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Abstract

Femoroacetabular impingene (FA) can causdip pain this can be debilitatinggndsurgery

can be used talleviate somesymptoms Prevalence ofurgical interventionsvith the aim

of alleviating pain and reducing tissue degenerati@mve increased in recent yearfata

from the most recent NorarthroplastyHip Registryindicates tha95.6% ofnon-Arthroplasty

hip femoral procedureperformedwere forthe removal of camgNAHR, 2024 Camtype

FAl is caused by an excess of bone on the femoralthethkn flexionabuts the acetabular

rim. This can cause cartilage and labral damage due to increased contact pressure as the cam
moves into the acetabulunbamage mechanissand the influence of individual mechanical
factors arepoorly understoodUnderstanding the biomechanics of Frals the potential to

modify existing andlesignnew interventions to improve surgeries.

This thesigleveloped a method for parametricallgssessingnechanical factorthat may be
associated with damage in hip impament, using both experimental and computational
methods. An adapted natural tissuein vitro simulation methodwas used to conduct
parametric tests using porcine tissueThree key parameters were investigatesliding
distance, load and directioidamageto the natural tissuebservations vasrecordedusing
photogrammetry and compared between parameter setd. @mputational cam
impingement hip shape model was used toquantify parameter ranges for sange of
activities. Computationdly and experimentdy quantified realworld parameters were

combined andassessed to determinideir clinical relevance across findings.

To the author's knowledgethis thesisis the first to have assessed the impact of individual
parameters on damageotthe hip joint. The nost severe types of damage observed
experimentallywere dblushing anddbubbling 2 ¥ { K.Ste Giteiaskhougti $ be

a precursor to delamination, the type of damage often associated with in vivo cam FAI
damage.Computationalinvestigationresulted inidentifyinga set ofquantified parameters

that were likely to cause damagde the joint. However,it was not wssibleto highlight a
single activity that would be considered the most likely to result in damBgelings from

both experimental and computational studieshowed that an increased load (2500N),
shorter sliding distancetb°) and movemersiparallel to the cartilage labral junctioesulted

in the most severe/detrimental types of damage.
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methods show identical resultant force values, confirming the accuracy of the computational
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Chapter :
1 Literature review

1.1 General introduction

Hip pain in young and active adults is increasingly recognised as a major contributor to
reduced quality of life and loss of mobility. Femoroacetabular impingement (FAI) is now one
of the most common structural causes of this problem, with d¢gpe FAI paicularly
associated with activityelated groin pain, reduced range of motion and limitations in sport
and daily function(Byrd, 2014 Griffin et al., 201% For many patients these symptoms arise
during the years in which they are most physically active, affecting work, exercise and long

term joint health.

Cam morphology is clinically important not only because it causes pain, but because it is
strongly linked to the early onset of hip osteoarthritis. When the aspherical femoralchead
neck junction comes into contact with the acetabular rim, it generates eatnated shear
forces that damage the labrum and the superficial cartilé@eck et al., 20Q%Albers et al.,
2016). Once this structural integrity is disrupted, the joint becomes less able to maintain fluid
pressurisation and lubrication, leading to further mechanical overload and initiating
biological changes associated with degenerat{Schmidt et al., 20Q7Katta et al., 2008
Zimmerman et al., 2031This combination of mechanical and biological processes explains

why cam morphology is one of the clearest predictors of osteoarthritis in young adults.

Given the significant personal and societal impact of early hip degeneration, understanding
how cam morphology develops, how it alters joint mechanics, and why certain movement

patterns lead to characteristic damage is essential. The purpose of thiduiengview is
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therefore to establish the anatomical, mechanical and clinical foundations necessary to
interpret the experimental and computational work in this thesis. It outlines the relevant hip
anatomy, mechanisms of impingement, methods for identifying and quamgifgamtype
shape, the populations most affected, and the current clinical approaches to treatment. It
also critically evaluates existing in vitro and computational models to explain the rationale

for the methods adopted in the research that follows.

1.2 The Human hip

1.2.1 Anatomy

The hip is a load bearing synovial ball and socket joint in which the femoral head of the femur
articulates with the acetabulum of the pelvis. It links the lower limb to the axial skeleton and
must combine stability for weightbearing with sufficient fre@dofor locomotion and
complex daily activitiegkeogh and Batt, 2008 Articular cartilage covers the contacting

surfaces to provide a low friction interface and to transmit load to the underlying bone.

The proximal femur has several key landmarks: the femoral head, neck, shaft, and the greater
and lesser trochanterd={gurel). The femoral head is not perfectly spherical; roughly two
thirds of its surface is smooth and covered by hyaline cartilage, leaving the fovea capitis as a
small non articulating depressioffronzo, 1984 Palastanga, 2002 The femoral neck
connects head to shaft and forms an angle with the shaft typically in the range 125° to 135°,
with variation by age and sefronzo, 1984 Palastanga, 2002 The trochanters are
roughened projections for muscle attachment and influence the moment arms of the

surrounding hip muscles.
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Figurel: Schematic drawing of the hip joint.

The acetabulum is formed by the fusion of the ilium, ischium and pubis and presents a deep,
crescent or half moon shaped articulating surface, the lunate surface, which is covered by
hyaline cartilagdFigure2) (Palastanga, 20QZalaisGermain, 200Y. The acetabular fossa
occupies the central non articulating region. The acetabular rim is completed inferiorly by
the transverse acetabular ligament that bridges the acetabular notch and permits
neurovascular entry into the fossa. Around the rim sitsfibeocartilaginous labrum, which
increases concavity and contributes to joint seal{Rglastanga, 200Bichler and Keel,
2019.
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Figure2: Schematic drawing of the acetabulum.

Movement is produced and constrained by a combination of muscles (21 muscles acting
across the hip grouped functionally into flexors, extensors, abductors, adductors, internal
and external rotators), the capsuloligamentous complex and the joint geonf@apawat

and Kelly, 2003_unn et al., 2016 The fibrous capsule acts as a closely fitted cuff attaching
to the acetabular rim and the base of the femoral neck; it is reinforced by the iliofemoral,
pubofemoral and ischiofemoral ligaments which limit excessive translation and rotation
(Tronzo, 1984CalaisGermain, 2007Lunn et al., 2016 The ligamentum teres connects the
acetabular notch and transverse acetabular ligament to the fovea capitis; while not a primary
stabiliser in the adult, it is anatomically present and may have roles in joint protection and

vascular supply during develo@mt (Palastanga, 2002



1.2.2 Labrum

The acetabular labrum plays an essential role in maintaining hip stability, preserving synovial
fluid mechanics and protecting the articular surfaces during daily and high demand activities.
Its structure and material composition are closely linked to éhesinctions, and
understanding this relationship is important for interpreting patterns of injarticularly

in the context of femoroacetabular impingement.

1.2.2.1 Structure and composition

The acetabular labrum is a triangular wedge shaped ring of fibrocartilage that attaches
circumferentially to the acetabular rim and slightly overhangs the femoral hEw@ulie3)
(Seldes et al., 200Palastanga, 2002In cross section it has a broad base at the acetabular
margin and a tapering free edge that blends with the adjacent articular cartilage through a
transitional fibrocartilaginous zone and a distinct tidemark (Seldes et al., 2001; Petersen et

al., 2003).

Its matrix is composed predominantly of type | collagen arranged circumferentially around
the rim, supported by smaller obliqgue and radial bundles that help stabilise the tissue under
complex loadindSeldes et al., 20Q0Petersen et al., 2003 Proteoglycan content is lower

than in hyaline cartilage, consistent with its primary tensile function.
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Figure3: Cross sectional diagram of the acetabular rim and labrum illustrating key anatomical
features. Hghlights the acetabulum, articular cartilage, tidemark, transitional fibrocartilaginous
zone, labrum, and the hip capsule. The triangular profile of the labrum, its continuity with the
articular cartilage through the transitional zone, and the relationghbetween the capsular side
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and load distributing functiongAdapted fromSeldes et al. (200])

Structurally, the labrum is organised into three layéiigred) (Petersen et al., 200%afran

and Hariri, 2010Bsat et al., 2018Bichler and Keel, 20197 he thin innermost layer, located

at the chondrolabral junction, consists of delicate, randomly oriented fibrocartilage. The
middle layer contains lamellar bundles of collagen that intersect at varying angles, providing
resistance to multidirectional laling. The outermost layer, closest to the hip capsule, is the
thickest and is composed of dense connective tissue with collagen fibrils arranged

predominantly in a circumferential direction.



-31-

Articular side Capsular side

=y
-

)

\)
O AW A
2 a3 fe A

Figure4: Diagram to illustrate thelayered organisation of the labrumA) The innermost layer
located adjacent to the articulating surface, composed of randomly oriented fibrocartilage. B) The
intermediate layer, consisting of collagen fibrils arranged in lamellar bundles that intersect at
varying angles. C) The outermost kayylocated near the capsular attachment, composed of dense
connective tissue with collagen fibrils aligned in a predominantly circumferential pattern (Adapted

from Petersen et al. (2003)

Vascularity is mainly restricted to the outer (peripheral) region, near the capsular
attachment, while the inner articular portion remains avascular and reliant on synovial
diffusion (Seldes et al., 2001 Sensory fibres accompany the peripheral vessels and are
concentrated near the base and articular margin, supporting proprioception and sensitivity
to mechanical loadingBuchler and Keel, 2019Geometry also varies regionally, with the

anterosuperior labrum typically thicker and broader, reflecting the higher mechanical

demands encountered during flexion and internal rotat{®alastanga, 2002

1.2.2.2 Mechanical function

The labrum deepens the acetabulum and contributes approximately 33 percent of the
combined acetabular volum@alastanga, 20QBiichler and Keel, 20).9ore than half of

the femoral head is securely contained within this structure, supported by a tight pressurised
seal between the labrum and femoral he@i¢eogh and Batt, 2008sat et al., 201,@Bchler

and Keel, 2019 Any attempt to distract the joint generates a negative pressure gradient,

enhancing stability and reducing strain on the underlying cartilage.

The fluid seal also creates a pressurised environment that retains synovial fluid within the
joint space. This supports a nutrient rich milieu and enables the formation of a uniform fluid
film across the articulating surfaces, improving lubrication anducédy friction during

movement(Keogh and Batt, 2008sat et al., 2016
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The circumferential collagen fibres allow the labrum to resist hoop stress, a tensile force that
develops around the curved rim when the femoral head pushes outward during loading. This
property helps redistribute loads away from the cartilage and stasilihie joint during

activities involving rotation or weight bearing.

1.2.2.3 Labral damage

Although the circumferential collagen architecture enables the labrum to resist tensile
forces, repetitive rim loading or excessive mechanical demand can produce longitudinal
splits or partial separation at the attachment site or along the chondrolabnatijon (Seldes

et al., 2001 Narvani et al., 2003 The transitional region between fibrocartilage and hyaline
cartilage, marked by the tidemark, represents a mechanically vulnerable interface,

particularly where tissue integration is less uniform.

This vulnerability is heightened in the anterosuperior quadrant, where combined flexion and
internal rotation generate higher shear forces. These structural and loading characteristics
are consistent with the predominance of anterosuperior labral tear®regl clinically and

in cadaveric studieSeldes et al., 200McCarthy et al., 2003

1.2.3 Articular cartilage

Articular cartilage provides the hip with a smooth, low friction surface and protects the
underlying bone by distributing load during weightbearing activities. Its structure varies with
depth, and its mechanical behaviour reflects interactions betweensibléd extracellular
matrix and the interstitial fluid contained within it. Together, these features enable the tissue
to support substantial forces while maintaining joint mobility and resisting wear. They also
shape how cartilage responds to abnormal lmadenvironments such as those present in

femoroacetabular impingement (FAI).

1.2.3.1 Structure and composition

Articular cartilage is a specialised hyaline tissue composed of water, type Il collagen,
proteoglycans and chondrocytes arranged in depth dependent zdBdmsale and

Richardson, 20Q&.ittle et al., 2011Eschweiler et al., 2031Water is the most abundant
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component, accounting for {@5% of the total weight, with the highest concentration in
the superficial zoneéWater iscritical for both lubrication and load support. The high water
content allows the tissue to deform under load, store elastic energy, and redistribute
pressure, while also supporting fluid film lubrication at the joint surface. This reliance on
water balarce is clinically important because changes in tissue hydration and osmotic

pressure are early features of osteoarthritis.

Collagen contributes &F0%of the dry weight, forming the fibrillagcaffoldresponsible for
tensile strength and shape retentioRroteoglycans make up roughly?80f the dry weight

and play a key role in resisting compression through their ability to attract and retain water.
Chondrocytes comprise arounéadf the tissue volume and are responsible for synthesising

and maintaining the extracellular matrix.

Cartilage thickness is not uniform across the acetabulum. It is typically thickest
anterosuperiorly, where contact stresses are greatest, and thinnest adjacent to the

acetabular fosséBuchler and Keel, 2019

The tissue is commonly described in four zones:

1 The superficial zone contains flattened chondrocytes and collagen fibrils aligned
parallel to the surface, providing shear resistance and maintaining smooth
articulation.

1 The middle (transitional) zone has a more random fibril orientation and dissipates
strain between superficial and deep layers.

i The deep zone contains vertically aligned fibrils and the highest proteoglycan
concentration, providing compressive stiffness.

1 Finally, the calcified zone anchors the tissue to subchondral bone through the

tidemark(Little et al., 2011Eschweiler et al., 2021

This gradual change in composition and organisation allows the tissue to resist combined

compressive and shear forces effectively.
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1.2.3.2 Biphasic behaviour and load support

Articular cartilage behaves as a biphasic material, meaning it is composed of two interacting

phases: a solid matrix of collagen and proteoglycans, and a fluid phase formed by the

interstitial water occupying the matrix pores. When the tissue is loadediriterstitial fluid

becomes pressurised and initially carries much of the load, limiting deformation of the solid

matrix (Mow et al., 1980QLittle et al., 201). With sustained loading, fluid gradually exudes

from the tissue and the solid matrix takes up a greater proportion of the load. This shifting
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behaviour, in whicnthe mechanical response depends on both the magnitude and the

duration of loading.

As a result, cartilage does not behave like a simple elastic material. Instead, it displays creep,
where deformation increases gradually under a constant load, and stress relaxation, where
stress declines over time under a constant deformation. These diepeendent responses

allow cartilage to absorb impact, redistribute forces across the joint and minimise stress

concentrations at the bongcartilage interface.

1.2.3.3 Synovial fluid

Synovial fluid plays an essential role in maintaining the normal function of the hip joint. It is
an ultrafiltrate of plasma enriched with molecules produced by the synovial membrane,
including hyaluronan, lubricin and phospholipi@hmidt et al., 200K atta et al., 2008
These molecules give synovial fluid its distinct viscoelastic behaviour, allowing it to resist
rapid deformation and support load during movement. Its viscosity changes with shear rate,
becoming less viscous during fast motion and more viscous at skates, which helps

stabilise the lubrication environment during different activities.

A further function of synovial fluid is maintaining the osmotic and ionic environment required
for cartilage health. The high glycosaminoglycan content of the cartilage matrix draws water
into the tissue, while synovial fluid provides the external envirentrthat helps regulate

this balanceZimmerman et al. (20219howed that changes in osmotic pressure influence
how cartilage retains or releases interstitial fluid, underscoring the importance of synovial

composition for sustaining normal hydration and mechanical function. Synovial fluid also
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supplies nutrients to the avascular cartilage surface and removes metabolic waste. Together,
these properties allow synovial fluid to support load transfer, protect the cartilage surface

and maintain the fluid environment required for normal joint function

1.2.3.4 Lubrication mechanisms in the hip

Lubrication in the hip is maintained through several complementary mechanisms that work

together to control friction and protect the articular surfaces:

9 Fluid film lubrication arises from interstitial fluid pressurisation within the cartilage.
During rapid or cyclic loading, this pressurised fluid supports most of the applied load
and separates the surfaces, maintaining very low fric(i¢atta et al., 2008

I Boundary lubrication is provided by molecules within synovial fluid, including
hyaluronan, lubricin and surface active phospholipids. These molecules adsorb to the
cartilage surface and create a protective molecular layer that resists shear when the
joint surfaces come into close contg&chmidt et al., 20Q'Katta et al., 2008

1 Mixed lubrication operates during much of normal motion, where fluid
pressurisation persists but boundary lubricants also contribute. This regime reflects
the balance between load support from interstitial fluid and the surface protection

provided by synoal molecules.

The ability of cartilage to sustain these lubrication regimes depends on its high water content
and the fixed negative charges of proteoglycans, which draw in and retain interstitial fluid.
This helps maintain internal pressure and slows the rate of #xiddation under load.
Synovial fluid also plays a key role in maintaining the osmotic environment around the tissue.
Zimmerman et al. (202-emonstrated that changes in osmotic pressure can influence how
cartilage retains or releases water, affecting its ability to support fluid film lubrication.
Disturbances in hydration, alterations in synovial fluid composition, or damage to the

cartilagesurface can therefore reduce lubrication efficiency and accelerate wear.

1.2.3.5 Cartilage damage

The pattern of cartilage damage reflects its depth dependent structure and biphasic

behaviour. The earliest changes typically occur in the superficial zone, where the collagen
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fibrils are aligned parallel to the surface. Shear forces disrupt this network, producing surface
fibrillation, loss of smoothness and weakening of the lamina splendens. As loading continues,
reduced fluid pressurisation increases strain within the midalieé deep zones. Proteoglycan
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retain water and resist compression.

As damage progresses, these internal defects may extend towards the subchondral bone,
resulting in full thickness cartilage loss. At this stage, the bone becomes exposed and friction
increases, accelerating wear and greatly increasing mechanical stressd@mark, which

forms the interface between the deep zone and calcified cartilage, is also a mechanically
vulnerable plane. Because the calcified layer is much stiffer than the uncalcified cartilage

above it, repeated loading can cause delamination, \ehle layers begin to separate.

These damage pathways are consistent with the patterns observed in early osteoarthritis
and in mechanical environments where load is abnormally concentrated, such as in

femoroacetabular impingement.

1.2.4 Osteoarthritis

Osteoarthritis is a progressive joint disorder characterised by deterioration of the articular
cartilage and accompanying changes in the subchondral bone and synovial tissues. The
earliest structural changes typically occur within the superficial cartilager, where
RAANHzZLIGOA2Y 2F GKS O2fttl3Sy ySGug2N] FyR f2aa
maintain fluid pressurisation and resist shear. As degeneration progresses, the cartilage
becomes softer, more permeable and less capable of sustpgompressive loads, leading

to fibrillation, fissuring and eventual full thickness cartilage loss (Little et al., 2011; Bhosale
and Richardson, 2008). These structural changes account for the clinical features of OA,
including pain, stiffness and reduceahge of motion. Although multiple factors contribute

to its development, including ageing, mechanical overload and joint morphology, the central
pathological feature is the gradual failure of the articular cartilage to maintain its normal

mechanical andiblogical function.

¢
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1.2.5 Movement

The hip joint permits movement in three planes and has a large overall range of motion. Hip
motion is typically described in terms of flexion and extension in the sagittal plane, abduction
and adduction in the frontal plane, and internal and external riotain the transverse plane
(Figureb). These movements occur around three orthogonal axes that intersect at the centre
of the femoral head. In a healthy hip, rotational movements are largely unconstrained, while
excessive anterior to posterior or medial to lateral translation is restrictgdhe joint

capsule, ligaments and surrounding musculature.
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Figure5: Schematic showing planes used to describe motion in the hip.

Although range of motion varies between individualable 1 summarises widely
accepted reference values for a normal hip joint. Flexion and extension in the sagittal
plane provide the greatest range of movement. Overall, the physiological range of

motion of the hip exceeds that required for most activities ofyhiing.
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Tablel: Widely accepted normal range of motion values in the hip (adapted fridiordin et al.

(2022).
Plane Movement Normal Range of Motion

Sagittal Flexion 0°-140°

Extension 15°-0°
Frontal Abduction 0°-30°

Adduction 25°-0°
Transverse External Rotation 0°-90°

Internal Rotation 70°-0°

1.3 Femoroacetabular impingement

Descriptions of femoroacetabular impingement (FAI) within the literature are often
inconsistent, particularly where symptomatic and asymptomatic findings are reported
together (Griffin et al., 201% To address this, the Warwick Agreement provides a clinically
accepted definition, stating that a diagnosis of FAI should be based on the combined
presence of symptoms, clinical signs and imaging findings. Morphology alone is not sufficient

for diagnosis, ad many individuals with cam or pincer features remain asymptomatic.

FAI arises from abnormal bone morphology at the acetabulum, femoral head neck junction
or both. During movements such as flexion, rotation or combined motion, these regions
come into earlier or more forceful contact than in a normally shaped joint, crggiain,
reduced range of motion and, over time, damage to the labrum and cart{Bgel, 2014
Griffin et al., 201% The most common symptom is groin pain, although discomfort can
radiate to the lateral hip, thigh or buttock and may occur during high demand activities,

routine movements or even sedentary postures.

A range of clinical tests are used to support the diagnosis of FAI, and these rely on provoking

GKS LI GASyGQa aeyvyLiizvya o6& LIIFOAYy3 (KS KAL) Ayidz2
most likely to occur. The flexion, adduction and internal rotation (RARdst, also referred

to as the anterior impingement test, is the most commonly used manoe{Byed, 2014

Although these assessments can be sensitive, their specificity is limited because hip pain can

arise from several intra and extaticular sources. Reproducing the hilglad conditions

that trigger symptoms during daily or sporting activities is alsalehging during a manual
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examination. For this reason, it is generally recommended that more than one clinical test is

used when evaluating a patient for FAI.

Diagnostic imaging is essential for identifying FAI morphology and associated soft tissue
pathology Two primary types of FAI are recognised: cam, defined by flattening or convexity
at the femoral head neck junction, and pincer, characterised by excessive acetabular

coveraggGriffin et al., 2015 These morphologies are illustratedRigure6.

Pincer — Cam

Figure6: Schematic drawing of the different types of impingement pincer (left) and cam (right).

Radiographs are the first line imaging modality and provide an overview of bone morphology.
They allow assessment of acetabular coverage, head neck offset and potential indicators of
impingement, such as the crossover sign for pincer morphology and the almle for cam
morphology.Radiographs taken in anteroposterior and lateral or Dunn views can reveal the
location and size of a cam deformity, the presence of acetabular retroversion, and any
excessive lateral or anterior coverage of the femoral hékahnast et al., 200jbMore
advanced imaging, such as MRI and magnetic resonance arthrography, is used to evaluate
soft tissue structures including the labrum, cartilage and chondrolabral junction. Computed
tomography (CT) provides the most accurate assessment of bony morpleidgg often

used when3D reconstruction is required, especially for surgical planr(ifgnnast et al.,

20070 Leunig et al., 2009

Figure7 and Figure8 from Albers et al. (2016Jemonstrate the level of detail that can be

obtained from routine clinical imagingdzigure 7 presents examples of cam morphology
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visualised with radiography and MR, illustrating how these modalities complement each
other by showing both the bony contour abnormality and the associated soft tissue changes.
Figure8 provides comparable examples for pincer morphology, combining radiographs and
CT to highlight acetabular overcoverage and the precise configuration of the acetabular rim.
Together, these figures illustrate how multimodal imaging contributes to the diagrmds

FAI

Figure7: Camtype femoroacetabular impingement demonstrated using radiography and M)
Anteroposterior pelvic radiograph showing loss of femoral hea&ck concavity. (B) Frog leg view
highlighting the cam prominence and associated alpha angle. (C) Radial MRI illustrating reduced
headcneck offset and associated contour abnormality. (Rg8tal slice MRI demonstrating soft
tissue involvement at the chondrolabral junction. Reproduced with the permissioAlbgrs et al.

