decisions in ligament surgery and physical
therapy(Donahueet al, 2002; Donahuet al, 2003)as it lasallowed scientists to examine the
mechanical response of knee joints under different loading conditions without the need for
dissection(Li et al, 1999; Stylianowet al, 2014) Numerical modelling also allows multiple
variables to be tested easily with limited input requirem@pénaet al, 2006) To create a
numerical model of the knee joint, it is importantuse anatomically accuratgeometric
measurementsSeveal methods have been used to obtain such dadat commonly laser,
magnetic resonance imaging (MRI) and computed tomography (CT) ddaesal, 1999;
Weisset al, 2005; Penat al, 2006) The main drawback of using laser scannsthat it
cannotdifferentiate ligaments from the surrounding bone strugieisset al, 2005) Peng

et al. (2010)developed a 2D numerical model of the human knee joint using ABAQUS/CAE
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software. Theggeometry of thé-EM was based on the anatomical structure of the sagittal view

of a huma knee joint derived from Gra2000) TheFEM includedthe femur, tibia, paélla,
guadriceps, patellar tendon, and cartilagegre 2.18). The numerical model was then
employed to investigate stress distribution in the tibia and contact area during contact in knees
with and without articular cartilage. Other authors used MRI and CT scastatdisHigament
geometry(Weisset al, 2005) They have used two different software packa&esfdriver
(www.surdriver.com) and Amira (www.amiravis.com), to perform segmentafiigaments

from 3D imagesubsequentlgenerate 3D finite element (FE) mesh of the ligament with the

aid of TrueGrid (XYZ Scientific Application, Livermore, CA) software. Wegtsal. (2005)
produced 30FEMSs of the human knee joint using two different methods. The first method was

to produce a model of the entire knee joint and include all the soft tissues. However, due to the
complexity ofthe model,it wasfound to be difficult tovalidatethe modelwithout detailed
experimental studiedAs a resultthey modified their approach and produced a model of a
single ligament to predict stresgrain behaviour and load transfer to the bdiésisset al,

2005)

In addition to human kndeEM developments, oth@uthorshave also developed 3D FEMs of
canine stifle jointgBrown et al, 2013; Stylianotet al, 2014) Brownet al. (2013)generated

a 3D computer model of a quasatic rigid body canine pelvic limb to simuldke CCL intact

andthe CCL deficientjoints during walking stance in order to describe stifle biomechanics.
The skeletal geometry of the canine pelvic limb (CPL) #melligament anatomywere
determined from CT images of a fiyearold healthy Golden Retriever. These CT images
were used to generate the 3D geometirythe CPL through medical image segmentation
software (Mimics, V.14.0, Materialise, Ann Arbor, Ml). Seljsiently, they exported the 3D
geometry as point clouds and reconstructed the CPL as a solid model. The numerical model

included the pelvis, femur, patella, medial and lateral menisci, tibia, fibula, tarsus, and
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metatarsusKigure2.19). The stifle ligaments, includindgpe CCL, CaCL, MCL, LCL, patellar
ligament, lateral and medial femoropatellar ligament, were modelled as teméyosind non

linear spmgs and they were treated as a single line element that was directed along the vector
from the ligament origin to insertion. This model was verifiaded on previously reported

Vivo, in vitro and mathematical modelling studi@4oldenet al, 1994; Warzeet al, 2001;

Shahar and BankSills, 2004) However,it has a number of limitationdpr example,the
ligaments were approximated as single elements, the effect of ligaments wrapping around bone
geometry or ligaments twistingiere overlooked and more importantly ligaments were
modelled as timéndependent notfinear springs with material propertieased upon ligament

CSA at midsubstance. Moreover, other researchbheve developed an anatomically
representativeanine stifle joint modg|Stylianouet al, 2014) However, unlike the study by
Brown et al. (2013) Stylianouet al. (2014 divided thefour majorligamens (CCL, CaCL,

MCL and LCL)into two bundleganterior and posteridrundle3, while both studies modelled

the ligaments as nofinear springs using a piecewise function. Modelling ligaments in stifle
joints as a single element or bundles rather than their complex anatomical structure will
simplify the numerical model. Toedelop a representatiwtifle joint andstudy the effect of
altering ligament microstructure ahe joint biomechanics, it is important to generate an
anatomically accurate stifle and its major components as well as assigning representative (time

and hisbry dependent) material behaviour to sodt tissues within the joint.
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Figure2.18: FEM of a sagittal human knee joint without cartilage (a) and with cartilage (b)
Taken from Pengt al.(2010)

Figure2.19: A 3D numerical model ofhe canine pelvic limbTaken from Browret al.
(2013)
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2.8.  Summary

The CCL is one of the most important anatomical structures involved in stabihsiocgnine
stifle joint andthe microstructure of this ligament dominates its functiongitynoczky and
Marshall, 1977) The hierarchical structure of ligamemstsch as the canine CG& complex
consisting of cellular and endcellular matrices which are compriseatoliagen fibres, elastin,
PGs and some other proteiffsmiel et al, 1984; Benjamin and Ralphs, 1997; Frank, 2004)
The structure of ligaments mainly consist$vasted collagenoufascicles and collagen fibres
(Franket al, 1983) The combination of fibrils form fibreand the ibresare noruniformly
orientated to allow for multiaxial loading patterns and their crimp tends to diminish under
progressive mechanical loa@ahia and Drouin, 1989Apart from collagen, the dry matger

in ligamentsarebelieved to contribute tinemechanical properties of the tisqireank, 2004)

For examplethe GAGs of PGs are belved to affect biological tissues in their responses to
mechanical load@hakrabarti and Park, 1980; Rumiginal, 2007; Gautieret al, 2012) To

date, there are contradicting opinioaloutthe contribution of GAGs to the viscoelastic
behaviour ofstifle ligaments. One study showed that GAGs have no effect on the interaction
of collagen fibredo resist tensile or shear deformation under loading condiinoti® human
MCL (Lujan et al, 2007) whereas other authors strongly associate the role of GAGs with
fibre-fibre and fibrematrix interaction at low streslevels in rat tail tendons, swine aortic
valves and rat dorsal sk{€ribb and Scott, 1995; Eshel and Lanir, 2001; Eckeal, 2013)
Many of these researchdrave noted that PGs dominétsue respase at low strain level (the
toe region) when the collagen fibres are crimpHEus is because at higher strain levels the
collagen fibres become dominant and active. Several stuavesbserved an increase in water
content after PG depletion within sdfiological tissues and this chang@s given an

impression that altering PG contaaftectsthe permeability of the tissugienningeret al,
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2010; Murienneet al, 2015) The microstructure and behaviour of biological tissues change
basedn their location and functiofience using previous studies on tendons and other tissues
as comparable tissues to understand the biomechanical behaviour of the intact canine CCL is
not a realistic approach and will introduce limitationsthiaquest to understand the influence

of PGson the viscoelastic behaviour tifie canineCCL, this thesis will further investigat
strainrate, hysteresis, stresslaxation and creep behaviour of CCLs before and after PG
digestion. Because of the similarity with vivo behaviour, the most desirabigethod to test
thematerial properties of the CCL is to extrwboneligamentbone complex from the stifle

joint. The bone parts of this complex will facilitate the gripping during clamping and minimise
errors due to tissue slippage as well as progidinmechanism to masure bond¢o-bone
deformationDue to the variability in ligament micro and macrostructure, the most appropriate
test analysis method ftine CCLis inverseanalysis in combinationwith FEM To t he aut h
knowledge there are no studiehich have represented the complex anatomical structure of
thecanineCCL as a FEM of the CCL and combineitl with its viscoelastic behaviour before

and after PGs depletion.

FEMs can reflectthe material properties of biological tissue. However, there are feavy
studieswhich attempto generate a representative carstifle joint in conjunction with the
significant viscoelastic behaviour of the soft tissues, and no studiesouartto include all

the majorstifle components important to the stability of joints. Based on this evidence, the
current study will developnd utilisean anatomicallyepresentativ&EM of the whole stifle
joint, includingthefemur, tibia, fibula, the four major ligaents, menisci and articular cartilage

combining this with theligament viscoelastic behaviour.

Reviewing previous literature led the establisment of the hypothesisand aimof this
doctorate researahhich isto gain a greater understanding of the biomechanical behaviour of

the canineCCLs at the toeegion of the stresstrain behaviour This is to beccomplishedby
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investigatingthe contribution of proteoglycans to the wastastic behaviour of the CCLsd@n
the effect of PGs in the CCLs on the stability of the whole stifle jdimng. the hypothesis of
this study that decreasing PG content in the C@asld lead to a decrease in water binding
molecules, hence less interfibrillar lubrication, thereby irgirgainterfibrillar friction and

resulting in a stiffer behaviowf the ligaments

The aim of this research requiree following objectives to be accomplished:

1 Investigaing the tensile response GICLsfrom healthystifle joints at three strain rates
(0.1, 1 and 10%/minand identifying a test protocolto determine the viscoelastic
characteristics of the ligaments

1 Developing a fullfield threedimensional digital image correlation (3D DIC) method
to capture the noedeformed surface of the CCLs and optiy measure the load
deformation behaviour across the surface of the ligament.

1 Generating 3D CCispecificFEMs using the nordeformed surface of the CCLs from
the DIC resultso that the FEMs weremployed duringan inverse analysis study
predictmatrial parameters for the ligaments

1 Investigatinghe nonlinear viscoelastic behaviour of the canine CCLs with and without
chondroitinase ABQChABC) enzyme treatments using a combination of uniaxial
tensile testsa 3D DIC andinverse analysis. This i® tunderstandhe effect of PG
depletion on material hysteresis, tangent modulus, stedé sensitivity, creep and
stresgelaxation at three strain rates (0.1, 1 and 10%/min).

1 Developing an FEM of theanine stifle joint to represent the geometry umgttion of
a realistic joint. Subsequently, utilising the FEM to investigate stability in the canine

stifle joint when PG content in the CCL was altered.
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3. Experimental Methods

3.1. Introduction

This Chapter outlines the methodology used to determine the tensile and viscoelastic behaviour
of the CCL and the contribution of PGsttee viscoelastic behaviour. Initially, the collection
and preparation of samples for three studies are describedtheitbtdies fulfilling the

objectivesoutlined inSection2.8.

1 Experimental 8dy | investigated the tensile behaviour of the CCL at slow strain rates
and studiedhe best test protocad determine the viscoelastic characteristics of the
ligaments.

1 Experimental 8udyll explored the viscoelastic characteristics of C8&fore and after
PGs depletion. For this study, a fild 3D DIC method was developed to optically
measure loadleformation and crea8D FEMsof the CCLs. The FEMs wemmployed
to perform inverse analysis.

1 Experimental 8udy Il determinedthe geometry of whole caninestifle joint from
MRI scansusing a manual segmentation process and direct modeddgsequently,
an FEM of the whole canine stifjeint was generatedn conjun¢ion with the results
obtained from Experimental Study II, the FEM was utilisethvestigate the effecf

PGs in the CCLs on the stability of the whoeninejoint.

The experimental setup in thiShapter outlines different methods used to measure the
geometry of the CCL, including length a@&A. This Chapteralso includes a description of
the method used to measure the water content s8AGsin the CCLs before and after PG
depletion. Furthermore, detailed description of the mechanical test procedure for all studies

is given This Chapter provides detailed information about ¢hstombuilt full-field 3D DIC
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setup and analysis, followed by a full description of the developmé&itEMtsof the CCLsand
inverse analysis. In addition, methods used to devahopanalysé-EM of the caninestifle
joint are also reported. Finally, the procedures employed to perform statistical anbbjéis

data for each study are detailed.

3.2.  Sample Preparation

In total for all three studieselevenpairs ofcanine cadaveric stifle joints (from right and left
pelvic limbs)were collectedThe cadaveric sampled the same breed (Staffordshire Bull
Terrier)were distributed between the prearranged experimenidies, sadhat n=5, n=5 and
onepair ofstifle joints were usediExperimental udy I, 1l and lllrespectively. The inclusion
criteriafor all studies requirethat the stifle jointsveredisease fredrom canines of a similar
breed,had anage of >18 months(skeletally mature)a bodyweight of >20kg and body
condition between 3 to Gdeal body conditiorscorg. Full ethical permission to use these
donated canine stifle joints in clinical research was granteudi$c¢hool of Veterinary Science
Research Eibhs Committee (RETH000553 and VRECG65). Cadaveric castifle joints
wrapped intheir surrounding tissuewere stored at20iC prior to the dissectionof the

ligaments.

To perform uniaxial tensile tests, an Instron 3366 testing machine (Instron, P2&304.28)
with a 10N loaekcell capacity was used-igure 3.1 (a)). The CCLs were firstly dissected
carefullyto avoid damage to the ligament insertion site and scaphfaoximatelylOmm of
bonewas left on each side of the ligamehtgure3.1 (b and c)). Thédemur and tibia bone
sections that were left connedt® the ligament formed a femot@CL-tibial complex and
allowed for the measurement of ettdend ligament deformation as well as helping to facilitate
the clamping of theample In thecurrent studythe femoralCCL-tibial complex is referred to
as the CCL.
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These dissecte@CLs were wrapped in paper soaked with phosphate buffered saline (PBS)
and frozen at20i C to preserve them until they were required for testing. Before any tests took
place, theCCLs were thawed to room temperature (20°C) and two 1.1mm arthrodesis wires
(Veterinary Instrumentation, Sheffield, UK) were drilled through the tibia and femur bone
ends. These wires were placed in posiltions
position EFigure 3.1 (d)) and the CCL had a proximad-distal outward spiral of about 90

degreegArnoczky and MarsHh 1977).

Prior to mechanical tests, tHeCLs were secured inside the Instron testing machine in a
custombuilt stainlesssteel clamp and rig. This steel clamp was built by creating a 3D model
of the required clamg={gure3.2 (a)) using Pro/Engineer software (Pro/Engineer Wildfire 4.0,
Parametric Technology Corporation, USA, 20@8)d thenthe clamps were manufaced

based on this customised desigig(re 3.2 (b)). During theexperimentthese custorbuilt
clampsgripped the tibial and femoral bones attacteetheCCL (Figure3.2 (c)). Two benefits

of usingthesecustombuilt clamgs werethat it provided a mechanism through which the grip

on the tibial and femoral bones could be increased by the application of screws and that it left

the ligament free and unobstructed throughout the experiment.
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Figure3.1: An Instron 3366 testing machine used to study mechanical behaviour of the
canineCCLs (a). Cranial (b) and caudal (c) vieaf acanineCCL. The CCL was pinned
with 1.1mm arthrodesis wires in the femoaad tibid boneg(d) to facilitate clamping of the
sample.
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Figure3.2: The clamps were custom designed (a) and manufactured (b) to piglitde
clamping. The custorhbuilt clamps included a cylindrical prespex tgbKi)), bottom(b (ii))
and top(b (iii)) grips, ducktail sandwich clampgb (iv)) and screwsgb (v)). An example of a

CCL which is clamped and placé&dthe perspex tanfc).
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3.2.1. Experimental &dy I: Tensile behaviour of CCLs at slow strain rates

In the first experimental study, five pairsadnineCCLswere used to study stresgain and
hysteresis behaviour, as well as studying the effect of different strain rate arranghmaegts
loadingunloading testsCanineCCLs from the left pelvic limbs were used in the ascending
(increasing value of strain rate) test protocol, while €@bm the rightpelvic limb of the
samecaninewereused in the descending (decreasing value airstate) test§Section3.3.4).
During the uniaxial tensile tests, t6€Lswere protected against dehydration by keeping them

in a custorrbuilt tank filled with PBS at room temperature (20°Eigre3.2).

3.2.2. ExperimentalStudy II: Contribution of PGs to the viscoelastic behaviour of CCLs

This experimental study was sgi to investigate viscoelastic behaviour of C®kefore and
after PG depletiorin this study, CCLs were tested under tensile forces and surface deformation
of thesdigamentsvas monitored usingfall-field 3D DIC method. The DIC method was also

used to construct the surface geometry ofGés beforedeformation.

