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Abstract

Evens such as vehicle rollovers can lead to compression of the spine and vertebral frBciuees.
fragments from grtebral fracture displag or occludethe spinal canableforning the spinal corénd
leading to the potential @spinal cord injuy (SCI). Finite element (FE) human body models (HBMs)
provide an opportunity to predict vertebral fraegiand investigate SCls. Models such as the Global
Human Body Models Consortium (GHBMC) model use sttained element erosion to model hard tissue
fracture by removing elements from the simulatiponreacling threshold strais While strainbased
element erosion allows for the prediction of fracture initiation, the methodg#@sthieloss of hard tissue
material. Under compression, the loss of hard tissue material limits thirgatate predictive ability of
the model due to the loss of stucl support and absence of fractured material that may occlude the
spinal canal. The objective of the work in this thegsthe implementation of a mulhysics modelling
approach to combine stralmsed element erosion with smoothed particle hydradigsa(SPH) to
preserve hard tissue material and simulate the movement of fractured materigiemtiddcompression

in a C5C6-C7 cervical segment FE model. The implementation of @Bsthen assessed by comparing
the response of the segment model tceexpental results and by evaluating SPH particle dependency.
Finally, a parametric studyasconducted using the model with the SPH implementation to investigate
the response of the FE segment magtelervaried impact severities, aged hard tissue material

parameters, and eccentric loading.

The model with the SPH implementation was numerically stable and was found to improve the prediction
of thetrend and magnitude of tlierce-displacement responseith the area under the curve compared to

the experimeral respons@mnproving from a 34%dlifferenceto a 4% differenceAdditionally, the
implementation of SPH allowed for modelling the flow of hard tissue material and, consequently,
occlusion of the spinal candlhe prediction of maximum occlusidmthe modeécompared to the
experimensimprovedfrom a 137%differenceto a 5% differencelncreasing the number of SPH

particles generated for each solid element showed numerical instability, illustrating a need for
compatibility between the size of the solid etrhand the number of SPH particles. Varying the impact
severity of the central compression Iambwed that the occlusion in tR& segmentnodel appeared to

have a greater dependency on the maximum displacement applied in compression rather than the
maximum velocity of the impact due to the amount of fractured material in the simulation. Applying hard
tissue material parameters representative of an older age group resulted in higher occlusion and a lower
force-displacement response agreement with expenental dataThe resulting multphysics approach
improved the model predictive capabilities in all cases. Future research will ilmchjileal cord in the

FE segment model to more accurately assess changes in the spinal canal geometry and p&etial for
iv
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CCwurs model during loading. In the section views, the light oranges pepresent the solid elements of
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the trabecular bone, the purfgeey parts represent the shell elements of the cortical bone, the red parts
represent the intervertebral discs, and the green parts represent the potting. In the erosion pattern images,
theblue shaded region indicates the eroded hard tissue elements.........cccccovvvvccceeieeeieeiieeceeeeee, 79
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Figure 4.10: Section views in the midsagittal plane (top) and hard tissue erosion patterns (bottom) for the
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Figure 4.12: Eroded elements and section views in the sagittal plane ofsben@@el withoutthe SPH
implementation (top) and the G& model with the SPH implementation (bottom). The points correspond
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Figure 4.14: Percent occlusion of the spinal canal at the level of the C6 vertebra as a function of time in
the simulation. Therange curve shows the percent occlusion of the-€@odel without the SPH
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Chapter 1

Introduction

1.1 Motivation for Research

It has beemstimated that around 15xillion people globally, suffered fromspinal cord injury (SCI)
(WHO, 2024)with the most common causes being falls, motor vehicle accidents, and(Bpaxis

Spinal Cord Institute, 2023)n 2021, it wasestimated that approximately 800 of the 8@00

individuals living with an SCI ifCanada had a traumatic spinal cord inj(Ryaxis Spinal Cord Institute,
2023) The estimated lifetime cost for each individual living with a traumatic SCI was ranged from 1.5 to
2 million dollars, while the healthcare cost in Canada due ts 885 estimated to be around 2 billion
dollars(Krueger et al., 2013; Praxis Spinal Cord Institute, 2023, 2021; Spinal Cord Injury BC, 2020)
Between 2020 and 2023, the most common cause of SCI was found to be motor vehicle accidents,
accounting for 36.4% of SCI¢National Spinal Cord Injury Statistical Center, 20ZI¥)e second most
common cause of SCI was found to be f@llational Spinal Cat Injury Statistical Center, 2023)
Although falls have been accounting for an increasing percentage of SCIs, motor vehicle amadents
still themost commortause leading to SCésnongyoungerage groups, while falls becoragnore
prevalenttausedn older age group@lgahtany et al., 2021; Chiu et al., 2024; Jackson et al., 2004;
Lenehan et al., 2009T he cervical spine was the most commonly injured level in the §piria et al.,
2024; Jackson et al., 2004; Lenehan et al., 2009; Singh et al., 2@thdnost cervical spine injurse
occurring in the subaxial cervical spine (C3 to @G¥9bson and Eisenberg024; Tang et al., 2021 he
most common injury to the cervical spine was reported to be vertebral fra@tiast al., 2@4), and
rollovers were reportetb be the most likely mechanideading to injury of the cervical spiriBaigi et

al., 2024 Muller et al., 2014; Stein et al., 2011; Thurman et al., 1986idents such as rollovers can
lead to compressive loading to the head, which in turn results in compressive loading to the spine causing
vertebral fracture and soft tissue damég@mbach et al., 2013; Mattucci et al., 2Q18)ury to the spinal
column can then result fractured hard tissue occling the spinal caal, deforming the spinal cord and

potentially resulting in a SGCarter et al., 2002; Mattucci et al., 2019)

Researchers have used experimental and numerical methods to understand vertebral fractures resulting
from compression loading. Experimentaldias of compression tests have been done with various scales
of the spine, including whole cadavers, isolated ek studies, isolated cervical spine studies, and
cervical spine segment studies. Finite element (FE) Human Body Models (HBMs) have hiepettv
with the aim to assess injury, but are limited in assessing hard tissue failure in the cervical spine and
predicting posfracture and occlusion respor(&e=Wit and Cronin, 2012FE models, such as the Global
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Human Body Models Consortium (GHBMC)%percentile male (0) model, use straibased element
erosion to model the failure of hard tissues in the cervical spine. Whitrainbased element erosion

method was a numerically stable method that allowed for fracture prediction, the material lost through the
remova of elements from the simulation during compression resulted in a lbsghgfostfracture

structural support and fractured hard tissue to simulate the occlusion of bone fragments into the spinal
canal. Thus, to be able to investigate vertebral fragtane the possibility of spinal cord injury, a model
needs to be able to predict fracture initiation, fiestture response, and flow of the fractured or

comminuted hard tissu¢BeWit and Cronin, 2012)