(2016) Copyright of Oxford University Pred§ee8.5 Appendix E)
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Figure8: Pincertype femoroacetabular impingement shown using radiography & CT. (A)
Anteroposterior pelvic radiograph demonstrating acetabular overcoverage characteristic of pincer
morphology. (B) 3D CT image providing detailed visualisation of acetabular rinmpnence &
depth of overcoverage. Reproduced with the permissiomAtifers et al. (2016)Copyright of
Oxford University PresgSee8.5 Appendk E)

1.4 Quantification of camtype hip shape

1.4.1 Measuring am-type morphology

Cam morphology is commonly quantified using imaging measurements that describe the
degree of asphericity at the femoral heaukck junction. The most widely used of these are
the alpha angle and the hegqdeck offset, both of which can be assessed on MRiror
specific radiographic projectiongigure9 shows MRI examples froiorris et al. (2018)

illustrating how these measurements are obtained
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Figure9: Oblique axial view parallel to femoral neck. (A & &lpha angle is measured by drawing
a best fit circle over the femoral head, then measuring the angle between the midline of the femur
and the point at which the neck no longer sits within the circlad( wSLINBSa Sy da ay2N)I & 224
(© cam type hip(B & D) Heaeheck offset ratio is calculated by measuring the distance between
GKS G2 LINIEESEt tAySa F2NI I g 063X GKSy OFtOdz FdAy3 G
joint and (D) cam type hipReproduced with the permission ®forris et al. (2018) Copyright of
Oxford University Pres¢See8.5 Appendix E)

In routine clinical practice, radiographic assessment of cam morphology relies on specific
projections that maximise visualisation of the anterior heagck junction. Recommended

views include:

1 a standing anteroposterior pelvic radiograph,
9 alateral projection of the proximal femur, most commonly the Dunn 45° view,

1 and, where appropriate, a crog¢able lateral or frogeg lateral.
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These views are consistently described in the diagnostic literature as the most sensitive for
detecting cam lesionélannast et al., 2007keunig et al., 20QByrd, 2014 Albers et al.,
2016). They allow the alpha angle to be measured reliably, while MRI provides higher soft

tissue contrast and a more precise depiction of the anterior contour.

The alpha angle quantifies the point at which the femoral head contour deviates from a
perfect sphere. It is defined as the angle between the central axis of the femoral neck and
the point on the headneck junction where the contour diverges from the a@rof best fit
(Philippon et al., 200Morris et al., 2018 InFigure9 (A & G, the measurement is shown

on an axiajobliqgue MRI slice, the plane most commonly used to assess anterior cam
morphology because it aligns with the region where asphericity typically dev@Mipers et

al., 2019.

The headneck offset provides a related measure of concavity. It is calculated by drawing
one line tangential to the anterior surface of the femoral head and another to the anterior
surface of the neck, then measuring the perpendicular distance between therris et al.,
2018. Reduced offset reflects diminished concavity and is characteristic of cam morphology.

Figure9 (B & D)Xemonstrates this measurement on the same MRI plane.

Although the figure used here shows Mitised examples, the fundamental principles of
these measurements apply across imaging modalities. Radiographs are typically used as the
first-line assessment, while MRI provides additional detail when evaluatingxtent of

associated labral or cartilage changes.

1.4.2 Size and location of cam lesions

There is considerable variation in the alpha angle thresholds used to define cam morphology.
Reported values across the literature range from 58° to more than 90°, reflecting differences
in measurement technique, radiographic view and whether the populastudied was
symptomatic or asymptomatig¢van Klij et al., 202@ ! GKNBakK2tR 27
recommended in several recent papers as a practical cut off that reduces misclassification,
particularly when identifying cam morphology in asymptomatic individ(M&scarenhas et

al., 2018 van Klij et al., 2020 Differing radiographic projections partly explain

inconsistencies in the literature, as small changes in the angle of imaging can alter the
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location of the point where the contour of the femoral head neck junction deviates from

sphericity(Morris et al., 2018

The prevalence andharacteristiceof cam morphology also appear to differ between men
and women. Several clinical series have reported higher rates if@Gaz et al., 20Q8yrd,

2014). Mascarenhas et al. (2018)und cam morphology in 44of males and 2&of females

in an asymptomatic cohort, using an alpha angle threshold of 60°. Sex based differences in
cam geometry have also been describ¥dnke et al. (2015gported that females tend to

have smaller and shallower cam lesions, which may be less visible on certain radiographic
projections. Furthermore, cam position may differ by sex: females commonly exhibit a more
superior cam, whereas males tend to preserithaa more anterior prominencéCooper et

al., 2017. These positional differences mean that the apparent severity of the cam can vary
between imaging views. A lesion that appears prominent on an anterior posterior view may

appear less pronounced, or even absent, on a more lateral view.

Although the anterosuperior region of the acetabulum is the most consistently affected in
cam type FAI, it is not the only region where damage may develop. The precise location of
damage depends on the size, extent and orientation of the cam deformitget.ar more
proximally extending cams may shift contact closer to the superio(PiascualGarrido et

al., 2019, while anterolateral lesions may initiate engagement more anterig¢hya et al.,
2016). Posterior acetabular damage is uncommon in isolated cam morphology and, when
present, is usually associated with combined cam pincer patterns ocwittie coup loading

in pincer hipgdGanz et al., 2003Accordingly, while the classic pattern of cam related injury

is anterosuperior, the overall distribution of damage exists along a spectrum influenced by

anatomical variation.

1.4.3 Who is affected?

Cam morphology is most commonly acquired during adolescence, when the proximal
femoral physis remains open and responsive to mechanical loading. Longitudinal work has
shown that adolescents who participate in highpact or highvolume sports are
significantly more likely to develop cam morpholo¢igricola et al., 203 4rank et al., 2015
Morris et al., 2018 These activities load the hip in deep flexion and internal rotation,

producing repeated compressive and shear forces across the developingieeagunction.
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Over time, this loading environment is thought to alter physeal growth, causing the capital
femoral epiphysis to extend towards the metaphysis and reduce the normalcheak

concavity(Agricola et al., 203,Morris et al., 2018

This mechanism is directly relevant to FAI because the movements associated with cam
formation (flexion, internal rotation, pivoting) are the same movements that later produce
impingement. Once the growth plate closes, the cam shape becomes fixed, and the
individual continues to perform the same higemand motions. Thus, the biomechanics

that shape the developing femur continue to shape joint loading in adulthood.

Demographic trends reflect this developmental pattern. Males, who often engage in higher
impact sports during physeal maturation, exhibit a higher prevalence of cam morphology
and typically present with larger, more anteriorly located lesi(@anz et al., 2008yrd,

2014 Mascarenhas et al., 20L8~emales tend to show smaller, more superior cam shapes
(Yanke et al., 203%Cooper et al., 2017 These positional differences influence the point of
first contact during flexiogrotation and help explain sespecific variations in FAI symptoms

and damage patterns.

Not all cam lesions arise through adolescent loading. Secondary cam morphology can result
from conditions such as slipped capital femoral epiphysis, {@ajgePerthes disease,
trauma or infection, all of which alter the heaakeck contour(Byrd, 2014. Regardless of the
underlying cause, the defining feature is loss of concavity, which increases the likelihood that

flexion and rotation will generate elevated shear forces at the acetabular rim.

In summary, cam morphology most often develops under mechanical conditions that mirror
those that later provoke hip impingement. The mechanical environment during growth
determines the geometry that governs rim contact in adulthood, explaining why pHysical

active young males represent the most frequently affected group.
1.5 Damage in cantype hip impingement

Camtype femoroacetabular impingement produces damage through the abnormal contact

of an aspherical femoral hegdeck junction with the anterosuperior acetabulum during hip
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flexion and internal rotation. Compared with pincer morphology, which typically causes
more focal rim compression, cam morphology drives a larger arc of shear across the
chondrolabral junction and is widely regarded as the more destructive pa(Bzok et al.,

2005 Frank et al., 2013Morris et al., 2018 The characteristic appearance and progression
of damage are best understood by considering the specific organisation of the labrum and

the depth-dependent fibre architecture of articular cartilage.

1.5.1 Mechanisms of cam FAI damage

As the cam enters the joint, the lack of a normal hgaetk offset produces combined shear
and compressive loading at the anterosuperior acetabulum. The superficial fibres of articular
cartilage, which normally run parallel to the surface, experience taighential shear. At the
same time, compressive load is transmitted into the deeper zones and the tidemark, where
the stiff calcified layer restricts deformation relative to the overlying cartilage. The labrum,
with its predominantly circumferential collag alignment and firm rim attachment, is pulled

outward as the cartilage is pushed centrgBeck et al., 200K eogh and Batt, 2008sat et

v A oA v oA
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in surgical studies.

Because the anterosuperior acetabulum has thicker cartilage, higher contact forces and a
sharper transition between the labrum and cartilage, this region is particularly vulnerable to

sheardriven separation and early cartilage debond{Bgck et al., 200%aya et al., 2016

1.5.2 Structural vulnerability and mechanisms of tissue failure

Camtype impingement produces damage in predictable regions of the joint because loading
occurs in a consistent direction duringpvements The location and pattern of injury reflect

how the cam engages the acetabular rim and how the local tissue architecture responds. The
structural organisation of the chondrolabral junction, cartilage and labrum determines which
areas are most vulnerablend how each tissue fails under shear and compression. The
following section outlines the regions most commonly affectend explains the key

mechanisms that give rise to their characteristic damage patterns.
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1 Chondrolabral junction: The transitional zone between the fibrocartilaginous labrum
and hyaline cartilage is thin, only one to two millimetres, and contains collagen fibres
shifting orientation as they blend from circumferential to oblique and vertical
arrangementgPetersen et al., 2003This makes the junction inherently weaker in
shear. During impingement the cam pushes the cartilage centrally while the labrum
is displaced outward, placing opposing forces across this interface. As a result, early
internal separation frequently developat the junction before obvious surface
tearing of either tissue occufBeck et al., 200K eogh and Batt, 2008

1 Articular cartilage: The superficial zone, with its parallel fibrils oriented to support
shear glide, is the first region to experience disruption when shear stresses exceed
local strength. Beneath this, the deep zone is stiffer and firmly anchored todhe
at the tidemark. This mismatch in compliance creates a natural shear plane where
the more compliant superficial and middle zones can slide over the calcified
cartilage. Repeated loading deepens this cleavage, producing the characteristic
pattern of arterosuperior delamination in cam higBhosale and Richardson, 2008
Little et al., 2011

T [ FoNHzYY ¢KS € 06NHzYyQa OANDdzYFSNByiGAlLf O2¢f
split longitudinally when stretched around the rim. Although the anterosuperior
labrum is structurally thicker, this region experiences the greatest tensile strain
during fexion and internal rotatiorgSafran et al., 20)1With repeated cam loading,
this produces localised tearing, partial detachment and fraying patterns that often
develop secondary to chondrolabral separation and cartilage delaminéBieck et
al., 2009.

These structural mechanisms explain where damage initiates and how failure progresses at
the tissue level. The clinical appearance of these lesions, as observed arthroscopically, is

described in Sectioh.5.3

1.5.3 Clinical appearance of damage in cagpe FAI

Many of the damage patterns associated with cam morphology have been described in vivo
through arthroscopy and open surgery. These clinical descriptions provide a useful reference

for interpreting the appearance of damage in vitro. The following sectionnsarises the
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main lesion types and explains how their macroscopic appearance relates to the underlying

structural mechanisms.

9 Carpet phenomenon/wave sign: Shear at the chondrolabral junction lifts the
superficial cartilage while deeper layers remain attached, producing a rippled or
wave like appearancBeck et al., 200%onan et al., 201 Barros et al., 2009 This
reflects early disruption of the superficial collagen network with partial loss of
fixation but without exposure of subchondral bone. It is consistent with the
superficial zone being the first layer to fail under shear.

1 Delamination: Delamination is the hallmark lesion of cam impingement. It refers to
partial separation of the hyaline cartilage shell from the calcified cartilage and
underlying bone(Beck et al., 2005Jannelli et al., 2009 The mechanism arises
because the deep zone remains stiff and anchored, while the superficial and middle
zones are displaced by repeated shear from the cam. Over time, these differential
motions deepen the internal cleavage plane. The labrum usually remaiact at
this stage because its rim attachment is stronger than the cartilagiee interface.

1 Chondrolabral separation: Chondrolabral separation develops when loading at the
transitional zone exceeds the strength of its fibre arrangement. During impingement
the fibrocartilaginous labrum is pulled outward and the hyaline cartilage is pushed
centrally, creating opposing forces across the junction. Histology consistently
demonstrates failure within this transitional region rather than at the bony
attachment (Beck et al., 2005Kappe et al., 200F & dzLJL2 NI Ay 3 GKS a2 dzia
mechanism described for early FAI injidgogh and Batt, 2008

9 Labral tearing: Although not the earliest structure to fail, the labrum can tear as
impingement loads accumulate. Longitudinal splits follow the circumferential fibre
direction, while partial detachments and fraying occur adjacent to regions of
cartilage @lamination. These patterns mirror the regional strain environment
reported bySafran et al. (20119s well as the mechanical interplay between labral

tension and cartilage shear during cam loading.

1.5.4 Damage characterisation methods

Several clinical grading systems are used to describe cartilage and labral injury in the hip, and

three of these were considered relevant to this project: the Outerbridge, Beck and Konan
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systems. Each was reviewed to assess how well it could describe the patterns of damage
seen in the in vitro acetabuld &ble2). Importantly, none of the existing clinical systems
include descriptors for subtle or early stage surface changes, such as blushing or the initial
stages of bubbling, which are observed in vitro but do not appear in the clinical grading
literature. These edy features are relevant in simulation based studies because they

represent the first indications of matrix deformation before more advanced lesions develop.

Table2: Summary of arthroscopic damage characterisation methdBgck et al., 2004llizaliturri

et al., 2008 Konan et al., 2011Barros et al., 201p

Method Outerbridge Beck Konan (or Haddad)
Grading Grade 0: Normal 0 Normal: 0: Normal articular
system Grade [: Softening macroscopically sounq cartilage.
and swelling cartilage. 1: Softening/wave sign;
Grade II: Fragmentin¢ 1 Malacia: roughening loss of attachment to
or fissuration less of surface, fibrillation. | subchondral bone.
than 1 cm 2 Debonding: loss of | 2: Cleavage lesion,
Grade llI: fixation to the separation from
Fragmenting or subchondral bone, chondrolabral junction, no
fissuration more than| macroscopically soun( evidence of delamination.
lcm cartilage, carpet 3: Delamination
Grade IV: Exposed | phenomenon. 4: Exposed bone
subchondral bone. | 3 Cleavage: loss of | With further classification
fixation from of letters to describe what
subchondral bone; proportion of the zone wayg
frayed edges, thinning damaged.
of the cartilage. A: less than one third of
4 Defect: full thicknesg the distance from the
defect. acetabular rim to the
cotyloid fossa.
B: onethird to two-thirds
of this distance.
C: greater than two thirds.
Location of Location of damage | Location of the damaged
damage was based on the area is described using a
clockface method. (12| zonal method (created by
2Q Of 201 a&| llizaliturri et al. (2008)Six
200f 201 A Y| zones that are used to
dissect the femoral head
and acetabular surface.
Advantages | Grading system that | Designed for Reliable method for
considers the classifying damage in| describing the location of
size/extent of any the hip. damage.
possible lesions Designed for classifying
damage in the hip.
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Disadvantageg Categories used in | Often difficult to Not all grade descriptors
classification may not differentiate between | will be applicable for use i
be helpful in grades. describing in vitro
describing damage in Clockface method of | simulation damage

the hip. describing location ha
The parameters for | been linked to
determining the size | perception errors.
and grade of a lesion| Not all grade

may not translate to g descriptors will be
smaller porcine applicable for use in
acetabulum. describing in vitro
simulation damage.

The Outerbridge system provides a simple four stage scale based on surface changes and the
size of a lesion. Although widely used in knee surgery, it is less suited to hip pathology. Grades
two and three differ only by whether the fissuring is above oplhebne centimetre, which

means the classification focuses on size rather than the mechanical characteristics of the
lesion (Amenabar et al., 2025 In addition, common patterns seen in femoroacetabular
impingement, such as loss of fixation or cleavage at the chondrolabral junction, are not
represented within this systerfKonan et al., 20%1Polesello et al., 20)9The reliance on
human scale dimensions also makes it difficult to apply directly to smaller porcine acetabula.
For these reasons, the Outerbridge method was considered to have limited use in describing

simulator generated damage.

The system is also fundamentally designed to quantify severity rather than classify the type
of damage. This distinction is important because in vitro simulations often produce small,
mechanism specific features that do not fit into an ordinal severitledmat can still indicate

meaningful differences between loading conditions.

The Beck method was developed specifically for FAI and describes characteristic patterns
such as malacia, debonding, cleavage and full thickness défet& et al., 2005 This
makes it conceptually appropriate for the types of damage expected in cam morphology.
However, reliability studies show that differentiating between malacia and debonding is
difficult, with poor agreement between observeiidepple et al., 2012 This is likely because
early cam related lesions often show mixed features. A further limitation is that the Beck
system does not distinguish between different levels of severity and therefore does not

represent the progression of the disea@@nan et al., 20L1Amenabar et al., 20)5While
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valuable for identifying FAI related patterns, it does not fully capture the range of surface

and subsurface changes seen in vitro.

Although the Beck categories are linked to FAI, they merge structurally different patterns
such as labral tearing, delamination and surface fibrillation into the same grade. Combining
these mechanisms limits their usefulness in simulator studies wheredifigieg the type of

tissue failure, rather than ranking its severity, is essential for interpretation.

The Konan system was also developed for the hip and places more emphasis on the
progression of FAI related cartilage injury, distinguishing between softening, cleavage,
delamination and exposed bon@onan et al., 2001 This better reflects the sequential
mechanical failure mechanisms described earlier in this chapter. The system also
incorporatedlizaliturri et al. (200820nal method to describe lesion location, which improves
consistency and maps well onto the anterosuperior distribution typical of cam impingement
(Nizaliturri et al., 2008Polesello et al., 20)9Despite this, some descriptors need adapting

for smaller acetabula and certain categories remain difficult to apply in vitro.

Damage location is most commonly recorded using either the clock face method or the zonal
YSGK2R® ¢KS Of201 F¥FrOS YSGiK2R RAGARSaA GKS IO
4G GKS GNI yadSNRBRS | OSGF odz | NI f atBEd(BeK gtial., | y R (i ¢
2005. This system offers flexibility but is susceptible to perception errors in vivo because

patient positioning alters the apparent location of the acetabular rim. Although these issues

are less prominent in a disarticulated in vitro model, sample inclinadioch the irregular

geometry of porcine acetabula can still influence accuracy.

The zonal method divides the acetabulum into six anatomically defined Zbizasturri et
al., 2008. Because it relies on fixed landmarks rather than orientation, it is more reliable for

the present study and was therefore used as the primary location descriptor.

Taken together, these limitations highlight that current clinical grading systems are not
designed to classify the specific forms of damage produced in controlled in vitro settings.
They focus predominantly on severity, whereas simulator studies requiechanism based

approach that can distinguish between subtle and structurally distinct patterns of failure.
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None of the three systems examined was able to capture the full range of damage observed
in the simulator. The Outerbridge system lacked descriptors relevant to FAI related patterns,
the Beck system had difficulty distinguishing early lesion types andndidreflect
progression, and the Konan system, although more representative, required modification for
porcine anatomy. Important features such as chondrolabral separation, internal cleavage
planes, the development of early bubbling and the distributiorbloishing were not fully

described by any single method.

In addition, the reliance on surface visualisation during testing meant that descriptors
needed to be recognisable from photographs rather than from arthroscopic tactile
assessment. This further limited the applicability of existing systems, which ofpemden

probing, depth assessment or clinical judgement.

For these reasons, a new in vitro classification approach was developed specifically for this
project. It draws on elements from clinical systems but is adapted to the structural
mechanisms outlined in Sectidnb.2and the macroscopic appearances described in Section
1.5.3 Damage was assessed visually, photographed and recorded using structured written

descriptors to ensure consistent reporting between samples.

1.6 Management of carrtype femoroacetabular

impingement

Management of cantype FAI typically follows a stepped approach, beginning with- non
operative strategies before progressing to surgery. The overall aim is to reduce symptoms,

improve function and, where possible, prevent further structural deterioratiothefjoint.
1.6.1 Non-operative management

Conservative treatment is recommended as the first line of management, particularly in
individuals with early symptoms and no radiographic evidence of advanced degeneration.
Several studies have shown that structured physiotherapy programmes can improve pa

and function by strengthening periarticular muscles, improving lumbopelvic control and
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modifying movement patterns that provoke impingemefasculli et al., 2023 Activity
modification and norsteroidal antiinflammatory medication are commonly used alongside
physiotherapy, while image guided inteaticular corticosteroid injections can provide short

term relief in selected cas€Rasculli et al., 2023

Randomised controlled trials have compared conservative care with arthroscopic surgery.
Griffin et al. (2018)and Palmer et al. (2019poth reported improvements in patients
receiving physiotherapbased management, although arthroscopy produced larger and
more sustained improvements for most outcomes. These findings illustrate that non
operative strategies can be effective, but may ma&uficient for individuals whose symptoms
persist despite a structured period of conservative management. In clinical practice, surgery
is considered when symptoms remain troublesome after several months ebperative

care, imaging confirms cam morpbgly, and the joint shows minimal degenerative change
(Tonnis grade €ll) (Hassan et al., 2022

1.6.2 Surgical iterventions

Surgical intervention is indicated for patients with persistent groin pain, positive
impingement signs and imaging evidence of cam morphology after an adequate trial of
conservative management. The overarching aim is to restoredresuk concavity, increas
clearance during flexion and internal rotation, and reduce mechanical conflict at the
acetabular rim. Intraoperative dynamic assessment of impingement is often used to confirm

the site and extent of resection requirdBhilippon et al., 200Bedi et al., 2011

The deformity associated with cam impingement is treated by performing an osteoplasty to
recontour the femoral heagheck junction. Arthroscopy is how the most commonly used
approach, allowing direct visualisation of the joint with minimal disruption to@uding
tissues. Using a round burr, the surgeon removes the excessive convexity until a more normal
head;neck offset is restored. Typical resections are approximatefyrien in depth and 8

12mm in width, although the exact dimensions depend on the sizel@ation of the cam

(Philippon et al., 2007

Open surgical dislocation was historically considered the gold standard because it offered

complete visual access to the femoral head and acetabulum. Although less commonly used
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today, it remains an important option for complex or revision cases where arthroscopic
access is limite@Byrd, 2014 Hassan et al., 2022Some procedures employ a combined
arthroscopicopen approach, particularly when there are concomitant acetabular

abnormalities that also require correction.