Five pairs ocanine cadaveric stifle jointsaght and lefipelvic limbg were collected. The four
major ligaments, including cranial (CCL) and caudal (CaCL) cruciate ligaments, and lateral
(LCL) and medial (MCL) collateral ligaments wengracted from the stifle joinhi the same

way as described ineStion3.2to produce bonéigamentbone comple&s In addition to the
ligaments, lgeral (LM) andmedial(MM) menisci, and patellar tendons (PT) were collected.
This study focused on the viscoelastic behaviour of the Ctieseforethe other major parts

of the stifle joints, named above, were collected for future study pur(fdsetson5.4). CCLs

from the right pelvic limbs were kept as@ntrolgroupwherePGs were nadepleted (control
group) while the CCLs from thdeft pelvic limbswere treatedvith chondroitinase ABC
(ChABC) (SIGMA-ALDRICH, USA) to achieve PG depletiontir¢atmentgroup). ChABC

degrades chondroitin sulphate (types A and C, or chondebduiphate and chondroitié-
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sulphate) and dermatan sulphate without affectittger PG macromoleculdéblascallet al,

1972)and has been reported to remove at least 88% of s@AG et al, 2007)

As shown inFigure 3.3, both left and right CC& were first bathed for one hour at room
temperature (20°C) in 20ml buffer solution (15ml of 20mM Pis7.5, 150mM NaCl, 5mM
CaCb) with protease inhibitors (1 tabl®f mini-cOmplete per 10ml of buffer, SIGMA
ALDRICH/Roche, USA)Lujanet al, 2009) The CCLs from the control group were sprayed
with fast drying matt black colour paint (RS 78@39) to create distinct speckle patterns,
(Figure3.4 (a and b))Mechanical testsSection3.3.5 were then performed once the speckle
pattern hadiried. In addition, th€CLs in thetreatmengroupwere incubatedor three hours

in ChABC 0.25IU/m enzymewhich was dissolved in 0.01% bovine serum albumin (BSA)
(Figure3.4 (c)). The method was similar to that described by other authajan et al, 2009)
However, the incubation time and enzyme concentration was basgurelimanarystudyby
Comerfordet al.(unpublished, 2012¥hich showed that approximately 8%3f PGs in CCLs

were digested within 3 hours of incubation using the enzyme concentration described above
(Appendix (1): Table 1 and Figure)1SubsequentlfCCLs in the treatmergroupwere also
sprayed with matt black colour paint to create speckle patterns on their surface prior to
mechanical tests. Both control andatmengroups werdwydratedduring the mechanical tests

in a custorrbuilt tank Figure3.4 (d and e)) filled with 600ml of th€hABC buffer solution

and protease inhibitors at room temperature (20°C) (1 tablet of cOrfptatase Inhibitor
Cocktail per 50ml obuffer, SIGMAALDRICH/Roche, USA) Following completion of the
mechanical test€CCLs were stored at-80°C before they wergrepared for hydration tests
(Section3.3.2.0 as well as biochemical assafSection3.3.2.9 to determine the level of

SGAG contentgFarndalect al, 1986)in the control andhetreatmengroups.
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Figure3.3: An illustration presenting CCL preparation texperimentalStudy I.
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Figure3.4: The CCLs without speckle patterns (a) and with speckle patterns (b). The CCLs
were first incubated in a test tube (c) before being fixed to thetdildandwich clampand
creating the speckle pattemith matt black colour painfTop (d) and front (e) view dhe
custombuilt tank which allowed viewing from six windows for the application ofhé
method.
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3.2.3. ExperimentalStudy Ill: Canine stifle joinfinite element modedevelopment

Onepair of canine stifle joirg wascollected for thehird experimental study. The sampias
separated into left and right pelvic limbs. The rigalvic limb wasusel for MRI scanning to
develop an FEMf the whole stifle joint, whilst the leftelvic limb wasretained for future

experimental studgSection5.4).

3.3. Experimental Setup

3.3.1. GeometricaMeasurements of CCLs

Geometry of the CCLs wateterminedefore undertaking mechanical tests using the methods
detailed in 8ction3.3.1.1and3.3.1.2 These measurememgreessentialn determiningthe

material propertie¢stress and straif the ligament.

3.3.1.1. Length

The CCL has a complex anatomical structure and broad insertion sites; therefore, it was
difficult to measure the CCL length with a high level of accuracy. The length measrem
protocol adopted in this study was based on a method described by other @absesiret

al., 1991; Comerforcet al, 2005)which determined the average length of CCL from the
craniomedial and caudolateral portions of a ligament. However, this was improved in the
current study by taking measurements from theiatamd caudal fas®of the CCL, as well as

the lateral and medial fag@-igure3.5).

The mean values of these four length measurements were recorded for the experimental studies
to give an accurate record of the length of the CCL before deform#&tigar¢ 3.5). CCL
length was measured between the femoral and tibial attachments with Vernier callipers

(x10pm).
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(a) (b)

Figure3.5: CCL from a rightcaninestifle joint from the cranial (a), and caudal (b) viexfs
the ligamentThe kength of the CCL, attached tioe femur (i) and tibia (iiwas measured at
four different points: lateral (iii), cranidiv), medial (v) and caudal (vgides

3.3.1.2. Crosssectional areéCSA)

The CSA of the CCL was measured following the replica technique described in the study by

Goodship and Bircl2005)with some adaptations.

In this studyalginatedental impression paste (UnoDent, UnoDent Ltd., UK) was used to make
a mould around the ligament. Two different approaches were used to cre@@lLtheplicas
using ahanged and nehanged methotb check for any differences when treplicaswere

prepaed in and out of the materials testing machinghe norhanged method~gure3.6 (a))
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the CCL was positioned flat on a bench without a clamp, gvhilthe hanged methoBigure

3.6 (b)) theCCL was clamped and mounted on an Instron 3366 testing machine.

3.3.1.2.1. Method 1: The notthanged method

A small amount of alginate paste was placed on a flat surface (i.e. cutting board) Wi@Lthe
positioned horizontally on top of the padtegure3.6 (a)). Theremaindeof the paste was then
used to cover the top of tlgCL. After 2 minutes and 30 secon@s recommendedh the
manuf act ur er, thes mouldad settandtaicut was nadihe side of the mould
with a scalpel blade. TheéCL cortained within the mould was then carefully removed from
the casing. ThESAof the CCLs useth studiesn Experimentabtudy | andll, were measured

using the nofhangednethodbecause of its simple procedure

3.3.1.2.2. Method 2: The hanged method

The CCL was firstly clamped and mounted in the Instron testing mackigarg3.6 (b)). The
CCL was then covered with the alginate paste and left tassdetailed in Sectiod.3.1.2.1
Once the paste had set, thEL was dismounted from the machine and a cut nratlee side
of the mould through which the ligamewas carefully removed. THeCLs in Experimental

Study | were measured using this method in addition to thenaoged method.

3.3.1.2.3. CCL cast preparation

Once thanoulds had been created wittther thenon-hangedr hanged method and tB&Ls
removed, the moulds were used to cast a set of polyrattylacrylat§ PMMA) (Teknovit

6091, Heraeus Kulzer GmbH, Wehrheim, Germamgdels of theCCLs. To create these
models, PMMA paste was injected into the hardened alginate moulds and left fort@sninu
set(as recommendemtht he manuf act urFguré3s (c)). Next, thetRMMA o n s )

replicas were removed from the mould by hand andntattwo in the middle using a junior
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hacksaw. The end surface of each half of the PMMA models was then coloured black with a
permanent marker to prepare the PMMA models for image andRigjsre 3.6 (c)). The

surface colouring of the PMMA models helped to distinguish the PMMA surface of the model
from its background colour and thsisnplified the image analysisidtures of the two ends of

the sectionedeplicas were takensing a Canon EOS 600D camarith a rukr placed in the

field of view (Figure3.6 (c)). The black surface areas of the replicaseithen measured using
ImageJ (a public domain Java image processing program) and, to ensure accuracy, the mean

value ofthe two ends were takers the CSA for each ligament.

II|IIIMI|IIII |
D |1 1710q

(@) (b) (©)

Figure3.6: CSA of the CCL was measured by firstly creating agiredte paste mould. The
mould was created using then-hanged (agndhangedb) methods. SubsequentRMMA
replicamodel of the CClwas castvithin the alginatenould The replica was cut into two in

the middle andhe surface of the replicghowingmid-CSAwas markedn blackcoloured

paint(c).

3.3.1.3. Statistical Analysis

CCL lengths measured at different planes (SecB8@hl.) were categorised into cranial,
caudal, medial and lateral groups. Statistical tests were performed usin@gpm@@alysis of
variance (ANOVA) followed by a Bonferroni pekbc test for multiple comparisons. Analyses
were performed iMicrosoft Office Exel (Microsoft Office Version 2016US)and in SPSS

20.0 (SPSS Inc., lllionoiggndp<0.05was an indicatiomf statistical significance.
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CSA measurements obtained from the two methods (Segtdoh.d were categorised into
hanged and nehanged cohorts. Statistical tests were performed using-tatled tTest in
Microsoft Office Excel (Microsoft OfficeVersion 2016US)to analyse differences between
CSA measwments from the two methodand p<0.05 was an indicationof statistical

significance.

For Experimental Study Il, CSA measurements for the CCLs in the control and treatment
groups were statistically analysed to investigate change in geometry due to ttiepRsEsn
process. The CSA measurements were categorised into CSA control (right pelvic limb) and
treatment (left pelvic limb) groups. Statistical tests were performed usingtaitadtTest in
Microsoft Office Excel (Microsoft OfficeVersion 2016US)to analyse differences between

the two groupsindp<0.05was an indicatiowf statistical significance.

3.3.2. BiochemicalAssayson Experimental Study Il

The mid substance of tHéCLs from thecontrol andthe treatment groupsh Experimental
Study Il were usedio quantify water andGAGscontents as previously described by Farndale

et al.(1986)and in canine CCLs by Khar&2015)and Comerforet al. (2005)

3.3.2.1. Water content
CCLs from he control andhetreatment groups ExperimentaStudy Il were tested for their
water contenfAllaith, 2016) The water content in percentile was expressed in terms of the
mass of water per unit mass of the mbgament(Equation3.1). Initially, the CCLs were left
to thaw at room temperature (20°C) and wet mass was measured. SubsequenGCLsese
were freeze dried overnight and then the dry mass of the CCLs was ateasur

WQa @i i01 dwi i

WWo Ok £ 0 PE O T pTT Equation3.1
WwQa wi |
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3.3.2.2. Sulphated glycosaminoglycan assay

CCLs from thecontrol andthe treatment groups iExperimentalStudy Il were digested for
48hours with 10nit/ml papain in 200mM sodium acetate, 2.4mM Ethylenediaminetetraacetic
acid (EDTA) and 5mM cysteine hydrochloric acid (HCL) at 60°C. Dimethylmethylene blue
(DMMB) dye binding assay (1,-8imethylmethylene blue) was usaeddetermine the sGAG
content of the CCL@arndaleet al, 1986) 250ul of DMMB dye was added to 40giiplicates

of papaindigested CCLs, and this was immediately analysed at 570nm wavelength. Shark
chondroitin sulphate over a concentration range-850g/ml was used as a standaftj(re

3.7) and sGAG content was calculated by comparison with the standard line.
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Figure3.7: An example of the linear line used as a stantiaedo quantify SGAG content.
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3.3.3. Uniaxial TensileTests

Once theCCL wasmountedon the testing machine,@doadof 0.1N was applied to remove
laxity within theCCL (Provenzanet al, 2002) The CClswere then tested to detama their
tensile and viscoelastic behavio@imilar to Dorlotet al. (1980) load-elongationdatawas
collectedto study the mechanical properties of the canine CCLlibelourrent studyuniaxial
testing machine wassed to collect loaglongation data which was thanalysed using Excel
spreadsheets (Microsoft Office Excel 2010, US) and MATLAB (MATLAB2015a, The
MathWorks, Natick, 2015)Similar to other studies on canine CQltsaut and Little, 1969;
Woo et al, 1981) approximatestress was calculated by dividing the applied load by the CSA
of the CCLs at the mid regioliuation3.2) and the corresponding deflection data was used
to calculate strain in the tissuEdquation3.3). Subsequently, exponential curves were fitted
onto the calculated stress and strain data using the least squares Betlzidi(3.4). Fitting

an exponential curve to the stredmin behaviour of soft biological tissue such as the
mesentery of rabbits was firstly proposed by F({@67)and the exponential equation was
further utilised on canine CCLs by Haut and Li{l®©69) The transition strain at the start of
strain stiffening was calculated to characterise the stiffness antineamity of the tensile
response during loadin@lurienneet al, 2015) The transition point was evaluated by fitting
straight lines to the initial and final 30% of data poitatslefinethe lower and higher stress
slopes, respectivelyF({gure 3.8 (a)). Similar to Elsheikhet al. (2008) numerical intgration
(trapezoidal rule) was used to calculate hysteresis, defined as the area between loading
unloading stresstrain curvesKigure3.8 (a)). Similar to the studies b@eraghty et al. (2012),
the angent modulus of the CCLs was calculated by applogation3.5 and the polynomial
curve fit, using the least squares methags employed to produce tangent modtgdtress

curves Equation3.6).
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O Equation3.2

where, is stress in MPdQis applied load in N and “Y& crosssectional area in mm

Y0 Equation3.3

where- is strain,Y0 is change in lengthin mn¥) 0 0 ), and0 is initial length of

the ligament in mm.

., WQ p Equation3.4
where®and®are coefficients.
o) _ Equation3.5
whereO is tangent modulus in MPa.

Equation3.6

0 G W o Q

wheredfuithandQare coefficients.

In Experimentabtudy Il, the loaehold creep rate from stratime curves and stresslaxation
from stresdime curves were determined to characterise the viscoelastic reghomse€CLs
Exponential curves were fitted ondtraintime data using the least squares metliapiation
3.4). Subsequently, the initial and final creep rates were defined by slopes of the tioéar fi

straintime response. The first 20s defined the initial creep rate and the last 500s determined
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the final creep rate from stratime curves Figure 3.8 (b)). Similar tothe tangent modulus

stress curves, polynomial curvdsgation3.6) were fitted on normalised stresie data to
illustrate $ressrelaxation response. The stress was normalised by the peak stress at t=0 to
obtain reduced relaxation curvggung, 1993) The current study illustrated average
viscoelastic behaviour of the CCLs such as stsérs8n, tangentodulusstress, hysteresis for
Experimental Study Ilin addition to hese the averagecreep and stresglaxationbehaviour

for Experimental Study Il

A A
Final
cree

- Point of <

o transition strain o

(9p] (Vp] ..o.
Hysteresis
I ni tial .
Strain i Time (1l og G
(@) (b)

Figure3.8: Line drawingof the mechanicagbropertiesdetermined from the loadifgnloading
stressstrain with low stress slapfitted into the initid 30% and the higktress slopétted
into the last 30% oétressstrain behaviou(a) and loaehold straintime (b) curve®f a
canine CCLRedrawn based on Murieneéal. (2015)

3.3.4. Experimental &dy I: Tensile behaviour of CCLs at slow strain rates

In thisstudy, mechanical tests were carried out on the first S8Gafs (n=5pairg to investigate
the mechanical properties of healttgnineCCLs at slow strain rateés detailed in Section

2.5.2 there are greater chances to observe strain rate sensitivity of ligaments at slow strain rates

70



(Bonneret al, 2015) Therefore, slow strain rates (<10%/min) were utilised when testing
mechanical responses of the CCIs.compare the tensile and viscoelastic behaviduine
CCLs three mechanical outcomes were defined, namely strain rate sensitivity, hysteresis and

the effect of test protocols.

The first part of the test involved preconditioning @@Lsto ensure that they were in a steady
state and would produce coarpble and reproducible loalongation curve¢Butler et al,
1978b; Fung, 1993; Savelbezyal, 1993) Preconditioning imolved performing ten loading
unloading cyclegWooet al, 191)to a maximum load of 9.9N atrain rate of 10%/minChe

low load had been determined to be well witthie elastic limit for the CCL$reconditioning

the CCLs aftefive cycles showed reproducible behavigwoo et al, 1991) Following the
preconditioning procedur@Voo et al, 1990c) the CCL was hen subjected to cyclic tensile
loadingunloading testslo investigate the teeegion of the stresstrain behaviour of the CCL,
amaximum load of 9.9N at sequential strain rates of 0.1, 1 and 10 %/min was applied to the
CCL. Each strain rate consisted tiree loadingunloading cycleswhich allowed for
reproducible resultsBetween each loadiagnloading cycle, including the preconditioning
procedure, a period of six minutes recovery time was diVadik, 1968). This time had been
identified by analysing the loadkflection curve data and was observed to be sufficient for the
CCLto closely reach its original staféiidik, 1968). Left CCLs were exposed to an ascending
strain rate test in which the rate of strain waseased from 0.1 to 10%/mikigure3.9 (a))

and right CCLs were exposed to a descending strain rate in whi€@Cihevas tested for its
tensile behaour under a decreasing strain rate from 10 to 0.1%/Fgufe3.9 (b)) (Pioletti

et al, 1999; Pioletti and Rakotomanana, 2000)
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3.3.4.1. Statistical Analysis

CCLs collected for the ascending and descending tests (Se&cfidh were statistically
comparedor their significant differences imysteresisarea under stressgrain transition strain
and tangent modulustress curves using a twalled tTest in Microsft Office Excel

(Microsoft Office, Version 2016, US) apk0.05was an indication of statistical significance.