Smoothed particle hydrodynamics (SPH) is a meshless particle method that has been introduced in solid
mechanics problems involving machining, wear, and img@et&/aucorbeil and Hutchinson, 2020;

Gingold and Monaghan, 1977; Lucy, 197More recently, SPH has also been used in numerical

simulation of the spinal cor@rhiptsov and Marom, 2021; Russell et al., 2012; Rycman et al., 2022)

hard tissues sixcas bong¢Basafa et al., 2012; Li et al., 2017, 201B)rthermore, aecent method to
convertLagrangian elements into SPH particle elem@rEsM to SPH)as been applied for simulations
including debrianodelling of concrete and aluminiufide et al., 2020; Kala and Husek, 2016; Tokura

and Niwa, 2017and in the impactfanarine structures on id¢€hen et al., 2021 and could have

potential benefits in addressing the challenge in traditional erosion of finite elements

1.2 Research Objective and Approach

The overallaim of this work was to enhance the modelling of hard tissue fracture of a lower cervical
spine finite element segment under compression &htdimplemented into the trabecular bone to
preserve material and support load in thgnsentduring fracture The implementation of SPH in this

work was a&~EM to SPHapproach, where solid Lagrangian elements were adapted into mé&itess
particles upon failure (erosion). The Lagrangian to SPH particle element implementation was applied to
the trabecular bone and investigated as a means to improve tHephse response in the vertebra

under central compression loading.

The first objective was to improve the péistcture structural support in the FE segment model under
central compression through the modelling of hard tissue fracture. Thus, a series of progressively
implemented hard tissue model enhancements were aaltleel $egment model, ultimately leading up to

the implementation d&PHin the trabecular bone.

The second objective was to evaluate the implementation of SPH in the trabecular bone by evaluating the
force-displacement response, occlusion, and hard tdaoege of the FE models against the results

reported from experiments.



The third objective was to assess the fatigplacement response when varying the number of SPH

particles generated upon erosion of a solid trabecular element.

Finally, the fourth objetive was to conduct a parametric study by varying the maximum velocity and
displacement of a central compression load, implementing aged hard tissue material parameters, and

varying the eccentricity of the compression load.

1.3 Thesis Outline

This thesis isorganizednto five chaptersThe first chapteoutlines the research problem and objectives.

The second chapter of the thesis covers the relevant background starting aithttmicaterms used

in the thesis. The chapter then describes cortical abddudar bone, experimental work related to the
compression and resulting occlusion of cervical segments, finite element human body models developed
to investigate injury, and finite element studies that have usedT3feHhird chapter covers the methods

in four subsections. The first subsectmymprises @&eries of progressively implemented model
enhancements, leading up to and including the implementation of SPH to the trabecular bone. The second
subsection evaluasthe implementation of SPH by compayithe FE segment model response to
experimental results. The third subsection covers an investigation of a comparison of the FE segment
model response when increasing the number of SPH particles generated for each eroded solid element.
Finally, the fourthsubsection covers a parametric study using the FE segment model with the SPH
implementation to investigate the changes in response to varying the impact severity, aging of the hard
tissue material parameters, and applying eccentric compression |oBirigurth chapter covers the

results of the work described in the method section, following the same order of subsections from the
third chapterFinally, thefifth chapter discusses the results presented in the fourth cHapitions of

the work and @ntributions of the study to improve fracture modeling of the spine



Chapter 2
Background

The objective of this work was to implement SPH into the trabecular bone of a cervical spine finite
element model to convert the solid trabecular bone elements into SRitepaements upon erosion of
the solid element. The background section will cover the anatomy relevant to the lower cervical spine,
characteristics of the trabecular bone, mechanics of injury to the spinal column leading to spinal canal
occlusion, exampkeof experimental work measuring spinal canal occlusion, examples of finite element

human body models, and finally, SPH and examples of the SPH implementation in different applications.

2.1 Anatomy

There are three anatomic planes that indicate sedhioougha body Figure2.1). The midsagittal plane

is a vertical plane that passes from the front to the back of the body, dividing the left and righit thides
body. The sagittal plane is any plane that is parallel to the midsagittal plane. The coronal plane is a
vertical plane that passes from the left to the right sides of the body, dividing the anterior and posterior
sides of the body. The transversar@ is a horizontal plane that sits at a right angle to both the sagittal
plane and the coronal plafi€lenerman, 2015)

' Coronal
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Sagittal
Plane

Superior ~—]
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Anterior Lateral

Figure 2.1: Anatomic planes and directions. From:
https://commons.wikimedia.org/wiki/File:Anatomical_Planes.svg (with labels added)
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In addition to anatomic plasganatomic terms are also used to describe the relative positions or
directions of structure@Klenerman, 2015)The anterior direction refers to the position or direction in
front, while the posterior position or direction is behind. The superior direction is above, and tbe inferi

direction is below. The lateral directi®areto the sides.

2.1.1 Anatomy of the Cervical Spine

The human spine, or vertebral column, is made of thiintge vertebrae that are grouped into five regions:
the cervical, thoracic, lumbar, sacral, and coccygebns Figure2.2) (Gray, 1918) The cervical

region has seven vertebrae, the thoracic region has twelve vertebrae, and the lumbar réigéon has
vertebrae. The sacral region and coccygeal region are made afidifeus vertebrae, respectively;
however the vertebrae in each region are fused together. The cervical region of the spine is the superior

most region.

Vertebral Column

C1 (Atlas) ¢&»
C2 (Axis) I

Cervical curve

Cervical vertebrae

Thoracic vertebrae

Thoracic curve

Lumbar curve

Lumbar vertebrae

Sacrum

Sacral curve

Coccyx Coccygeal vertebrae

Figure 2.2: Human spine with labels indicating the names of each vertebra (left) and region (right). From:
https://commons.wikimedia.org/wiki/File:Figure_38 01_07.jpg



The soft tissues of the ligamentous cervical spine indlueléntervertebral discs, cervical spine

ligaments, and the facet joint cartilage. The hard tissues of the cervical vertebrae include the trabecular
bone and the cortical bone. The lower cervical spine includes the C3 to C7 vertebrae, with the size of each
vertebra increasing from the C3rtebra down to the C7 vertebrehe vertebrae enclose the spinal canal,

which contains the spinal cord.