Despite widespread use, several limitations remain. Resection depth and width rely heavily

2y GKS &dNBS2y Q& SELISNARSYOS FyR GKSANI FoAftAdGe
concavity is restored. Oweesection can weaken the femoral neck, and réises greater

than 30 percent of the diameter are considered biomechanically un@idippon et al.,

2007). Conversely, undaesection can leave residual deformity, which is a recognised cause

of ongoing symptoms and failure to return to hifgtvel activity(Bedi et al., 20111

Postoperative biomechanics do not always return to norBabkson et al. (2013pund that
although gait improved after cam resection, hip kinematics in patients with FAI did not fully
match those of healthy controls. A similar pattern was reportedRiglander et al. (2013)

who observed normalisation of simple walking tasks but persistent differences during more
demanding activities. These findings suggest that while surgery can alleviate symptoms, it
may not completely restore the mechanical environment of the joint, @ithecause of
residual morphological abnormalities or because lstanding movement adaptations

persist.

1.6.3 Why surgical practice has remained relatively staBle

Although surgical technigues have become more refined, the fundamental approach to cam
correction has not changed dramatically in the last decade. This is largely because the
underlying problem the abnormal shape of the femoral heatkck junction and its
mechanical interaction with the acetabular riremains the samé¢Hassan et al., 2022The

core aim of restoring concavity has not alteradurrent limitations are therefore less about
surgical access and more about the incomplete understanding of the mechanical thresholds
and movements that lead to damage. This lack of detailed biomechanical evidence helps
explain why surgical outcomes vamndawhy some patients continue to experience

symptoms despite technically successful procedures.
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1.7 Selection and suitability of animal models for in

vitro hip impingement studies

Human hip tissue is difficult to obtain, expensive, variable and not suitable for early stage
experimental development where large sample numbers and pilot testing are required. For
this reason, in vitro hip studies often rely on animal tisfAi@imal joints therefore provide a
practical alternative, but their suitability depends on how closely they reproduce the
geometric, structural and mechanical conditions that govern huhipriWwhen the goal is to
reproduce the mechanics that drive chondrolabral damage rather than to match morphology
alone, several characteristics become importafthese include femoral head size and
sphericity, cartilage thickness, cartilage stiffness and permeability, the capacity of the joint
to deform under combined shear and compression, the structure of the labamd,the
maturity of the skeleton Beyond these anatomical and mechanical factors, practical
considerations such as availability, ethical sourcemgd consistency between joints also

influence model selection.

The geometry of the femoral head is especially important because it governs congruency,
load transferand the orientation of sheafthat is, the direction of sliding forces across the
cartilage surfaceps the head engages the acetabular rim. Quantitative comparisons by
Taylor et al. (20123how that porcine femoral heads provide the closest geometric match to
human tissue. Human femoral heads measured 48.4 + 3.6mm in diameter, while porcine
heads measured 46.9 + 2.6mm, a very small difference. In contrast, ovine heads were
substantially smider at 36.1 + 2.1mm, and bovine heads were much larger at 54.2 + 4.1mm.
Taylor et al. (20123lso reported that porcine femoral heads demonstrated the smallest
directional variation between anterior posterior and superior inferior dimensions among the
animal species tested, making their overall shape the closest to human roundhésgs an
important consideration when investigatingam type impingement studie# head that is

too small increasedocal stresses and shifts contact to more inferior regions of the
acetabulum, whereas a head thatt@® large increases contact area and reduces the sharp,
localised shear that characterises human cam impingement. The close similarity between
porcine and human diameters and directional shape therefore supports their use for

reproducing realistic engageant mechanics in vitro.
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Cartilage thickness and material properties are also important considerations when selecting
an animal model. Human femoral head cartilage averages 1.82 + 0.18mm in thiCkades

et al., 2012. Bovine (1.32 + 0.13mm) and porcine (1.22 + 0.05mm) cartilage fall within a
broadly comparable range, although both are thinner than human tissue, while ovine
cartilage (0.52 £ 0.10mm) is considerably thinner and therefore less able to distribute load
physiologically. Beyond thickness, the mechanical behaviour of cartilage is central to
reproducing the shear displacement that characterises rim loading. Human cartilage has a
relatively highequilibrium modulus and low permeability, allowing it to maintaituid
pressurisation and limit compressive strain. Porcine cartilage, in contrast, is more compliant
and highly permeable, with deformation reaching 28.82 % @&f its thickness under
physiological loadingTaylor et al., 2012 Although this behaviour differs from that of
mature human cartilage, it produces a consistent deformation pattern that still facilitates
shear at the chondrolabral region. Ovine cartilage is substantially stiffer, with an aggregate
modulus of 3.94 + 2.5RIPa(Fermor et al., 201 and its limited permeability shifts loading
deeper into the tissue, reducing the development of shear planes associated with
delamination. Bovine cartilage, while not as stiff as ovine, is thicker than porcine and
distributes load over a broader contaatea, which reduces the localised shear that drives
separation at the rim. These differences have clear implications for modellingtygem
injury: species with cartilage that is too stiff (ovine) are likely to underestimate delamination,
whereas species ith cartilage that is too thick (bovine) may underestimate chondrolabral

separation due to reduced focal stress.

Permeability, glycosaminoglycan content and tissue maturity also influence how the joint
behaves under repeated loading. Porcine cartilage from an abattoir is immature and contains
high GAG concentrations, which contributes to its higher permeability atedtey
deformation (Fermor et al., 2016 Although this differs from mature human cartilage, it
allows fluid flow and strain patterns that are still compatible with reproducing stesen
damage. Ovine tissue, sourced from skeletally mature animals, is less permeable and stiffer,
producing loaing conditions that favour deep compression over surface shear, which is not
representative of early cartype injury. Bovine tissue, although mature and readily available,
exhibits large joint dimensions and a labrum that is thicker and less hikegniurther
altering the mechanics of rim engagement. The labrum itself differs substantially between
species: porcine joints have a thin, underdeveloped fibrocartilage rim, bovine joints have a

very thick labrum that changes how the head contacts the acetaledlge, while ovine labral
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tissue is better developed but paired with a joint that is geometrically mismatched to the

human hip.

While less commonly used due to ethical and practical barriers, other species further
illustrate the variability across model8thanasiou et al. (1995%howed that baboon hip
cartilage most closely matched human tissue in stiffness, permeability and thickness, while
canine hips also display anatomical similarity to human joints. Although these species are
biomechanically attractive options, they are uitable for abattoir sourcing and therefore
impractical for in vitro development work. Their inclusion in comparative studies remains
useful, however, because they establish the biomechanical range within which human
cartilage sits and emphasise where quagled livestock models deviate from human hip

behaviour.

When these factors are considered together, porcine joints offer the best balance for-a load
based impingement simulation. They provide the closest match to human femoral head
geometry, have cartilage that, although more compliant, still deforms in a ¢tadule and
interpretable way, and are readily available in large quantities from consistent age groups.
Ovine joints, being smaller and stiffer, shift loading deeper and reduce shear at the rim,
which limits their ability to replicate the characteristic ldmination seen in cartype
impingement. Bovine joints, while robust and easy to obtain, are geometrically too large,
have thicker cartilage and an oversized labrum, all of which distribute load away from the
anterosuperior region and dampen the stress centrations central to carnelated injury.
Porcine tissue therefore remains the most appropriate compromise for this study, offering a
practical, anatomically relevant and mechanically functional model for reproducing the
sheardominated conditions that dve chondrolabral and cartilage damage in human cam
FAl.
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1.8 Previousin vitro studies of mechanical damage in

the hip joint

1.8.1 Experimental methods

Several methods have been used to simulate joint mechanics when testing natural cadaveric
or animal tissue. These approaches can be broadly grouped into four categories: manual
clinical examination techniques, robotic arbased systems, mechanical testimgh applied

load and whole joint simulators originally designed for artificial implant testing.

The simplest approach involves manually manipulating the joint through specific motions,
similar to a clinical examination. In these tests, the cadaveric or animal joint is moved through
defined positions by hand while joint angles are measured using sogls as goniometers
or motion capture markers(Goldsmith et al., 20105 Although these methods are
straightforward and reflect typical clinical assessments, they suffer from poor repeatability

and limited control over applied motions and loads.

A more controlled approach uses robotic arms to replicate joint motions. In these systems,
the specimen is mounted in a custom jig to fix its orientation, and the robotic arm applies
motion to one end of the join(Birmingham et al., 201 Z5oldsmith et al., 2013Ng, G. et al.,
2019 Uvodich et al., 2024 Goldsmith et al. (20153ompared robotic testing to manual
clinical examinations and demonstrated that robotic systems provide greater accuracy and
repeatability. However, their robotic setup had an important limitation, the device could not
apply physiologically relevant load®stricting the ability to simulate higload activities.
Similar limitations appear across other robotic arm studidg, G. et al. (2019and
Birmingham (2012) applied only rotational torques, typically up to around 18Nm, without

incorporating any substantial compressive loading.

Anotherapproach is the use of @hanical testing rigs by applying axial loathg a materials
testing machine or actuator arm. In these studies the joint is typically potted or fixed in a
specific orientation, and compressive forces are applied directly through the kéapa et

al. (2025used this approach, applying axial loads ranging from 100 tdl @60arying cycle
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counts. While this method allows for controlled and physiologically relevant loading, the
downside is that the joint is usually held in a fixed position, meaning that load can be applied
or motion can be applied, but not both simultaneously. This prevesgbcation of dynamic

multi axisactivities and restricts the ability to study laadotion interactions.

Whole joint simulators represent the only commonly used method that can apply both high
compressive loads and controlled multi axis motion at the same (italan, 2016Groves

et al., 2017 JimenezCruz et al., 2022 These systems, although originally designed for
artificial implant testing, allow combined movement cycles to be applied together with
substantial axial forces. Previous in vitro simulation studies using whole joint simuiaias
achieved loads of around 2000N when testing animal tisgBallan, 201% This
demonstrates that whole joint simulators remain the closest available method for

reproducing physiological loading conditions.

In summary, each simulation method presents clear strengths and limitations. Manual
techniques lack precision and repeatability, and robotic arm systems, although highly
controlled, are generally unable to apply realistic joint loading. Mechanical logdsgllow

meaningful forces but cannot reproduce combined load and motion. Whole joint simulators
are less common and are typically used for implant testing, yet they offer the closest match
to the combined movement and loading conditions observed in .vi&iven these

considerations, whole joint simulation provides the most suitable approach for studies that

require both controlled motion and physiologically relevant forces

1.8.2 In vitro simulation (Whole joint)

Whole joint simulation has been adapted in different ways depending on the specific
research questions being address&ioves (20153ndGroves et al. (201 Qsed controlled

axial loading with single axis flexion extension motion to investigate lubrication behaviour in
both hemiarthroplasty and complete natural hip joints. Their work provided systematic
assessments of frictional change over time and highligttew lubrication mechanisms
transition under loadPallan (2016&xtended this approach by transferring the protocol to a
multi axis simulator, which allowed combined motion to be applied alongside axial loading
and supported the development of a repeatable labral damage model. More recently,

JimenezCruz et al. (2022)sed the same simulator to explore the effect of increasing load
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magnitude, aiming to recreate overload conditions representative of higher body mass or
elevated joint forces. Taken together, these studies show that simulator based in vitro testing
is used to answer focused mechanical questions, ranging from lubriceébaviour to

alignment sensitivity and the initiation of early structural damage.

The initial simulator studies offer useful insight into how controlled in vitro setups can be
usedto examine the fundamental mechanical responses of the natural@®ipves (2015)
andGroves et al. (2010sed a friction simulator to examine both hemiarthroplasty and full
natural joint models under flexion extension motion with axial loads ranging from 25N during
swing to 800N during stance over 7,200 cycles. This design enabled a clear assessment of
lubrication behaviour and demonstrated a shift from fluid supported contact to a more solid
phase as fluid exudation progressed. The strength of this approach lies in the high level of
control and the ability to isolate a single movement pathway. However, és&riction to a

single axis of motion limits the extent to which the test environment reflects the combined

kinematics present in vivo.

Pallan (2016adapted the earlier friction simulator work for use in a multi axis whole joint
simulator capable of applying the full ISO 14242 gait cycle, which includes flexion extension,
abduction adduction, internal external rotation and an axial load profile. Afghahis cycle

is commonly used for artificial hip implant testing, in this context it provided a controlled and
repeatable way to expose natural tissue to combined motion and loading. Pallan applied
peak loads of 750N, 1,500N and 3,000N. No visible damageobserved at 750N after
10,800 cycles, but clear labral and cartilage changes were reported at 1,500N, particularly
when the acetabular inclination angle was increased to 60 degrees. At 3,000N the joint failed
through subchondral collapse, demonstrajithe rapid escalation in structural response
once tissue tolerance is exceeddimenezCruz et al. (2022)Iso used the ISO 14242 cycle,
applying peak loads of 900N for the normal condition and up to 1,340N for overload
conditions over 14,400 cycles. They consistently observed anterosuperior acetabular
damage whenever the applied loads exceeded the normatlition, reinforcing that even

relatively modest changes in force can shift the joint response from tolerance to failure.

Taken together, these studies show the value of simplified but controlled motion sets
combined with realistic axial loading. While the protocols do not reproduce full in vivo gait

exactly, they replicate the key movements involved using a stalskddet of movements
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providing a close approximation that allows important mechanical variables to be
systematically tested. The relatively short test lengths used by focus on the initiation of
damage rather than long term degeneration, which is appropriate when the ainidenitify
mechanical thresholds or mechanisms of early failure. A clear theme across the literature is
the sensitivity of these set ups to alignment. In particular, findings on the effect of a 60
acetabular inclination angle illustrate how small differesiae fixture position can alter both

the severity and location of damag@allan, 201p This highlights the importance of

consistent positioning rather than representing a limitation of the simulator itself.

Overall, the literature demonstrates that whole joint simulators provide the strongest
available means of combining controlled multi axis motion with substantial axial loads. They
offer a level of control that allows specific mechanical questions to besaddd without the

need to replicate full in vivo kinematics. This positions them as an appropriate and well
supported choice when the primary aim is to study mechanisms of early damage, and this

rationale aligns with the approach taken in the present work

1.8.3 Replicating cam geometries

Experimental studies have used different methods to recreate cam type morphology, but
each one has practical limitations. One of the earliest approaches was by Siebenrock et al.
(2013), who used an animal model. They performed a fifteen degree intertreet@warus
osteotomy in sheep to exaggerate the natural asphericity of the femoral head. After surgery,
the sheep continued with their normal gait. This meant that the modified femoral head
engaged with the acetabular rim during natural quadrupedal movamnaoducing damage
patterns that appeared similar to cam type impingement. However, the loading experienced
by the joint was entirely based on sheep biomechanics. Sheep gait, pelvic orientation and
motion patterns differ greatly from humans, so the loocat and progression of damage do

not reflect human impingement mechanics.

A later study by Hapa (2025) used the same surgical approaeplicate the cam like shape
but did not test the tissue in living animalastead, the joints were removed and mounted
in a mechanical jig where axial loads were applidds approach removed the influence of
sheep gait but still did not recreate the essential loading pathway that defines cam

impingement. The testing was limited to axial compression and did not include combined
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flexion, rotation or shear. As a result, although both the Siebenrock and Hapa studies
successfully produced a cam like prominence, neither study recreated the three dimensional

loading that occurs in the human hip during impingement.

Other studies have used artificial additions to recreate a cam. Examples include the use of
PMMA inserts in Uvodich et al. (2024) or the five millimetre dome used by Birmingham et al.
(2012). These designs offer more control over the size and positidregirominence, but

they rarely match the anatomical shape of a real cam lesion. They are also made from
materials that behave differently from native cartilage, which changes how the joint interacts

during movement.

Overall, these methods show that it is possible to reproduce the appearance of a cam
deformity but more difficult to recreate the three dimensional shape and the correct
mechanical environment. This naturally shifts the focus away from trying to copyxtuw e
geometry and towards recreating the conditions that actually generate damage. These
include joint congruency, compressive loading, rotation and shear, and the combined

movement pathway that leads to impingement.

Since experimental methods cannot fully reproduce the anatomical shape of a cam deformity
or the complex motion of the human hip, the type of biological tissue used in testing
becomes an important consideration. When the geometry is simplified, the natural
characteristics of the tissue, such as cartilage thickness, femoral head shape, deformation
behaviour and overall joint congruency, play a major role in how closely the mechanical
conditions of impingement can be recreated. These factors therefore nebd twnsidered

when selecting an appropriate animal model for in vitro testing.

1.9 Hip Impingement and Activity

1.9.1 Mechanical Loading of the Hip Joint

Direct in vivo measurements of hip joint forces using telemeterised prostheses provide highly
accurate data, yet are limited in scofgergmann et al. (2001¢corded contact forces during

routine daily activities in four patients with instrumented implants, reporting peak forces of
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approximately 23x body weight (BW) during walking and stair ascent, with torsional
moments up to 83% higher during stair climbing compared to walking. Extreme events, such
as stumbling, can generate forces exceeding eight timegBgmann et al., 2030While

these datasets are essential benchmarks for implant testing and validation of computational
models, their small sample size and restriction toltmmoderateimpact activities in older
patients limit generalisability, particularly for young atidepopulations who are at risk of

cam FAI.

Indirect approaches combine optical motion capture with ground reaction forces and
musculoskeletal modelling to estimate hip joint forces across broader populations and
activities. While these methods allow investigation of healthy subjects anefleigjon tasks,

they are prone to error from soft tissue artefact and marker placement. For insthopez

et al. (2024)eported hip joint centre errors of several centimetres and rotational errors
exceeding 20° during squats and stgps. Musculoskeletal models can partially overcome
these limitations, providing peak hip joint reaction forces ranging fromq@4<BW acras
walking, squatting, lunging, and golf swin@syton et al., 2021Layton et al., 2022a
However, such datasets do not capture altered kinematics or compensatory strategies
observed in pathology, nor do they fully replicate higtpact or sporispecific conditions

that commonly provoke cam FAI. Moreover, most models assume simplified eggigests

and idealised muscle activation patterns, which may underestimate joint forces at extreme

hip flexion, highlighting a key methodological limitation.

Collectively, these findings illustrate the tradéfs between accuracy and generalisability in

hip force estimation. Direct measurements offer precision but limited applicability, while
musculoskeletal models broaden scope but introduce uncertainty. €&garch into cam

type FAI, this underscores the importance of combining approaches and critically considering

population and activity context.

1.9.2 Activities that Increase Prevalence of FAI

Epidemiological evidence indicates that sports involving extreme hip motion are associated
with increased cam FAI prevalen@poran et al. (2022pound higher prevalence in athletes

relative to nonathletes, highlighting the role of activigpecific loadingNawabi et al. (2014)
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requiring high hip flexion, adduction, and internal rotation as carrying the greatest risk. Ice
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changes and impact loading.

While these associations are strong, it is still unclear whether repetitive activity actually
causes cam morphology to develop, or whether people with certain hip shapes are more
likely to take part in these higtisk sports in the first place. The categalassification by
Nawabi et al. (20145 helpful, but it reduces complex, myftianar movements into broad
groups and does not fully capture how athletes move in real situations. It also does not take
into account the compensatory strategies athletes may use to reduce the chance of
impingement. These points highlight gaps in the current literature and suggest that future
research needs to use longitudinal study designs and more detailed biomechanical

measurements to better understand how activity and morphology are linked over time.

1.9.3 Effect of Hip Impingement on Hip Motion

FAI is often associated with reduced hip range of motion (ROM), influenced by both
structural morphology and pain. Symptomatic individuals typically exhibit lower ROM
compared to healthy controls, while asymptomatic cam morphology carriers may also show
subtle reductions, indicating a structural contribution independent of sympt¢Biamond

et al.,, 201% Diamond et al. (2016jound reduced sagittal plane ROM during gait in
symptomatic FAI, though overall gait biomechanics showed minimal differences. This likely
reflects the fact that routine walking rarely challenges @adge hip motion, highlighting the

need to evaluate actities approaching impingemeihevel flexion.

Squatting has emerged as a functional task to investigate FAI biomechanics due to the high
flexion demand of the hipAyeni et al., 2014 Multiple studies demonstrate that FAI patients
struggle to achieve maximal hip and pelvic RQEmontagne et al., 200®iamond et al.,

2017). Specifically, reduced sagittal pelvic motion and posterior tilt increase the likelihood of
femoroacetabular contagl.amontagne et al., 2008agwell et al., 20)6Under constrained
conditions, FAI patients adopt greater pelvic tilt, increased hip adduction, and slower squat
descent to avoid painful enthnge positiongDiamond et al., 201)7 Interestingly, both

Lamontagne et al. (200@ndDiamond et al. (201 #eport minimal differences in hip angles
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themselves, suggesting that compensatory pelvic strategies, rather than hip motion per se,
drive functional limitation. Variability in reported squat depth between studies may reflect
differences in ankle mobility, participant characteristics, or instardj illustrating the

challenge of standardising functional assessments.

Critically, these findings underscore the importance of evaluating both hip and pelvic
contributions in FAI. Many studies rely on skiounted markers, which are susceptible to
soft tissue artefact, potentially underestimating true motion. Additionallytludifferences

in compensatory strategies may not manifest in ffi@xion activities, emphasising the need

to examine tasks that mimic higisk movements. Collectively, these insights highlight gaps
in current understanding of FAIl biomechanics and tmepdrtance of combining
methodological approaches to capture both structural and functional contributors to

impingement.

1.10Computational modelof CamType

Femoroacetabular Impingement

1.10.1 Geometric Representation of the Hip

Hip geometries for computational models can be obtained through either parameterised or
subjectspecific approaches. Parameterised models are mathematically derived from joint
measurements and provide simplified shapes that are efficient to create angisenalhey

are often used to investigate populatidavel trends, idealised deformities, or the influence

of individual parameters on mechani@dg et al., 201p Their main limitation is that they

lack anatomical detail and cannot represent tissue complexity. For example, cartilage is
highly structured, biphasic, and anisotropic, with tribological properties that influence load
sharing between the solid matrix drsynovial fluidChegini et al., 2009These features are

absent from simplified models.