Oneway ANOVA followed by a Bonferroni pogtoc test for multiple comparisons were
performedin Microsoft Office Excel (Microsoft Office, Versin2016, USand in SPSS 20.0
(SPSS Inc., lllionoisjo analye differences between area under the cuatehe three strain
rates (0.1, 1 and 10%/min). The curves inclusteglssstrain, tangent modulestress, transition
strainand hysteresis. The stditsl significant value was setat0.05. This statistical test was
performed twice and independently, once to test G€haviour duringhe ascending testral

another time to test the CCHsrring the descending test

In an additional analysis, hysteresind strain rates were also tested as a continuous variable,
using Pearsoné6és correlation coefficient (r)
and changing strain rates. Coefficient of correlations between hysteresis and strain rates, such
as strong and positive (r=+1) and strong and negativel)(rwere determined for CCL

behaviour during the ascending and descending tests.
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Figure3.9: Experimental 8dy | test protocolcommencing with preconditioning at 10%/min
strain rate which was then followed by 3 loadingoading cycles at 0.1%/min, 1%/min and
10%/min for ascending tests (a) or 10%/min, 1%/min, and 0.1%/min for descending tests (b).

3.3.5. ExperimentalStudy II: Contrikution of PGs to the viscoelastic behaviour of CCLs

In ExperimentalStudy II, the contribution of PGlepletionto the viscoelastic behaviour of the
CCL, namely strain rate sensitivity, hysteresis, creep and s&lesstion, was investigated.
The CClLs (n=5 pairg in the control and treatment groupsgre tested under cyclic loading

unloading conditiongLujan et al, 2009) Prior to mechanical tests, images of @€L were
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taken from different angles using the DIC setup. The §&8t0p is further explained ire&ion

3.3.6

As illustrated inFigure 3.10, the CCLs were preconditioned by performing five loagin
unloading cycles to a maximum load of 9.9N at a maximum strain rate of 10%/min.
Preconditioning was followed by cyclic loadiugploading at strain rates 0.1, 1 and 10%/min
successivelyRobinsonet al. (2004) believed that PGaffect the strain rate sensitivignd it

was reported that strain rate sensitivity is more distinguished at slow strain rates (<10%/min)
(Bonneret al, 2015) Therefore, the current study investigates the role of PGs in the canine
CCLs at slow strain rate3wo cycles of loading and unloading tests were performed at 0.1
and10%/min strain rate and three cycles at 1%/min strain Adteach strain rates, multiple
loadingunloading cycles were utilised to ensure the CCL behaviour was reprodiktibig,

1993) At the last two loadinginloading cycles of 1%/min strain rate, pictures of the CCL were
taken at 0.1, 1.1, 2.2, 3.3, 4.4, 5.5, 6.6, 7.7, 8.8, and 9.9N during loading and untoading
obtain the stresstrain target cwes (Sectior8.4.2.9. The last four cycles consisted of two
cycles ofcreep and two cycles of stresdaxation testgHingoraniet al, 2004; Lujanet al,

2009) The creep behaviour of the CCL was determined by subjectinG@heto constant
tension loads of 4.9N and 9.9N fdsrhin each during loading and unloading téktimgorani

etal., 2004) For the streselaxation test, the CCL was deformed by appl@®©N load and
monitoring the decrease in stress over 15mihilst the extension of the CCL was held.
Loading and unloading during creep and stmegaxation tests were perfoedat 1%/min
strain rate. Similato ExperimentalStudy | (Section3.3.4), the recovery period of 6min was

applied between each loadigloading cyclao allow tissue recovery
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Figure3.10: Experimental 8idy Il test protocol investigating complete viscoelastic
characteristics of the CCls applying tensile loads. The CCLs were preconditioned at
10%/min strain rate which was then followed by 2 loadingpading cycles at 0.1%/min, 3
loadingunloading cycles at 1#in, 2 loadingunloading cycles at 10%/min, 2 cycles of two
step creeps and 2 cycles of stredaxations. During the last two loadhugloading cycles of
the 1%/min strain rate, pictures of the deformed CCLs were taken from different load points.

3.3.5.1. Statstical Analysis

CCLs from the control and treatment groups were statistically compared and tested for their
significant differences in content of water and PG, area under-strags tangent modulus
stress, stressme (stress relaxation) and strdime (creep) curvedhysteresis, and transition
strain using a twdailed tTest inMicrosoft Office Excel (Microsoft OfficeVersion 2016US)

andp<0.05was an indicatiolf statistical significance.

Oneway ANOVA followed by a Bonferroni pogtoc test for multiplecomparisons were
performedin Microsoft Office Excel (Microsoft Office, Version 2016, U&)d in SPSS 20.0
(SPSS Inc., lllionoisjo analye differences between area under the curves at the three strain
rates (0.1, 1 and 10%/min). The curves included sB&ain, transition strain, tangent

modulusstress, stressme (stress relaxation) and strdaime (creep) and hysteresis. The
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statistical significant value was set@t0.05. This statistical test was performed twice and
independently, once to test tB€Ls in the control group and another time to test the CCLs in

the treatment group.

In an additional analysis, hysteresis and strain rates were also tested as a continuous variable,
using Pearsoné6és correlati on betwedn{CCLhysterasis ( r )
and changing strain rates. Coefficient of correlations between hysteresis and strain rates, such
as strong and positive (r=+1) and strong and negativé)(rwere determined for CCLs in the

control and treatment groups.

Oneway ANOVA in Microsoft Office Excel (Microsoft Office Version 2016 US) was
performed to analyse differences between hysteresis at the five precondition cycles.-No post

hoc test was performed as no statistical significant values were found (Se8td.J.

Statistical analyses were performed using a-taved tTest in Microsoft Office Excel
(Microsoft Officg Version 2016US)to analyse differences in creep at@ss relaxation rates
between the initial 20s and the last 580dp<0.05was an indicationf statistical significance.

In addition, CCLs from the control and treatment groups were statistically compared for their
significant differences in creep andests relaxation rate at the initial 20s and then at the last
500s, using a twaailed tTest inMicrosoft Office Excel (Microsoft OfficeVersion 2016US).

The statistical significant value was sep&0.05.

3.3.6. DIC Setup

In this study a novelfull-field threedimensional digital image correlation (3D DIC) method
was developedo capture the nedeformed surface of the CCLs and optically measure the

load-deformation behaviour across the surface of the ligament
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In addition torecordingthe loaddeformation ofCCLs subjected to tensile tests from the
materials testingmachine, successive images of tigamentswere recorded to obtain
measurements of the deformation distribution acrosssh&ace(Suttonet al, 2009; Cheret

al., 2013) With reference td-igure3.11, theCCLswere monitored in all three directions (X,

y, and z), using six digital SLR camera bodies with Canon EF 100mm f2.8 USM Macro lenses
(Canon, Tokyo, Japan), obtaining 5184 x 3456 pixels per image. Adjacent saveeegpaired
generang three pairsn total (Figure3.11). Each pair was positioned 2to the adjacent one

to obtain the desired stereovision output. The first pair consisted of cameras, thengke2ond

pair cameras 3 and 4 and the third pair cameras 5 and 6. As shéigure3.11 (a), front
(detachable) and back (stationary) frames were custom designed aroumatehialstensile

testing machine in order to hold the cameras in place around the CCL on the load cell.

The first camera pair was mounted on the detachable front fremeegas the second and third
pairs were placed on the back frarfigégure 3.11). The centrelineof the first pair was
positioned at 130to both the seand and third pairs whilst the centrelines of the second and
third pairswere positioned at 10@o one anotheffFigure3.11 (a)). This positiming of camera

pairs facilitatedh full-field (360 view) of theCCL.

During mechanical tests, the CCL was kept in a custadestainlesssteel tank which was

used tocontrol the hydration and degradation of the tissue as well as accommatating
cameras around the tissue. This custoade tank was built bgreating a 3D model of the
requiredtank Figure3.12) using AutoCAD 3D QAutoCAD 2014, Autodesk, USand therthe

tank was manufactureased on this customised desighe body of the tank was made of
stainlesssteel to avoidny potentiathemical reactionsr contaminatiorbetween the tank and

its medium. Six windows were introduced into the steel tank to accommodate views of the

CCL (Figure 3.12). These windows, made from 3mm thick borosilicate glass pieces

77



(Spectraglass Ltd, Perth, UK), were positioned orthogof@li§+ 0.1°) to the camerag-{gure
3.11(a)) minimising the distortion due to light refraction, especially when light passed between
the different mediums (i.e. between the air and the glass windows and the glass windows and

the buffer solution).

—Back
3 Aluminum Frame
Vv
Camerad4 —_/ x_—— Camera$
z \\\
Camera3— Camerae
Centre of the—-w,,,,%”; ]
specimen
Steel tank .
Y
)y
Y ——Camera 1
Camera2 ——— 4
~_—Front
Aluminum Frame
_—Cross-head
Load cell Camera 5
Camera 6
Camera 4 ——
Camera 3 Steel tank
Specimen
Camera2— ——— Camera 1

(b)
Figure3.11: The DIC setup for testing CCLscBematic top view of thBIC test setup on the
material testing machine (&)hotographidront view of the DIC setup showing all six
camerasstainlesssteel tank anthe CCL submerged in liquid (b).
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Figure3.12: Solid (a) and wireframe (b) top view of tiséainlesssteel tank, length
dimensiongdetailed on drawing amgiven in mm. 3Dsolid view of the tank (c) showing the
six glass windows.
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3.4. DIC Analysis

3.4.1. Calibration

The six camera DIC system was calibrated twice; firstly, for determining the image parameters
(intrinsic and extrinsic parameters) between the adjacent cameras (for instdibcatirga
camera 1 and 4Bection3.4.1.), and secondlfor the whole DIC setupetween each camera

pair (for instance, calibrating the position of camera paaith pair 2 and pair 3Section

3.4.1.9 (Dantec Dynamics, 2014)

3.4.1.1. Calibrationof thecameras

In the first calibration proceste intrinsic and extrinsic parameters between two adjacent
cameras were obtained. Timrinsic parameters are internal and fixed to a particular camera
and allow a mapping between camera coordinates and pixel coordinates in the image frame
(Dantec Dynamics, 2014)The extrinsic camera parameters, the relative position and
orientation of one camera to another, are external to the cgbanéec Dynamics, 2014)

These projection parameters were obtainedirbity taking pictures of a 1.5mm 9x9 marked

white glass calibration plate (Dantec Dynamics Calibration Target, Dantec Dynamics,
Denmark 2014 (Figure 3.13). The calibration plate was immersed inside the test solution
within the steel tank in order to calibrate the cameras to the environment where the CCL would
be tested. Pictures of calibration plates were taken by one camera pair at a time and these

pictures were analysed to extract the projection parameters for all three camera pairs.

Initially 70 Canon Raw Version 2 (.CR2) image files of the calibration plate at different angles
and positions were collected for each camera pair. These images \ai=edrusing DIC
software (Istra4D, Dantec Dynamics, Denm&2R14. The images needed to be converted

from their original format, which was .CR2, into Tag Image File Format (.tiff) so that Istra 4D
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could read and process the images. To do tMAALAB saipt, shown inFigure3.14, was

used. In thATLAB script, lines 1 and 2 cleared and deleted any previously stored data, lines

3 to 5 located the esiing files, lines 6 to 18 changed the extension of the exiting files from

.CR2 to .tiff, and finally lines 125 read the newly generated .tiff file and converted its true

colour (RGB image) to grey scale intensity image then converted the grey scadangagt.

The code sharpened the image, changed the contrast of the image and finally wrote the file.
These image files were organised effectively to ease the process of image analysis and
eliminate the potential for misplacing information. A folder ndme6é Cal i br ati ondé w
with three subfolders named O6caml_ 26, 6cam3._

into further subfol ders, Appendid2: Rignel(a). 6 Caml o

Once all the images for the calibration targetreveonverted and placed in their allocated
folders, they were imported into Istra4D to calculate the projection parameters. To do this the

following steps were undertaken:

1. lIstra4D software started.
2. Within Istra4D a new projection calibration was creatkpdpendix @): Figurel (b)).
3. The converted image files of a camera pair (i.e. camera pair 1 which included images
from camera 1 and 2) were imported into IstraApgendix @): Figurel (c)).
4. Calibration target pane was set to 1.5mm 9x9 Marked Whiteatch the target plate
used Appendix @): Figurel (d (1))).
5. Within the calibration setting, the mor ph

the rest of the settings were left on their default parameigseqdix @): Figurel (d

(i) and (e))).
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6. Themarkers on the surface of the target plate were extracted, with O indicating that no
markers and 64 indicating that all the square corners (markers) of the target plate were
found Appendix @): Figurel (d (iii))).

7. The two sets of images from each cam&ese connected and calibrateippendix
(2): Figurel (d (iv))). The software used an optimisation algorithm to calculate the
calibration parametersAppendix @): Figure 1 (d (v))) and the Residuum. The
Residuum value was calculated by taking an avemagertainty of the found markers
in the unit of pixelsAppendix @): Figurel (d (vi))). Residuum of less than 1 pixel was
achieved to obtain a good calibrati@antec Dynamics, 2014)

8. Finally, the intrinsic and extrinsic parameters for the camera pairs were exported in a

file (Appendix @): Figurel (f)).

Thesteps described above were repeated for the three camera pairs separately, generating three
projection calibration reports for each camera pair. Changing the position of a camera or a
camera image setting (i.e. focus) would have required a new projec@ramgter to be
determined in order to accurately analyse the images. However, in this study this calibration
process was performed only once because none of the settings were (#ierddmping

system allowe@ach CCLto beplaced in the same way in each testlil the completion oéll

the mechanical tests.
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Figure3.13: The calibration target used to calibrate the cameras and its centreline positioned
at the centre of theystem within the custom designed tanks with solution.

1 clear all,

clc,

for X = 3348:3367 %Change the numbers to match the minimum and maximum file
numbers.

A = num2str(X) ;

B = "CR2'";

if length(d) == |

R strcat ('IMG 000',A,".",B);

W = strcat ('IMGC 000" ,A,".tiff");
9 elseif length(A) ==

10 R = strcat('IMG 00',A,"'."',B);

11 W = strcat('IMG 00',A,'.tiff");
12 elseif length(RA) == =

13 R strcat ("TMG O',A,".",B);

14 W = strcat('IMG 0',A,"'.tiff");
15 elseif length(A) == 4

16 R = strcat('IMG ',A,".",B);

17 W = strcat('IMG '",A,".tiff");

w N

W~ S U

18 end

19 C = imread(R):;

20 D = rgb2gray(C);

21 E = im2uint8 (D) ;

22 G = imsharpen(E, "Radius',6 ,'Amount',8 , 'Threshold', 0.9); %Sharpness
23 H = imadjust(G,[0.3, 0.71,[1); %Contrast

24 imwrite(H,W,'tiff','Compression','none');

25 end

Figure3.14: MATLAB script used to convert .CR2 to .tiff image fitesallow analysis of
images obtained from the cameras.

3.4.1.2. Calibrationof the DIC setup

The second calibration process was performed to ensure the three topographies created from
each camera pair would successfully reproduce the full field of view of the CCLs. In order to
achieve this correction, one image of a rotationalyrsymmetric object with a known

geometry Figure3.15) was taken by all three camera pairs. This cudtaitt reference object
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was made of steel with high resolution (x0.05mm). The surface of the reference object was
spray painted matt white to give a distinct bright surface and then matt black spray paint was
applied to create speckle patterns on the white surface. This object was placed in the same
environment and position as the CCLs wouldpbsitionedduring mechanical testgigure

3.15(b)).