The vertebral bodies of each vertebra are connected by an intervertebral disc (IVD). The intervertebral
disc is mad®f the annulus fibrosis which surrounds the nucleus pulposus. The annulus fibrosis is a ring
of fibrocartilage. The nucleus pulposus is a semifluid structure which can deform under vertical forces
(Hamilton, 1976; Klenerman, 261 The anterior longitudinal ligament (ALL) and the posterior
longitudinal ligament (PLL) attach to the anterior and posterior sides, respectively, of adjacent vertebrae
(Hamilton, 976). The articular pillars of adjacent vertebrae form a synovial joint. Thus, the adjacent
articular pillars are held together by capsular ligaments (CL) with a synovial membrang¢Hiamigon,

1976) The surface of the inferior articular pillar of one vertebra and the surface of the superior articular
pillar of the adjacent vertebra are covered by a facet joint car{itagailton, 1976) The small cavity

between the inferior and superior surfaces of the articular pillars contain synovigHundlton, 1976)

The joints between thedpcent vertebral bodies and adjacent articular pillars allows for motion between
vertebrae. The ligamenta flava (LF) is a ligament connecting the laminae of adjacent vertebrae, and the

interspinous ligament connects the spinous processes of adjacentaegHamilton, 1976)



2.1.2 Cervical Vertebrae Anatomy

A typical vertebra in the cervical region of the spine comprises a vertebral body, pedicles, articular pillars,
laminae, and apinous process$-igure2.3) (Gray, 1918) The space formed by the vertebral body and the
pedicles, articular pillars, laminae, and spinous process is the spinalldenkdrgest part of a vertebra is

the vertéral body. The vertebral body is approximately cylindrical and is the antaast structure of

the vertebrgGray, 1918; Hamilton, 1976 he pedicles are two att and thick processes that extend

from the sides of the vertebral body in the posterior direction. The pedicles attach to the articular pillars
on the left and right. The laminae extend from the articular pillars and fuse together. The spinous process
then extends from the junction where the laminae fuse, forming the postersbistructure of the
vertebra(Gray, 1918; Hamilton, 1976)

Vertebral Body

y Pedicle

< Articular Pillar

Lamina

Spinous Process

Figure 2.3: Bony dructures of the cervical vertebra.

2.2 Bone Composition

The hard tissues in the cervical spine making up the vertebrae are the cortical bone and the trabecular
bone Figure2.4). The cortical bone, also known as the compact bone, is the thinner, compact, outside
layer of the vertebragCooper et al., 2016) he trabeclar bone, also known as the cancellbose, is the
spongy bone that accounts for most of the volume of the vertebrae. On a macroscale, trabecular bone is
distinguished from cortical bone by being more porous and less dense. Since trabecular bone is more
porous, it accounts for 20% of the total weight of bone despite have a greater volume and surface area
than cortical bonéRu et al., 2024)On a microscale, cortical bone is formed by osteons while trabecular
bone is formed by trabeculg@steons and trabeculae are made of lam@R&ae etal., 1998) The

lamellae are layers of cells embedded a matrix consisting of collagen fibers, crystalline hydroxyapatite,

and amorphous calcium phosphé@&bson and Ashby, 1997; Huiskes and Rietbergen, 2005; Rho et al.,
7



1998) The composition of organic and inorg@amaterials contributes to the strength and stiffness of
bone(Gibson and Ashby, 1997Furthermore, bone hdoth structural and material propertiBéo et al.

1998) The structural properties of bone are determined from the macroscopic structure of banege and
influenced by factors such as the arrangement of osteons or trabeculae and the(Rhmsityal., 1998)

The material properties are determined by the osteons or trabeculae from the micrestfubtibone.
Cortical and trabecular bone are both anisotropic materials and are generally stronger along their axis of
loading corresponding to the direction in whickteons and trabeculaesarrangeqRho et al., 1998)
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Figure 2.4: Diagram showing the cortical and trabecular bone (From:
https://commons.wikimedia.org/wiki/File:Bone_unit - Osteon_1-- Smart-Servier.png,
https://commons.wikimedia.org/wiki/File:Spongy_bone- Trabecular_bone - Normal_trabecular_bone --
_Smart-Servier.png, https://commons.wikimedia.org/wiki/File:Rheumatology - Newly formed_bone--
_Smart-Servier.png)



2.2.1 Cortical Bone

On a microscale, cortical bone is form®@dcylindrical structures called osteons or Haversian systems

(Gray, 1918; Hamilton, 1976; Ru et al., 2028he Haversian canals are the holes that run down the

center of the osteon. The lameljdahin plates of bony tissue, are arranged in concentric rings around the
Haversian canal. The packed arrangement of osteons gives the cortical bone its strength. The bone is then
covered with a membrane known as the periosteum, except at the jointstuseowered by cartilage

(Gray, 1918; Hamilton, 1976)

Experimental measurements of cortical bone in the human body also vary depending on factors such as
anatanic location, loading direction, and age. Values betweeBR4 and 2@GPa have been reported for

the Youngdéds modul us, and values between 0.222 and
(Ashman et al., 1984; Currey, 1984; Gibson and Ashby, 1997; Reilly and Burstein, 1975)

2.2.2 Trabecular Bone

Trabeculabone is a heterogeneous structure with anisotropic mechanical bel{#&éaueny and Hayes,
1993) Mechanical properties of bone can vary between individuals and between different anatomic
locations within an individuglGoldstein, 1987)The strength and stiffness of barethought to vary
based on the load it experiences and the direction the load is applied to the bamgtidaedansotropy
(Gibson and Ashby, 199.7®ne of the challenges characterizing the behaviour of trabecular bose arise
due to the dependence of its material properties on the architecture of t{i&blostein, 1987)The
architecture of trabecular bone is dependant ershiape, size, and organization of the trabeculae

(Keaveny and Hayes, 1993)

Trabecular bone has a porous structure made of trabeculae (struts) that form @ katigreand Hayes,

1977; Gibson, 1985; Gibson and Ashby, 199 He lattice forms pores which are filled with red and

yellow marrow(Carter and Hayes, 197 7/rabecular bone is often treated agkutar solid(Keaveny et

al., 2001; Keaveny and Hayes, 1993yerall, the stresstrain response of the trabecular bone under
compression can be characterized by three stages: a linear elastic region, a plateau region, and the
dengfication region(Figure2.5). In the linear elastic region, the initial increase in the ss&am

response is followed by strain hardening and then softé@iader and Hayes, 1977; Kefalas and
Eftaxiopoulos, 2012)The stresstrain response then plateaus as the pordgedfdbecular bone collapse

due to the failure of the trabecul@@arter and Hayes, 1977; Kefalas and Eftaxiopoulos, 2@&2he

collapsed pores consolidate, the stress rises abruptly in the densification region and the trabecular bone

becomes moreompact(Carter and Hayes, 1977; Kefalas and Eftaxiopoulos, 2012)