Subjectspecific models are reconstructed from CT or MRI scans and provide more realistic
representations of individual anaton{iXg et al., 2012 Anderson et al. (201&howed that

simplifying geometry can substantially alter predicted stresses and contact areas,
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emphasising the importance of accurate anatomy. Despite being more realistic, subject
specific models are slower to produce, dependent on scan quality, and often require manual
corrections for convergence. Segmentation can introduce further uncertaintiesigh
smoothing applied during model creation does not appear to reduce geometric accuracy
overall(Ng et al., 201p

1.10.2 Types of Computational Models

Computational approaches to femoroacetabular impingement (FAI) vary in complexity and
anatomical complexity. Finite Element Analysis (FEA) predicts cartilage stress, tissue
deformation, and contact pressures within the hip joint. Parameterised FEA medelsas

those byChegini et al. (2009have explored how variations in alpha angle or ceetilge

angle affect stresses during walking or sitting. Subgpetcific FEA, using MRI ordEFived
geometries, captures more realistic distributions of stress and reproduces clinically observed
damag patterns(Ng et al., 2012Jorge et al., 2014 iu et al., 201) While powerful, FEA is

computationally intensive and prone to convergence issues, particularly at extreme motions.

Rigid surface models treat bony surfaces as-deformable, allowing assessment of joint
kinematics and impingement zones. Tools such as Clinical Graphics or HipMotion simulate
joint rotation and detect collisions based on CT or MRI reconstrucitutsiakLanger et al.,

2007 Tannast et al., 2007Audenaert et al., 2012 These approaches identify impingement
locations and quantify motion limits, but they exclude soft tissues and are sensitive to joint

centre alignment.

Simplified rigid models, such as the one applied in this thesis, use idealised or smoothed
geometries to simulate motion efficiently. They do not resolve cartilage or labral mechanics,
but they allow rapid simulation of activigpecific contact events wibut subjectspecific
imaging requirementsJones et al. (2023Jemonstrated the potential of this approach by
running over 100 activitpased simulations in minutes, capturing the influence of cam
morphology, hip alignment, and movement type. Such models are particularly valuable when
the focus is on comparing largeimbers of motions rather than predicting precise tissue

stresses.
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1.10.3 Motion and Loading in Computational Models

Hip motion is commonly modelled using standard rangenotion tests, predefined clinical
manoeuvres such as flexigadductiorginternal rotation (FADIR), or activibased
simulations of daily tasks like squatting, stair climbing, or walk@teegini et al., 2009
Audenaert et al., 2012Ng et al., 2012Jones et al., 2023Rangeof-motion studies define
kinematic limits and impingement zones, whereas actibiged approaches better capture

how contact evolves during realistic movements.

Joint loading is usually incorporated from experimental datasets. The wdkrgimann et

al. (2001)remains foundational, having measured in vivo hip forces using instrumented
arthroplasty implants. This data later expand@krgmann et al., 2030provide peak and
time-resolved loading profiles widely used to scale or drive computational models. While
accessible and well curated, these datasets represent older arthroplasty cohorts and may
not fully capture the demands of younger, active cam popaites or highflexion taskgNg

et al., 2016.

1.10.4 Contact Pressure and the Role of FEA

Contact pressure is a key outcome in egpe impingement research because it reflects
how altered hip shape concentrates loads on cartilage and labral tissue, leading to early
degeneration. FEA is the most common method for predicting these pressurdgviding

the joint into elements, FEA allows prediction of stresses, strains, and deformations under
applied loads. This makes it possible to examine how variations in morphology and
movement redistribute pressures, providing a link between in vivo foarestissuelevel

consequencefChegini et al., 20QNg et al., 2012Jorge et al., 20%4.iu et al., 201¥

1.10.5 Benefits and Drawbacks of FEA Compared with Simplified
Models

FEA provides detailed insight into tisdeeel mechanics and can reproduce clinically
observed damage patterndNg et al., 2012Jorge et al., 20%4.iu et al., 201} It allows

variation in geometry and material properties to be studied systemati¢lgllwig et al.,
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2016 Cooper et al., 2018 However, its limitations include computational demand,
dependence on higlyuality imaging, and simplifying assumptions about cartilage and soft

tissue behavioufChegini et al., 20Q%.iu et al., 201}

Rigid and simplified models, by contrast, prioritise computational efficiency. They are well
suited to mapping impingement zones, estimating range of motion, and performing large
scale or parametric analys@subiakLanger et al., 20QAnderson et al., 20t@Rudenaert et

al., 2012 Cooper et al., 200)7Jones et al. (2023)rther showed that simplified models can
simulate activityspecific mechanics across large datasets in a fraction of the time required

for FEA, making them practical for screening movements or morphologies.

1.10.6 Applications of FEA to Impingement Damage and Motion Limits

FEA has been applied extensively to investigate how cam deformities alter hip loading and
restrict motion.Chegini et al. (200@9)emonstrated that increased alpha angles and reduced
acetabular coverage elevate cartilage stréég.et al. (2012)eported that during squatting,

cam hips exhibited dramatically elevated cartilage/bone stresses up to ~15 MPa in the
anterosuperior acetabulumlorge et al. (20143imilarly observed high contact pressures
during extreme flexion and internal rotation, with peaks reaching aroungll2IMPa in
acetabular cartilage and approximately 14 MPa in the labrum, notably at the chondrolabral
transition.Liu et al. (20173onfirmed the link between deformity severity, flexion angle, and
stress magnitudeHellwig et al. (20163lso showed that cam hips display altered fluid load
support and increased radial stresses, consistent with clinical patterns of delamination and

labral tearing.

Other studies have used FEA to evaluate surgical interven#idmsscRasgado et al. (2012)
demonstrated how osteochondroplasty redistributes load away from the femoraldresak

junction, while Arbabi et al. (2010feveloped a faster penetratiedepth approach that
strongly correlated with FEA stress predictions. Beyond stress analysis, FEA has also revealed
how impingement reduces achievable motion, witbrge et al. (2014)oting instability at
extreme flexiomrotation postures. Rigid body models complement these findings by
confirming that bony contact is the primary constraint on motidmnnast et al., 2007a

Audenaert et al., 2012
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1.10.7 Gaps in Current Models and Contribution of This Work

Despite progress, important gaps remain. Many models rely on generic -cdnagetion

tests or a limited set of clinical manoeuvres, rather than the activities patients report as
symptomatic. FEA provides tisslawel insight but often uses simplified oreaaged loading,
reducing activity relevancghegini et al., 20Q.iu et al., 201} As discussed in a review by
Ng et al. (2016)subjectspecific loading coupled to the joint model is preferable, yet many
studies still rely on the Bergmann datasets, which do not capture the variability of younger

cam populations or higfiexion taskgBergmann et al., 200Bergmann et al., 2030

A further limitation concerns the integration of motion and load data. Models often apply
joint forces in isolation from kinematic patterns, making it difficult to assess how specific
activities drive impingement mechanics. The Layton datasets providgpaatvard in this
respect(Layton et al., 2022b The data covered a spectrum of daily activities and reported
detailed hip joint reaction forces and loads for o tasksThese datasets extend beyond
traditional instrumented implant recordings, capturing the motion and loading
characteristicérom the general population and were free from any conditions affecting their

movement

This study addresses the first of these gaps by applying an atiasgd, simplified rigid
model in 3D(Jones et al., 2023 The model enables rapid simulation of rifd tasks,
mapping when and where contact occurs. By focusing on sliding distance, dominant direction
of impingement, and peak impingement load, the approach allows lacgés comparison

of activities withoutthe computational demands of FEA. Motion and force inputs were taken
from the Layton dataseflLayton et al., 2022hto preserve physiological relevance. These
data were used to compare activities rather than to predict absolute tissue stresses, thereby
avoiding oveiinterpretation while still capturing activitgpecific mechanics. In this way, the
work complements detidged FEA studies by identifying the most demanding scenarios,
providing a robust foundation for subsequent in vitro testing under realistic boundary

conditions.
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2 Introduction

2.1 Rationale

Femoroacetabular impingement syndrome (FAI), and particularlytgamimpingement, is
increasingly recognised as a significant contributor to early hip degeneration in young and
active adults. A recent National Joint Registry report on-ahroplasty hp procedures
found that cam resection accounted for approximately 95.6% (7732/8573 number of
pathways) of surgical interventioffSIAHR, 2024 indicating both the scale of the problem

and ongoing reliance on surgical management. Current evidence suggests that cam
morphology develops during adolescence, likely in response to repetitive high loading from
sporting activity(Agricola et al., 20%3Agricola et al., 203Morris et al., 2018 Camtype
impingement is widely considered the most destructive form of FAI, and has been strongly

linked with the development of labral damage and early osteoarth@enz et al., 2008

In camtype impingement, the abnormal femoral heateck morphology causes repetitive

abutment between the femoral head and acetabular rim during motion. Arthroscopic and

OF R gSNAO 20aSNDI GA2ya aK2g UOKI GQANEYRES GENLIA O ¢
(Beck et al., 2005Jannelli et al., 2009 During this the acetabular cartilage is compressed

centrally and the labrum is displaced outwards . This leads to delamination at the cartilage

labral junction and separation of the cartilage from the subchondral bone. Unlike the labrum,

acetabular cartage is not innervated. Therefore, symptoms often present only after

substantial structural degeneration has already occurred, limiting early intervention

potential.
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Although the clinical presentation and surgical management of-tggoa FAI are well
established, the mechanical factors that drive the onset and progression of cartilage damage
are not clearly understood. In particular, there is limited understanding of hbe
magnitude, duration, and direction of contact during daily movements influence
vulnerability at the chondrolabral junction. Improving this mechanical understanding is

important for several reasons. These reflect the wider, longer term aims of teands

1 It may support earlier diagnosis, before irreversible cartilage damage occurs.
1 It may refine surgical decisiemaking, particularly regarding who is most likely to
benefit from cam resection.
T It may inform rehabilitation and activity modification strategies to reduce tissue
loading postintervention.
This thesis developed a parametric method to investigate the mechanical factors related to
damage in cantype hip impingement, combining computational and experimental

techniques and improving our methods for experimentally testing the damage mechanism.

To do this, three key parameters were considered throughout the thesis:

9 Sliding distance: defined computationally as the-larigth of the contact point
trajectory along the acetabular rim during impingemeixperimentally, it was
measured as the rotational excursion of the femoral head relative to the acetabulum
under controlled motion profilesShorter sliding distances were hypothesised to
increase damage susceptibility by limiting fluid reabsorption and leaving cartilage in
a lowpressure, sheavulnerable state.

1 Load: defined as the joint contact force acting across the hip during a movement,
informed by musculoskeletal modelling and scaled for in vitro simulation. Higher
loads increase contact pressure and local stress at the cartilage surface, leading to
greater deformation and a higher likelihood of mechanical damage. Repeated
exposure to elevated loads can amplify these stresses over time, increasing the risk
of surface wear and structural disruption in the tissue.

9 Direction of sliding: considered relative to collagen fibre orientation at the cartjlage
labral junction; movements parallel to fibre orientation are expected to increase

shear susceptibility.
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This thesis first established an in vitro simulation method for applying controlled variations
in mechanical loading and motion, and for characterising the resulting damage in natural hip
tissue. Computational modelling was then used to determine physidtyg relevant ranges

of sliding distance, load, and motion direction during daily activities. These computationally
derived parameters were then considered in the experimental setup, allowing the influence
of specific mechanical conditions on chondrokdlstamage to be examined in a controlled

manner.
2.2 Aim and Objectives

The aim was to develop and apply a complementary experimental and computational
methods to investigate how clinically relevant mechanical parameters influence damage at

the chondrolabral junction in castype femoroacetabular impingement.
Objectives:

1 To develop an in vitro natural hip simulation method capable of applying controlled
and repeatable variations in mechanical loading and motion conditions, and to
establish a reliable damage assessment protocol suitable for quantifying surface
changes at th cartilagelabral junction.(This corresponds to Chapter 3: method
development and refinement.)

I To determine the ranges of sliding distance, load, and motion direction that occur
during activities of daily living in catype hips using a computational hip
impingement model, and to identify conditions most likely to place the cartjage
labral interfa@ at risk of damage(This corresponds to Chapter 4: computational
parameter derivation.)

1 To apply selected parameter ranges to natural hip tissue using the in vitro simulation
methods and assess how variations in mechanical conditions influence the
development and distribution of cartilage damag&his corresponds to Chapter 5:
parameterised experimental testing.)

I To evaluate the combined computational and experimental findings and consider

the implications for understanding clinical progression of chondrolabral damage,
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surgical planning, and rehabilitation strategi€3his corresponds to Chapter 6:

Discussion.)



Chapter3

3 Develogment of experimental natural
hip simulation using a parameterised
approach.

3.1 Introduction

Pain in the hip joint is often associated with abnormal joint morphology, such as cam
femoroacetabular impingement syndrome (FAI). This type of morphology causes soft tissue
damage to the hip joint, resulting in associated pain. Understanding the mechanfism
damage in the hip joint is important and may assist in improving treatments and
rehabilitation of patients in the long termClinical studies consistently identify the
anterosuperior chondrolabral junction as the earliest site of degeneration intgpm FAI,

driven by shear forces acting simultaneously with elevated compressive(@Gak et al.,

2003 Beck et al.,, 2005 While these mechanisms are well described in vivo and in
computational models, few natural tissue studies have isolated the specific mechanical
factors responsible for initiating early damage. This chapter addresses that gap by evaluating

how load, slidig distance and direction influence damage in controlled in vitro conditions.

This chapter aimed tdevelop an in vitro simulation that parametrically assessed the causes

of damage at the chrondrolabral junction. The objectives of this chapter were:

I To advance natural hip simulator testing methods and quantification of damage at

the chrondrolabral junction.
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1 To assess parameters (such as load, direction and sliding distance) and their effect

on damage.

This chapter discusses the development of experimental methodologies. It includes
information on sample preparation and in vitro methods, the equipment required for the
simulations, and the setup of the components. This research builds on previous whek at
Institute of Medical and Biological Engineering, detailing adaptations and improvements to
existing methods. Specifically, this includes enhancements to the acetabular alignment
process and a new methodology for characterising damage to natural hiplssufiollowing

in vitro simulation.

The developed methodologies were then used to investigate the effect that different in vitro
simulation input parameters (e.g., load, sliding distance, and direction) had on damage at
the cartilagelabrum junction. A comparison of the effects of changimgse parameters was

used to identify conditions that replicate the damage observed clinically.
3.2 Preparation for in vitro simulator testing

An overview of the stages of preparation for in vitro simulation is describédgurel0.
Preparation required included the acquisition and dissection of porcine tissue, as well as
aligning and fixing the sample so that the femur and acetabulum were in neutral alignment
and the centre of rotation coincided with that of the simulator. Methadsre adapted in

this study to improve the accuracy and repeatability of component alignment by holding the

sample in place during fixation.



Porcine hip supplied
by abattair.
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Porcine acetabulum

and femur
dissected.
4
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h J

Setting up in vitro
simulation test.

Figurel0: Overview of preparing a porcine tissue sample for in vitro simulation testing.

3.2.1 Porcine hip dissection

Porcine hip tissue from animals approximately six months old at slauglagused in this
study. These sampldsom the food chairmprovided consistenttissueage, availability, and
costeffectiveness, making therfiavourablefor early-stage in vitro testingSuch tissue is a
practical option formimicking human hip anatomyin terms of geometry (described by
(Taylor et al., 2012roves, 2015. However,sixmonth-old pigswere not skeletally mature

and canexhibit features such as open growth platsd underdeveloped labral structures

As outlined in the literature reviewsee Literature Reviewl.7), porcine femoral head
cartilage thickness isomparableto that of humans although its mechanical stiffness is
lower due to incomplete maturatioriAthanasiou et al., 1995Taylor et al., 2012 These
characteristics support the use of scaled physiological loads in this study and reinforce that
the focus is on comparing the relative influence of mechanical parameters rather than

reproducing absolute human stresses.

This study used right porcine hind legs sourced from a local abattoir (J Penny, Rawdon, Leeds)
within 24 hours of slaughter. Dissected samples were frozemat ¢/ AYYSRAI (GSf @
preparation and underwent only on&eezesthaw cycle beforetesting. Samples were

defrosted overnight and used the next day poeserve tissue integrityThe duration of
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storage was approximately 6 months; however, the primary focus was on maintaining a
consistent freezethaw cycle of onelLimiting samples to a single freetieaw cyclereduced
variability and potential degradation of mechanical propertieat can be associated with
repeated freezehaw cycles(Blaker et al., 2024 Collecting multiple samples at one time
and storing them in this manner allowed for enhanced test planning and ensured that

samples could be selected based on comparable size.

Porcine acetabular and femoral heads were dissected from the hind limbs. Equipment used
during dissections is listed gection8.1 Appendix Before the dissection of the porcine leg,

the area was prepared with protective plastic sheeting and cutting boards to protect the
environment, and appropriate personal protective equipment was worn. The dissection was
approached from the posterior of ¢hhind leg sample to reduce the likelihood of causing
damage to the jointFigurella). The first step in the dissection process was to remove all
the excess soft tissue from around the femur and pelvic bone using a scalpel. Anatomical
landmarks were used to aid the dissection process. For example, features on the pelvic bone

were used tahelp identify the position of the joint capsule.

Following the soft tissue removal, the femur and pelvic bones were visible, and muscles and
ligaments surrounding the joint capsule were then remové&ijyre 11b). The capsule
contained synovial fluid that maintained joint lubrication during the dissection process, and
contact with the scalpel was avoided to reduce the risk of damage to the cartilage surfaces
and labrum. The joint was disarticulated, and onceaseal, the ligamentum teres was
dissected close to the femoral head (taking care not to damage the hieiggdy¢11c). When
exposed to the air, articulating surfaces were regularly sprayed with phosphate buffered
solution (PBS). Remaining ligaments, tendons and muscles were removed from the femoral

and acetabular samples.

Acetabular and femoral head samples were further sectioned to ensure they could be
appropriately fixed in the simulator. The distal femur was resected to a length of 50mm
(approximately) from the centre of rotation of the femoral head (CORQufe 11d).
Additionally, the greater trochanter was resected to prevent impingemEigurelle). The
greater trochanter in porcine hips is more pronounced than in humans and can cause

impingement in the articulating joint.
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The periacetabular bone was resected, leaving approximately 5mm of thickness remaining,
which was sufficient to provide fixation in bone cement and allow space to manipulate the

sample orientation as it was set up.
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o Llateral view

a) Right porcine
hind leg.

A4

b) Bulk removal of
soft tissue, expose
joint capsule.

Y

c) Capsule removed
and joint diarticulated.

A

d) Ligamentum teres
severed, acetabulum
and femoral head

) Femoral shaft
seperated. B cut ~50mm

Y

e) Samples
sectioned ready for
simulator setup.

Figurell: Right porcine hind leg. a) (Top) Lateral view of porcine hip and (Bottom) medial view of
porcine hip with pelvic bone. b) Location of the hip joint capsule. ¢) Joint disarticulation and

ligamentum teres severed. d) The femur's distal end was cut to thguired length for potting. e)

(Left) Dashed line represents cut line for removing the greater trochanter to prevent impingement.

(Right) Acetabulum before potting.
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The primary structures of interest in this study were fabrum, the acetabulum's lunate
surface and the femoral head's articulating surfathese structures were identified on the
dissected samples andsuallyassessed to confirm they were intact (seigurel2). Any
acetabula and femoral headdisplayng visible damage, such as damage to the articula
cartilageor labrum,tears, scratchesand non-uniform shape were discarded and excluded
from testing.Damagecan occur accidentally during harvesting or processing at the abattoir,
for example hematomasforming in the acetabular fossduring the hanging proces3his
protocol ensuredthat anyvisually observabldamagecould beaccurately attributed to the

testing process.
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Figure12: Annotations of the right harvested porcine acetabulum and femur show the main

structures of interest.
3.2.2 Geometricmeasurements

Geometric measurements, which were taken for each sample, were adapted from methods
developed in previous work involving natural tissue. These measurements were used to
assist in positioning samples during the alignment process. To minimise inaccuracies

between users when taking measurements, a measurement protocol was followed.

The diameter of the femoral head was measured using a circular guide; the diameters on the
guide ranged from 32.5mm to 46mm (increasing in 0.5mm incremdfiggi(e 13)). The
proximal end of the femoral head was placed into the template, and the diameter was

recorded at the point where the epiphyseal line was parallel to the guide and the head fit
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into the template hole. This method captures the larger diameter as porcine femoral heads

are slightly oval.

e

Epiphyseal line (Red line)

-

Figurel3: (Left) Circular templates used to measure femoral head size. (Right) Femoral head size
was measured using the circular guide; the proximal end of the femur was placed into one of the
holes, and once the epiphyseal line was parallel to the guide, this w@ssidered the correct head

size.

Geometric measurements, which were taken for each sample, were adapted from methods
developed in previous work involving natural tisquézhang, 201,0Groves, 201p These
measurements were used to aid in positioning samples during the alignment process. To
minimise variation between users, surgistyle circular templates, similar to those used
clinically, were employed as a guide for measuring femoral head dianites approach is

an efficient and repeatablenethod for capturing the maximum diameter, taking into
accountthe slight ovality of porcine heads. The diameter of the femoral head was measured
using a circular guide; the diameters on the guide ranged from 32.5 mm to 46 mm, in 0.5 mm
increments Figurel3). The proximal end of the femoral head was placed into the template,
and the diameter was recorded at the point where the epiphyseal line was parallel to the

guide and the head fit into the template hole.

The level of accuracy in this measurement was important as femoral head size was directly
used to determine the setup height of the acetabulum during alignment in the simulator.

Even a small error in the femoral head measurement would alter the defined centre of
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rotation relative to the simulatorywhich couldlead to misalignment and potential changes
in joint contact mechanic&Vhile repeat measurements of the same sample were not carried
out, the use of the surgicaltyle guide minimised operator error by providing discrete

measurement options, reducing subjectivity compared to manual calliper placement.

For completeness, acetabular diameters were also measured using callipers in two
directions: perpendicular to the TAL (from the centre of the TAL to the labrum opposite) and
parallel to the TAL at the widest part of the sockeigureld). These measurements were

not required for simulator setup or determination of the centre of rotation, which was based
on femoral head size. Instead, they were used to assist in characterising and sorting samples
for testing. As variability between useran occur when identifying anatomical landmarks,

all acetabular measurements were performed by a single operator to ensure consistency.

Figurel4: Measuring the diameter of the acetabulum, with the TAL positioned inferiorly. (Left)
Perpendicular measurement of the acetabulum starting in the centre of the TAL. (Right) Parallel

measurement of the acetabulum.

3.2.3 Setup and alignment of porcine samples for in vitro hip

simulation

Following dissection, the head and acetabular components were set in fixtures so that the
natural joint and hip simulator centres of rotation were coincident. The acetabulum was

potted first, ensuring alignment of the socket centre with the hip simulakis for the centre

of rotation. Then the femoral bone was potted to align with the socket. This method was

adapted from previous workiizhang, 201,0Groves, 2015Pallan, 201%
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When aligning the acetabulum, it was important to manage various aspects of positioning,
such as inclination, rotation, and height. In the alignment rig, these were measured as the
angle of the socket rim in relation to the horizontal, the socket's rotafimm a neutral

position where the TAL was positioned, and the depth of the acetabulum in the vertical

direction, respectively. This process is described in detail in the following sections.

The equipment used to align, cement and pot the sample is showigimrel5 and Figure
16, and listed in théAppendix8.1.