Subsequently this image was analysed using the(Btra4D) software in order to obtain x, y

and z coordinates of the three surfaces capturédeyree camera pairs. Simitarthe initial
calibration, changing camera settings or the position of a camera would have required the object
calibration tobe repeated. However, in this study the calibration process was performed only
once because nothing was alteseith the sample testingntil the completion ofall the

mechanical tests.

Notes:
1) All units are
in millimeters

30

2

(a) (b)

Figure3.15: Referencesteelobject with defined geometry (a) used in the inpiadcesof
image registrations and the sanigeatplacedin the environment antthe position where the
CCL was later clampednd testedb).
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3.4.2. DIC ImageAnalysis

For theDIC image analysis process Istra4D software was used to extract X, y and z coordinates

of the CCL and the surface of the custbnilt calibration objec{Dantec Dynamics, 2014)

3.4.2.1. DIC image analysis ofatibration object

One image of the calibratigneferencepbject was takeby all six cameras. As described in
Secion 3.4.1.1 the image was converted from a .CR2 file to a .tiff file so that it could be read
by the DIC software. Each camera pair was useddatera 3D surface of the object, hence
creating three surfaces of the object at different angles in 3D. The 3D surfaces were created

using the following the steps:

1. Istra4D software started.

2. As shown inAppendix @): Figurel (a), a new correlation seriegas created by
importing the image files of camera pair in the samay as described in step 3 of
Section3.4.1.1

3. A new evaluation was createdgpendix @): Figurel (b)) then the calibration file
generated previously from the calibration platggendix @): Figure 1 (c)) was
inputted

4. In the evaluation setting, facet size was defined based on the speckle pattern on the
surfaces. To achieve optiinaccuracy in DIC image analysis, a minimum of three
speckles per facet was attain€uttonet al, 2009) In the setting for correlation
parameters, the advanced fufler defined setting was selected, allowing facet size to
be set to 79 pixelsAppendix @): Figurel (d (i))). The grid size defining the distance
betweerthe centre of the facets was set at 53 pixels which wi&sd?/the facet size
(Appendix @): Figurel (d (ii))). As illustrated inAppendix @): Figurel (e), facet
overlap was allowed in this study.
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5. A polygon was drawn around the calibration objectileggpace around it to provide
acceptable surface coverage. In addition, a specific point on the object was selected so
that the software could find the rest of the speckles on the suffpper{dix @): Figure
1(®).

6. Inthe control pane, the evaluatiar the images (steps) was performaggendix @):

Figure 1 (g (i))). Once the evaluation for the steps was completed the number of
successfully solved facets was indicatdggendix @): Figurel (g (ii))).

7. Finally, the evaluated data was exportadggendx (3): Figurel (h)) and saved as an

ASCIl (American Standard Code for Information Interchange) #Mppendix Q):

Figurel (i)).

The steps described above were repeated for the three camera pairs separately, generating three

surfaces in 3D, one for each camera pair.

3.4.2.2. DIC image analysis a€CLs

As stated in 8ction3.3.5 one image otachCCL was taken from all six cameras prior to
preloading and, subsequently, multiple images were taken at different load points. The 3D
surface of the CCL was constructednfrthe image of the CCL prior to mechanical tests whilst
the successive images of the CCL during mechanical tests were used for obtaining load

displacement target curves at the yaubstance of thECL.

The three CCL surfaces in 3D were generated fromhtee tcamera pairsir8ilar steps to

those given in &ction3.4.2.1were taken to generate the surfaces of the CCL. The process
began with importingnages of the CCL from a camera pair, masking the area around the CCL
(Figure3.16 (a)) and consequently obtaining the X, y, and z coordinates of the E@re

316(b ) ) . Due to the complex anatomical struct
complex curvature, there were some blind spots where the cameras could not identify the
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speckle pattern. Hence, there were regions across the surface of the CCL with dats

points, in particular around the tibial and femoral insertion area of the liganrénise3.16

(b)).

During loading in the third cycle ofi¢ 1%/min strain rate test, ten CCL images were collected
from each camera pair and these images were used to obtaiidplttement target curves.

In this study, the images were used to monitor longitudinal deformation at tksubsthnce

of the CCL duing loading. Hence, a mask around the1sugbstance (valid grid points between
10-60) of the CCL was createdgpendix @): Figurel (a)) for the image analysis. The masked

area contained 160 valid grid points and these points were combined to produest@nated
average behaviour of the CCL at the mid region. This process was repeated for all three camera
pairs @Appendix @): Figurel (b-d)); hence three target curves were obtained for each CCL.
Subsequently, these three curves were combined to calculate a mean target curveawhich

used for inverse analysis€&ion3.6).
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Figure3.16. Imageof a canine CClfrom a reference camera with a mask around the desired
area of thdigament(a). View of a CCL from a camera pair showing best fit plane contour to
indicate the solved facets of the surface (b).
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3.5. Finite Element Model of CCLs

3.5.1. CCL Topographyatching byiterativeRegistrations

Images of the calibration (reference) object vear@uated to obtain three surfaces of the object
in 3D (Section3.4.2.). These surfaces were aligned and combined using iterative registrations

(Wanget al, 2014)

Initially, the coordinate transformation (ratat (R), and translation (t)) that matched two
surfaces of the reference object, static surface S and dynamic surface D, were found. Each
surface was defined by discrete sets of data pdints™{]Q phchof8 fE) and Q7 OrQ

phchot8 ha ). The static surface S was generated by inputting the exact dimensions of the
calibration object usinfl/ATLAB as shown irFigure3.17 (a), whilst thedynamic surface D

was the data collected from the six cameras using DIC method. The dynamic surface D
underwent an extrinsic rotation R and translation t about the origin of the fixed coordinate
system of the static surface S. These translatimudtion3.7) and rotation Equation3.8)

correctionsvere necessary to perform the surface matching process.

d Yo o Equation3.7

where the overbar represents the transformed data points in terms of x, y, and z coordinates,
and all data pointd) phchot8 ha are required to undergo the same transformation. The

rotation matrix is given by
VERVEVEY. Equation3.8

where

89



wé Qe T .
v (0 OédL Equation3.9
T T P
—h—ho ¢ Q@ are Euler angles
0O 000 Equation3.10

where T denotes matrix transposition.

The process of registration focused on determining transformation (rotation and translation)

parametersy( O b h—h—hd ¢ Q). Once these parameters wererfd, the topography of the

dynamic surface overlapped the topography of the static surface.

These transformation (correction) parameters were estimated using thtogmonit Iterative

Closest Point (ICP) algorithm on both static and dynamic surf@jes and Wilm, 201Q)
(Figure3.17 (b, c)). In this study 100 iterations were selected to calculate the optimal match
between the two surfaces, and this iteration value was chosen based on the satisfactory value
achieved forlie root mean square (RMS). The accuracy of this matching process was examined
by deriving RMS error as a percentage of the surface area of the referenceHipjeatiof

3.11).
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P v o Equation3.11
YO Y E 0 - p T
U YO ‘lng 3

where L is the total number of dynamic surfaces obtained from the cameras (L=3), K is the
number of surface pointS§Y and’'O arec ¢ matrices defining the static and dynamic
surfaces, andYo6 i&Q g eT&pT ™AW 4 is theexterior surface area of the

reference object. Th®MMATLAB codewritten to perform this optimisation is presented in

Appendix 6).

Cam 182
Cam 384
Cam 586,

- Reference Object

(@) (b)

2al ? - Cam182
(T Cam 384
/i e Cam 586
e - Reference Object|

(€)

Figure3.17: The cloud points of the reference object as generated fiM&TAAB script (a)
and obtained from the DIC images, applying a ptrpoint ICP algorithm (b). The match
between these two surfadegpresentedc).
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3.5.2. Finite Element Model @neration of CCLs

Coordinate geometry of the CCL was obtained at three different viewpoints to cover views
around the wholdigament The three surfacesf the CCL in 3D(3D point cloud)were

combined to create alf-field 3D surface of the CCL

It was indicated irBection3.4.2.2that the complex anatomical structure of the CCL limited
the possibility of tracking all the speckles across the surface bffment To overcome this
limitation, the Poisson surface reconstruction algorithm was used to generatefeedole
surfacg Kazhdaret al, 2006) This reconstruction algorithm was employed in addition to other
operations (i.e. computing normal for point sets, Poisksk samplingCorsiniet al, 2012)
using MeshLab (MeshLab, Visual Computing Lialtalian NationaResearch CouncilCNR,

Italy) (Figure3.18 (a and b)).

A numerical solid section (volumetric part) of the CCL was generated from thie sneface
described above. The creation of this solid part was achieved using MIMICS (Materialise,

Leuven, Belgium)Kigure3.18(c)).

Subsequently, the volumetric CCL part was exportedritd software Abaqus/Standard 6.13
(Dassault Systemes Simulia Corp., Rhode Island, USA) to seed for a hybwiden
tetrahedral element (C3D10H) type of mesh with an approximate global size of <lmm
(Elsheikhet al, 2013)(Figure3.19). The CCLFEM was partitioned into three regions, namely
tibia bone, middle substance, and femur. This division of the CCL modd#lis wayis
important to investigate mechanical behaviour of the ligament. Each part was defined with
specific material properties and the material properties of the femur and tibia bones were
derived from previous studies and definedoagglinear elastic with 1000MPa for elastic

modulusand 0.8 or P o i s(Reallyeda, 1974 Raillpand Burstein, 1975)
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The middle region of th€EM of the CCL, however, included an isotropic Ogden material
model (Ogden, 1984)to represent the incompressible and hyperelastic behaviour of the
ligament. The Ogden form of the strain energy potential for incompressible models is expressed

in terms of tle principal stretche€quation3.12).

- _ — B 0 p Equation3.12
| - - = O
where"Yis the strain energy potential, is a product of the total volume strainand the

principal stretch_, which is definedas 0 _. The' and| are material constants, and
the O defines the compressibility of the material. is the elastic volume strain and is
negligible in this study because zero was chosen as the vaigamficcount for the nearly

incompressible nature of the CC(Eaung, 1993)When biological samples subjected to biaxial

tension, the principal stretchesand_ are assumed to be equal ( _ _ _), hence the

strain energy equation could be rewritten as:

. C - Equation3.13

To write the equation in terms of stress in one direciguation3.13 could be differentiated

with respect to_ and form the following equation:

~ S - Equation3.14

This process was repeated to crelaEMs of all the canine CCLs (n=5 pair9 tested in

ExperimentalStudy Il. TheseFEMs of the CCLs were used in the inverse analysis study,
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explained inSection 3.6, to predict’ and| which are important pameters defining the

hyperelastic behaviour of the ligaments.
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(b) (©)

Figure3.18: Point cloud of the CCL obtained from the DIC image analysis and the lines

emerging from each point represaontmal for the point sets (a). The point cloud used to

construct the surface of the CCL using the Poisson surface reconstruction algorithm (b).
Subsequently, a refined solid section of the CCL was generated using MIMICS (c).

95



Figure3.19: Thesolid section of the CCL was exied into Abaqus to generate an FBM
the CCL as well as partition the CCL model into the tibia (red)itidesubstancef the CCL
(grey) and the femur (green).

3.6. Inverse Analysis

Particle swarm optimisation (PSO), writtenMATLAB in combination with Abaqus, was

used in the inverse analysis styffyeutelet al, 2015) This study was designed to piedhe
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hyperelastic material parametets @nd| ) of the CCL based on the best possible match
between applied load and displacement results as obtained experimentally and predicted

numerically.

The optimisation objective was to minimise tR&S error between the experimental and
numerical displacements at a targeted point on thesotidtance of the CCL and thirsit was
set at 0.1%. Similato the studies by Whitforet al. (2016) the RMS was calculated as

percentages of the final deformation at a particplaint across the surface of the CCL

(Equation3.15).
Pg 1 .
YO Y 0 0TI Equation3.15
Tk
where N = 10 is the number of load increments,jand and are the experimental (exp)

and numerical (num) deformation for a given point across the surface of the CCL at a particular

load point.

Onenode at the middle region was monitored and the optimisation software modified the
material parameters until a satisfactory design between the experimental target curve and

numerical results was produced.

3.7. Canine $fle Joint Finite Element Model Developmnten

A 3T MRI scanner using thredimensional (3D) Dual Echo Steady State (DESS) sequence
was used to scan the lefanine pelw limb collecied for Experimental 8idy Ill. This
magnitudescanner was used to accurately detect the soft tissues around the stifle joint with

high resolutionGold et al, 2009; Naraghi and White, 2012)
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The consecutive images from the MRI scans of the stifle joints were manually segmented in
different planes (i.exy, xz, andyz planes) using SIMPLEWARE Scan IP (SIMPLEWARE
LTD, EXETER, UK) software Figure 3.20 (a, b and c)). The segmented components
determined were thiemur, tibia, fibula, cartilage, menisci, cranial ligament of fibular head,
and the four major ligameniscruciate ligaments (CCand CaCL) and collateral ligaments

(LCL and MCL).

Completing the manual segmentatied to the generation of a 3D moddligure 3.20 (d))

which was then exported from the SIMPLEWARE Scab.lP(SIMPLEWARE LTD, Exeter,

UK) software into thdinite element softwardBAQUS 6.13 (Dassault Systemes Simulia
Corp., Rhode Island, USAp createan FEM. The solid sections of thstifle model were
meshed appropriately with ndrybrid (C3D4) and hybrid (C3D4H) elements for the elastic
and hyperelastic sectionsspectively enabling good representation of the variable surface and
behaviour of the stifl§Elsheikhet al, 2013) The elastic behaviour of bone, cartilage and
meniscus were defined based on the literature relatingman(Reilly et al, 1974; Reilly and
Burstein, 1975; Oshkowat al, 2011)(Table3.1) and the no#linear material propertiesf the

four major ligaments were defined based on the hyperelastic behaviour of CCLs obtained
through inverse analysis Experimental 8idy Il. These material properties wdaekenfrom

other samples and species and they wetalirectly pertinent to the specific modebwever

place holdewalues were required to proceed with the development oétifie joint FEM
whilst therepresentativenatrial parametersould be determined experimentally by future
work (Section5.4). Subsequently, thEEM of the wholestifle joint was testedo investigate

the effect of PG depletion in CCLs on the joint stability (Secsi@h
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Table3.1: Elastic material properties of bones, cartilage and menigetetaken from
previous literature relating to humgReilly et al., 1974; Reilly and Burstein, 1975; Oshkour
et al, 2011)and used in the development of the FEM of the stifle joint.

Bones Cartilage Meniscus
Youngos Wea ul u 11000 5 59
Poi ssonds Ra 0.0 0.46 0.49

3.7.1. Statistical Analysis

Loaddisplacement behaviour obtained from the control and the treatment FEMs were
compared for statistical differences. To perform this comparison, the areas under the load
displacement curves were calculated and these statistically analysed using a ttailed t
Test in Microsoft Office Excel (Microsoft Office, Version 2016, US) gxD.05 was an

indication of statistical significance.
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& Model 1 (FE, active)

...... Fernur (visible)

----- 4 Femur Cartilage (visible)
------ . Lateral Meniscus (visible)
------ Medial Meniscus (visible)
----- A Tibia Cartilage (visible)
...... Tihia (visible)

----- A Cranial Ligament of Fibular Head
..... A Fibula (visible, active)
..... A CCL (visible)

------ CaCl (visible)

...... LCL (visible)

..... A MCL (visible)

(e) (d)

Figure3.20: An MRI scan of aaninestifle joint (skeletally maturé&taffordshire bull terrier)
showing segmented componeatghe joint tissues presented in tlagital (a), transverse
(b), and coronal (c) plaseA 3D model of thesame caninstifle joint after manual

segmentation of the MRI scans (d) with keynotes (e).
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3.8. Canine Stifle Joint Finite Element Mod&fability Analysis

As illustrated inFigure3.21, the movement of the femur relative to the tibia can be described
by a set of three orthogonal axes (x, y an@Azhoczky, 1985) The xaxispasses through the
femoral condyles parallel to the joint line in the medizéral directiongArnoczky, 1985)

The yaxis is parallel to the shaft of the tibia and passes throughdatiminibial condie, and

the zaxis passes through the centre of the stifle space in a craniocaudal orié¢Ataimzky,
1985) There are six degrees of freedom resulting fi@nslation (xx, yy, and zz) amdtation

(xy, xz and yzplong andabout each axig\s described in Sectich2.2 in the healthycanine
stifle joint, there are differentotions incluéhg flexion-extengon, varusvalgus angulation,
axial rotation, craniataudal translatiorand these movements grugdedby varioudigaments
(Table 3.2) (Arnoczky and Marshall, 1977; Vasseur and Arnoczky, 1981; Arnoczky, 1983;
Arnoczky, 1985) Abnormalmotionalong thez-axisof Figure3.21, such as the cranidrawer
motion, indicatesjoint instability due to the CCL damagBiagnostic testsor stifle stability
such as clinical examinatiored CCLD and CCLR are commonly perfoed by means of
crani al A @Harasene 20@2; Mills artd Mankin, 2014; Biskep al, 2017) The
cranial drawer test is performed by placing a thumb on the head of the fibula and wittethe i
finger on the tibiatuberosity(Harasen, 2002; Millis and Mankin, 2014; Biskefpal., 2017)

The ability to move the tibia cranially with respect to the fixed femur iswdication of a

CCLD or CCLR(Harasen, 2002; Millis and Mankin, 2014; Bisketpal,, 2017)(Figure3.22).