Abrupt
densification
hardening
g2
)
£ | Hardening Softeni Plateau or Initiation of
£ Rlehmg slight densification
(=] .
Z. \ hardening \
Increasing [
Stage I Stage 11 Stage I1I
(one structural phase) (two phase) (one phase)
Engineering Strain
S |
Non failed
trabeculae that S@ l
resist compression Nl
p , Zﬁé —

-

Non failed
trabeculae with
minimal
resistanse to
compression

Failed trabecular
stack (non load
bearing)

Phase of failed
trabecular
stack

Phase of
non failed
trabeculae

Densified
trabecular mass
with high resistance
to compression

(Reprinted with permission from Elsevié&efalas and Eftaxiopoulos, 2012)

Figure 2.5: Stressstrain response of trabecular boe under compression.

In literature, the stresstrain response in the plateau region has been approximated with a straight line,

while the densification region has been approximated with a linear-strassresponsgCarter and
Hayes, 1977; Gibson and Ashby, 1997; Kefalas and Eftaxiopoulos, 2012; Keyak,Z@difipnally, the
threestages of the stres$rain response have been expressed in constitutive models based-typam
respons€DeWit and Cronin, 2012)

The porous structure of the trabecular bone results in differences between the macroscopic mechanical

properties of trabecular bone and between the mechanical properties of the trabeculae. It has therefore

been assumed that the mechanical properties dfaheculae match those of the cortical b@Bibson
and Ashby, 1997)
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The properties of trabecular bone eany between individuals and anatomic locations. Experimental

tesk on trabecular bone have reported elastic moduli values ranging frtdP&20 13GPa andiltimate

strength values ranging fromMPa to 14MPa(Gibson and Ashby, 1997; Goldstein, 1987; Keaveny et

al., 2001 Keaveny and Hayes, 1993; Liu et al., 2013; Mosekilde et al., 18818 experimentdést

measuring the properties of trabecular bone samples from male cervical vertebrae reported elastic moduli
values between 621Pa and 620VPa, ultimate stress valubstween IMPa and 14MPa, and ultimate

strain values betwee®2and 6%Liuetal.,,2013) The Poi ssonés ratietwis chal
theheterogeneous, anisotropic, and cellular natéiteabecular bonéKeaveny and Hayes, 1993)
Structural analyses of trabecular bone often assu
accuratdKeaveny and Hayes993; Wu et al., 2018Experimental measurements of trabecular bone in

t he human body have report ed(DBsiraeta.01898;4dongetali o val u
2007)

2.3 Hard Tissue Injury in the Spinal Column

The spinal column can experience axial compressive loading frordfingdchpacts as the torso loads
the spinal columifSaari et al., 20115pinal cord injues can occur when surrounding tissue pushes on
spinal cord, leading to deformation of the spinal dddttucci et al., 2019)There are usually two events
leading to the injury ofhe cervical spinal cor@Chang et al., 1994; Mattucci et al., 201Bhe first event
results in instability of the spinal columas the ligaments and bone are dam#&@édng et al., 1994;
Mattucci et al., 2019)The instability of the spinal column restiltsa loss of the ability of the spinal
column to protect the spinal cof@llattucci et al., 2019)Damage to the bone of the spinal column can
result in vertebral fractures suchammpression fractures and burst fractf&sang et al., 1994;

Mattucci et al., 2019)If the instability of the spinal columeadsto insult of the spinal column tissues
onto the spinal cord, the second event will then involve the deformation of the spin@Cleand) et al.,
1994; Mattucci et al., 2019)

Compressive fractures are usually characterized by injury to the anterior half of the vertebral body
(DeWit and Cronin, 2012Burst fractures are usually characterized by injury to the anterior and posterior
vertebral body, with damage also progressing into the laniide/it and Cronin, 2012Burst fractures

are thought to occur as the endplate fractures and the nigfrished into the vertelriaody (Roaf,

1960; Tran et al., 1995hen tle nucleus is pushed into the vertebral body faster than the fat and
marrow within the vertebral body can exit the vertebral body, pressurization occurs inside the vertebral
body resulting in a fracture pattern known as the burst frafRaaf, 1960; Tran et al., 19998 0one

fragments from the posteriwertebral body can be displaced into the spinal qduaitucci et al., 2019)

Intrusion of the tissues of the spinal column into the spinal canal space is known as spinal canal
11



occlusion. Tissues that occluttee spinal canal may push on the spinal cord resulting in deformation of

the spinal cord. Deformation of the spinal cord can lead to a potential spinal cord injury.

2.4 Experimental Studies to Measure Occlusion in the Spinal Canal Under Axial

Compressive Loading

Axial compression experimental studies have been done on various levels and scales of the cervical spine
to observe the kinematics and kinetics (forces, motion, impact conditions) leading to injury in the cervical
spine olumn (fracture type/pattern, occlusion). Compression testing was done on spanirtugting

full cervical spine specimer{€arter et al., 2000; Chang et al., 1994; Ching et al., 1997; Saari et al.,

2011) cervical spine segment specimé@arter et al., 2002; Nuckley et al., 200oracolumbar spine
segment specimetiBanjabi et al., 1995; Tran et al., 1995; Wilcox et al., 2003, 2@02)thoracic spine
segment specimerighu et al., 2008)

To investigate and understand the mechanics leading to spinal cord injuries resulting from compressive
loading, experiments sought to first quantify the geometric changes in the spinal canal, in other words, the
spiral canal occlusion. Since clinical neurological impairments from spinal cord injuries did not correlate
to thecomputed tomographyC{T) scans of the spinal cord and canal taken after the injury occurred, it

was thought that the occlusion of the spinal tdnang the impact causing the injury was what lead to

the greatest neurological deficit on the spinal cord.