Height alighment plate

Figurel5: Cementing rig used for aligning the acetabulum (left) and femur (right) correctly.

Cementing screws Raised back

Grub screws

AA slider

AA Displacement
FE slider

Figurel6: Potting fixtures used for in vitro simulations, (left) acetabular pot and (right) femur pot.

During the alignment process, the first step was to measure the natural femoral head size
using a template Rigure 17a; see Sectior8.2.2. The measured head size was used to

determine the setup height of the acetabulum. An artificial CoCr head and cylinder of



-85

corresponding size were selected. The cylinders and heads varied in size; the cylinder
represents the height of the COR of the simulator plus half the diameter of the femoral head.
The artificial head was placed on the rig and was lowered onto the cylifiderclamp at the

side was then tightened, and the acetabulum height was Bigiufel7b). The cylinder was
then replaced with the acetabular pot. The sample was then positioned in the centre of the
pot. The centre of the transverse acetabular ligament (TAL) was positioned towards the
raised edge of the cup holder at approximately @@rsion from the horizontal plane running
through the centre(JimenezCruz et al., 2022 The inclination angle was measured to the
desired angle based on the testing parametéiiggrel7c). Using the acetabulum height rig,

the artificial head was lowered into the acetabulum, and the height of the acetabulum was
verified to ensure it matched the working simulator heighigurel7d). The sample was then

secured in place using the cementing screws.



a) Measure head
size using femoral
head template.

y

b) Using the correct size
head and height guide,
set the head height on

the rig.

c) Ensure that the sample
is centrally positioned and
the inclination angle is
correct in the cup holder.

y

d) Use screws to
hold sample in place
while cementing.

Figurel7: Overview of alignmen® cementing process of the acetabulum. a) Femoral head size
was measured using a template; the proximal end of the femur was placed into the template.
When the guide reached the epiphyseal line, this was considered the correct head size. b) Height
rig usedto set the correct height of the acetabulum in the pot. ¢) Sample was positioned centrally,
and the centre of the TAL was positioned°3oom the sagittal plane of the acetabular pot.
Inclination angle was measured to desired angld) Using screws, the sample was held in place,

and cement was poured in.

The next stage was the potting of the femoral head using the femoral cementing rig. The pot
containing the setup acetabulum was placed onto the base of the femoral alignment rig
(Figurel8a). The femoral sample was inverted and placed through the supportFiggre

18b). The inferior apex of the femur was positioned so thatigned with the centre of the

TAL Figurel8c). @menting screws on the support ring were tightened to keep the sample

in place. The height guide was then placed over the femoral alignment rig and was used to
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determine the correct height of théead Figure18d). Thedistal end of the femur was

positioned in contact with the alignment plate.

The sample with the supporting ring attached was removed from the rig and inv&tigare

18e). The acetabular pot was replaced with the femoral pot. The supporting rig was then
reattached to the rig in its new position at tipeeviously noted heightThe height guide was
then used todouble-checkthat the femoral head was at the correct heigkiqurel8f). The

top of the femoral head was in contact with the alignment plate. Finally, cement was poured

into the pot and allowed to cure.



a) The cemented acetabulum
and pot are positioned centrally
on the femoral alignment rig.

A
b) The proximal end of the
emur is placed in a setting ring
and lowered into the
acetabulum.

A

c) Inferior apex of femur aligned
with the centre of the transverse
acetabular ligament.

A

d) The distal end of the femur
should touch the alignment
plate's underside.

Centre of transverse
acetabular ligament

Y

€) The acetabular cup was
replaced with the femoral pot.
The supporting ring and
attached femur were rotated
180 degrees.

\ 4
f) The distal end of the femur
was lowered into the pot, and
the height guide was used
again.

Figurel18: Overview of femur alignment and cementing process. a) The acetabular pot was
mounted onto the femoral alignment rig. b) Proximal end of the femur was attached to the
support ring. ¢) This was lowered into the acetabulum, and the inferior apex was aligmi¢dl the
centre of TAL. d) Height guide placed across the top of the femoral potting rig; the distal end of the
femur was in contact with the underside of the alignment plate. €) Femur removed from the
supporting ring and inverted 180 Supporting ring relaced. The acetabular pot was replaced with
the femoral pot on the rig. f) (Left) The distal end of the femur was placed into the mounted
femoral pot, and the height of the femur was checked using the height guide. (Right) The correctly
aligned femur waghen fixed into position with supporting screws, and cement was poured into

the femoral pot and left to cure.



3.2.4 Refinement of acetabulum alignment method

During pilot testing several limitations were identified in the acetabulum alignment
protocol, which was initially adapted fro@roves (20159ndPallan (2016)These limitations
affected sample stability, anatomical positioning and freedom of labral movement.
Addressing these issues was essential to improving the accuracy and reproducibility of
testing. A revised protocol was developed based on specific desigtirements, including

stable cementation, correct anatomical alignment, and prevention of labral impingement.

Previous in vitro studies have shown that small deviations in acetabular alignment can
noticeably alter where the femoral head makes contact with the rim and, consequently, the
pattern of damage generated. Pallan (2016) demonstrated that even minor egtoisg
cementing or positioning resulted in contact occurring at different acetabular regions, while
Groves (2015) observed that insufficient joint stability produced diffuse or inconsistent
lesions. Together, these findings highlight the sensitivity dfinad hip tissue to alignment

and justify the refinements made here to improve test repeatability and physiological

relevance.

In the original method, samples were manually held in place during cementing, which risked
misalignment. To solve this, four holes were added to the acetabular pot to allow screws to
fix the sample in place while the cement curédglrel19). This ensured that the centre of
rotation of the acetabulum was coincident with that of the simulator, improving stability and

reducing unwanted displacement.



Figurel9: Revised acetabular pot design, four holes added equidistant around the outside of the
pot. Screws were used to help maintain sample positioning and alignment during the cementation

process.

The previous alignment positioned the transverse acetabular ligament (TAL) at 12 o'clock.
However, this did not reflect the natural position of the TAL, which follows the slightly
anteverted orientation of the acetabulum. The setup was refined by rotatiegcentre of

the TAL 30 clockwise from the AB plane, aligning the sample more closely with the
anatomical neutral positionRigure20). This allowed for more natural joint mechanics and

improved contact between the articulating surfaces.



Figure20: Porcine acetabulum positioned in the centre of the pot to ensure that the centre of
rotation was coincident with the simulator. The centre of the TAL was rotated @&6ckwise from

the AB plane; this was done to maintain the sample's neutral position.

In early tests, the cement mantle extended to the labrum, limiting potential labral movement
and increasing the risk of unintended damage. The revised protocol reduced the cement
height at point B to preserve the unconstrained labrusig(re21). This ensured that any

observed damage was due to test conditions rather than setup artefacts.
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Cement Mantle

Figure21: The cement mantle was the same height as the labral edge of the porcine acetabulum.
The restricted movement of the labrum during testing could lead to unwanted damage caused by
the labrum abutting the cement mantle. A successful simulation required anamstrained labrum

edge.

These refinements to the alignment process addressed specific limitations in the original
protocol and were summarised ifiable3. The table outlines each adaptation made, the

reasoning behind it, and the improvements it brought to the setup.

Table3: Summary of the refinements made to the acetabular alignment process, including the
justification for each adaptation and the added value to the accuracy and stability of the

simulation.

Justification
Prevented movement

Value added
Improved sample stability

Adaptation
Use of screws to hold the

sample during cementation
(Figurel7c & d).

during curing and ensured
GKS + OSal odz
rotation aligned with that
of the simulator.

prevented misalignment,
and ensured accurate
joint contact during
testing.

Adjustedthe acetabular
orientation by rotating TAL
30° clockwise fronthe AB
plane

More accurately
represented the neutral
anatomical position and
natural version of the
acetabulum.

Enhanced anatomical
accuracy of the setup
improves therelevance of
simulator results to in viv(
conditions.

Reduced the height of the
cement mantle.

Prevented the labrum from
abutting against the

Enabled fredloating
movement of the labrum
and more physiologically
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cement, avoiding restrictior] accurate joint mechanics
or damage. during testing.

These improvements made the testing setup more stable, accurate, amatbmically
accurate.The method could benefit other researchers conducting hip joint simulations,
especially where labral behaviour or accurate articulation is critical. It provides a robust,
repeatable approach that supports more complex test conditions and greater comliigrabi

with in vivo results.

3.2.5 In vitro hip simulator test setup

In vitro simulation testing was conducted using{aeasting fixtures from a study completed

by Pallan (2016)Some madifications were made to these fixtures, for example, drilling holes
to allow for alignment screws and altering the femoral adaptor to facilitate better setting of
the centre of rotation. Equipment used in simulations is listedppendix8.1, Figure22is

an image of the simulator used ardgure23 is a schematic of the simulator fixtures that

have been used.



Figure22: Single station hip simulator.

Acetabular _—Y
adaptor

Acetabular pot ——»

Femoral pot

Femoral adaptor

—a

Figure23: Schematic of simulator fixtures, (from top down) acetabular adapter (pink), acetabular

pot (blue), femoral pot (green) and femoral adapter (orange).



3.2.5.1 Simulator capabilities

An electromechanical singlation hip simulator (SSHS) (Simulation Solutions Ltd.,
Stockport, UK) was used for the in vitro simulations. Electechanical actuators applied
programmable loads, motions and displacements, which were calibrated to toksawic
50N for load, +0.03° for rotation, and +0.2mm for displacem@ito(e4). The simulator

had three controlled degrees of freedom: flexiertension, abductioradduction, and
internalexternal rotation Figure 24). As well as the ability to apply axial load and
displacements in the mediddteral and anterioiposterior directions. These displacements
could be either left free or fixed, depending on the requirements of the test scenario. The
ability to adapt the lad and motion parameters in this way made the SSHS suitable for

exploring the influence of specific conditions on joint behaviour.

These tolerances are narrow relative to the input ranges used in this study. For example, the
peak axial load applied was 900N, making the load calibration tolerance approximately 5.5%
of the peak value. Such a margin was not expected to significantly thiée contact
mechanics or damage outcomes observed, especially when compared with the typical
variation seen between studies with different joint geometries or input profiles. Similarly,
the angular and displacement tolerances represented small fractibtiee full motion range

and were considered unlikely to introduce errors that would affect the interpretation of the
results. Additionally, reaime feedback from the simulator was utilised to monitor the
agreement between demand and actual waveformsidgitesting. The close alignment of
these waveforms demonstrated that the applied motions were consistent with the
LINEANF YYSR Ay Llzis O2y FANNAY3A GKS aAiavydz I (2 NRA
of this study.

Table4: Single station hip simulator programmable ranges, accuracy of each motion, location

motion is applied through.

Load/Motion Programmable Range Accuracy Location of motion
Load 4500N +50N Cup
Flexion/Extension + 60° Head
Interan/ExternaI 4 950 +0.03° Head
Rotation
Abduction/Adduction | + 25° Head




glies)zllzl(-:lé?:]irril + 5mm and = 1kN Head
+
Anterior-Posterior + 10mm +0.2mm Head
Displacement -
a) Front view b) Side view

Adduction Abduction Extension Flexion

Front of simulator

Front of Simulator

External rotation

Internal rotation

Front of simulator

Figure24: Virtual representations of the simulator component and direction of motions produced.
a) Front view: adduction and abduction motions. b) Side view: flexion and extension motions. ¢)

Top view: internal and external rotation.

3.2.5.2 Specimen mounting

Before mounting the femoral head and acetabular samples (as shofigline25) into the
simulator, a gaiter was placed around the femoral adajot fixture and secured using a
stepless clamp. The purpose of the gaiter is to form a watertight seal around the samples,
maintaining lubrication during testing. The femoral adagtot fixture was attached to the

base plate of the simulator, and the acetabular adagiot to the top plate Figure25a). The
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top plate with the acetabulum attached was then lowered onto the femoral head until the
two were concentric Figure25b). A spring was placed above the top plate to hold the two

fixtures in position. The gaiter was then secured around the acetabulum and held in place

with a jubilee clip Figure25c).

Figure25: a) Components set up within the simulator. b) Acetabulum lowered onto the femoral
head until concentric. ¢) Gaiter covers the simulatorsetd ' yR A& FAff SR SAGK wh)

keep the sample lubricated during testing.

3.2.5.3 Lubrication

The silicone gaiter was filled with solution to ensure all articular surfaces were fully

4dz0 YSNHSR Rdz2NAy3 GSadAy3Is 6AGK | LILINRBEAYFGST ¢
test. Synovial fluid plays a critical role in maintaining the normal function of synovial joints,

acting as both a lubricant and a nutrient medium for the surrounding cartilage and soft

tissues. It provides boundary and fltfitn lubrication through its proteirand hyaluronan

content, while also maintaining osmotic and ionic balamgthin the joint environment.

When replicating irvivo conditions in an wvitro test setup, the choice of fluid medium is

therefore important, as it influences tissue hydration, load transfer, and cellular viability. In

0KS OdzZNNBy i & lodzias Bsednirdstgadl SiR@ivase® liibdzams such as

bovine serum to provide a physiologically relevant ionic environment during -tont (4

K2dz2ND aAYdzZ FdA2yd wAyaSNRa YIAydrAaya |y 2a&°
comparable to that of nave synovial fluid, helping to prevent tissue swelling or desiccation

that may occur in dry or naisotonic conditiongZimmerman et al., 2091Previous studies

K38 aKzgy OGKFG F2NJ akK2NI (0S&80 RdNI GAzyas wj
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and matrix integrity more effectively than saline, while avoiding the variability and protein

deposition associated with seruimased mediéReagan et al., 198&radinger et al., 1995

Gulihar et al., 2013Sardana et al., 20)® ¢ Kdza> GKS dzaS 2F wAy3dISNDa
controlled and biochemically stable environment sufficient for maintaining tissue integrity

throughout the fourhour test period, without introducing the confounding effects of protein

adsorption that can inflence surface interactions during longierm or wear studies.
3.2.5.4 Calibration

Calibration of the SSHS was performed before in vitro simulations. The machine was
calibrated in accordance with the University of Leeds standard operating procedure.
Simulator loads, torques and displacements were calibrated using an external loaddcell an
slip gauges. This was done to ensure the simulator was operating within the expected range.
The external 5kN load cell (Omega DRZ5E0) was left to warm up for 30 minutes before
use, which helped reduce the likelihood of drift in the load cell sigdsing the ProSim
simulator software, the automatic load calibration function was used to calibrate the axial
and mediallateral forces, flexiorextension, abductioradduction, and internaéxternal
torgues. The external load cell was mounted to the sinrlin different positions relative

to each of the forces or torques being measured. Five different loads were applied to the
external load cell, and the output reading was recorded in the software, which calculated the

calibration constant.

Mediatlateral and anteriofposterior displacements were calibrated using the automatic
displacement calibration function within the simulator software. Slip gauges were used to
move displacement sensors a known distance. This information was then reciordeel

software, and the demand position was calibrated against the known actual position.
3.3 Development of damage characterisation methods

A variety of methods have been used clinically to describe damage to the labrum and
cartilage observed during hip arthroscof8eck et al., 200Q4lizaliturri et al., 2008Konan et
al., 2011 Barros et al., 2019 However, there are no reported methods to characterise

damage caused by in vitro experiments. This section outlines the advantages and
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disadvantages of methods used clinically in terms of their applicability to an in vitro setting;

the development of a method for characterising in vitro damage is then detailed.

The overall aim was to create a successful damage characterisation method for use following
an in vitro simulation. The method needed to record damage, such as delamination and other

cartilage changes and provide good intra and intser repeatability.

3.3.1 Development of Photogrammetry method

Photography was important for recording areas of damage or morphological changes to the
labral and cartilage surfaces. Images were taken from a top view of the acetabulum and
femoral head: before testing, at 2 hours and ptest (4 hours). Three differeniews were
captured at each imaging interval: wide lens, macro lens, and a-gfmgglagnified images
were taken of any areas of interest, particularly the articulating surface of the acetabulum
and the labrum. To ensure consistency of the photos andmd the impact of external
factors, all images were taken under the same lighting conditions, using a lightAbox.
consistent distance between the sample and the camera (Canon EOS 750D) lens was
maintained throughout, using a tripod. Camera settings for each image remained constant
and are detailed imable5. Maintaining the same camera settings wascial for a reliable
visual comparison between time point&ny changes in exposure, aperture, or white balance
could have affected the appearance of the tissue surfaces and potentially influenced the

classification of damage severity.

Table5: Camera settings used during photogrammetry of tissue samples.

Setting Wide Lens Macro Lens 1:1 Closeup shot
PhotoBox light 1/8 1/8 N/A
source (Position of
the dial)
ISO 200 400 1600
Aperture 8 8 16
Shutter speed 60 100 100

Following the initial pilot study, a small artefact was identified in some of the images of the

acetabulum. This was due to the LED light strip on the top of the PhotéBpx€26). An
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attempt was made to mitigate this by using polarising film to reduce the effect of the
reflection. However, this approach was unsuccessful, resulting only in a reduction in the

overall brightness of the image.

Reflection from
PhotoBox lights.

Figure26: Reflection of the PhotoBox light strip seen in images of the acetabulum.

A study wasconducted to comparemages taken by two different users using the
photography methodology. This demonstrated consistent images when the same settings

are used [Figure27).
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User 1 User 2

Wide Angle

Macro

Figure27: Comparison of porcine hip images captured by two different users using the same
photography methodology. Top row: widangle images; bottom row: macro images. Consistent
image quality and perspective were achieved across users when identical camera seitinge

applied.

3.3.2 Damage characterisation methodology

A consistent and replicable approach to classifying damage was important for in vitro testing
studies, especially where damage was subtle and subject to interpretation. Unlike existing
clinical classification systems that often focus on scoring damage sewbetynethod
developed in this study aimed to classify the type of damage observed. This was particularly
important for ensuring consistency between samples, enabling comparison across future
studies using this protocol, and addressing the lack ofsiabdished system tailored to in

vitro simulation damage, particularly in porcine acetabula. The classification system is based
on clinical descriptors from existing literature, modified for visual, irda@ged assessment

of simulated damage. The six deptors identified were: Scratch/Indentation, Tear/Flap,
Separation from Cartilage, Blushing, Fibrillation, and Delamination (or bubbling). These
descriptors mirror clinical damage types documented in studies su@eels et al. (2005)

andKonan et al. (2011)put are specifically adapted for visual evaluation of porcine tissue
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during testing. Each descriptor and its potential mechanism of formation are described

below.

The method for characterising damage in this study was developed because no existing
system was designed for classifying the specific types of damage created during in vitro
simulations of the hip. The focus of existing methods, such as the Outerbricg#icktion

or ICRS scoring system, is on ranking or grading the severity of damage seen in clinical
settings, rather than describing the type of damage. The Beck classification, although
designed for the hip, combines different types of damage, suchbaalleears and cartilage
fibrillation, into the same gradéBeck et al., 2005 This approach did not suit the aims of this
study, which was to identify the specific type of damage generated during testing rather than
its severity. Therefore, a simple, imabased system was created that could be applied

consistently and allow futer studies to replicate the same approach.

Findings were recorded in an information shd@jppendix8.2), with observed damage
matched to descriptors and documented based on the appearance of each type of damage.
Samples were characterised at three points during testing:t@se 2 hours, and podest.

Table 6 outlines descriptor names, definitions, and example images where relevant.
Descriptors such as tear/flap, separation from cartilage, and fibrillation were included in the
classification system even though they were not observed, as they are frequenttiomesh

in related clinical literature and may be seen in future tests.

Table6: Descriptors used in classifciation of damage created during in vitro simulations.

Type of Description Image
damage

Scratch/ Surfacelevel dents or
indentation | abrasions typically found on
the articulating surface of the
acetabulum. May result from
abrasive wear due to dislodge
cement or bone debris.
Reflective surfaces sometimesg
obscure these in images.

Tear/Flap Minor cuts or flapson the N/A
labral tissue, typically caused

by trauma or repeated motion.
Suggestive of overuse failure.
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Separation | Detachmentat the N/A
from chondrolabral junction, where
cartilage the labrum separates from the
cartilage due to compressive
and tensile forces.
Blushing A visual change in cartilage | Pre and postest example of blushing
colour, potentially indicating
subsurface deformation or fluig
loss
Fibrillation Fraying of the superficial N/A

cartilage surface. Indicative of
early degeneration or surface

fatigue.
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Delamination| Bubbling initiated: Represents
(or bubbling) | the very onset of surface
fatigue or shear. Appears as tk
first small raised spots on the
cartilage surface, but with
minimal disruption to the
surrounding tissue.

Bubbling (established):
Represents early to
intermediate fatigue or shear
at the cartilage surface.
Appears as raised or vesidike
formations, indicating local
matrix separation, but with the
surface layer still largely intact

Delamination: Refers to a mor
severe form of surface damag
where a layer of cartilage has
fully separated or lifted from
the underlying tissue. It
indicates advanced mechanica
failure, often following or
developing from bubbling if the
stress continuedDelamination
corresponds to a clear loss of
material and structural
integrity, rather than just a
visual surface change.

While the main goal of this system was to classify damage types rather than severity, specific
descriptors can also serve as indicators of relative progression. For instance, blushing
signifies an early visual change, whereas scratching indicates sigfatalisruption, and
delamination or bubbling points to more advanced fatigue or shear failure. Although not
measured on a numerical scale, these descriptors offer a qualitative understanding of
damage progression. This enables comparisons across testidgions to be made based

on the types of damage observed.

Overall, this classification method was designed to provide a clear and consistent way of
describing damage type, rather than severity, which was better suited tetilndy's aims

The system ismagebased and straightforwardmaking it reproducible for future work
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However, it relie®n visual inspection, which can introduce subjectivity and is limited by the

resolution of available imaging.
3.3.2.1 Location of damage

To describe the location of damage on the acetabular surface, the zonal method was adopted
(Figure28), as described biizaliturri et al. (2008)This method divides the acetabulum into

six zonesutilising fixed anatomical landmarks to ensoamsistency and repeatabilityhree
lineswere drawn: one at the anterior edge of the acetabular notch, one at the posterior
edge, and a third at the superior margin of the notch. These divisions create six distinct zones
across the articular surface. For consistency, the femoral head was alseddivitt Six
mirror-image zones, allowing for comparative analysis of damage location on both articular
surfaces. The ligamentum teres was used as an additionaloarical landmark and

corresponds to zone Six.

-~ Superior .

Anterior Posterior Posterior Anterior

0 Inferior

Inferior

Figure28: To assist in describing the location of damage, the hip was split into zones using the
llizaliturri et al. (2008)zonal method. The acetabulum was divided into six zones using the

acetabular notch as an anatomical landmark. This was then mirrored onto the femoral head.