In the current studyan FEM of canine stiflgoint (Section3.7) was usedo assess cranial
drawer motion, hence investigatifgnt stability in conjunction with the contribution of the
PGs to themechanicabehaviour of the CCL4EMs of the stifle jointsvere categorised into
two cohortsone being the contrgh=5) and the other being the treatmémnt5) FEMs The

material parameters of theCLs (control and treatment groups) obtained through inverse
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analysis from Experimentabtudy Il (Section 3.6). For the control FEMghe material
parameters of CCL from the control group were useatkfine the CCL in the model, whereas

for the treatment FEMs the material parameters ofQ6&s from the treatment group were
used to define the CCL in the mod#laterial parameters for the rest of the ligaments (CaCL,
MCL and LCL) were based otne CCLs from the control grouplo create cranladrawer
motions in the FEMs, the femur was restrained from all translational and rotational
displacements The tibia and fibula were restrained from all motiamscept from the
translational motions allowing the tibia and fibularemslate cranially imelation to the femur.

The cranial translation of the tibia was achieved by applying a 10N load to the end of the tibia
and fibula boneisplacement of the tibia was monitored througiode (Node 1D 49362

at the end of the tibia/hile the load was apied incrementally(Section4.7). Subsequently,
load-displacement curves for the control (n=5) and treatment (n=5) FEMs obtained to compare
the effect of PG depletion in the CCLs on the stability of the whole caninejaitifteFor the
graphical presentation, displacensindom the contol and treatment FEMs were compared at
their corresponding loads and the difference between the two groups was scaled up for

graphical purposes usirigfjuation3.16.

Y Y Y Y pTIT Equation3.16
where’Y is an average displacement at a given load obtained from the treatment FEMs
and’Y is anaverage displacement at a given load obtained from the control FEMSs.

Sensitivity analysisvas carried outo determine how different valuesiotiependent varialde
such as the hyperelastic material paramesighd andnu) impactthedependent variabkuch
as displacementinder a given set of assumptiofisquation3.14). In this study, lte two

material parametergere changedystematicallyto test thesensitivityof theFEM of the stifle
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joint. It is expected that change in material parameters of the CCL would lead to change in
FEM response which is studied through cranial drawer displacement, hence proving a
numerical model sensitive to input parameteks.parametric study wagleveloped to
systenatically alter the values of teaterialparameters as shownTiable3.3. The valueof
O a rmofCCIU (Table4.4) wasusedasa benchmarkor the sensitivitystudy Subsequently,
percentage differences in cranial drawer displacements were calculated and graphically

presented between the benchmarked FEM and FEMs with changed material characteristics.

Y

Axial Rotation —,

Translatim://' 2
e
v
Z

Figure3.21: Schematic drawing of the canine stifle joint sloythe axes of motion (x, y
and z) and their directions. Redrawn frémoczky (1985)
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Table3.2: Individual motions on or about a specific axis present in the normal canine stifle
which are guided by various ligamentous constrgifsteoczky, 1985)

Stifle X-axis y-axis Z-axis
Motions
: - Varus and valgus
Normal flexion Prohibited by the collateral . _g_
. : . . anguhtion prohibited
Rotation and extensioof ligaments and limited by the
. . ) by the collateral
the stifle cruciate ligaments .
ligaments
Prohibited by | Prohibited by the cruciate ang
. . . . Drawer movement
. cruciate and collateral ligaments in tensior] -
Translation : . prohibited by the
collateral and articular cartilage and . .
. . . cruciate ligaments
ligaments menisci in compression

Figure3.22: An image showing clinical assessmengtgtifle laxity by palpation for cranial
drawer motionThe red arrowndicatesthe cranial drawer motioifhere should bemallor
no cranialdrawer motiorin healthy mature caninebakenfrom Millis and Mankin(2014)

Table3.3: Table showing the arrangement of the parametric study developed and carried out
to investigate sensitivity of the stifle joint FEM.

Benchmark | Study 1 | Study 2 | Study 3 | Study 4 | Study 5 | Study 6 | Study 7 | Study 8
Increase| Increase| Decrease Decrease No No No No
U by 10% | by50% | by10% | by50% | change | change | change | change
20.3636 22.4000 | 30.5454 | 18.3272 | 10.1818 | 20.3636| 20.3636 | 20.3636 | 20.3636
No No No No Increase| Increase| Decrease Decrease
u change | change | change | change | by 10% | by 50% | by 10% | by 50%
2.5756 2.5756 2.5756 | 2.5756 | 2.5756 | 2.8332 | 3.8634 | 2.3180 1.2878
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3.8.1. Statistical Analysis

Statisticalstudyon the sensitivity analysis was performed to identify the significant difference
in the mechanical responses of the stifle joint FEM when the material properties of the model
werealtered.Cranial drawer displacementbtained from theensitivity studycompared for
statistical differences using a tvtailed tTest in Microsoft Office Excel (Microsoft Office,

Version 2016, US) anp<0.05was an indication of statistical significance.
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4. Experimental Results

4.1. Introduction

This Chapter presentesultsobtained duringhe three previosly listed experimental studies
(Chapter3) performed to test the hypothesis tiRabs in the canine CCL contribute to the
structural integrity of the ligaent. Atering PG contentould lead ta microstructural change

in the tissuepredisposing the ligament to neontactCCLD andeventualCCLR whichwill

result in stifle jointOA (Comerfordet al, 2005) The first Section of this kapterpresents the
results (age and bodyweight of the canine cadavers from which the CCLshtaireed). It

also detaik the geometrical parameters, such as length @8, of the CCLsand their
variations.Furthermore results for statistical analysis on the variation of these geometrical
measurementare detailedin this Section. This Chapter pesentsstressstrain, tangent

modulusstress and hysteresis graphsEgperimentalStudy I and II.

In ExperimentalStudy Il, wherethe CCLs were treated with ChABC enzyrtee deplete PG

content quantification of water and SGAG contents were performed and the results for these
measurements are presentathin this ChapterExperimentalStudy Il also describes creep

and stresselaxation behaviour fathe CCLswith and without ChABC enzyme tre@aént.In

this experimental study, CCLs treated with
groupdé6 and CCLs without enzymer dlregt mepd. af
graphicalpresentationsf the data with Experimental Studyll t he wor d O0Depl et e

to CCLs in the treatment group whereas o6Cont

This Chapter also presents results obtained ftbenumerical analysis of the CCLs with the

aid of inverse analysis as well msmerical models cd whole caninestifle joint.
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4.2. Sample Preparation

All the cadavericsamples collected in this research wdiseaseaninefree stifle jointsfrom
skeletlly mature (2 to 3 years ol&taffordshire bull terriex As mentioned in Sectia®.2, full
ethical permission to use these donated canine stifle joints in clinical research was granted by

the School of Veterinary Science Research Ethics CoeenRETH000553 and VRECG5).

4.2.1. Experimental 8dy I: Tensile behaviour of CCLs at slow strain rates

The first set of samples (ng&ired stifle joint}, used for tensile tests, wesémixed gender
(female=3, male=2) ankad a bodyweight 021.46 + 3.75kgwith body condition scoresf

3.5+ 0.94.

4.2.2. ExperimentalStudy II: Contribution of PGs to the viscoelastic behaviour of CCLs

Thesecondset of samples (nF&aired stifle jointy, collected to investigatde contribution of
PGs to the viscoelastic behaviaf the CCL as well as to develop thEM of the CCLs using
the DIC method (Section 3.36), were of mixed gender (female= 1, male=4hd had a

bodyweight 0f25.49 + 1.80kg with body conditistores of 4.30 + 1.92.

4.2.3. Experimental &dy Ill: Canine stifle jointihite element model development

The pairectaninestifle jointcalectedfor this studywasmale andchad a bodyweight &5.96<g
with body conditiorscoresof 4.0. Resolution of scale wass0.01kg and accuracy ithe body

conditionmeasuremenwvasz 0.5.
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4.3. Experimental Setup

4.3.1. Geometrical Measurements of CCLs

4.3.1.1. Length

As detailed in Sectio3.3.1.1 the lengtls of CCLs in ExperimentalStudy | and Ilwere
measured at the cranial, caudal, medial and lateral pldiaé$e@.1 and Table4.2) and the
mean length values at these planes were used in the calculationsratén@lproperties of
the CCls. The ANOVA test for allthestudies showed statistically significant resutts@.05)
in measuring CCL length at different plane views. Posthoc results showed significant
differences (p<0.05 between cranial and caudal, cranial and lateral, and candainedial

planes (Appendixg): Tablel).

Table4.1: Length of CCLs (mm) at different measurement plane&xperimental Study. |

CCL Number | Cranial Plane | Caudal Plane | Medial Plane | Lateral Plane Average SD
Right | Left | Right | Left | Right | Left | Right | Left | Right | Left Right | Left
1 13.51| 1454 | 7.88 | 8.16 | 11.76 | 14.10| 11.00| 12.31| 11.04 | 12.28 | £2.35 | £2.91
2 22.79| 22.07| 11.20| 12.00| 17.00| 13.1 | 20.54| 16.93| 17.88 | 16.03 | +5.05 | £4.55
3 21.44 | 23.16| 13.53| 11.55| 17.51| 19.05| 16.05| 14.37| 17.13| 17.033| +3.31 | £5.12
4 17.88 | 18.58 | 10.37| 13.02| 13.94 | 15.12| 16.51| 16.82| 14.68 | 15.89 | +3.30 | £2.38
5 15.30| 17.83| 9.20 | 9.38 | 1350 | 15.81| 13.1 | 12.31| 12.78 | 13.83 | £2.57 | £3.74

Mean + SD 18.71+354 | 10.63+1.96 | 15.09+2.25| 14.99+2.90 14.86 +2.31 -
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Table4.2: Length of CCLs (mm) at different measurement plane&xperimental Studyil

CCL Number | Cranial Plane | Caudal Plane | Medial Plane | Lateral Plane Average SD
Right | Left | Right | Left | Right | Left | Right | Left | Right | Left | Right | Left
1 23.86 | 21.97| 9.07 | 10.80| 17.63| 1854 | 17.74 | 16.08 | 17.08 | 16.85| +6.08 | £4.70
2 2051 21.88| 11.31 | 13.76| 13.60| 16.85| 15.61 | 18.18 | 15.26 | 17.67| £3.92 | £3.36
3 20.04 | 19.76| 1092 | 11.3 | 18.72| 15.44| 13.66 | 16.83 | 15.84 | 15.83| +4.28 | £3.52
4 23.96 | 21.92| 13.19| 14.38| 19.29 | 15.61| 20.57 | 16.29| 19.25| 17.05| +4.50 | £3.34
5 20.71 | 22.45| 11.27 | 11.52| 11.88 | 15.52| 14.47 | 18.04 | 1458 | 16.88| +4.31 | £4.58

Mean + SD 21.71+1.47 11.75+1.58 16.31+2.37 16.75+2.00 16.63+1.32

4.3.1.2. Crosssectional are@CSA)

CSAsfrom the CCLs irExperimentabtudy | were measured usitliehanged and nehanged
methodgSection3.3.1.2.1and3.3.1.2.2. However,only thenon-hanged method was used to
measure CSA ifExperimentalStudy Il because the nemanged method was easy to follow
and no statistically significant differercavere foundbetween the two method$§ection
3.3.1.2.). The mean CSA values of the CCLs for th experimental studiearepresented

in Table4.3. TheCSA of each individuaCCL can be found in Appendi%); Tables2 and3.

CSA measurements ExperimentalStudy | showed a small difference ithe measurements

of the CCLsbetweenthe hangedand norhanged methods. For example, the average CSA
value obtained through the ndanged methoavas 9.48%smaller thanCSA value inthe
hanged method. dWever, statistical analysis confirmdldat there wasot any significant

difference between the two methogs(.42).

Similarly, averageCSA valuefor CCLs in the controgroup was 16.79% smaller than CSA
value in the treatment group. However, there were no statistically significant differences

between the two gups(p=0.299 (Appendix ©): Table3).
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Table4.3: The mean CSA valudsn?) of the CCLsobtained irExperimentaStudy | and Il

CSA measurementmethod (mm?) | Experimental Study | | Experimental Study Il
Non-hanged 15.30 £ 3.09 23.50 £5.23

Hanged 16.75 £ 4.58 -

4.3.2. Biochemical Asssayson Experimental Study Il

4.3.2.1. Water content

Water content for CCLs in the contr@nd the treatmentgroups were calculate(Section
3.3.2.) and it wasfound to be 73.85+ 2.17% for the controhnd 70.03+ 2.93% for the
treatmengroups. The range in water content in toatrol group wagighter (72-77%)when
compared to the range for tireatment grou§66-73%). The water content in thieeatment
group was approximately 5.2%ess whencompared to thecontrol groupand this was

statistically significan{p=0.048 (Appendix {): Table 1 and Figure 1)

4.3.2.2. Sulphated glycosaminoglycans assay

SGAG content of the CCLs in thigeatment groupneasured as a percentage of dry weight
(Section3.3.2.9 whichranged from 1.710t4.70% (average 2.981.19), whereas the range
was 2.15 to 6.58% (avega 3.71+ 1.81) in the controlgroup. Hence, approximately
21.11 + 0.15% of the sGAGs was depleted in the treatment gidegpite the differences in
the sGAG content betwedhe control andthe treatment groupso statistically significant

differences were foun@€0.45 (Appendix {): Table 1 and Figure 2)
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4.3.3. Uniaxial TensileTests

4.3.3.1. Experimental 8dy I: Tensile behaviour @CLs at slow strain rates

4.3.3.1.1. Stressstrain

The loading Figure4.1 (a and c)) and unloadingigure4.1 (b and d))stressstrain curves at
0.1, 1 and 109min strain ratexonformed tothe typical dshaped noiinear behavioumas
expected in ligament tissyélaut and Little, 1969)for all five CCLs and for both testing
protocols (ascending and descending tests). The lpadid unloading stresdrain curves
illustrated an exponential growth with increasing stlewel,and a more pronounced stiffness

was observe with increasing strain rates

During the ascending testing protocol, the stressulting from a 0.03mm/mm sa&in
(approximately where the transitiagion from nodinear to linearstressstrain curves
occurred increased by 26.5 0.11% at 1%/min and 3% 0.126 at 10%/min when compared

to stress generated by the same amount of strain at 0.1%/min. Similaslyefsstrain curves

at lower (<0.03mm/mm) and higher (>0.03mm/mm) strain levels showed a similar increase in

stress with increasing strain rat€sgure4.1 (a)).

During the descending testing protocol, the stresgltingfrom a0.03mm/mm strain increased

by 0.40 £ 0.3%% at 1%/min and 3@x 0.38% at 10%/min when compared to stress due to the
same amount of strain at 0.1%/min. Similarly, the stséss8n curves at higher strain levels
(>0.03mm/mm) produced a similar increase in stress with increasing strain rates. However, the
lower strain levels (<0.03mmim) showed inconsistent resuf®r instance, & 0.01mm/mm

strain level the stress decreased by#0/02%6 at 1%/min and 5.2 0.03% at 10%/min when

compared to stress at the same strain lava0.1%/min strain rateRigure4.1 (c)).
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Stressstrain data collected from ascending and descending testing procedures demonstrated
similar trend linesKigure4.2). The ascending stressrain curves deviate from the descending
curves at appromately 0.Bmm/mm strain level There were no significant differences
between the two test protocols at 1%/npr@.104). However, stresstrain behaviour during
theascending tests was statistically different friadescending tests at 0.1%/mp¥(0.007)

and 10%/ming§=0.020.