Thus, the experiments that measured occlusion typically measured beihjyrysbcclusion and
transient occlusion. Postjury occlusionwasmeasured after the speciméadbeen loaded and
fractured. A radiograph or CT scan, typically in the sagittal plamsused to measure the occlusion of
the spinal canal. Transient occlusiwasmeasured during the experiment as loadiagapplied to the
specimen. The changes in the spinal canal geomergtracked using methods, such as the use of a

transducer, to monitor the occlusion of the spinal candhglthe impact as injury occurred

2.4.1 Measuring Occlusion in the Spinal Canal with a Fluid-Filled Tube

One method to measure the occlusion in the spinal canal during impact used the pressure change in a
closedloop fluid-filled system Figure2.6) (Chang et al., 1994A flexible plastic tube was fitted through
the spinal canal. The tube was connected to a reservoir and a pump circulated wagbrtbiesystem
(Chang et al., 1994A pressure transducer upstream of the cervical specimeasuredhe change in
pressure in the systef@hang et al., 1994 he system was catited to determine the tube diameter
change associated with pressure change and the change isemii@sal area associated with a change in

tube diametefChang et al., 1994 he changes in the cressctional areaould be used to calculate

12



percent occlusion. Thus, as bone fragments were pushed into the spinal canal, resulting in an increase in

spinal canal occlusion, the pressure in the tube would ded@asng et al., 1994)

Tubing
Pressure /
Transducer

Tank/Reservoir /]

Figure 2.6: An example diagram of the seup of the closedloop fluid-filled system used to measure occlusion
in the spinal canal of a specimen. Adapted fron€hang et al., 1994

Chang et al. (1994)sed the pressure change in a fiiilied tube to measure the occlusion in the spinal
canal resulting from burst fractwim full cervical spine specimenThe aim of the experiment was to
compare the transient and pagury occlusions. Burst fractures in the vertebrae of the C1 to T10
specimens were produced by generating an axial compressive load from droppingganeiffit from a
height of 1.53n (Chang et al., 1994Muscle tissues and the spinal cord were removed from the
specimer(Chang et al., 1994 he tube of the closddop pressure lied system was fitted through the
spinal cana{Chang et al., 1994 he mean pak transient occlusion of 193m2n¥ was reported as the

canal area in the region of maximum occlugiGhang et al., 1994 he study found that only the largest
occlusion would affect the pressure drop if bone pushed on the tube at multiple levels. Furthermore, the

pressure measurement could not inform the level at which the occlusion o¢@ivaed et al., 1994)

A different study using threeertebra thoracolumbar segments used the cllosgxifluid-filled tube
system to compare the canal occlusion resulting from low and high rates of |fb@inget al., 1995)To

create a low loading rate, a hydraulic ram was used to apply an axial compressive load meer490
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create a high lading rate, a weight was dropped on the specimen to apply the axial compressive load over
20 ms. The occlusion of the spinal canal was calculated from the pressure drop in théocpdlad-

filled system. The specimens loaded with a high loading rate tregher percent occlusion of 47.62%
compared the low loading rate group with a percent occlusion of 6.84%. The high loading rate generated
burst fracture, while the low loading rate group generated compressive fractures with less bone protruding
into the canalTran et al., 1995)

A third study using the closddop fluid-filled system measured the occlusion of the spiaahtin full

cervical spine specimens subjected to high and low rate axial comprg3aiter et al., 2000)The low

rate compression was applied over 2 while the high rate loading was applied ovem29by

dropping a 4.%g mass from a height of 1rb. The high rate loading was found to generate burst

fractures with a mean maximum percent occlusion during loading of 71%. The occlusion in the high rate
group was also higher than the low rate loading group. Two of the limitations identified in this study
included the lack of active musculature and the age range represented by the specimen. The lack of active
musculature to stabilize the spine was nadtekave less importance due to the compressive, rather than
tensile, loading. The age range of the specimasalso older and therefore outside the younger age

group that typically experiencddhctures due to axial compression impaé@arter et al., 2000)

One of the identified limitations of the closkxbp fluid-filled tube system was the limited range of spinal
canal occlusions the tube was capable of omag(Chang et al., 1994; Tran et al., 199Bhe inner to

outer diamedr relationship of the tubing and the fit of the tubing in the spinal canal weresfactor
contributing to the range of spinal canal occlusions measurable by the §@st@ng et al., 1994; Tran et
al., 1995) For example, a smaller tube diameter might be able to measure up to a 61% canal occlusion,
while a larger tube diameteright be able to measure up to an 81% canal occl$iam et al., 1995)
Additionally, a snugger fit of the tubing into tBpinal canalvasrequired to be able to measure partial or
smaller occlusions in the car(@ran et al., 1995)The tube onensions and fitouldtherefore be selected
to target a desired range of spinal canal occlugiGhang et al., 1994TheChang et al. (1994)

experimets targeted a 25% to 55% canal occlusion range to me@saeg et al., 1994However, due

to the variations in canal dimensions within the same vertebrae and in the different veltely dee

spine, the fit of theube in the spinal canalasnot the same along the entire length of the spine and tube
(Chang et al., 1994)

Another identified limitation of the closddop fluid-filled tube system was the oscillations of pressure
the system; however, the pressure oscillation was noted to be small relative to the operating pressure of
the systen{Tran & al., 1995)
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2.4.2 Measuring the Occlusion in the Spinal Canal Using a Strain Gauge Transducer

Panjabi et al. (1995)sed a transducer withsé&rain gauge positioned across the spinal canal to quantify
the transient occlusion of the spinal canal resulting from burst fractures invéitebra thoracolumbar
specimen (Figure2.7). The burst fractures were produced using an incremental protocol. The weight of
the mass dropped on the specimen was increased until a burst fracture was produced. The transducer
measuringhie canal occlusion consisted of a bent steel spring with a strain gauge in the middle portion
(Panjabi et al., 1995Wire feet at the ends secured the transducéetanterior and posterior wabf

the spinal cangPanjabi et al., 1995Yhus, as the spinal canal narrowed duié@ncroachment of bone
into the canal, the stragauge would measure the canal narrowing as the wire feet were brought together
(Panjabi et al., 1995Yhe occlusion measured during the impact was greater tHa# @3anjabi et al.,

1995) When compared to the closkxabp fluid-filled system, the strain gauge transducer allowed for
determining the level in the spine at whicltlosion occurred and also allowed for measuring smaller
occlusions with a faster response ti(Ranjabi et al., 1995}urthermore, the use of an incremental
protocolto create burst fractures allowfmt applyingthe minimum energy required to produce the

desired fracturéPanjabi et al., 1995)n comparison, other studies applaedingle impact to produce the
desired fracture, which made it likely a greater energy than the minimum required was @zpijabdi et

al., 1995) The greater enerdikely affected the percent occlusion, leading to a lower maximum
occlusion value compared to other axial compression experilgiargbi et al., 1995)

Spinal Canal

Vertebra

Feet of
Transducer

Strain Gauge

Figure 2.7: An example diagram showing the profile of the strain gauge transducer (in blue) in the spinal
canal of a vertebra.