This method was chosen over the alternative clade method due to its lower
susceptibility to perception erroi@lizaliturri et al., 2008Konan et al., 200)1While the clock

face technique divides the acetabulum into twelve sections using a standardised orientation,

it can be influenced by variations in sample orientation and geometry, especially in in vitro
studies using porcine samples. In contrast, thelzén YSiK2RQ&a NBf AlFIyOS
landmarks, rather than imposed angles, offers improved reliability in describing damage

location.
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Nonetheless, potential sources of error exist in this approach. These include variability in
identifying the exact margins of the acetabular notch, which may differ across samples, and
the irregular morphology of the porcine acetabulum, which could affieetconsistency of

zone definition. To minimise this, care was taken to align samples consistently and to apply

the same visual criteria when identifying landmarks.

3.3.2.2 Reproducibility study

To assess the reproducibility of the damage characterisation method, a study was conducted
to evaluate both inter and intr@bserver reliability. A set of eight sample imagasmprising

both wide-angle and macro views, was selected to represent the full range of observed
damage categories (i.e., mhhange, Scratching, Blushing, Delamination). For-ivthserver
testing, one observer characterised the damage at three different time points: immediately
after testing (using the physical sample), from imagierdesting, and again two weeks
later using the same imagdeach time blinded to previous observations)ter-observer
testing involved two additional observers with varying levels of experience, but possessing a
working knowledge of hip joint anatomy, who eaicldependently assessed the image set

used for the intraobserver study

As shown immable7, there was agreement in characterisation across all ttulegervations

for seven out of eight samplés the intraobserver study The only exception was Sample 4,

GKAOK gl & OKIFINFOGSNRAASR a daaONI GOKAYy3IE GKSY
OF 6S3A2NAaASR a ay2 OKIy3aSé ¢KSy FaaSaaSR @Al AY
damage featuressuch as scratchespay be morechallengingto detect solely through

images Overall, the intreobserver reliability was high, demonstrating that the metheas

consistent when used by the same individual.
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Table7: Intra-observer reproducibility in damage classification across three time points. Shows the
classifications made by one observer using the physical sample immediately after testing, then
from images, andepeatedtwo weeks later. (No change (green), Scratching (blue), Blushing

(yellow), Delamination (red)).

Sample Immediately after From images two weeks
Number testing From Images later

1 No change No change | No Change

2 Delamination Delamination| Delamination

3 No change No change | No change

4 Scratching No change | No change

5 Blushing Blushing Blushing

6 Scratching Scratching | Scratching

7 Blushing Blushing Blushing

8 Delamination Delamination| Delamination

Interobserver findings are summarisedTiable8. Full agreement was seen in three of the
eight samples. In four cases, two out of three observers agreed, and in one case (Sample 3)
there was no agreement among any of the observers. This suggests moderatelistgver

reproducibility.

A breakdown of pairwise observer agreement is showhahle9, which demonstrates that
Observer 3 agreed more frequently with other observers. This is likely because Observer 3
developed the damage characterisation criteria and had the most experience applying it. This
indicated that with proper training and familiaritythe reproducibility of the classification

system can be improved.

Table8: Inter-observer reproducibility in damage classification for eight samples by three

observers at one time point.

Sample

Number Observerl Observer2 Observer3b
1 No change No change | No change

2 Scratching Delamination| Delamination

3 Delamination Blushing No change

4 No change No change | No change

5 Blushing Blushing Blushing

6 Scratching No change | Scratching

7 No change Blushing Blushing

8 Delamination Scratching | Delamination
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Table9: Pairwise interobserver agreement. Summariséise agreement between each pair of
observers across the eight samples. Tick indicates agreement, cross indicates disagreement. Totals

at the bottom indicate the overall frequency of agreement for each pair

Sample Observerl vs Observerl vs Observer2 vs
Observer2 Observer3 Observer3

1

2

3

4

5

6

7

8

Agreement 3/8 5/8 5/8

Count

A qualitative classification method was selected because subtle damage features, such as
blushing or scratchingyere often difficult to capture using automated image processing. In
some cases, the edges of these features were diffuse, making quantitativebpbed
classification unreliable. The key aim of the damage analysis was to identify the type of
damage rathethan quantify its precise size or depth. Therefore, subjective assessment by a
trained observer was considered more appropriate for thiglgturhe intraobserver results
indicate that the approach is suitable for single user classification, as was applied consistently
throughout this project. The inteobserver study highlights that classification becomes more
robust with familiarity and traiing Futureuse of this method by other researchers would

benefit from clear training guidelines and reference images.

Finally,although interobserver variation was present, the high agreement between the
most experienced user armgthers suggests that this method can be robust, provided clear
criteria are followed. Refining the protocol with standardised definitions and possibly
incorporating semguantitative image tools may further enhance reproducibility in future

studies.
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3.4 Development of natural (porcine) hip in vitro

simulation methods.

The purpose of this study was to develop an in vitro simulation method, whereby individual
parameters were tested in isolation to better understand their impact on damage in the hip
joint. Load, sliding distance and direction at the cartilage labral jonatiere identified as

parameters that were likely to affect the damage in the joint.

This section presents the findings of natural in vitro simulations that investigate three
damagecausing parameters. Following a set of tests under Initial Control conditions,
parameters were investigated in turn, and incremental adjustments were madendime

on damage observedrigure29). The combination of parameters was either carried forward

to the next stage of testing or disregarded as a parameter that did not result in any further
damage. Throughout this testing, adjustments continued to be made to improve the
simulation's accuracyand repeatability, and the results informed a final selection of
parameters that induced damage. These were referred to as Refined Control conditions and

were then used in subsequent in vitro simulations.
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Figure29: Flow chart showing development of testing methodologies for in vitro porcine testing,

and assessment of damage causing parameters.
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3.4.1 Testing Parameters

The following testing was used to define the Refined Control parameters that caused damage
at the cartilage labrum junction. The studies varied parameters (sliding distance, direction,
and load) that were expected to affect damage. The different paramedssessed are

shown inTablel0:

Table10: Matrix of testing parameters used in in vitro simulations; letters denote testing code.

Sliding | Inclination Load (N)
distance| angle (°) | 900N | 1130N| 1500N
+/-20° 35° A C
35° B D
+/-10° )
Parallel motion 45 E
+/-10° 35° F H
+1mm .
ML Dis | #° G
) +/-10°
Perpendicula °
Perm((e)rt\i(cj)lr(]:ular +1mm 35
— ML Dis

The testing process was divided into two paifeigg(re29). Preliminary testing to develop
methods and understanding in terms of effects of parameters (part 1) and optimisation of
methods to develop a control set of parameters that result in damage (part 2). Test cases

undertaken are detailed below, letters deteotests as described ifiablel0.
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Part 1:

1 Observation of damage resulting from the Initial Control set of parameters based on
previous studiegJimenezCruz et al., 2024A).

1 The effect of load on damage in the hip joint. (B vs D)

1 Comparison of damage for two different sliding distances. (A vs B) (C vs D)

1 Effect of moving the contact closer to the cartilage labral junction. (D vs E)

Part 2:

1 Maintaining sample stability. The effect of the new method of stabilising samples on
previously tested parameters.
0 Load (FvsH)
0 Inclination angle (F vs G)

1 The effect of directional changes on damage in the hip joint. (H vs |)

3.4.2 Part 1: Preliminary testing

In Part 1, preliminary testing was conducted to assess the damage caused by the Initial
Control parameters. Scaling protocols were applied to the Initial Control parameters derived
from the literature, and tests were systematically completed. Parameten® vagjusted

based on the observed damage in the joint; the greater the severity of the damage, the more
beneficial the parameter was deemed to be. This testing aimed to identify damage causing

parameters.

3.4.2.1 Methods: Preliminary testing

Initial control parameters for testing were informed by previous natural in vitro studies using

porcine tissue. In particuladjmenezCruz et al. (2022)onducted walking simulations based

on the ISO gait profile commonly used for artificial hip implant testing, which was scaled for
porcine hips. This approach provided a physiologically relevant starting point for defining
loads, angular motions, and iithtion angles, ensuring that the simulator conditions

reflected both established standards and the mechanical limits of the tissue.
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Porcine hip scaling method to determine peak load

Porcine tissue served as a substitute for human hips in this study due to its similar geometry
and greater availability for in vitro testingowever, structural differences mean that porcine
tissue is more susceptible to overloading and premature damage if directly subjected to
humanequivalent hip joint forces. For this reason, scaled loading conditions were applied to
ensure that the porcindissue could be tested under physiologically relevant conditions

without compromising the integrity of the samples

The purpose of scaling was to reproduce hurpbhysiologicaloading and simulate the tissue
damage or degradation that occurs under typical or adverse conditions, while remaining
within the mechanical limits of porcine cartilage. To achieve this, experimental data from
quadrupedal animalsvas used to inform the load profile, recognising that pigs are
quadrupeds and distribute their weight differently froumans. Previous studies often
simplified this by assuming even weight distribution between four limbs, with two hooves in
contact during gait, restihg in estimated constant loads of 400N and peaks of 800N for an
80kg piglLizhang, 201,0Groves, 2015Pallan, 201H

However, a study byrhorup et al. (2007found that joint loading in pigs was not evenly
distributed between the forefeet and the hindfeet, which could suggest that the highest load
through a porcine leg could be considerably more. In a studgdsgmann et al. (1999hip

joint forces in sheep were measured using an instrumented joint prosth€sien the
shared quadrupedal gait, these data were considered broegligparableto porcine hips.
Bergmann et al. (1999¢ported regression equations relating hip joint force (% body weight,
BW) to walking speed, providing both medi@&#®) and absolute maximur(R®S) values. For

the present testing, the absolute maximum was selected to create the most severe loading

scenario:

Y PO wx ¢ inQ@aQ

To use theBergmann et al. (1999ata to inform this experimental simulation, an
appropriate testing speethad to becalculated The hip simulator adhere® 1ISO 14242,
which prescribes a 1 Hz frequency to replicate cyclical human gait. Based on a human stride
length of 1.38 m, this frequency corresponds to a walking speed of ~5. Krhéhfollowing

equation was used to calculate the speed in km/h:
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For this testing simulation, the speed was rounded to 5km/h. Using the calculated speed and
average weight of a pig (80kg), #¥Ralue of 898N was calculated (see calculations below).

This was rounded to 900N and used as the peak load in testing.
WX ¢ v pp TOPL

ppmym

o P oy w Ttat

An estimated average porcine weight waguired to calculate an appropriate peak load and
was initially obtained from théditerature. As some samples had not yet been dissected, a
value of 80kg was usddizhang, 2010Groves, 2015Pallan, 201p After testing, the actual
average weight of the specimens was found to be 84kg. This resulted in a calculated load of

942N, differing by 2N from the original estimate.

By scaling in this way, the testing protocol ensured that porcine tisasdoaded within
realistic physiological limits while accurately modelling the extremes of human gait
conditions. This provided a controlled yet translationally relevant loadiveghod for

assessing cartilage and labral tribology in the hip simulator.

Parameter selection

An increase in joint load and consequently contact pressure is known to contribute to greater

cartilage damage. In this study, three loads were applied: 900N, 1130N, ani.B#$ed

on a porcine scaling method, 900N was identified as the peak load for a scaled gait cycle and

was therefore selected as the Initial Control load. This load served as a physiologically

relevant baseline for testing. To systematically assess the teffeincreased loading,
4dzoaSljdzSyd GSadta ¢ SNB OlepdsknSng notidzl Zoand5amon b | YR
increases, respectively. These incremental increases were chosen to evaluate whether

higher loads beyond the baseline physiological range would result in measurable or

progressive cartilage damage. Each load was applied in succession, beginning with the

lowest. Testing progressed to the next load only if substantial damage was not observed at

the previous level.
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In this study, sliding distance refers to the angular motions applied to the femoral head.

Sliding distances of £10° and £20° were selected based on arc length calculations using the

F SNF 3S LRNODAYS FSY2NIf KSI|TRyloRetdl. R812Fese 2 F op ¢
calculations Figure30) showed that +5{~1.6mm)produced minimal uncovering of the

femoral head, offering negligible sliding movement and were therefore excluded. +10°
(=3.1mm) and +20° (~6.2mm) produced a more substantial arc length, promoting surface
uncovering, which was considered beneficial for allowdagilage recovery during testing.
Additionally, fixture design limitations and potential for impingement were also considered

when defining the upper limit of angular motion. The +20° input allsgns with flexioq

extension values reported in porcine gait studies, such as thpdenenezCruz et al. (2022)

supporting its physiological relevance.
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Figure30: lllustration of angular input and resulting arc lengths for a porcine femoral head
(average diameter 35.6 mm). Graphs show angular motion across the gait cycle for £5°, £10°, and
+20°. Diagrams on the right depict the estimated arc length travelled bg tlontact point at peak

angular displacement: ~1.6 mm for 5°, ~3.1 mm for 10°, and ~6.2 mm for 20°.

Theinclination angles used in this study (35°, 45°, and 55°) were selected to represent
progressively more adverse loading conditions. An angle of 35° aligm$SO 14242the
international standard for artificial hip implant wear testing, and is considered clinically

relevant; using this standard ensures that simulator testing is performed under validated,
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reproducible conditions, building on a triethd-tested framework. Accounting for the 10°
transposition between the body and the simulator, this corresponds to approximately 45° in
vivo (Ali et al., 201% Increasing the inclination angle moves the load point toward the
acetabular rim, creating edgeading conditionsWhile edge loading is typically associated
with artificial implants, certain natural hip pathologies, such as-tgme femoroacetabular
impingement (FAl)produce similar locabed stress and shear forcéRallan, 201 The
higher angles of 45° and 55° were therefore chosen to replicate these adverse mechanical
environments, representing physiologically plausible extremes and allowing exploration of

how increased rim loading could influence damage.

Testing wasun for 4 hours at 1 Hz, totalling 14,400 cycles. Based on an average stride length
of 1.38n (Ardestani et al., 2006 which is twice the length of a simulator cycle, this equates

to approximately 18m of walking. Testing was paused once at the halfway point for
inspection. Thd-hourduration was selected based on preliminary comparisons @tbur

tests, which showed minimal difference in damage. Given practical constrairdk as lab
access and the need to avoid overnight testing or repeated refrigeration, 4 hours was

considered the most appropriate duration

Simulator setup

The experimental setup was designed so that meldiaral (ML) and anterioposterior (AP)
displacements were unconstrained, allowing the motion to follow the natural;untiform
shape of the porcine femoral head and acetabullg(re31). Motion was applied to the
femoral head while the acetabulum remained fixed, with vertical load applied through the
acetabulum. Movements parallel to the cartilafgdral junction were generated using
flexionextension, and perpendicular movements usigductionadduction. Although a
unidirectional motion was applied through the simulator, the unconstrained ML and AP axes
allowed for some small translatidn these directions as the components interacted. These
small additional motions were not directly measured but were considered acceptable as they

reflected the natural fit of the sample within the simulator.
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Medial-Lateral displacement Anterior-Posterior

left unlocked and free floating. displacement left unlocked
and free floating

Side view

Flexion

Front of simulator

Front of Simulator

Flexion-Extension applied
to femoral pot.

Figure31: Front and side view diagrams of the initial experimental setup within the simulator.
Both mediatlateral and anteriorposterior displacements were not restricted and left to move
freely. Flexiorextension movements were applied to the femur; the acetabuol remained in a

fixed position.

In vitro simulation results were recorded by photogrammetry as detailed in Seg®oh In
addition to categorising observed endpoint damage, images were taken to aid in comparison
between testing parameters. Three repeats were completed for each set of parameters (see
Appendix8.3for all photogrammetry). However, only pre and ptss$t images for a single
sample are presented in this section. The sample chosen is the one that best illustrated the

type of damage observed for that set of parameters.

Load and motion profile

The hip simulator input profile consisted of a load and a motion waveféigufe32). Peak
load and applied motion for each test varied depending on the parameter set used.
Nevertheless, all load waveforms followed a similar pattern of a simplified gait cycle, in as
much as they started at 300N and then increased to a peak value at 308 ©ycle time,
the load then reduced, and from 60% of the cycle time until the end of the cycle, a constant

load of 300N was applied. All motions were applied as sinusoidal waveforms.
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PARAMETERISED SIMULATOR INPUTS
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Figure32: Parameterised simulator inputs. Axial force is applied for 60% of the gait cycle and
increases gradually until it reaches its peak load at 30% of the gait cycle. It is then reduced, and

the remaining cycle consists of a constant dwell period.

3.4.2.2 Results: Preliminary testing

This section presents the results obtained from preliminary in vitro simulation tests. All
damage observations were recorded for each test using photogrammetry. The tests
conducted in this investigation include Initial Control parameter tests, comparafatisling
distances and loads, and assessments of the effect of moving the loading point closer to the

cartilage labrum junction.

The first test conducted focused on the investigation of Initial Control parameter8)(Al
(Figure33). Samples revealed no visible damage to the acetabulum. However, a noticeable
change in colour of the articulating surface and labrum was observed across all samples. This
colour alteration resulted from blood being displaced from the tissue during thalation

YR YAEAY3 6A0GK GKS AdzZNNRdzyRAy3d wiy3ISNDA

transparent state.
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Sliding Axial load: 900N
distance: —— >
+/-20° Inclination angle: 35

Al - No change A2 - No change A3 - No change

Pretest

Post-test

Figure33: Photogrammetric results of in vitro simulations using Initial Control parameters (n=3).

Two sliding distances were investigated: £20° and £10° flegidansion movements
parallel to the cartilagelabral junction. These sliding distances were examined under two
loads, 900 N and 1130 N. At 900 N and £20°, no visible damage was ol{#eByetit £10°,

two samples showed scratching (B1, B2), while one showed blushingi@8¥84). At 1130

N and £20°, two samples exhibited scratching (C2), one of which also displayed blushing (C1),
while the third sample dislocated (C3jigure35). At £10°, two samples showed blushing
(D2), one showed both scratching and blushing (D1), and one showed no change (D3).
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Axial Sliding Distance (°)
Load +/-20 +/-10
900N |A Al - No change B B1 - Scratching
A2 - No change B2 - Scratching
A3 — No change B3 — Blushing
A2 Pre-test A2 ost-tst B1 Pre-test B1 Post-test
Figure34: Photogrammetric results from sliding distance comparison at 900N.
Axial Sliding Distance (°)
L
oad +/20 +/10
1130N |C C1 - Scratching/Blushing D D1 - Scratching/Blushing
C2 - Scratching D2 — Blushing
C3 - Dislocated D3 — No change

C3 Pre-test

C3 Post-test

D2 Pre-test

®9®

D2 Post-test

Figure35: Photogrammetric results from sliding distance comparison at 1130N.

The next parameter setomposed of elements from the previous two setsmpared load

at the shorter sliding distance, a&sarlier tests with this sliding distance and a higher load

indicated increased damagé&igure36). At 900 N, two of the three samples exhibited

scratching (B1, B2), and one showed blusliBig) At 1130N two samples showed blushing
(D2), one showed both scratching and blushing (D1), and one showed no change (D3).
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Sliding Axial Load
D's:f)"ce 900N 1130N
+/-10 B1 - Scratching D D1 - Scratching/Blushing
B2 - Scratching D2 — Blushing
B3 — Blushing D3 — No change

B1 Post-test

B1 Pre-test

D2 Post-test

D2 Pre-test

Figure36: Photogrammetric results from two different loads (900N and 1130N) at a shorter sliding

distance.

The final parameter set investigated the impact of increasing the inclination angle and
moving the point of contact closer to the cartilage labral junctifigre37). At a 35°
inclination, the simulation remained stable, and a full ftwaur test was successfully
completed. The damage observed at this inclination was characterised by blushing and
scratching (DB). At the higher inclination, the sample became unstalaind dislocation

occurred in all three repetitions.

Load Inclination Angle (°)
1130N 35° 25°
Sliding D1 - Scratching/Blushing E E1 - Dislocated
distance D2 - Blushing E2 - Dislocated
+/-10° D3 — No change E3 — Dislocated

#093 Pre-test

#093 Post-test

Figure37: Photogrammetric results from changing inclination angle at load of 1130N and sliding

distance of+10°.
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3.4.2.3 Part 1: Findings and implications

Preliminary simulations conducted under the Initial Control conditions showed that the
combination of load, sliding distance, and inclination angle influenced both the type and
progression of damage at the cartilagg@brum junction. The shorter sliding thece of £10°
produced the most consistent changes, with several samples showing early indicators of
damage such as scratching and blushing. In contrast, the +20° distance rarely generated
visible effects, suggesting that shorter ak@pt the contact poihin the same region for

more of the motion and placed greater mechanical demand on that dreseasing the
applied load from 900N to 1130N also increased the prevalence of damage, although signs

of instability became more apparent at higher loads, with one sample dislocating at 1130N.

Inclination angle had a distinct influence on both stability and the nature of damage. At 35°,
tests remained stable and generated superficial changes such as blushing and scratching.
However, increasing inclination to 45° shifted contact towards the nmd eonsistently
caused instability, with all samples dislocating before test completion. This indicated that
inclination is a relevant parameter for recreating adverse mechanical conditions, but the
simulator configuration used in Part 1 did not providdfisient stability to support higher

angles.

These findings revealed three key issues. First, certain parameter combingiamisularly
shorter sliding distance and increased |Ipagre more effective in producing early, clinically
relevant damage. Second, although progressive patterns of damage were observed,
variability between samples and the tendency for dislocation limited confidence in the
repeatability of these results. Thirdhe consistent instability at higher inclinations

highlighted the need for refinement of the setup to maintain cahtver joint articulation.

Overall, the Initial Control conditions demonstrated proof of concept that simulated
impingement can reproduce damage within porcine tissue. However, theyeaipbasised

the need to improve stability and repeatability before more detailed parametric testing could
be undertaken. Refining the setup to balance physiological relevance with mechanical
control was therefore essential before progressing to the Refined Contnalittans in Part

2.
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3.4.3 Part 2: Determining Refined Control parameters

Based on the preliminary results obtained under the Ini@ahtrol conditions in Part 1,
refinements were introduced to improve the stability and repeatability of the in vitro
simulations. The high rate of dislocation at greater inclinations and variability in damage
outcomes indicated that the initial setup did hoonsistently reproduce clinically relevant
patterns of cartilage damage. To address this, a lateral displacement was incorporated into
the design to stabilise articulation and reduce disloaatiat the same timethe parameter

sets that had previously produced damage (shorter sliding distance, higher loads, and altered
inclination) were retained for reassessmeifithese adjustments formed the basis of the
Refined control conditions in Part 2, which aimed to establish a robust testing configuration
capable of reliably reproducing the damage processes associated withtypam

femoroacetabular impingement.

This section encompasses not only the refinement of control parameters but also systematic
measurements of contact area and zonal mapping of damage locatimmgact area testing
confirmed consistent femoral hegdcetabulum engagement and assessed the influence of
motion direction and sample geometry (see Sectihd.3.1and 1.4.3.3). Zonal damage
analysis, using the llizaliturri et al. (2008) method, provided a systematic and clinically
comparable framework for reporting the distribution of cartilage damage (see Section
1.3.2.1 and Section 1.4.3.4). Together, these approaastablished a robust testing
configuration capable of producing stable, repeatable, and physiologically relevant patterns

of cartilage damage associated with céype femoroacetabular impingement.