The response of th€CLs to the tensile load at different strain rates presented statistically
different behaviour in both ascending=0.000) and descending testp=0.0104. The
statistical testshowed statistically different stresgain curves during ascending tests between
0.1 and 1%/ming=0.009, 0.1 and 10%/minp=0.002, 1 and 10%/ming=0.004), whereas
during descending testle tensile response was statistically different only between 0.1 and

10%/min =0.009.

The transition strairnindicating the nonlinearity of the tensile behaviour increased with
increasing strainrates Figure4.3). This increase in transition strain was observed in thath
ascending and descending protowdh the changebeingmorepronouncediuring ascending
tests. The transition strain duringcaading tests increased by2+ 0.06% at 1%/min and
3.65+ 0.080 at 10%/min when compared to transition strain at 0.1%/min, whereas the
transition strain during descending tests only increaksglatly by 0.94 + 0.236 at 1%/min and
1.65+ 0.23% at 10%/nm when compared ttvansition strain at 0.1%/mitstatistical analysis
showed no significant difference tinetransitional straitbetweerdifferent strain rates, during
ascending=0.07) and descending€0.96) tests. Similarlyyalues of the transitional strain

were not statistically different between @scending and descending tegts((48).
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Figure4.1: Averagestressstrain curves for all the CCL®=>5 pairg during ascending (a and
b) and descending tests (c andTd)e stresstrain showed a stiffer behaviour during

unloading (b and d) than during loading (a and c) which resulted in a considerable amount of

hysteresis in the CCL&tandard deviationgpresent sample variations.
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Appendix(8).
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4.3.3.1.2. Tangent modulus

Tangent modulus ¢ indicatingthestiffness behaviour of the CGlincreased with increasing

stress and strain ratéigure4.4 (a and b))n both ascending and descending teBiss increase

in tangent modulus with stress was evidenced during both loading and unlJdctingrease

in stiffnessof the CCLs in asceting tests with increasing strain rateas different compared

to the descending test, such that in descending tests there was inconsistency in tensile response
below 0.15MPa. In addition, there wegeeaterv ar i at i o n s responsgetoheasileCCL s 0
loading during descending compared to ascending test protocols. However, statistical analysis

showed nastatisticallysignificant difference in tangent modulus between the two protocols.

Tangent modulustress curvest 0.1, 1 and 10%/min strain rate®re normalised by the

tangent modulustress curvet 0.1%/min(Figure 4.4 (c and d)) The normalised tangent
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modulusstress curveéE:/ E; (9=0.1%/min)) Wereplotted to describe the amount of increase in
stiffness with increasing strain rates. The increasdragss from 0.2 to 0.5 MPa introduced
stiffer behaviour by a factor of approximately 0.998 to 1.036 at 1%/min and 1.001 to 1.039 at
10%/min in ascending tests. However, the corresponding values in descending tests were a
factor of approximately 1.001 toQR39 at 1%/min and 1.005 to 1.066 at 10%/nkilg(re4.4

(c and d)).Stiffness behaviour of the CCLs during ascending and descending tests was
statisti@ally proven to be strain rate sensitilide statisticaldifference wafsoundbetween 0.1

and 1%/minstrain rates @=0.021 for ascending ang=0.030for descendingand0.1 and
10%/min (p=0.005 for ascending ang=0.0002for descending However, o statisically
significant changes in tangent modulus curves were noted when comparing the stiffness curves

at 1 and 10%/minpE0.667for ascending anpd=0.126for descending).
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4.3.3.1.3. Hysteresis

The viscoelastic effeadf hysteresis was assessed during the ascending and descending test
protocols(Figure 4.5). Increasing strain rate from 0.1 to 1 and then to 10%/min dtniag
ascending test protocol and decreasing strain rates from 10 to 1 and then to 0.1%/min presented
similar characteristicof hysteresis. The hysteresialculated from the area bounded between

the loading and unloading strestsain curvesyas found to bemallerat higher strain rates
compared to hysteresis at lower strain rgtegure 4.5). This decrease in hysteresis with
increasing strain rate was statistically significant between 0.1 and 1%/natir080, and 0.1

and 10%/min§=0.002 in ascending tests, however, statisticaly significantchangs were

found in hysteresis between 1 and 10%/rpm0(581). In descending tests, hysteresis was not
strain rate sensitiv@=0.497), and no statistical differences were foundhysteresis between
ascending and descenditests p=0.077). However, the correlation between hysteresis and
strain ratein the descendingestswas found to bénigherwith r=-0.99 for descendingna

r=-0.79 for ascending tests.
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significant £<0.05) differences in ligament behavio@tandard deviationgpresat sample

variations

4.3.3.2. Experimental 8dy II: Contribution of PGs to the viscoelastic behaviour of CCLs

4.3.3.2.1. Stressstrain

The loading Figure4.6 (a and c)) and unloadingrigure4.6 (b and d)) stresstrain curvesn
boththecontmwol and treatmergroups followed similar patterrig each other and to thesults
in Experimental Study, lwith an exponential growth in stress with increasing strain in the
tissue.At an increasing strain rate, CCitsboth groupshowed an increase in stress and this
was indicative of greater stiffnesstime CCLs under tensile loads at higher strain r@tesit

and Little, 1969)

The average strestrain curvedllustrated that th€€CLs in thecontrol groupat 0.03 mm/mm

strain(approximately where the transition region from +ioear to linear stresstrain curves
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occurredhadhigher stressalueswith a difference byapproximately 49.& 0.30% at 1%/min
and 84.0+ 0.426 at 10%/min compared to stress generated by the same amount of strain at
0.1%/min.Similarly, increasing stress behaviour was noted whetighenentswere strained

by >0.03mnimm (Figure4.6 (a)).

An increase in strain from 0 to 0.03 mm/mm strain in @@Ls from the treatment group
showed an increase in stredsapproximately 11.& 0.2®%6 at 1%/min and 31.% 0.3%% at
10%/minwhen compared to stress at the same strain level during loading at 0.1%/min. Similar
to the stresstrain curves irthe control group the stress was increased consistently with

increasing strain up to 0.05mm/mfidure4.6 (c)).

Despite some differences in the stregain behaviour, there were no statistically significant
values in testingtgin rate sensitivitiefor the CCLdn the control p= 0.359 andthetreatment
(p= 0.760Q groups(Figure 4.7). Similarly, no statisticdy significant differencewvas found
between the control aridetreatment groupm the stresstrain curvesg= 0.725. The spread

of stressstrain curvesf the CCLs indicated by standard deviatio(S8D), was found to be
greaterin thetreatmen{maximumcoefficient of variation (CV¥ 0.96, 1.17, and 1.32 at 0.1,
1 and 10%/min respectivelyyhencompared tdhe control (maximum CV= 0.68, 0.75, and

0.85 at 0.1, 1 and 10%/min respectivadyups (Figure4.6).

TheCCLsin bothcontrol and treatmemgjroups showed an increase in the transition strain with
increasing strain rates-igure 4.8). The CCLs in the control group showed an increase in
transition strain of approximately 3.360.168% at 1%/min and 4.7& 0.1A6 at 10%/min
compared to transition strain at 0.1%/min. Comparably, the incre@sasition strain in the
treatment groupvas approximately 6.46 0.15% at 1%/min and 10.64# 0.13% at10%/min

compared to transition strain at 0.1%/min. Tihigeaseof transition strain with strain rate was
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not statisticallysignificant (p=0.366 and p=0.605for CCLs inthe control andthe treatment

groupsrespectively.

In addition, soméelifferencesvere notedetween the control and the treatment groups in terms
of the values of transition strain, for instar€€Ls in the treatment groymroduced higher
transition strain compared to CCLs in the control group. Despitditfezencebetweenthe

two groupsthe statisticalestsshowed ncstatisticallysignificantresults(p=0.576.
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Figure4.6: Average stresstrainvaluesfor the CCLs (n=5 pair9g in the control (a and pand

thetreatmeni{c and g groups Similar to the results obtained from Experimental Study I, the
stressstrain showed a stiffer behaviour during unloading (b and d) than during loading (a and
¢) which resulted in a considerable amount of hysteresis in the G@&irslard deviations
repregnt sample variations
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4.3.3.2.2. Tangent modulus

Tangent modulus ¢Estress curves obtained for both groups (controlteeatment indicated

an increase in stiffness with increasing stress and strain rates during loading and unloading
tests Figure4.9 (a and b)). At 0.3MPa&tress the tangent modulus of th€CLs from the
treatment groupncreased from approximately 21.3 to 23.5 and to 24.5MPa when strain rate
increased from 0.1 to 1 and to 10%/min, and theesponding tangent modulus fraime
controlgroupincreased by appraxiately 17.2 to 20.5 and to 2Ri®a. The study ofample
variation for the stiffnessurves showed a higher 3B the control CCLs by approximately

10%, withanaveragesD of 6.32 an 5.7MMPa for CCLs irthecontrol andhetreatmengroups
respectively. Howevethe CVin stiffness behaviour for CCLs the control (CV=0.34) and

thetreatmen{CV=0.39)groupsindicated an acceptable spread of data.
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The normalised tangent modulus at 0.1, 1 and 10%/min strain rates provided a detailed
descriptionof change in stiffness in relation tbatat the slowest strain rate.{®/min) for

both control and treatmentgroups Figure 4.9 (¢ and d)). The initial behaviour
(stress<0.04M8®) of the normalised tangent modulugietreatment grougrasnot consistent,
however the curves started to follow a consistent behavioun Wiee stress was gradually
increased from 0.04 up to 0.5MPa. The normaliseat B.3MPa increased by approximately
19.20+ 5.768% at 1%/min and 27.88 6.326 at 10%/min in the contrgroup whereas the
corresponding values in threatmengroup were apmximately 10.34t 6.226 at 1%/min and
14.88+ 6.4%% at 10%/min Figure4.9 (c and d)). Despite the differences in normalised E
curves, statistical analysis for-&iress curves showed no statistical differences with changing
strain rates in the contrgb€0.48) andthetreatmen{p=0.72) groups. Similarly, no statistical

difference was observed in-&ress behaviours between CCL¢$hacontrol andhetreatment

groups p=0.74).
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4.3.3.2.3. Hysteresis

In this study, the effect of hysteresis was investigated during preconditioning as well as during
the actual test on CCLs from the control aéineltreatment group<CCLs in the control group
showed a decrease hysteresiswith increasing preconditioning cycles {685), but this
decreasing behaviour was not observed intteatment grougr=-0.04) Figure 4.10 (a)).

Despite the negative correlation in the control CCLs, the statistical study showed that hysteresis
in the control andhe treatment groupsvere not affected by the number of preconditioning

cycles £=0.86).

Both groups presented a decreashé@hysteresis value with increasing strain rate from 0.1 to
10%/min Eigure4.10 (b)). Strong negative correlations between hysteregissirain rate in
the controlr=-0.976) andhetreatmen{r=-0.992)groupswere observed. However, the change
in hysteresis with strain rates wast significanty different inthe control (p=0.12) andthe
treatment(p=0.29) groups Moreover, no statistically different behaviewrere observed in

hysteresis betweeDCLsin thecontrol andhetreatmengroups p=0.13) (Figure4.10 (b)).
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Figure4.10: The graphs showhe effect of hysteresis during preconditioning (a) and change
in hysteresis with altering strain rates (bjhecontrol andhetreatmengroups.Standard
deviationsrepresent sample variations

4.3.3.2.4. Creep

CCLsfrom the control andthe treatmentgroups exposed to 9.9N during creep tests showed
higher strain compared to when they were exposed to 4.9N for the same period Bigure (
4.11 (a and b)). The straitime curves, indicating creep rates, presented larger deformations in
the control compared tthe treatment groupssuch that at approximately 316.2 s¥H) the
CCL in thecontrol group strained by 0.160.0%9 at 4.9N and 0.22 0.11% at 9.9N whereas
the corresponding strain in tir@atment groupvas approximately 0.18 0.01% at 4.9N and
0.14 £ 0.01% at 9.9N.The overall behaviour of straiime curves showed no significant
difference in creep at 4.9 and 9.900.49for control andpo=0.17 for treatment groupsand

no statisticallysignificant creep behaviour was found betwetre two groups(p=0.34).
Further studies into thiaitial 20s andast500s of creep rates presented statistically different
outcome in the control andthe treatment groupgFigure 4.12 (a and b)). The difference

betweercreep rate at thaitial 20sandlast 500svasgreater in thereatmen{p=0.0007 than
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the control p=0.0047 groups. The CV in creep behaviour for both groups showed a reliable

spread of data (CV<1).
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Figure4.11: Exponential curves were fitted onto the average stiaie behaviour for the
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4.3.3.2.5. Stresgelaxation

Reduced stress relaxation curveghe controland the treatment groupsvere very similar
during the initial relaxation timehowever the curves started to behave differently after the
initial 20s of relaxation Figure4.13 (a)). The overall shape of the relaxatiime curves for
thecontrolandthetreatment groupsere compared and no statistlgaignificant difference
werefoundwithin each grougp=0.16). Both groups, however, showed statistically different
behaviour during thenitial 20s and the last 500s. The difference in stress relaxation rate
between thenitial 20s and the last 500s was found to be more significant in the control
(p=0.00003 thanin thetreatment(p=0.00028 groups.In the initial 20s the stress relaxation
rate was higher in the control (1.340.26%) than in the treatmer(D.96 + 0.14%) groups
(p=0.197). In the last 500sthe stress relaxation rate watatisticallyhigherby 2.52+ 1.42%6

in the control compared thetreatment groupf=0.039 (Figure4.13 (b and c)).
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Reduced relaxation data showed larger variation in the control (average CV=@17 an
SD=0.52) than in thzeatmengroup (average CV=0.27 and SD=1.18), however this variation

wasfound to be acceptable.
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Figure4.13: The graphs showhe areragestresgelaxation curves fathe CCLs (n=%air9 in
thecontrol andhetreatment group&). The iate of stress relaxation theinitial 20s (b) and
thelast500s (c) was found to be higher in the control than inrgsegment groupsindicates

statistically significant result$€0.05). Standard deviationgpresent sample variations
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4.4. DIC Analysis

Load-deformation curves for thenid-substanceof the CCLs fromExperimentalStudy II,

obtained digitally from the correlation of sussere images during tensilests(Section3.4),

presented similar nelinear behaviour obtained from timeaterialstestng machine Figure

4.14 (a and b)). As evidencdaly the loaddeformation target curves figure4.14 (b), the

CCLs in the control group showed greater stiffness thdhetreatment groupFor instance,

the average deformatienof all the CCLs in the control group were approximately

0.17+ 0.08mmand 0.23 0.10mm andthe CCLs in thdéreatment groupvas approximately

0.19£ 0.12mmand 0.25: 0.15nmat load of3.3 and 5.5NespectivelyHowever, the statistical

analysis showed no significant differestetween théwo groups
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Figure4.14: An example of a loadleformation curvéor one CCLduring loading and
unloading generated from the three camera pairs (a). Averagddbéamnation curvef the
CCLs(n=5pair9g in the control andhetreatment groupfb). Standard deviation®present

sample variationsThese curves are referred to as target cureeause they are used as a
convergence target in the FE inverse analysis.
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4.5.