One of the limitations of the strain gauge transdwaes a result of designirtge transducer to not affect
the motion of the segment and fragments and of the transduce(Rtsaifabi et al., 1995 he transducer
needed tdoe lightweight toavoid affecing the motion of the bony fragments and intervertebral disc,

which contributed to allowinthe transduceio dislodge when a bony fragment bounced off it.
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Additionally, the wires leading from the transducers out of the canal needed to lyéhibhincontributed
to the wires shorting due to fluid in the canal. Both these events resulted in some los¢RdAjata et
al., 1995)

2.4.3 Measuring Occlusion in the Spinal Canal Using a Camera

A study byWilcox et al. (2002pbserved the occlusion inside the spinal canal of theeebra
thoracolumbar bovine segments during burst fracttigsi(e2.8) (Wilcox et al., 2002)The burst

fractures in the canal were produced by dropping a mass on the specimen. Mirrors located above and

below the spinal gzl were angled to allow higépeed video cameras outside the specimen to film the
whole spinal canal. The video of the spinal canal was used to observe the inside of the canal and to

measure the percent occlusion. It was seen that after initial fraltageents from the spinal column

would displace into the spinal canal and then recoil due to soft tissue attachments, such as the PLL. For

example, one specimen impacted by akg.Gnass dropped from a height ofri2had a percent occlusion
which increasetb a maximum of around 68% before decreasing and then platésivilogx et al.,
2002)

Mirror Light
Source
High-Speed
Mirror Video Camera

Figure 2.8: Schematic of the experimental setip measuring the spinal canal occlusion using mirrors and a
high-speed video camera. The grey shaded shape shows an example specimen. The blue lines indicate the
location of mirrors that are fixed in position. The orangearrows indicate the path of the light from the light
source, through the spinal canal, and to the higispeed video camera. Adapted from Wilcox et al., 2002.

Two limitations of this studyerethat measuring the occlusion of the canal using a cawesanoe
suitablefor axial compression of a straight segment where a single view of the camédaallow for

viewing the entire canal spa¢@/ilcox et al., 2002)Additionally, the method of measuring occlusion
16



would not consider the numbef occlusions, length of occlusion, or level of occlugidfilcox et al.,
2002)

2.4.4 Measuring Occlusion in the Spinal Canal Using the Spinal Canal Occlusion

Transducer

The spinal canal occlusion transducer (SC@&$another transducersedto measure spinal canal

occlusion Figure2.9) (Raynak et al., 1998Yhe SCOTwascomprised of a tube filled with a saline

solution. The bottom of the tube was sealed, while the top was vented. Electrodes werat itdenals

along the tube, forming multiple sensing sections. An alternating, constant amplitude current was run

through the tube. The potential at each electrode was measured relative to the ground. A change in the

tube diameter in one of the sensimgtfons of the tube would result in a change in the voltage measured

in the sensing section between two electrodes. Us
find the change in resistance. From prior calibrations, this change in resistandéoeaosed to find the

change in the crossectional area of the tubing of the SC(BRaynak et al., 1998)n the expamental

work of Carter(Carter, 2002)a percent occlusion was reported as the change isamittal canal

diameter asalculated from the measurements of the SCOT.

—
o+
Spinal Canal Occlusion

Transducer
(SCOT)

o

Sensing
Electrodes _{

Saline solution |y
with current

Figure 2.9: A schematic showing the SCOT. Adapted fronRRaynak et al. (1998)

The SCOT improved on the limitation of the presdilled tube by having multipleensing sections

along the tube, allowinfipr multiple occlusions to be detectedrajcthe canal.
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One of the studies using the SCOT measured the occlusion irvdrtebrae T1 to T4 segments of the
thoracic spine for central compression, posterior eccentric, and anterior eccentric boundary conditions
(Zhu et al., 2008)For the centratompression case, an incremental trauma protocol was used to apply
displacements increasing byrtn increments from Bim in compression to 3min compression at
0.5m/s. The mean maximum occlusion increased from approximately 18%ratd displacemerih
compression to approximately 42% and 99% atbband 30mm in compression, respectively. One of
the limitations of the studwasthat the specimens were from an older population, and therefore, had
lower bone densities and disc degeneration. Additipntile loading cases were idealized, but this
allowed for investigating the factors contributing to the spinal canal occlusion. Finally, the specimens did
not include active musculature; however, the effect of the lack of active muscwaslilely

minimized sincehe impact and acute SCI occurreithin 20ms(Zhu et al., 2008)

Nuckley et al. (2007)sed the SCOT to measure occlusion in the spinal canal ofviaresdra baboon
cervical spine segmef(iuckley etal., 2007) The specimens were from a younger population since the
objective of the study was to investigate the occlusion for developmental ages up to adulthood.
Compression was applied using a hydraulic ram with a haversine displacement inputqagpiily
maximum displacements betweemé and 15mm over a 13ns pulse width. The average maximum
occlusion was found to be 52%. Although the baboon animal model was smaller than human spine
specimens, the specimens from the baboon were similar in oéamatomy and mechanical behaviour
(Nuckley et al., 2007)

Carter (2002used the SCOT to measuhetocclusion in the spinal canal of threertebra cervical spine
specimens loaded under axial compresstoguie2.10) (Carter, 2002; Carter et al., 200Zhe loading
groups were central, anterior, and posterior axial compre&Samter, 2002)In the central compression
loading group, the specimens were subjected tol gi@load, followed by a displacemertntrolled
input load(Carter et al., 2002)The displacemerdontrolled input had a haversine velocity pulse profile
with maximum displacements betweemé to 16mm applied over a 1&s pulse wdth (Carter et al.,
2002) The average maximum occlusion was found to be 58.7% for ceotnpression loading and
60.0% for posterior compression loadit@arter, 2002)Occlusion data for the anterior compressi

loading case was not reportsidcepulling of the SCOT made the data unreliai@arter, 2002)
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Figure 2.10: A diagram of the central compression experimental satip from Carter et al. (2002)

A study byVan Toen et al. (2014)Iso used the SCOT to measure the occlusion in-tledebra cervical

spine segments under low and high lateral eccentric boundary con@tam3oen et al., 2014bJhe

low and high lateral eccentric boundary conditions consisted of lateral bending superimposed on an axial
compression load. The specimens were compressed to 20% arad #@)specimen height in the low

and high lateral eccentric cases, respectively. For each eccentric boundary condition, a preldad of 50
was first applied. The preload was followed by the eccentric boundary condition load applieah/at 0.5