3.4.3.1 Methods: Refined control parameters

Maintaining stability

A key limitation in Part 1 was maintaining sample stabdiying simulations. At higher
inclination angles, there was a reduction in coverage of the femoral head by the acetabulum,
which increased the risk of dislocation. In vivo, the surrounding joint capsule, muscle, and
ligamentous structures help maintainifo stability. However, in the simulator, these were
removed, which resulted in less control over joint positioning. To help counteract this and
better maintain stability, a ~1 mm lateral displacement was applied to the acetabulum
(Figure38).
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1mm Lateral displacement Anterior-Posterior
applied to cup holder. displacement left
= unlocked and free floating

&
% >

Side view

Frontof Simulator Flexion-Extension applied
to femoral pot.

Figure38: Model of simulator components, lateral displacement was applied to the acetabular

pot, constraining the femoral head and preventing dislocation of the sample during testing.

In Part 1, both the ML and AP displacements were unconstrained, allowing the joint to move
more freely and follow its natural articulation. While this setup aimed to preserve natural
motion, it also led to increased instability and dislocation, particylarithe ML direction,

due to variations in sample shape and its mounting method. Short trials were performed to
find the most suitable lateral displacement. A displacement of 0.5mm was not sufficient to
stabilise the joint, while 2mm caused the femorakldeto crack within the cement mantle

due to excessive lateral force. A Imm displacement was found to be optimal; it stabilised the
sample without disrupting the motion or causing additional damage. The lateral movement
was designed to follow the same cgctihape as the applied axial lodegure39). Rather

than interfering with the sliding motion, the added displacement helped reduce unintended
movement and wobble, thereby improving test consistency and ensuring that the sliding

distance remained predominantly uniaxial and reflective of the inpatioms.
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Figure39: Typical simulator input, green dashed line represents the applied 1mm lateral

displacement.

Direction of sliding

Direction in the simulation was described as movement parallel to and perpendicular to the
cartilage labral junction. To achieve this, uniaxial motion inputs were adjusted, flexion
extension motions resulted in movements parallel to the junction and alioretdduction
motions were perpendicular to the junctiofrigure40). Directional sensitivity is expected
because acetabular cartilage is anisotropic. Movements parallel to fibre orientation generate
lower resistance to shear, whereas perpendicular movements generate higher shear stresses
(Cashin et al., 2008Including direction as a parameté¢nerefore, enabled evaluation of a

structurally meaningful mechanical variable.
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Figure40: Model of simulator components. Movements parallel to the cartilage labral junction
were completed using movements in the flexiextension direction. Perpendicular movements

were performed using abductioadduction movements.

Contact area measurement

Contact area measurements wereonducted to verify that the experimental setup
generated consistent patterns of heaatetabulum engagement and to assess how motion
parameters and sample geometry affectedntact location. Establishing this repeatability
was essential to ensure that subsequent parametric simulations could be interpreted in
terms of genuine contact behaviour, rather than artefacts of the rig or testing procedure.
This data also provided a baseline for interpreting the more complex damagewsaaal

mechanisms

Three acetabular samples with femoral head sizes of 37, 38.5, and 41.5mm were tested, with
contact area measured three times for each sample to assess repeatability and the effect of
head size. A second investigation was then carried out using one ofshagaes, in which

the direction of motion was varied to assess directional effects. In this test, the standard
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input load profile(see Sectior.4.2.] was combined with a peak load of 1500N aad
uniaxial motion to assess directionality. Movements applied parallel to the joint were
performed in flexiogextension, whereas perpendicular movements were applied in
abductiorgadduction. Each condition was repeated three times to ensure repeatability.
Including both repeat tests and variations in head size and dire@iured that any
differences in contact area could be attributed genuine effects of motion or geometry,

rather than random variation in the measurements.

Contact area was measured by applying a thin layer of ink to the acetabular articulating
surface Figure4la). The sample was positioned in the simulator with the corresponding
femoral head, and 200 cycles of the input profile were applied ungerakload of 1500 N
Contact was defined as the area where ink was removed from the acetabular surface due to

engagement with the femoral heaéigure41bcc).

-'{_‘ I
W\ 4'"4. r

Figure4l: Contact area measurements: (a) Ink was smeared on the femoral head, the two parts

were pushed together till concentric, and the simulator input profile was initiated. Ink was
transferred from the head (b) to the acetabulum and was removed from areas wiuenetact

occurred (c).

3.4.3.2 Results: Refined control conditions

Inclination angle tests from Part 1 (Sectd.2.29 were repeated at 1130N with the addition
of the 1mm lateral displacemenFigure42). At a 35° inclination angle, all samples exhibited
obubbling, which was interpreted as an advanced descriptor of damage progression

compared to blushingin some regionsgbubbling initiated was observed, meaning small
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bubbles were starting to appear but had not yet fully developed, in comparison to the
bubbling which indicated a clearly formed bubblBlushing was still present, representing

an earlier surface change. At the higher inclination angle of 45°, all samples remained stable,
with two showing localised blushing (G2 & G3) and one presenting with a more extensive

area of blushing (G1), but naubbling.

Load Inclination Angle (°)
1130N
30 35° 45°

Sliding | F F1 - Bubbling/Blushing G G1 - Blushing
distance F2 — Blushing/ Bubbling initiated G2 - Blushing
+/-10° F3 - Blushing/ Bubbling initiated G3 - Blushing
+1mm
lateral
displace
ment

G2 Post-test

F1 Pre-test F1 Post-test G2 Pre-test

Figure42: Photogrammetric results for inclination angle tests witnlmm lateral head constraint
to improve stability of the simulation. At 35both bubbling and blushing were observed, whereas

at 45° only blushing occurred.

Findings from Part (Section3.4.2.2 suggested that a higher load of 1130N combined with

a shorter sliding distance of +10° was associated with ri@e progressivedamage
descriptors. This parameter set was repeated with the head constirapiace Under these
conditions, bubbling was observed on the articulating sur{&ds3) (Figure43), representing

a progression from the blushing and scratching recorded previously without the constraint
(seeFigure36, parameter set D). When the load was further increased to 1500N, bubbling
became more widespread across the surface, although no delamination was obgdfved

3).
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Sliding Axial Load (N)

distance (°) 1130N 1500N
+/-10 F F1 - Bubbling/Blushing H H1 - Blushing/ Bubbling
+1mm F2 — Blushing/ Bubbling initiated H2 - Bubbling
lateral F3 - Blushing/ Bubbling initiated H3 Blushing/ Bubbling

displacement

H2 Pre:test HZhPogf;test

F1 Pre-test F1 Post-test

Figure43: Photogrammetric results showing the effects of the new head constraint on increased

loading in the acetabulum.

The final test compared damage in parallel and perpendicular directions at the higher load
of 1500N and a sliding distance of £18fg(re44). Parallel motion produced a broader
spread of blushing across zoneg42of the acetabular surfac€H1-3). In contrast,
perpendicular motion generated a more concentrated area of blushing at the boundary
between zones 2 and 31-3). Bubbling was only present in the parallel direction, indicating

that the motion pathway influenced which descriptors were expressed.

Sliding Direction
distance (°) n
Parallel Perpendicular
+/-10 H H1 - Blushing/ Bubbling | 11 — Blushing
+1mm H2 - Bubbling 12 =Blushing
lateral H3 Blushing/ Bubbling I3 — Blushing
displacement :‘«; P

=

g
H2 Pre-test

HZT’ogt-test 12 Pre-test 12 Post-test

Figure44: Photogrammetric results showing the impact of directional changes on damage in the

hip joint.
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3.4.3.3 Results:Contactareameasurements

The contact area measurements confirmed that the simulator produced consistent and
repeatable patterns of heaghcetabulum engagement, validating the refined control

conditions used in this chapter.

Repeatability was first assessed by performing three repeats for each of the three acetabular
samples (#228, #174, and #122) under identical conditions (Figugi2lThe results
demonstrated consistent contact patterns across all repeats, indicating that the

experimental method produces reliable measurements.

Sample #228
#1 #2

Figure45: Photogrammetric results of contact space measurements for sample #228, repeated

three times to determine repeatability of the contact area.
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Sample #174

Figure46: Photogrammetric results of contact space measurements for samglé4#¢repeated

three times to determine repeatability of the contact area.

Sample #122

Figure47: Photogrammetric results of contact space measurements for samgl22#repeated

three times to determine repeatability of the contact area.
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The effect of motion direction was then examined using a single sample (#174), with three
repeats performed for both parallel (flexigaxtension) and perpendicular (abductipn
adduction) profiles (Figure 13). Contact areas were consistent across bothiatigct
indicating that the orientation of the motion path did not substantially influence the location
of engagement. This finding supports the decision to adopt a sdigtetion input in

previous simulator studies.

Sample #174
+10° Flexion/Extension +10° Abduction/Adduction

Figure48: Photogrammetric results ofantact area measurements for sample #174 under parallel

and perpendicular motion profiles. One of three repeats for each case is illustrated.

3.4.3.4 Results: Incidences of zonal damage locati&mype

To systematically report the location damage the llizaliturri et al. (2008) zonal method
was appliedSection3.3.2.]). This approach allowed damage patterns to be summarised in
a consistent and clinically comparable manner. For each tested sample, the preswhce
type of damagewas recorded within each zonBach occurrence of damage was recorded
per zone, with individual incidence points assigned for each identified damage type. Where
multiple damage types were present within a single zone, each type was counted separately,
irrespective of the extent or progssion of damagelhese incidences were then summed
across all samplecidents of zonal damage were compared for samples in parts 1 and 2 of

the testing.
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In Part 1 testing, damage was observed across multiple zones, with a relatively even
distribution between Zones 2 (8 incidences), 3 (9 incidences), and 4 (6 incidences), and a
single instance in Zone 1. No incidents were recorded in Zones 5Figu@g49). When
stratified by damage type, damage was limited to scratch/indentation and blushing, which
co-occurred across Zoneg4£2 Blushing accounted for the greater proportion of damage in
these regions, while scratch/indentation was present at lower frequenand was the only

damage type observed in Zone 1.

(Part 1) Incidences and type of zonal damage

16 m Delamination (or bubbling)
14 ® Fibrillation

S 12 Blushing

T

% 10 m Separation from cartilage

©

‘S W Tear/Flap

o 8

S W Scratch/ indentation

S 6

©

=

(&

=

4
2 I ]
,

Zonel Zone2 Zone3 Zoned4 ZoneS5 Zoneb

Figure49: Distribution of acetabular damage in Part 1 testing, reported using the llizaliturri et al.
(2008) zonal methodEach occurrence of damage was assigned one point per affected zone for

each identified damage type. Where multiple damage typesaccurred within a zone, each was

counted separatelylncidences per zone: Zone 1 = 1, Zone82Zone 3 9, Zone 4 = 6, Zones 5 and

6=0.

In Part 2 testing, damage was more localised, with the highest frequency observed in Zone 3
(14 incidences), followed by Zone 2 (9 incidences) and Zone 4 (7 incidences). No damage was
recorded in Zones 1, 5, or Eigure50). When stratified by damage type, damage was
composed of blushing and delamination (or bubbling) only. Blushing was observed across
Zones 2, 3, and 4, whereas delamination (or bubbling) was restricted to Zones 3 and 4, with
the greatest contribution in Zwe 3. Zone 2 exhibited blushing alone, with no evidence of

more advanced damage types.
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(Part 2) Incidences and type of zonal damage

16

m Delamination (or bubbling)
14 ® Fibrillation
12 Blushing

Separation from cartilage

-
o

M Tear/Flap

M Scratch/ indentation

Incidences of damage
[0 0]

Zonel Zone2 Zone3 Zoned4 Zone5 Zoneb6

Figure50: Distribution of acetabular damage in Part 2 testing, reported using the llizaliturri et al.
(2008) zonal methodEach occurrence of damage was assigned one point per affected zone for
each identified damage typeWhere multiple damage types eoccurred within a zone, each was
counted separatelylncidences per zone: Zone 1 =0, Zone 2 = 9, Zoneél3Zote 4 7, Zones 5
and 6 = 0.

3.4.3.5 Part 2:Findings and implications

The overall findings, summarised rable 11, indicate that the combination of joint
stabilisation, shorter sliding distance, higher load and parallel motion produced the most
progressive cartilage damage. Under these conditions, bubbling was consistently observed,
representing a more advanced stagesurface disruption compared with blushing, which
remained the earliest visible change. Inclination angle continued to influence the type and
extentof damage, with higher angles limiting the appearance of advanced descriptors even
after refinements were introduced. Motion direction also played a role. Parallel movements
produced a broader spread désions whereas perpendicular movements tended to
generate more localised changekgether, these results show that the Refined Control
parameters, specifally parameter set H, provided a robust and reproducible configuration
that produced progressive damage patterns in porcine tissue. This offers a reliable

framework for subsequent sustained simulation studies.
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Tablell: Summary of all parametrised testing and subsequent findings.

Sliding | Inclination Load (N)
distance| angle (°) 900N 1130N 1500N
Alcdl:l;)nwzlble Clc
A2-No \%sible Scratching/Blushing
+/-20° 35° C2- Scratching
change C3¢ Sample
A3¢ No visible G =amp
dislocated
change
D1-
B1- Scratching| Scratching/Blushing
35° B2- Scratching D2¢ Blushing
B3¢ Blushing D3¢ No visible
change
+/-10° Elc¢ Sample
Parallel dislocated
motion o E2¢ Sample
45 .
dislocated
E3¢ Sample
dislocated
Flc Blughlng/ H1- Blushing/
Bubbling :
F2-Blushing/ Bubbling
35° >lushing H2- Bubbling
+/-10° Bubbling initiated .
. H3- Blushing/
+1mm F3¢ Blushing/ Bubblin
ML Dis Bubbling initiated g
G1- Blushing
45° G2- Blushing
G3- Blushing
perpendicular| /1% I1- Blushing
—:?W +1mm 35° 12 - Blushing
- ML Dis I3 - Blushing

The contact area measurements confirmed that the refined experimental method generated

reliable and repeatable engagement patterns between the femoral head and acetabulum.

Across three repeated tests, contact location remained consistent, indicating keat t

approach was robust to anatomical variation between specimens. Directional testing

showed that the orientation of motion did not meaningfully alter contact area, supporting

the use of a single direction input for later simulator studies. These findialigate the
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refined control conditions and provide confidence that subsequent parametric outcomes

reflect genuine effects of motion or joint geometry rather than experimental variability.

Zonal analysis further demonstrated the effect of stability measures on the distribution of
acetabular damage. In Part 1, damage was spread relatively evenly across Zones 2 to 4, with
an isolated incidence in Zone 1 that is not commonly reported in viWter Atability
improvements were introduced, damage became more concentrated in Zones 2 and 3, with
Zone 3 showing the highest frequendy. addition to altering the spatial distribution of
damage, the refinements also influenced the type of damage obderfRart 1 was
characterised by loweseverity damage, primarily scratch/indentation and blushing,
whereas Part 2 demonstrated the emergence of more advanced damage mechanisms,
specifically bubbling (delamination). Notably, this progression in damage tgpespatially
linked, with advanced damage predominantly occurring in Zoneh& combined shift in

both location and type of damage indicates that the refined protocol not only improved joint
stability but also enabled more physiologically relevant loading conditions, promoting both
the initiation and progression of damage withfinically relevantanterosuperiorregion.
Furthermore, theabsence of damage in Zone 6, adjacent to the ligamentum teres, supports
the interpretation that the observed lesions were impingement related rather than random
or widespread. Using a zonal framark also enables direct comparison with clinical

observations, strengthening the translational relevance of this study.

3.5 Discussion

The overall aim of this study was to develop an in vitro simulation method that could
parametrically assess damage at the cartilage labral junction. This was achieved by refining
sample preparation procedures, establishing a method for classifying vikiblage, and
systematically testing parameters identified from the literature to determine which were
most likely to produce tissue changes. These steps resulted in a set of Refined Control

conditions that consistently generated damage within the porcimejdint.

Minimal damage was observed in the preliminary tests, which made distinguishing and
categorising early changes challenging. Nonetheless, damage tended to increase with higher

loads. After refinements were introduced, there was some sensitivity to slidgignte at
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low loads, continued difficulty achieving stable tests at higher inclinations without additional
support, and an apparent insensitivity to inclination and direction at high loads. A common
finding across samples was a visible colour change, caused byhdimgdpressed from the
joint surfaces, which has been reported previously in natural tissue simulafiRalkan,
2016).

Joint simulators are often used in simulating highly conforming artificial implants. These tests
are well documented and informed by ISO testing standards. Natural tissue simulation, on
the other hand, is not informed by standards and has been subjeceds tesearch.
Successful simulations require the joint centres to be aligned with the centre of rotation of
the hip simulator. For this to be successful, the sample needs to be disarticulated, realigned
and then cemented into position. This alters the nmafyposition of the joint but is required

to inspect the articulating surfaces for pexisting damage. The namiform geometry of
natural tissue also increases the likelihood of dislocation. In this study, a lateral displacement
was introduced to reducéhe risk of dislocation, acting as a constraint to keep the femoral
head in place. The addition of this constraint may have impacted the sample's ability to
follow the natural curvature of the femoral head. However, it should be noted that the joint
in vivo is usually surrounded by a joint capsule, tissue, muscles, and ligaments, all of which

aid in ensuring the joint is constrained to a position, stabilising the joint.

The contact area study established the methodological reliability of the approach. Repeat
tests showed consistent engagement patterns between the head and acetabulum,
confirming that the contact markings were not artefacts of the rig or ink transfer psoces
Minor differences caused by head size were expected, but repeatability within samples
demonstrated that the method was sufficiently stable for comparative parametric testing.
Moreover, the comparison of parallel and perpendicular movements showed tloéibm
direction had little influence on contact area. This was reassuring because the primary
simulator studies used a single direction input. These findings confirm that the refined
experimental design was robust, although anatomical variation remairsglaal source of

variability in studies using biological tissue.

Damage localisation provides the clearest indication that the refinements introduced in this
study improved the physiological relevance of the simulations. While the preliminary

configuration (Part 1) produced a wider and less consistent spread of lehenssfined
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method (Part 2), incorporating joint stabilisation and controlled displacement, directed
damage to the anterior superior region, which is the site most commonly affected in cam
type impingementimportantly, this refinement not only altered where damage occurred,

but also the type of damage that developed. Part 1 was limited to etalye surface
changes, whereas Part 2 produced more advanced damage mechanisms, including bubbling,
which were lochsed to the same regions of peak contact. This suggestdhbamproved
stability allowed sustained and repeatable loading in specific regions of the joint, facilitating

the progression from initial surface response to more advanced structural disruption.

A gualitative visual classification method was chosen in this study to categorise the type of
damage observed on porcine joint surfaces following in vitro simulation. The aim was not to
quantify damage severity but to consistently identify the specifietypdamage generated,

such as scratching, blushing or delamination. This method was developed in response to a
lack of classification systems tailored to in vitro hip simulations, particularly those involving
porcine tissue. While more quantitative teclkjpes, such as surface profilometry, digital
image correlation, or pixdbased image processing, could have been used, they are often
impractical for irregular, curved surfaces like the acetabulum and femoral head. Subtle forms
of damage, such as blushingearly delamination (bubbling), can be diffuse or faint and may
not be reliably detected using images alone. A reproducibility study was conducted to assess
the consistency of this classification approach. It showed strong-ofisgrver agreement

and mockrate interobserver agreement, suggesting that the method was robust when used
by trained individuals. The benefit of this approach lies in its simplicity, reproducibility, and
NBf SO yOS G2 GKS &adddzRéQa AYAT K2 gederSNE
interpretation. With further standardisation and the addition of reference image sets, this

method could be adapted for broader use in future in vitro damage assessments.

One motivation for this study was the clinical observation that cam impingement often
produces early damage at the cartilage labral junction. Although this method successfully
reproduced progressive damage within the acetabulum, most changes appeared thighi
articulating cartilage rather than the junction itself. One likely explanation is that in porcine
tissue the transition between cartilage and labrum is less defined than in mature human
joints. Groves (2015) reported an indistinct transition zoneporcine hips, which is

consistent with the juvenile tissue used in this study. Despite this limitation, porcine tissue
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remained suitable for investigating mechanical pathways of damage because its joint shape

is similar to the human hip and allows appropriate positioning and loading in the simulator.

It was anticipated that shorter sliding distances might increase damage due to reduced fluid
entrainment and less time for fluid reabsorption between cycles. However, sliding distance
showed little effect at the lower loads tested. The 230d +20 distances produced similar

outcomes at both 900N and 1130N, suggesting that the joint was relatively insensitive to this
parameter unless load was sufficiently high. This finding highlights the dominant influence

of load in initiating early surface changes

Load emerged as the primary driver of damage. The Initial Control load of 900 N produced
little visible change, consistent with previous findings at similar load l¢Pelkan, 2016
JimenezCruz et al., 2022 When load was increased, the appearance of blushing and,
eventually, bubbling became more consistent. The Refined Control conditions included a
load of 1500N, at which point bubbling was observed across multiple samples. Bubbling was
considered a precuws to delamination because it represents early surface separation.
Interestingly, bubbling was more clearly observed in this study than in other in vitro work.
JimenezCruz et al. (2022)xeported blushing and labral tearing at a peak load of 1350N,
while Pallan (2016)eported only blushing at 1500N, with delamination occurring only at
very high inclination or at 3000N. One reason for the clearer bubbling in the present study
may be the unidirectional motion path, which concentrated load in a more focused region of

contact.

Damage severity also varied with motion direction. Perpendicular movements resulted in
more concentrated blushing, whereas parallel movements produced blushing and bubbling
across a wider area. This may relate to the orientation of collagen fibres aattiage labral
junction. Cashin et al. (2008gported that fibres in the anterior acetabulum are aligned
parallel to the junction and attached to the labrum by a marginal intra articular projection.
This alignment, combined with a less secure fibre attachment compared with the posterior
region, maymake the tissue more susceptible to failure when shear is applied along the

direction of the fibres.

Finally, while bubbling was observed as a possible precursor to delamination, true

delamination as reported in viy@eck et al., 200%Jannelli et al., 20)3vas not reproduced
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under the simplified inputs tested here. This suggests that delamination may require more

complex loading and motion patterns than those explored in this study.

Overall, this study established a method capable of reliably generating early cartilage
damage under controlled and physiologically relevant loading conditions. The refinements
introduced across the work improved joint stability, focused damage to regionsistent

with cam type impingement and enabled meaningful comparison of mechanical parameters.
Although the method did not reproduce full delamination, the appearance of progressive
surface changes demonstrated that the model captures the early stagiespiigement
related tissue failureThese developments provide a practical and reproducible foundation
for future simulation studies that seek to examine more complex loading paths, extended

cycles or subject specific geometries.
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Chapter ¢

4 Sliding distance, dominant motion,
and load during cam impingement

4.1 Introduction

Cam femoroacetabular impingement (FAI) is defined by an abnormal overgrowth at the
headneck junction, preventing smooth rotation within the acetabulRhilippon et al.,

2007 Byrd, 2014. Cam FAI is known to cause damage in the joint, but the specific
mechanisms of damage and the influence of individual mechanical factors remain poorly
understood. The irregular geometry of the cam makes it difficult to reproduce consistently

in a laboratay setting.