Finite Element Model of CCLs

Development of FENof the canindCCLswereperformed as described in Sect@b.2 The

transformation parametenssed during the surface matching processes (ICP methodpin obt

a CCL-specificFEM, wereimproved by increasing the number of iterations. However, it was
noted that after approximately 60 iterations the matching process could not reduce the RMS
values any furtherigure 4.15). The overall accuracy of the transformation parameters was
estimated as a percentage of the total surface area of the referectamdj@as found to be
0.039%.A total of tenFEM of the QCLs from ExperimentalStudy 1l were generate(five of
the CCLs from rightfor the control and fiveof the CCLs from left fothe treatment groups

(Appendix Q)). ThesdFEMsconsisted of three parseparating the middle region of the CCLs

with tibia and femur bones at each end.
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Figure4.15: A graphillustratingthereduction inaverage RMS valuesith an increase in
iteration numbers during the ICP optimisation proc88sshowing sample variatiowas
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4.6. Inverse Analysis

Parameters for th€EM presented in &tion 4.5 were derived through inverse analysis
(Section3.6) to simultaneously represent characteristics of a hyperelastic matemat! (
Reference source not found. The error (RMS) for the inveesanalysis simulation decreased
when the number of iterationgasincreasedFigure4.16 (a)) and all simulations reached
RMS of approximately <1.5% by the BGteration. Figure 4.16 (b) provides comparisons
between characteristic experimental data and numesiitailations(predicted data)Similar
to the experimental data, the characteristics of the numerical resui€ta inthe control
group exhibited approximatel®.023+ 0.088nm less deformation at 5.5N comparedtie
numerical behaviounf the CCLs in the treatment graudoreover, the numerically obtained
load-deformation data used to present CCL ststssn behaviour, and the trendshecontrol
groupshowed stiffer behaviour than the treatment groughich wasin agreementvith the

experimental resulttom ExperimentaStudy Il (Figure4.17).

Due to the specifi@and complexgeometry of CCLs, hyperelastic parameteese derived
individually through inverse analysis. Hence, the reslllistratea diverse map of von Mises

stress between theCLs (Appendix (0)).

Table4.4: Numerical parameters derived from inverse analysis of the §petific FEMs
defining nonlinear hyperelastic behaviour of the CCLs.

Control group Treatment group
CCL No. H ) Error (%) H ) Error (%)
1 2.5756 | 20.3636 0.64 0.9691 | 37.0120 0.72
2 0.2329 | 17.7154 1.11 0.7634 | 35.3546 0.89
3 0.8175 | 70.3163 0.53 1.4846 | 32.5953 1.30
4 0.6394 | 44.5159 0.67 0.3191 | 53.4824 0.31
5 0.0773 | 14.3079 0.76 0.0554 | 11.1211 0.75
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Figure4.16: A graph describing the reduction in errors with increasing iteration number (a).
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controlandthetreatment groupé). For both expemental and numerical tes&8D showing
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4.7. CanineStifle Joint Finite Element Model Development

Following the method detailed in Secti®r7, acaninestifle joint FEM comprised of théemur,

tibia, fibula, articular cartilage, menis@ndcranial ligament othe fibulahead, MCL, LCL,
CaCL and CClwasgeneratedKigure4.18). The node and element numbers forfM were
90386and392089respectively(Figure4.19). The input fileof the stifle FEM and its related

analysis ar@resented in the attached/Ds.

Fibula

Tibia Cartilage

Cramal Ligament
of Fibular Head MCL

- Medial Meniscus
Lateral Meniscus ‘

. Femur Cartilage
T TE

CCL

Figure4.18: Finite element model of a canine stifle joint, indicating the major components of
thejoint.
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Isometric View Lateral View Medial View Caudal View Cranial View

Figure4.19: An FEM of the canine stifle joinincludingfemur, tibia, fibula, articular cartilage, menisci, and cranial ligament of the fibula head,
MCL, LCL, CaCL and CClfrom different views.
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4.8. Canine Stifle Joint Finite Element Model Stability Analysis

The FEM of the stiflgoint (Figure4.19) was usedn numerical analysis (n=5 pairs of FEMS)

to assess the joint stability by means of cranial drawer test (S8@)qAttachedDVDs). The
displacements resulted from the cranial drawer tests in the numerical analysis were different
for the control and the treatment FEMs. The control FENEMs with material parameters of

the control CCLs(DVD 1 Control Group) showedslightly lower displacement when
compared to the treatment FEMs (FEMs with material parameters of the treatmerfD&OLs

i Treatment Group))(Figure 4.20 (a and b)). However, this difference was small and not
statistically significant§=0.56) and therefore the graphical comparison was scaled @ by
percentage differenceetween the two group@-igure 4.20 (c)). For example, at 10N the
corresponding average displacensemére 0.1014 + 0.0066m and 0.1137 + 0.0058mimthe

controland the treatmerREMs respectively with the difference being 0.0123Rg(re4.20

(©)).

Sensitivity analys showed that the stifle joinfEEM was responsive taaltering material
characteristics (O and U) 90O tdard CCLwersacth
statistically significant differences were observed in the cranial drawer displacérabte (

4.5). Cranial drawer placemenvaluesobtained from the FEMith increased value of p by

10%was statistically different from theisplacement from thEEMs with increased value of

M by 50% p=1& v p 1), Figure 4.21 (a). Similarly, displacements from FEMs with
decreased value of p by 10% wststistically different from displacements from the FEMs

with decreased value of p by 50%=0& X p 1), Figure4.21 (b). Howevert no statistical

dffer ence was found when the val p%.329fFigutk was ¢

4.21(c and d)

138



12 12

FEM1 FEM1
FEM2 —~ FEM2
10 FEM3 z 10 FEM3
——FEM4 — —FEM4
~8 || —FEMS5 8 || —EEMS5
é ©
o 6 T 6
s o
-l -l
4 4
2 2
0 0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.080.100.12
Di spl acement Di spl acement
(a) (b)
0.14
*; m Control
o 0-12 7| = Depleted I
S
© 0.10 I
o I
@ 0.08 - I
a 0.06 L
7)] . z I
P 0.04 ~ .
0.02 - II I
0.00 +— i . . . . : : : :
0 1 2 3 4 5 6 7 8 9 10
Load ( N)
(©)

Figure4.20: Load-displacement curves obtained from the numerical analysis for the control
FEMs (a) and the treatment FEMs (bpeload and its corresponding displacement was
averaged to compabehaviourof the FEMs with the control (n=5andthe treatment CCL
(n=5) (c). It was noted thatranial drawer displacements due to the applied loads were higher
in the treatment compared to the confFBMs Standard deviationgpresent sample
variations
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Figure4.21: Sensitivity analysis results showing variation of percentage differences in cranial
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Table4.5: Results obtained from the statistical analysishe FEMsensitivity study.

Changing material parameters by: P-value
10% increase I8 pT
- 10% decrease P p T
Alpha (- U) 50% increase PRI pT
50% decrease PR T pT
10% increase Bt p T
10% decrease udtx p
Mu (1) 50% increase CBhwpTm
50% decrease P Y pT
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5. Discussion and Conclusions

5.1. Introduction

In this Chapter, the results presented Gmapter4 regarding the tensile and viscoelastic
behaviour othecanine CCLthedevelopment o€CL-specific FEMs for inverse analysis and
the development o& stifle FEM of the whole canine joint are discussed in further detail and

with respect to previous findings reported in literature.

5.2. Overall Discussion

The aim of this doctorate researcttasgain a greater understandingagthe biomechanical
behaviour of the canin€CLs at the togegion of the stresstraincurvesunder slow strain

rates b) the contribution oPGsto the visoelastic behaviour of the CCLs aapthe effect of

PGs in the CCLs on the stability of the whaiées joint. It is the hypothesis of this study that
decreasing PG content in the CCLs would lead to a decrease in water binding molecules, hence
less interfibrillar lubrication, thereby increasing interfibrillar friction and resulting in a stiffer
behaviarr of the ligaments. The findings in this study indéctitat the hypothesis can be
acceptedDetailed discussion on the experimental and numerical studies carried out to prove

the hypothesiaredescribed in the following subsections.

5.2.1. Experimental &dy I: Tensile behaviour of CCLs at slow strain rates

Experimental Study Wwas carried outo investigate the viscoelastic properties of CCLs, such
as stresstrain and hysteresis behaviour, from healthy canine giifies at slow strain rates
(<10%/min) ando identify the best test arrangement for the subsequent experimental tests.

The findings inExperimental Study arethefirst to report the slow strairate dependency of
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the canineCCL acrossthree orders of magnitudevith ascending ath descending test

arrangements.

Haut and Little(1969)showed thatvith high strain rates, the toe region of stregsin curves
appearsat lower strain levels; thereforié,was the objective of the currertdy to focus on
the stresstrain behaviour at ghtoeregion (low strain level) and utilisglow strain rates
(<10%/min) at different magnitudessuch a<0.1, 1, and 10%/minin the current study, the
shape othestressstrain curvegollows asimilar patterrto thatfound previously inbiological
tissuessuch as tendons and ligameftgut and Little, 1969; Pioletét al, 1999; Pioletti and
Rakotomanana, 2000; Crisebal, 2002; Bonneet al,, 2015) The ensile resporesof the CCL
during ascending and descending tessfound to be significantly differen({p<0.05), such
that during the descending tests the CCL behawva stifflyand inconsisteht at low strain
level. This finding ofachange in tissue behaviour with altering strain rate orders during tensile
tests is not in agreement withe findings previously reporté@iolettiet al, 1999; Pioletti and
Rakotomanana, 200@or examplePiolettiet al.(1999)loaded bovindACLs up to300Nwith
seven different strairates 6, 60, 300, 600, 1200, 1800 and 2400 %jnaimd then tested for
strain rate order by reloading the ACLs at hand 300%/min strain rateslowever, they
foundidentical stresstrain behaviour for the initial and relaabACLSs. It is important to note
that thesestudiesapplied higher strain rat¢6-2400%/min}thanthoseused in theurrent study
and they reloaded the tissue in an ascending strain rate ordé¢Pmhdfti et al, 1999; Pioletti
and Rakotomanana, 2000)herefore, it is possible that tkeéect of thechange irstrain rate
order is more pronounced at slow strain rgte80%/min) because the unloaded fibrils go
through the toe region and show intHarillar gliding (Bonneret al, 2015) However, at fast
strain rates (>~300%/min) fibrils go froan unloaded w&tedirectly to intrafibrillar gliding
where the matrixoond between the collagen molecules are broken before the removal of

collagen crimpgBonneret al, 2015) Moreover,the strain rate sensitivity of the CCLs was

142



more pronounced and statistically significaft<0.05 during the ascending thathe
descending test procedure. Similathgincrease in transition strain wititrain rate, although

not statistically significant, wasigherin the ascending thahedescending tests.

CCL stiffness (tangent modulus) during loading and unloadyesin the ascending and
descendingtest procedureincreased with strain ratéFigure 4.4). Although the tangent
modulusstress curves were differanttheascending and descending tesiss difference was
not statisticallydifferent Figure 4.4). In both testprocedurs, the canine CCL was stiffer
during unloading than loadingycles This resulted in considerable hystesegenergy
dissipation) between the loading amdloading stresstrain curveqFigure4.5). The stiffer
behaviour results in less dissipated enéngiie loading and unloading strestsain curves and
hence the magnitude of hysteredésreasedith increasing strain rates. Thophkenomenon was
observed during both ascending and descending tests and the correlation between hysteresis
and strain rate was found to be greater during descending tests. Hysteresianda® be
strain rate sensitive duririgeascending tesh each smple testedvhich reflectsthe findings

of other authorgHaslach, 2005Boyceet al, 2007) During descending tests, the CCLs were
not strain rate sensitive, and hysteresis wasgaddent from strain rat@revious studies have
shownthat if a soft tissués insensitive to strain ratéhe hysteresis is expected to be relatively
uniform with respedi strain rategWooet al, 1981) The CCL is a history and time dependent
biological tissuetherefore, strain history might have caused different CCL behaviour during
ascending and descending t€3tsorntonet al, 2007) However, recovery procedeported

in previous literaturavere followed inthe current studyallowing adequate recovery time
between loading and unloading cyc(ekaut and Little, 1969; Lujast al, 2007; Lujaret al,
2009) It is widely known thag higher strain rate resslin the development athigh stress in
ligamens (Haut and Little, 1969Voo et al, 1990c; Bonneet al, 2015) hence a longer time

might beneeded to allow for the uncrimped collagen fibresetmirnto the crimped state.

143



However, a lower strain rate is likely to develop a lower streigamens, hence a shorter
time is required to allow forht uncrimped collagen fibres to go back to the normal state
(Piolettiet al, 1999) Thereforeit is possible for the CCL to behave in m#ar fashion during
both ascending and descending tegiisen that a longer time is provided for tissue recovery

from stresses caused by a higtiean a lower strain rate.

Experimental 8dy | addsknowledge to the existingpody of work on the viscoelastic
behaviour othecanineCCLs at slow strain ratand laid a foundation fdExperimental udy
Il by identifyingthe ascending test as appropriate test arrangemednt study viscoelastic

behaviour of the canine CCLs.

5.2.2. Experimental &idy II: Contribution of PGs to the viscoelastic behaviour of CCLs

Experimental Study Il was carried out to investigatertbelinear viscoelastic behaviousf

the canine CCLafter treatment witlchondroitinase ABC enzymi® deplete PGs in the
ligament. A combination ofviscoelastic characterisatiadestssuch as hysteses, tangent
modulus and strairate sensitivity at three straintea (0.1, 1 and 10%/min) as well as creep
and stresselaxation were performed in combination wdigital image correlation and inverse

analysis

The biomechanical behaviour of ligamentss closely associated withtheir macre and
microstructural tissueomponentgBenjamin and Ralphs, 1997; let al, 2002a; Hayashat

al., 2003a; Hayashet al, 2003b; Frantzt al, 2010) It wasthereforethe hypothesis of this
study that alteringhe microstructure othe canineCCLscouldleadto a change irthetensile

and viscoelastic behaviour of the ligament. This study focused on investigating the contribution
of PGs, which isa prominentmicrostructural componerdaf CCL (approximately <3% of

| i gament 0)stotdervigcoalastibehaviour of the€CLs(Heyet al, 1990; Henninger

etal, 2010) It is believed that PGs dominate tissue response at the toe region when the collagen
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fibres are crimpe@Eshel and Lanir, 200 1)hereforeExperimentalStudy Il tested the effect of
PGswith dlow strain rates. IfexperimentalStudy 11, despite followingsimilar procedure as
the preliminary studyperformedwithin our research grou@Comerford et al.unpublished,
2012), the effect of incubating CCLs in chondroitinase ABC (ChABC) shodked®6 PG

depletionand thisdepletionwas not statistically significant when compared with ¢batrol

group.

It has been reported thptoteasdree ChABCproduct is not guaranteed to be protefase
though the contamination is lo@Murienneet al, 2015) A number of authors used non
proteasdree ChABC and did not fingdignificanteffects on the tiss@emechanical behaviour
(Al Jamalet al, 2001) compared to studies that used protdese ChABC with protease
inhibitors (Lujan et al, 2009) In the current study, proteadece ChABC with protease
inhibitor was used tdepletePGs in the CCLs, therefore the potential impurity in the ChABC
did not degrade structural components of the ligam&hts differentdepletion outcomé&om
Experimental Study Il and th@eliminary work(Comerford et al., unpublished, 201&Xtill
notfully understoodHowever,it is important to note than thepreliminarystudyfemurCCL-
tibia complexeswerenot used during the PG depletion processionly the CCls (excluding
the femur and tibiagrtg wereincubated in thenzyme treatmentherefore, it is possible that
the enzymeconcentratioradoptedfor depleting PGs in the femi@CL-tibia complexmight
not have been as effective compared to only incubating the ligaments. Henceulthize an
explanation for having different PG depletion resuttsExperimental Study Il and the
preliminarystudy Further research is required to study the factors affes@RGs digestion

in caninefemurCCL-tibia complexusing ChABC enzyme.

Despite the s@ll amount of PGlepletionin the CCLSs, the results froExperimentalStudy I

showed thaCCLsfrom the control groufphad higher stress valugbanthe treatment group
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when strain rates increased from 0.1 to 1 and to 10%{/&ention4.3.3.2.). However, this
difference between the two groups was stattistically significant. Furthermore strain rate
sensitivity, although not statistically siicant, was more pronounced in the control thzn
treatment groupd he stresstrain behaviour reported by tbentrol groug(Figure4.6 (a)) was
differentto that seen ikxperimentaStudy | which showed that the CCLs were not strain rate
sensitiveandit may be that the recommended ChABC bufégjuired to be used with ChABC
(20mM Tris pH 7.5, 150mM NaCl, 5mM Caffhasresultedin microstructurachange such
astissuepermeability As presenteth Figure3.3, CCLs in the treatment group were incubated
in liquid for a longer time compared to the control group, hence the swelling time is not
comparable between the two groujishas beemeported hatthe buffer required to be used
with ChABC treatmentincreases water content in scleral tisgMeirienneet al, 2015) In
addition, several autholgveobserved the reduction strain rate sensitivity in P@epleted
tissueqElliott et al, 2003; Robinsoet al, 2004)which is consistenwith the findings in this

study.