The specime was held for 0.% before being unloaded at 0/0%s. The maximum percent occlusions
measured by the SCOT was up to 76% for the low lateral eccentric cases and 33% for the high lateral
eccentric case@®/an Toen et al., 2014b)

One of the limitations of the SCONasthat even when ensuring a snug fit of the tubing in the spinal
canal, the tubdid not fill the entire spinal canal, particularly in the lateral direc{an Toen et al.,
2014b; Zhu et al., 20087 100% percent occlusion of the SC@@&stherefore equivalent to 64%
occlusion of the spinal can@hu et al., 2008)The effect of tb SCOT not filling the lateral direction
wasconsidered minimized sieahe occlusion primarily occurrél the sagittal directiofZhu et al.,
2008)

Another limitation of the SCOWas that the transducer measutteglchanges in the occlusion of the
spiral canal(Nuckley et al., 2007)The measured occlusiavastherefore a measurement of the change

in the space containing the spinal cord, and not a measurement of the cord deformation itself. Thus, the
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measurement of spinal canal occlusitithnot directly repreent the neurologic impairment or injury of

the spinal cordNuckley et al., 2007)

The presence dhe tubing of the SCOT preventawtion of bony fragments into the spinal cafiu et
al., 2008) While the tube providedesistance to the displacement of tissues into the spinal canal, the
stiffness of the tubing in the transverse directi@ssimilar to that of an in vivo spinal coftlung et al.,
1982; Zhu et al., 2008)

2.5 Computational Human and Neck Models to Investigate Vertebral Fracture

Various finite element (FE) human body modéiBMs) have been developed to assess and investigate
tissue level injuries under various impact conditidrigifre2.11). Examples of these models inde

head and neck models such as the Duke University Head and Neck Model @é&cficend full body
human models developed in a seating posftiomriving (section®.5.2 2.5.3 2.5.4 and2.5.5.

WSU NM
Yang (1998)

Capsular lig

Panzer (2011)

“Duke NM

Nightingale (2016) Osth (2016) GHBMC v6.0 (2022)

Figure 2.11: Examples of finite element neck modeléCronin, 2021).
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2.5.1 Duke University Head and Neck Model (DUHNM)

The Duke University Head and Neck Mo@BUHNM) is a hybrid finite elementultibody dynamics
model consisting of a deformable head and a lumped parametegiGaunkcho et al., 1997; Nightingale
et al., 2016) The geometry of the model was formed from CT scans of tye&Dld male(Camacho et
al., 1997) The vertebragieremodelled as rigid bodies connected by intervertebral joints modelled as
Kelvin solids(Camacho et al., 1997)he intervertebral jointaeretherefore modelled with nofinear
springs and linear dashpd@amacho et al., 1997y he deformable head allowéat load transmission
from the head into the spine. Representing the intervertebral joints as g@ldmallavedfor the
behaviour of the joints to be modelldthe DUHNM hadbeen used to study the response of the head and
neck under heafirst impacts(Camacho et al., 1997; Nightingale et al., 20T6)e modetouldbe used

to predict kinematics of the head and neck, and therefooddbe used to predict whether the cervical
spinemightbe at risk of injury; however, failuasnot malelled so the mode&ould notpredict post

injury responséCamacho et al., 1997)

One of the limitations of the modeiasthat it was validated in the midsagittal plane under compressive
impacts with the model in an anataaily neutral positiofEckersley et al., 2019; Nightingale et al.,
2016)

While the DUHNMcouldbe used to predict vulnerability of the cervical spine to fractudig ihot

model hard tissue failuf€€amacho et al., 1997 he lack of hardissue failure modelling limitethe

model s ability t o -fallreerespooséCamachp et al.o1997hswelldhect post
kinematic ad kinetics after the joint or material toleranee=reexceedednight not havebeenrealistic
(Nightingale et al., 2016)

2.5.2 Human Model for Safety (HUMOS)

The Human Model for Safety (HUMOS) was developed with the aim of developing adthrersional

finite element human body model irdaving seated position which could be widely used across different
computer platforms such as MADYMO, RADIOSS, and PARASH (Robin, 2001; Tropiano et al.,

2004) The geometry of the model was obtained from a cadaver close38"percentile European male
(Robin, 2001; Tropiano et al., 2004)he vertebrae were modelled as rigidibedvith shell elements
representing the cortical bone and solid elements representing the trabecul{&dimne2001) The

HUMOS modelcouldbe used to observe the movement of the spine and the stress distribution in the
bone(Sun et al., 2012)The Von Mises stresgasused to evaluate the risk of bone fracturéhie

vertebragSun et al., 2012)0Once the stress in the elements sugztitseshold stresses of 180Pa for
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the cortical bone and 9@Pa for tre trabecular bonéhe elemerwasconsidered failedSun et al., 2012;
Thollon et al., 2002)

One of the limitationsvasin the ability of the HUMOS model to descrilmgury (Thollon et al., 2002)
Failure of the tissuesasnot directly modelled, instead the parts were evaluated duringppmstssing

to see if tissues had exceeded failure thresi@8lds et al., 2012)This provided a way to evaluate the
risk or potential of injury; however, it limited the ability of the model to predict-faokire response

(Sun et al., 2012)mprovements were therefore needed in modelling the failure properties of tissues
(Thollon et al., 2002)The limitations in modelling material behaviour and injury mechamergdue to
limited knowledg€Robin, 2001)

2.5.3 Total Human Model for Safety (THUMS)

The Total Human Model for Safety (THUMS) was developed to study the effect of vehicle impact
condtions on the human bodZhawla et al., 2005)he anatomy of the THUMS modehsbased on

the geometry fronmacommercial data package and anatomitstexcaled to represent an average

American male with a helfiy of 175cm and a weight of 7Kg (lwamoto et al., 2015, 2002y he hard

tissues of the cervical vertebrae were assigned elastic viscoplastic material models. Shell elements were
used to mesh the cortical bone and solid elements were useshothe trabecular bof@hawla et al.,

2005; Cloake et al., 2021Bone fracture in the cortical bone of the vertebrae was assessed based on the
risk of fracture from the average peaingipal strain(Mattos et al., 2015)1.0% plastic strain in the

vertebrae was used as the threshold to predict where injury would(Mattws et al., 2015)The model

was able to be used to look at forces and moments of the head and neck, peak principal strains in the

cortical bone of the vertebrae, and head and neck injury metrics suglaad BrIC(Mattos et al., 2015)