Computational modelling provides a way to overcome this challenge. It allows cam geometry
to be represented directly and enables parameters linked to impingement to be studied
under controlled conditions. This approach has become increasingly importére field,

as it can replicate complex motions that are otherwise difficult to reproduce in vitro and
provides outputs that can be used to define experimental test conditions. In this way,
modelling and in vitro testing complement each other: models idgntiie range and
extremes of mechanical conditions, while experiments can then test the material responses

and damage mechanism under those conditions.

This chapter aimed to quantify parameter ranges associated with cam impingement during

activities of daily living and to identify which activities generate the most extreme conditions.
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These findings were intended to provide the basis for future in vitro testing, ensuring that

laboratory simulations capture physiologically relevant boundary conditions.

The objectives of this chapter were to:

1 Use an established catype hip model to derive parameter ranges for sliding
distance, load during impingement and dominant hip rotation across a set of
activities of daily living.

1 Identify activities that generate the highest or lowest values of these parameters as
candidates for further investigation.

1 Provide parameter ranges that can inform the design and boundary conditions of
future in vitro tests, ensuring that experimental studies reproduce physiologically

relevant conditions.

Using a cam hip shape mod@ébnes et al., 203&nd relative hip joint angle and force data

for specific activitiegLayton et al., 2022b custom algorithms were developed to examine
the three parameters of interest. Sliding distance was defined as the distance the cam
travelled along the acetabular rim during impingement, which relates to the extent of
cartilage contact and the time availe for fluid reabsorption. Load during impingement was
examined as a measure of potential increases in contact pressure within the joint, which may
contribute to cartilage damage. Dominant hip rotation was considered in the context of fibre
orientation at the cartilage labral junction, as certain directions of movement may

compromise the mechanical stability of the joint.

The following sections outline the methods used, present the results, and discuss their
implications for both the understanding of cam impingement and the design of future in vitro

testing.

4.2 Overview

This section provides an overview of the approach used to quantify parameter ranges
associated with carype impingement during activities of daily living and to determine

which activities generated the most extreme conditiofis. achieve this,»asting datasets
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and models were used as tistarting pointfor thisstudy. The motion and force datdigure
51acb) were taken from a previous gait laboratory studylayton et al. (2022h)Section

4.3.1), and a generic population based impingement model developebbhgs et al. (2023)
(Section 4.3.2 was used to define the hip shapd-igure 51c). This model defiree
impingement based on a 3D set of points around the cam morphology and acetabular rim.
From the set of available shapes, an anterior large cam was selected for further use in this
study Figure51d). The currentstudy made use of these existing resouraesi developed a

new set of algorithmso derive the specific parameters needed

One generic hip shapection4.3.3 and a subset of motion and force dawasselected
based on their potential to result in impingemef8ectiond.3.4). The goal was to capture

the worstcase combinations across different activities. The impingement detection
algorithm was applied to each motion case to identify those resultimgpingement(Figure
51ecf), which were then taken forward. The design and structure of this selection process,
including the criteria for shape and data choice, were developed specifically for this work.
More detail of the background data, existing model and selection processes is given in
Sectiord.3.

Building on this foundation, a set of new algorithms were developed to explore various

impingement parameters. These included the identification of impingeryentLand the

calculation of sliding distances for each eveRig@re51g).Ly G KA & addzRezZ 'y WS@S
defined as a continuous period during which a point on the cam surface passed beyond the

SR3IS 2F (GKS [O0SGFOodzZ NI NAY® 'y WSEGSyYyiQ o6S3aAly I

inside the rim and ended when it returned outei¢ KA & RSTFAYAGA2Y 2F WS@SydQ
context throughout the chapterEvents were filtered based on the longest sliding distances

(Figure51h) (Section0), and these were used to define the average impingement window

for each activity Figure 51i). From the longest sliding distance, further outputs were

calculated, including peak forc&igure51j), joint angle amplitudesRigure51k), average

sliding distanceRigure51l), and impingement depthiH{gure51m). All algorithms in the blue

boxes ofFigure51 were created specifically for this project and implemented in MATLAB.
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Key
Data/Algorithms Study design/algorithms
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Figure51: Flow chart showing the development of a computational model for the quantification of

parameters associated with cam impingement.
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4.3 Background methodology and case selection

This section provides details of the existing force and motion data (Sekc8di) and a brief
summary of the existing computational impingement model (Sedcti@?2. The rationale

for the selection of the hip shape used in the current work, from a set generated in a previous
publication, is given in Sectid@n3.3 Finally, the rationale for the selection of a subset of the

hip joint motion and force cases for this work is given in Seeti8mt

All the computational work for this project was performed in MATLAB R2Uh@ (
MathWorks, Inc., USUsing this software, a set of computational functions were created to

assess motion and force data, generate graphs and calculate statistics.
4.3.1 Motion and force database

Motion and force inputs were sourced frobmyton et al. (2022b)Data collection used a
thirteen-camera Qualisys Oqus 3D motion capture system (Qualisys TM Medical AB,
Gothenburg, Sweden) and two AMTI force platforms (Advanced Medical Technology Inc.,
Watertown, MA, USA). The dataset comprised 18 healthy subjectadld) 8 female) aged
20¢70 years. All participants were free from conditions that affected their movement and

were recruited from the general population.

Each participant performed thirteen activities, with five trials conducted for each activity.
Due to marker occlusion, some trials were incomplete; a subset of data was analysed across
participants and activities. Relative hip joint angles were calculasaty Visual3D software
(GMotion Inc., Germantown, MD, USA) and joint reaction forces using AnyBody (version 6.0,

AnyBody Technology, Aalborg, Denmark).

The selected dataset provides both hip angle and joint force data for a range of daily
activities, many of which involve high flexion, adduction, and internal rotation, making them
particularly relevant to cantype femoroacetabular impingement. While deity from

healthy participants, the data offer a consistent baseline for evaluating mechanical

interactions between hip geometry and motion.
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4.3.2 Hip joint shape and impingement model

Hip joint angles from the motion capture study were applied to a hip model that was created
in MATLABJones et al., 2033and that work is summarised her&@he computational
impingement model represents the femoral hegeéck junction and acetabular rim as rigid
bodies with fixed centres of rotatio.he purpose of the work was to assess impingement
during a range of daily activities for two cam locations (anterior and superior) and four
different joint alignment cases. Hip shapes and alignments in the study were not patient
specific, but rather defied based on a set of bony alignment measures taken from data
available in the literature. Impingement was said to have occurred when a cam point moved
past the acetabular rim points. The smallest angle between each cam point and the
acetabular rim was calilated during each motion, so that the depth of impingement could

be recorded.

The model is bone geometgnly, with no cartilage, labrum, or soft tissue effects included,

and assumes fixed centres of rotation. As a result, it may overpredict the number or depth

of incursions of the cam into the acetabulum, especially in scenari@esenemoral head
translation or resistance from surrounding structures would otherwise limit contact. The
Y2RSt faz2 2yfeé O2yaAiARSNAE GKS fSIFIRAy3 SR3S
into account how the broader protrusion influences img@ment severity. Despite these
limitations, this approach enables rapid screening of a large number of motions. Unlike finite
element models, which can take over five days to run for 126 cases, this approach produces
robust impingement results in under &umninutes (Jones, A.C. et al., 2023). This makes it
highly suitable for studies requiring multiple activitgsed simulations. This model was

deemed suitable given the scope and objectives of this study.

4.3.3 Hipgeometry: $iape selectiorand definitions

4.3.3.1 Shape selection

The camtype hip model developed byones et al. (2023jonsisted of two cam locations
(anterior and superior)From the set of cam morphologies developed in that study, an

anterior cam with an alpha angle of 80° was selected. This choice was made to target the
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most severe impingement scenarios, as the anterior cam produced impingement in all twelve
daily activities assessed, whereas a superior cam caused impingement in orifjgiive52)
(Jones et al., 2031
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Figure52: Findings from the Hip Impingement model Bgnes et al. (2021)f'wo hip shape models
were assessed: large superior (green) and small anterior (blHg) shapes were taken from
literature, and each hip was aligned in a neutral position, defined by a set of bony alignment

measures. Impingement incidences were higher in the anterior cam shape and were more likely to

occur in norwalking type activities (eplicated with permission).

4.3.3.2 Cam and actabular rim definition

The selected anterior cam was not created as part of the current work but was imported
from the Jones et al. (2023hodel. In MATLAB, tHeading edge of theam is represented

by a discrete set of twentfour points positioned along the femoral heatkck junction
(Figure53a ¢ b). Each point was positioned in 3D space relative to the angle between a line
along the femoral neck and a line from the femoral head centre to the cam edge (also known
as the alpha angle) opulationlevel measurementaere used to scale the femoral head and
neck geometry (Nakahara et al., 2011) and the cam to achigaggat alpha angle of 80°
(Sutter et al.,, 2012 Savage et al., 2021 The remaining cam circumference was

proportionally scaled to match the maximum alpha angle along the entire circumference
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(Sutter et al., 2012; Mascarenhas et al., 2018; Jones, A.C. et al., 2023). The points define the
3D geometry of the cam, which the code uses to detect impingement by comparing their

positions relative to the acetabular rim.

B 12:00 Peak alpha
angle

- 03:00 03:00

Neck away
from cam

06:00

Figure53: Illustration of the anterior cam edge points used in the computational mod8lThe

alpha angle for each cam edge point is defined as the angle between a line along the femoral neck
and a line from the femoral head centre to the cam edge (red curve), equivalent to the clinical
alpha angle.b) Clockface representation showing the 24 discrete caetk edge points used to
define the cam geometry in the model. These points provide the basis for the 3D impingement

detection in this study(Adpated from(Jones et al., 2023

The acetabular rim was defined by twerdye points distributed around the bony edge of

the acetabulum, following the approach described Jnynes et al. (2023Figure54a-b).
Outwardfacing normal vectors of the acetabular plane were used to define the reference
orientation for alignment with the femoral head SO1 @ 9F OK LR AYydG Aa NBTFS
FIL OS¢ 2NRASYlGFGA2Y OmMHYANn &dzL)ostskicad) ld algned n | y
with anatomical landmarks, including the anterosuperior prominence, psoas valley, notch,
posterosuperior wall, and posteroinferior prominence. The rim points were positioned using

Lldzof AAKSR YSLy | OSGL 6dzf F M) Gkexdrdaeld &3 &1, 20003 Sa 7
Steppacher et al., 201&uroda et al., 2020
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Figure54: Representation of the acetabular rim points used in the computational model. (A)
Example of the angle defining a rim point, measured between the outwéading normal of the
acetabular plane and a line from the socket centre to the rim point. (B) Clockfageut showing
all 21 discrete rim points distributed around the acetabular edge, forming the geometric basis for

3D impingement detection(Adapted from(Jones et al., 2023

This definition of the femoral cam and acetabular rim provided the geometric foundation for
the impingement detection algorithms described in Sectidng 4.5, 4.6. By explicitly
defining the points in 3D space and their relative orientations, the model enabled
identification of impingement events and calculation of parameters such as sliding distance,

dominant direction, and peak load.

Figure55 illustrates the MATLABased cam impingement model described above. This
example shows a single time point during a squat activity for the anterior cam used in this
study. The model visualises the femoral head and cam edge as a sphere because both
femoraland acetabular points are referenced to a shared joint centre, with motion applied
as rotations about this centre. The acetabular rim points (light blue) and cam edge points
(black) are explicitly defined in 3D space, and red points indicate cam loc#iainisave
penetrated the acetabular rim, representing an impingement event. This visualisation
demonstrates how the model tracks the relative positions of cam and rim points throughout

motion cycles to detect impingement.
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Acetabular rim ) )
Impinged cam points
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Outer edge of the Cam

Figure55: Exampleof the MATLAB cam impingement model during a squat activity. Black points
represent the femoral cam edge, light blue points represent the acetabular rim, and red points
indicate cam points that have penetrated the acetabular rim, signifying impingemeruttB
femoral and acetabular points are referenced to a common joint centre, giving the appearance of
a spherical femoral head. This visualisation exemplifies how impingement is detected by

comparing 3D positions of the cam and rim throughout motion.

4.3.4 Hip motion data selection

This section outlines the input motion and load data required for impingement analysis,
explains why the dataset fromayton et al. (2022byas appropriate for this purpose, and

describes how the specific trials used in this study were selected.

To quantify impingement parameters, input data describing both hip joint angles and joint
contact forces during a range of daily activities was required. The selected dataset needed
to capture activities involving large hip motions, particularly high dlexadduction, and
internal rotation, since these movements are clinically associated with symptomatic
impingement. It was also necessary that the dataset provided popukiiosl data from
healthy participants to represent normal pafree motion patterrs, offering a baseline

against which early tissue damage could later be assessed.
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The dataset reported bizayton et al. (2022knhet these criteria. It included kinematic and
force data across a broad range of activities, many of which are fleikiprinant and
therefore relevant to camtype FAIl. Healthy participants were used, which allowed motion
and load inputs to be defined cosgently, although this introduces the limitation that
healthy kinematics may not fully reflect caaffected hip behaviourlmportantly, this
dataset provided both hip angle and joint force data across multiple activities in a single,

consistent framework, making it uniquely suitable for this work.

From this dataset, ten activities were selected for analysis:

Leg crossing (seated)
Reaching forwards (on knees)
Squat

Sit to stand/stand to sit
Cycling

Reaching down (standing)
Golf swing (leading hip)

Lunge

=A =4 =2 =4 4 4 4 -4

Golf swing (trailing hip)

Walking trials were excluded, as previous work showed they produced few incidences of
impingement (Jones et al.,, 2091 Figure56 summarises subject demographics and the
number of trials per activity for both hip angle and joint force data. Joint contact force data

were unavailable for leg crossing, cycling, and the leading hip golf swing.
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Participant Demographics
Participant 1 2 3 4 5 6 7 8 9 [10 )11 )12 |13 |14 | 15|16 | 17 | 18
Age 24 1 44 | 70 | 69 | 32 [ 28 | 51 | 26 | 52 | 37 [ 26 | 66 | 69 | 20 | 25 | 31 | 65 60
Height (m) 1.79|1.7211.75(1.53|1.68(1.63(1.81|1.78(1.74|1.73|1.71]|1.75]|1.66(1.68|1.69|1.73|1.81] 1.75
Mass (Kg) 82.5|73.1|75.6|61.7|60.3(50.2|86.1(83.7 (87.7|70.5(65.2|77.1|70.5|85.4|76.8|67.3|90.3]|106.1
Sex M F I M F M F M|M|M F F F | M F FI{M| M M
. . Total no. of
Available hip angle data trials
Stand to sit 5 5 0 4 5 4 3 0 0 5 0 0 0 4 0 0 0 0 35
Sit to stand 5 5 2 5 5 5 0 0 0 5 0 0 0 5 0 0 0 0 37
Leg crossing (seated) 1 5 0 4 5 5 5 0 5 5 5 0 5 2 5 5 5 0 62
Squat 1 5 4 0 5 5 0 0 5 5 5 5 0 2 5 0 0 0 47
Reaching down (standing position)| 5 5 4 0 0 3 2 0 0 4 2 0 0 3 0 0 0 0 28
Reaching forwards (on knees) 5 5 0 3 5 5 5 5 4 5 5 3 5 5 0 0 0 0 60
Lunge 5 5 0 3 0 0 5 5 1 0 0 0 0 0 0 4 0 4 32
Golf swing (trailing hip) 0 0 5 0 0 0 0 0 1 0 0 0 0 0 3 5 0 0 14
Cycling 0 5 2 5 5 4 5 0 0 5 3 0 0 0 1 0 0 0 35
Golf swing (leading hip) 0 0 5 4 0 0 0 0 4 1 0 0 0 0 0 5 5 0 24
Available hip force data Totallno. of
trials
Stand to sit 3 5 0 0 3 2 0 0 0 4 4 0 0 3 0 0 0 0 24
Sit to stand 4 5 0 0 5 2 0 0 0 5 5 0 0 3 0 0 0 0 29
Leg crossing (seated) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Squat 0 5 3 0 5 5 0 0 5 5 5 5 0 0 5 0 0 0 43
Reaching down (standing position)| 5 5 4 0 5 4 0 0 5 5 4 1 4 0 1 0 2 0 45
Reaching forwards (on knees) 5 4 0 2 0 4 0 5 4 5 5 3 5 0 0 0 0 0 42
Lunge 0 5 0 5 5 5 0 0 5 5 4 4 5 0 3 4 4 1 55
Golf swing (trailing hip) 5 5 5 5 5 5 0 5 4 5 5 5 5 5 0 5 5 5 79
Cycling 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Golf swing (leading hip) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Figure56: Participant demographics for hip angle and force data ugédyton et al., 2022p Table
of available hip angle data that resulted in an impingement event and the total number of trials

for each activity. Table of available hip force data.

In this study, all trials that resulted in an impingement event were included to capture the
widest possible range of motions associated with impingement risk. All available impinging
motion data were used to calculate sliding distances, and all avajtzibtforce data were

used for the force analysis. As these datasets did not always overlap, the motion and force

analyses were performed on different subsets.

The selected activities included loaded hitgxion movements, such as squatting and
lunging, which are strongly associated with the biomechanics of cam FAI (Nawabi et al., 2014;
Doran et al., 2022). Although the dataset did not account for the frequencyariety of
motion types in daily life, the flexiedominant tasks it contains are clinically relevant to
impingement and provided a comprehensive motion and load dataset suitable for

populatiorlevel analysis.

4.3.5 Data filtering method

For a single motion case (defined as a specific activity, subject, and trial), multiple

impingement events could occur. In most cases, the cam passed in and out of the acetabulum
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just once during the activity; however, some trials exhibited more than one event. For each
motion case, the impingement event with the longest sliding distance was selected, and any
additional events were discarded. This choice was justified biomechign@aabnger sliding
path corresponded to the cam moving a greater distance across the acetabular rim,
increasing the duration and area of potential contact. By extension, this represented the
most extreme mechanical scenario for the joint and thus theatgst potential for tissue

stress or damage, even though damage itself was not directly measured.

The number of successful trials per subject varied, so data were not interpreted at the
subject level. Instead, activity averages were calculated to mitigate any uneven weighting
that might have arisen from differences in trial success. All results weneepsed
consistently. First, an average was calculated at the subject level for all successful trials.

These were then averaged across subjects to generate adtviey outcomes.

Another consideration for avoiding subjdetvel interpretation was to reduce
overinterpretation of potential mismatches between hip shape and motion. At the subject
level, a particular combination of shape and movement could have been arbitrary and might
not have corresponded to a realorld scenario. Investigating parameters at the activity level

provided a more representative view of how the joint might behave under typical motions.

4.4 Quantifying sliding distance during caitype hip

impingementover a set of activities.

This subsection examines the sliding distance during impingement across various activities
for a hip shape with a large anterior cam. Sliding distance reflects the relative motion
between contact points on the femoral head and acetabular rim during anngepaent

event, capturing the extent of interaction beyond a single contact location. By quantifying
this motion, it was possible to assess the complexity of the sliding path and identify activities
where the longest sliding paths occur. Such informatiamfgortant for hip simulations, as

it highlighted the motions most likely to produce extensive cam travel within the

acetabulum.
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The study aimed to analyse sliding distataze

w Quantify the mean and maximum sliding distances during impingement across
activities.

w Identify which activities were associated with the longest sliding distances.

w Compare thedifferent methods of calculatinghe sliding path to assesthe

complexity of the path
w Express sliding distances in both angular and scaled linear units to allow

anatomical interpretation and comparison with existing literature.

4.4.1 Method for quantifying sliding distance

A custom MATLAB algorithm was developed to calculate sliding distance during impingement
events. The process is summarised in the flowchaRigure57. The algorithm used two
inputs from the impingement model: the cam ang{Eigure 57a) and cam position
coordinates Figure57b), both were defined at multiple cycle poinfhe cam angle, defined

as the smallest angle between each cam point and the acetabular rim, was used to identify
impingement events, while the corresponding position coordinates defined the cam location
at each cycle poinfThis data was generated by combining the single hip shape case and the

large set of motion cases described in Sectidh
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Key Outputs
i
Data/Algorithms Study design/algorithms
from previous work. developed in this work. Input (Output from
previous function)
e
a) Cam Angle b) Cam positions
l (Coordinate data)
c) Determine Impingement Events
(A negative cam angle results in
impingement. Determine the start and end
points for events in a motion case.)
Y
e) Extract Coordinate information

|d) Output: Impingement events —— (Exiract coordinate information for
each impingement event.)

v

g) Determine Full Path sliding distance
(For each impingement event, the angle
between each pair of consecutive
coordinate vectors was calculated, vectors
were then summed.)

f) Determine Approximate sliding
distance
|(Calculate the angle vector for the start]
’ and end of an impingement event.)

v
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i) Determine the Maximum Sliding Distance
(Each motion case may have multiple sliding distance
events. Search through the full path sliding distance
and find the maximum.)
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(Calculate an average for each subject
and then an activity average.)
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Figure57: Flow chart outlining the algorithm developed to calculate sliding distance. Inputs from
the impingement model (cam angles and cam positions) were used to identify impingement events
and calculate sliding distances using three methods: full path, approxieya&nd scaled. Maximum

values were extracted for each case and averagedts subject and activity level.
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The cam angle, provided for each cycle point, was used to identify impingement events
(Figure57c). Impingement occurred when the cam point passed beyond the acetabular rim,
resulting in a negative angular valuéiqure58a). The functiomecorded the startand end

cyck point of each eventHigure57d). In parallel, the coordinate data for the cam point was

extracted for the same event&igure57e).

For each impingement event, the sliding distance was calculated in three ways:

1 Approximate: measured a single angle between the start and end position vectors of
the event Figure 57f, detailed inFigure 58b). This method provides a simple
estimate of the overall displacement during impingement.

1 Full Path: measured the cumulative angular travel of the cam edge point by summing
the angles between consecutive position vectors within the evé&igure 579,
detailed in Figure58c). This approach captures the length of the complete 3D
trajectory of the cam point, including changes in direction along the articular surface.

1 Scaled: converted the Full Path distance into an arc length using an average femoral
head radiusKigure57h).

The algorithm then identified the maximum sliding distance for each motion Edapar€57i)
and calculated averages at the subject and activity leviglufe57j). The outputs of this
process were maximum values for Full Path, Approximate, and Scaled sliding distgaoe (
57k¢m).
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Figure58: lllustration of the sliding distance calculation for the cam impingement model. D)
representation of all cam points (green) and acetabular rim points (purp@m points that have
penetrated the rim are shown in orange, representing impingemefB-C) Visualisation of a single
cam point at successive cycle points during moti¢R) Approximate sliding distance, measured as
the angle between the start and end points of the impingement event. (C) Full Path sliding
distance, calculated by summing the amgg between consecutive cam points throughout the entire
impingement event. The black circle indicates the joint centre used as a reference for angle

measurements.












































































































































































































































































