Transition strain was caltated to investigate the effect of PGs on the-inwgarity of the
tensile response during loading (Sect®8.3. CCLs in thecontrolandthe treatment groups
showed a increase in transition stragluring loading(Figure4.8). The transition strains were
found to be higher in theeatment groupbut the diference wasot statistically significant.
The normalised stiffness at 0.3MPa was lgwsr % and 13% at 1%/min and 10%/min,
(p>0.05) in thetreatmenthanthe controlgroups. There was anncrease in transition strain
the treatment groupgvhich indicatesan alteration in thé i s <nmg énsrphologyafter PGs
depletion(Murienneet al, 2015) This alteration also indicates that PGs prowdenectios

between adjacent fibrildviurienneet al, 2015)

146



Similar to the hysteresis ressiih Experimentabtudy |, dissipated energy between the loading
and unloadinglecreasedtressstrain curves was decreasing with increasing stea@{Section
4.3.3.2.3. However, unlikeexperimentaBtudy |, neithelCCLsin the control orthetreatment
groups showed any dependencies between strain ratdnyaeresis, nor waghere any
statistically significant difference in hysteresis between the two grobmpsaddition it was
found that dissipated energy in the control #meltreatment groupw/as not affected by the
number of preconditioning cycles. This phenomenon agrees with previous litesdiere
decorin in human MCL was found to have no effectlmhysteresis of the tissyeujan et

al., 2007)

CCLs in the ontrol andthe treatment groupshowed higher strain when exposed to higher
load during the creep tes{Section4.3.3.2.4. There were no statistically significant values
between creep rate and hold load, however, creep rate was statistically grtbateitat 20s

than at the last 5008 boththetreatmentandthe controlgroups Creep rate was found to be
higher in thecontrol thanthe treatment groupshowever, this behaviour was not statistically
significant Thorntonet al. (2001) showedan increase in creep rate with increasinater
content in rabbiMCLs. This studysuggestethat when more water is present in the tissue the
resistance to creep is decreased because water @mavideeater freedom for fibrillar
movemen{(Thorntonet al, 2001) However, Muriennet al.(2015)associate the slower creep
rate with increased interfibrillar friction with sGAG removal. llda the current studythey
reported an increase in tissue hydration with sGAG removal in scleral tissue. However, they
suggested thaheincrease in water content was in the form of free water rather than that bound
to SGAG, and free water molecules lwbeasily move out adhetissue during loading, reducing
tissue lubrication between collagen fibrfidurienneet al, 2015) However, inExperimental

Study II, the treatment groughowed statistically less water content thia@control group.
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Hence, the relationship of hydration with creep as explain€thbyntonet al. (2001) could

result in the creep behaviour observed in this study.

Similar to creep in the CCLs, stress relaxation behaviour was statistically different between the
initial 20sandthe last 500¢Sectior4.3.3.2.9. Moreover thestress relaxatiorate was higher

in the controlthanthe treatment groupshowever not statistically significarfstudies on the

effect of PGson viscoelastic behaviour dhe tendon(Elliott et al, 2003)andthe effect of

GAGs on streseelaxation of tendon fasciclésegerlotzet al, 2013)showed a greater stress
relaxation in decoruueficient tissues. However, Lujaet al. (2009) showed a negligible
increase in stress relaxation after depleting PGsiman MCL with ChABCThe role of PGs

in ligaments and itsfiect on stresselaxation behaviour istill beingdebated. One explanation

for thereduction inthe stresgelaxation value ithetreatment groupould be that theGAGs,

which are forming crosbnks between collagen molecules, and play a part in microstructural
organisations, tensile force resistance and transmission between neighbouring fibrils, are
altered after the depletion procd€xibb and Scott, 1995However, unlike creep, there is a

lack of collagen fibre realignment during stress relaxation suggesting that uncrimping collagen
fibres might not be responsible for this phenomefitrorntonet al,, 2002; Milleret al, 2012)
Therefore, it can be suggested that diepletionof PGs in the CCL$eads to a decrease in
water content andnterfibrillar lubrication, thereby increasing interfibrillar friction and

resulting in dower stresgelaxation valu€Thorntonet al, 2002; Milleret al,, 2012)

It is challenging to mechanically characteribe canineCCLs due to its complex geometry
and anatomical structu(@rnoczky, 1983) This challenge has beewmercome in this study by
usingthefull-field 3D DIC method to capture the wholestie surface during deformation, and
allowing the determination dhe material properties c€CLs in the control anthetreatment

groups Recently, a study usedimilarsystem to characteritee mechanical properties tie
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anterior medial and posterior lateral of ovine A@llallett and Arruda, 2017)Similar tothe
current study, Malletand Arruda(2017)used the migsubstance of the tissue to evaluate the
characteristics of the tissue becausdéehsileresponse of this region was found to be relatively
homogenous. These authors used the DICatataompare themwith machinebased results
(Mallett and Arruda, 2017)However, no previous studies hawtdised full-field 3D DIC in
inverse modelling analysis to derive representative material paramederatifular ligament
such as the ACL acanine CCL.The current study used fufield 3D DIC to reconstruct the
surfaces of the CCLs, and obtain ledeformationdatafor CCLs in the control and the
treatment groupgSection 4.4 and 4.5). Surface reconstructions of these geometrically
challenging ligaments was achieved with high accuracy and the geometries were then used to
create terFEMs of the CCLs (5CCLs in thecontrol and 5CCLs in thetreatment groug).
Subsequently, this informatiomas used to perform inverse analy8gction4.6). The results
obtained from the inverse analysigere validated by comparing numerical with the
experimental finthgs and the difference between the two @snd to benegligible. In

addition, the inversanalysispredicted a lower CCL stiffness the treatmenthanthe control

groups.

5.2.3. Experimental &dy lll: Canine stifle jointihite element model development

In addition to the advances in experimental technigquesudying material behaviour of the
canine CCLsExperimental Study llidevelopedan anatomically representativieEM of a
caninestifle joint so thatit could be used to investigate joiatability when microstructure of
the CCL is altered by the depletion of the RGection5.4). Collecting detailed MRI scans
was central to developing a good geometnieptesentation of the joifiti et al, 1999; Weiss
et al, 2005; Penat al, 2006) The accuracy ofraAFEMis associatewith a good geometrical

representation of the joint surface, contact points between surfaces, ligaments with their
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attachment parts, and consideration of all structurally relevant components with their material
properties(Li et al, 1999; Weisst al, 2005; Penat al, 2006) All these key factors were
corsidered in developingn anatomicallyrepresentativé-EM of a canine stifle jointn this
study. The FEM developedin the currentstudy is incomparableto those reported in the
previous literaturéBrown et al, 2013; Stylianotet al, 2014) This is because the four major
ligaments(CCL, CaCL, LCL and MCL)re generateds complexanatomical structuresnd

their hyperelastic materiaparameterswere defined based on the results obtaifredn
ExperimentalStudy Il. However, it is important to note that the current study focused on the
material propertiesf the CCLs; therefore, the material definitions for MCL, LCL and CaCL
elements were noeéxpeimentally obtained and their elements are defined based on the
behaviour of the CCL. Thgtifle joint used toconstruct thé=EM wasnot the samsetifle joint

used to obtain the experimental ddtawever they were comparable in terms of age and breed
(Sedion 3.2.3. These limitations could be easily overcome sitheeligament@and other soft

tissuedrom the left pelvic limthave beencollected and storeabpropriately for future work.

The material parameters obtained from Experimental Stu@iyabdle4.4) used to define the

CCLs and the rest of tHegaments in the FEM of the stifle. The two groups (control and
treatment) of the stifl@int FEM were employed to investigate joint stability by means of the

cranial drawer test (Sectiah8). Similar to the experimental results (Sect3.3.9, the

control FEMs showed greater resistance from the cranial drawer disptecgh®n compared

with the treatment FEMs$dowever, the cranial drawer motions obtained from the two groups

were na statisticaly different Nevertheles, tis finding suggests that whéme PG contentin

the CCL isreduced the stability in the whole sté joint is adversely affectedSensitivity

analysis showed that the stifle joint FEM was responsive to altering material characteristics (u
and U) of the CCL, such that when the values

differences werebserved in the cranial drawer displacem@&iat{e4.5).
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5.3. Conclusions

The aim and objectives tie current studywwereachieved using a range of experimental and
numerical methods, including uniaxial tensile tests, digital image correlation, irfvEle
analysis and magnetic resonance imaging. The results obtained in thigdttathke following

conclusions:

1 Experimenal Study |

1. The current study is the first to focus on the material behaviour of canine CCLs,
including strain rate sensitivity and hysteresis, at low level strain to better understand
the tissue behaviour at the toe region to transition s{figsiologically relevant)
which is importantbecause at this region ECM components sucR@s dominate
tissue responsdt is likely that CCLs displayed an initial low stiffnes low strain
ratesdue to uncrimping of collagen fibres atiak contribution of other components in
the ECM.

2. Arranging mechanical tests in different orders of strain rates showed different results,
such that tensile responses of the CCL during the ascending tests were significantly
different from the descending tedisiring theascending testthestrain rate sensitivity
of the CCLs was statistically significant, howevewas not statisticallysignificant
during descending tests.

3. The stressstrain behaviour of the CCLs was stiffer during unloading than loading. This
resultedin a considerablamount ofdissipated energy between loading and unloading
stressstrain curves. In addition, the stiffer behaviour during higher strain rates resulted
in less hysteresis. Therefore, hysteresis during the ascending tests was found to be
dependent on strain rate as it decreased with increasing strain rates. However, this

phenomenon was not statistically significant during the descending tests.
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4. The different behaviour of the CCLs under tensile tiedtse ascending and descending
ordeing of strain ratenay beassociated witkhe strain history of the tissugherefore,
this study speculatélat a longer timenay berequiredfor tissue recoverfrom stresses
caused by a higher strain rafithe outcome of this experimental stuidgicates he
need for further investigations on thiscoelastic behaviour of the canine CGidsen

loaded with differenbrdess of strain rate$<10%/mn).

1 ExperimentalStudy I

1. The depletion process reduced PG content in the CCLs by 21.11%. However, this
depletionwas not statistically significanDespite the small amount of Riepletion
water content in the CCLs was redusaghificantly.

2. Loading and unloading behaviour in CCLs from the control and the treatment groups
followed similar patterns to each other @ndhe results found in Experimental Study
l.

3. In both CCL groups, increasing strain rates resulted in stiffer sttesa behaviour.
The strain rate sensitivity was more pronounced in the control than in the treatment
groups. Moreover, the transitioran defining the region where the nbmear stress
strain curves change to the linear was higher in the treatment than in the control groups.
Althoughthere were netatistically significant values, the results showed that the CCLs
from the control groufpehaved in a stiffer fashion compared to the treatment group.
Similarly, the CCLs in the control group showed larger values of hysteresis (dissipated
energy) than the CCLs in the treatment group. These findings suggest that depleting
PGs in canine CCLs mit affect the tissue integrity and its resistance to the applied

loads.
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4. Creep and stress relaxation rates in the CCLs from the control and the treatment groups
were statistically greater at the last 500s than the initial 20s of creep and stress
relaxation tests. In studying creep behaviour, no statistically significant difference
between the control and the treatment groups were fanihe last 500s of strain
time curves, creep rate was lower in the treatment than the control(graups). At
the las 500s of stresime curves, stress relaxation rate was statistidaiyer in the
treatmenthan in thecontrol groups(p<0.05). These findings suggest that an increase
in the constant load (during creep tests) and strain (during stress relaxatiototgsits)
result in an increase in strain and stress respectileagling toa greater magnitude of
creep and stress relaxation rates.

5. In general, CCLs in the treatment group illustrated lower creep and stress relaxation
rates. One explanation for the lowereep rate in the treatment group could be
associated with the reduction of water content or change in tissue permeability after PG
depletion. CCLsn the treatment group consist less wate compared to the control
group andess water content could mean greater tissue resistance to creep because water
provides a greater freedom for fibrillar movement. Moreover, the lower relaxation rate
in the CCLs from the treatment group could be associated with sGAGs which provides
crosslinks between collagen moleculé$ence, it is possible that an efficient depletion
of PGs in canine CCLs could result in significant mechanical changes in the tissue.

6. A novel test procedure, fufleld 3D DIC, was developedvhich provided strain
measurerant across the surface of the CCL.

7. CCL-specificFEMs and midsubstance loadeformationbehaviourof the CCLs were
generated with the aid of fufield 3D DIC.

8. For the first time, the current study used-fidld 3D DIC in inverse analysis to derive

representative material parameterstioé canine CCL.
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1 ExperimentalStudy IlI

1. This study developedn FEM of a whole caninejoint to characteris@an anatomically
representativeanine stifle joint.

2. TheFEM s incomparablevith numerical models reported in previous studiesause
all the major components required for the stability of the joint are included. In addition,
nonlinear hyperelastic material characteristics, obtained from the inverse analysis,
were used to defenthe material behaviowf the ligaments in the model.

3. The FEM wasemployedin an intervention study investigating canine stifle stability
whenPGs inthe CCLwere depletedThe resultgeportedaltering PG content in the
CCLs could affect stability of the canine joirtence, PG content in the CCL could be
one of the ECM components contributing to the mechanical behaviour of the ligament,
and affectinghe stability in canine stifle joints

4. TheFEM was sensitivity to change in the nlamear hyperelastic material parameters
of the CCL, such that statistical significant differences were noted when the values of

O and U were changed.

5.4. Future Work

In this thesis, efforts have been made to provide important information related to various
aspects of thenaerial behaviows of the canine CCLwhich is the ligament most prone to
rupture in stifle joints. There arenmmberof recommendations for futusgork which can be
provided based on the knowledge acquired thrdbgliterature review, experimental work,

numerical analysis, and subsequent results obtained from this thesis.

Firstly, the uniaxial tensile test used in this study is not the most blesin@thod for obtaining
the material behaviour of the CCLwhich has acomplex anatomical structuf@&rnoczky,
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1983) This ligament consists of two bands, caudolateral and anteromedial, and they function
independentlyrom one another during flexiaand extensiofArnoczky, 1983) However, this
method was adopted in the study becausequiresa straightforward set up and passt
analysis allowed for comparative studies. Howeverplitain a regional variation on the
material behaviour of the @QC a non-contact method could be adopted to measure surface
deformation(Whitford et al, 2016; Zhouet al, 2016) In this thesis, a novel test procedure
using fulHield 3D DIC was developed, atiis test method could be used to further investigate
the biomechnical behaviour of the CCLs uhifferent regions. To address this wofkCL-
specific FEMs with their regional loadieformation information could be used in inverse
analysis to predicthe regional stresstrain behaviour of the ligament. The initial steps to
investigate regional variation of the CChavebeentaken for exampleFEMs of the CCLs
weregenerated from the DIC method, different regions of the CCLs were identified and load
defamation data for these regionsscollected Figure5.1). However, currently thieesearch

is in its early stagesd requires further work.

Secondy, the currentstudyshowed changes in the mechanical behaviour of the CCLs after
depleting 21.11% of PGA greateramount ofPGs depletion in the ligament might result in
significant changes in the tissue mechanitsnce,experimental studyo depletea greater
amount ofPG content incaninefemurCCL-tibia complexsand to investigate mechanical

properties of the ligament complexes would be of great advantage.

Finally, the current study successfully developedanatomicallyrepresentativé-EM of a
canne stifle joint. The model habeen tested, and material parameters of the ligaments have
been defined based on the CCLs of a giifilet from a differentcanine However, as described

in Chapter 3, the righpelvic limb was collected for the developmenf the stifle model

whereas the lefbelvic limb hasbeen retained foruture experimental studies. Thedt pelvic
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limb could be used in future experimental investigations to characterise material properties of
the ligaments, menisci, articular cartilage, and boSebsequently, these experimerdata
could be coupled with the correspondistifle model to accuratelyredict canine stifle

response to external loads.

Figure5.1: A partitionedFEM of a canine CClfrom different views. The CCL partitioned
into tibia (yellow), tibia insertion (red), middle substance (green), femoral origin (grey) and
femur (blue).
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