Areas that had been identified for improvemeutuded the material models, contact interfaces, level of
detail in the neck and ligaments, and failure modell@igawla et al., 2005; Cloake et al., 202¥pterial
propertiedid notinclude both nodinear anisotropic charactetiiss and straifrate dependencynstead,
they usually includé one or the otheflwamoto et al., 2002More details in the model of theain and
organsmight also benefit investigations sbft tissue injurieglwamoto et al., 2002)T'he hard tisue
properties were based on literature data, but the hard tissues of the cervical vertebrae did not include
modelling for simulating hard tissue failure and crack propagé@itvake et al., 2021Flement erosion
was implemented in hard tissues in lo@mas$ such as the ribs and skiolit was not in theertebrae of the
cervical spindlwamoto et al., 2002)nstead, peak strains in the cortical bone of the verteteeeused

as an indicator of #hfracture risKMattos et al., 2015)The peak strains in the codidone allowed for

evaluatinghe potential of hard tissue fracture and locations of potential fracture, but without a means to
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model hard tissue failure, forces in the cervical spine would be overprediatethe model would be

limited in its ability b predict posfailure response.

2.5.4 VIVA+ Model

The motivation for the development of the VIVA+ models was to create an average female (F50) model
and a platform for the development of a female H@4th et al., 2017bYther derivatives of the human

body model, such as the average male (M50) model, were derived from the F50 model. In the detailed
VIVA+ detailed heaeheck model, the vertebrae of the cervical spine were modelled with tetrahedral
trabecular bone elementovered by a layer of triangular shell elements representing the cortical bone

(Osth et al., 2017a, 2016)he elements of both hard tissues were assigned isotropic-plastic

material model$¢Osth et al., 2016)The cervical spine model also included intervertebral discs modelled

with hexahedral bulk elements for the annulus ground substance and quadrilateral membrane elements for
the annulus fibrosis laye(®sthet al., 2016)Cervical ligaments were meshed with quadrilateral

membrane elemen{®sth et al., 2016)

One of the limitations of the VIVA+ mod&lasthat parts such as the upper extremities, thoracic and
lumbar vertebrae, feet, hasycand internal organs were simplified to balance between the overall model
detail and computational tin{f@ohn et al., 2022, 2020)Vhile certain body regions were simplified, the
regions identified as locatig of interest for studying selfferences in crash impact scenarios included a
higher level of detail in the modé&lohn et al., 2022)

Another limitation of the VIVA+ modelvasthat itdid not include element erosigdohn et al., 2022)
Althoughstrains in the cortical bone were used to evaluate injury risk, the absence of a method of
mocelling hard tissue failure meattite predicted pedlorces in the model may be overpredictédhn et
al., 2@2). In addition, the model would be limited in its ability to model and predict hard tissue failure

and posffailure response.

2.5.5 Global Human Body Models Consortium (GHBMC) Model

The Global Human Body Models Consortium (GHBMC) model was developed withtdntion of

creating a detailed finite element human body model for simulations of automotive crashes. The geometry
of the GHBMC 5@ percentile male (M50) model was based on CTrangnetic resonance imaging

(MRI) scans of a 2§earold individual witha height of 174.@m and a weight of 7816y (Gayzik et al.,

2011) Tissue material properties of the model were based on in vitro experifBarisr et al., 2017)

The neck model, extracted frometlHBMC M50 full body model, ha@84 734 elementdarker and

Cronin, 2022) The neck model has been validated against experiment data at the levels of the motion
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segment, the ligamentous neck modet the neck model with musculatyiarker and Cronin, 2022)

In the cervical spine, motion segments, consisting of two adjacent vertebrae and an intervertebral joint,
were validated against experimental data at various rates and level of the cervic@Bahieeet al.,

2017) Validation for the quasstatic loading rates included flexion, extension, lateral bending, and axial
rotation boundary conditior(®arker et al., 2017)Dynamic loading rates were applied for flexion and

extension boundary conditioBarker et al., 2017)

The ligaments of the GHBMC model were represented witkdomensional tensiconly truss elements
(Figure2.12) (Barker et al., 2017)The ligaments were assigned dmear elastic foce-displacement
responses based on experimental ligament te@agucci, 2011) The number of truss elements
representing each cervical ligament was based on the ligament(y&¥it and Cronin, 2012)ailure

of the ligaments was represented with a progressive failure criterion to represent the gradunglpfteari
ligamentg(DeWit and Cronin, 2012)The failed truss elements would be deleted from the simulation
upon reaching threshold failure displacemgeWit and Cronin, 2012)The cervical ligaments
modelled were the anterior longitudinal ligaments (ALL), the posterior longitudinal ligamerity (Ré

ligamentum flavum (LF), the interspinous ligaments (ISL), and the capsular ligaments (CL).
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Figure 2.12: Locations of the ligaments on the CE6-C7 segment model. The red lines indicate the bea
elements of the ligaments.
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The cervical facet joint cartilage was meshed with hexahedral solid elerfignie@.13). The geometry
was basedonfapar ametri c repr esen(arblésamd Corfin,202dc h f acet su

CS inferior facet

joint cartilage \ ‘

joint cartilage

C6 inferior facet
joint cartilage

C7 superior facet /

joint cartilage

Figure 2.13: Locations of the facet joint cartilage parts on the CEC6-C7 segment model. The yellow parts
represent the solid elements ofhie facet joint cartilages.
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The intervertebral disc was modelled as three parts: the annulus fibrosis layers, the annulus ground
substance, and the nucleus pulposigure2.14). The annulus fibrosis layers were meshed with five

pairs of quadrilateral shell element layers. Each pair ofetnic shell elements had fiboeentations

starting fromt25° on the innermost layer and increasing4&° onthe outermost laygBoakyeYiadom

and Cronin, 2018; Khor, 2018)he fibre orientation angles were measured from the transverse plane.
The annulus ground batance and the nucleus pulposus were meshed with hexahedral solid elements.
Disc avulsion between the intervertebral discs and adjacent vertebral bodies was modelled using a tied
interface criterior(Barker et al., 2017)

C6-C7 Intervertebral Disc Section View
C5-C6

Intervertebral Disc

Annulus

Matrix %
C6-C7 \ _ Annulus J
Intervertebral Disc Fibrosis Layers

Figure 2.14: Locations of the intervertebral discs on the CEC6-C7 segment model (left). The section view
(right) cuts the C6C7 intervertebral disc in the midsagittal plane to show the annulus fibrosis layers sitting in
the annulus matrix. The translucent red part indicates the annulus matrix. The solid red part indicates the
nucleus.
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Quadrilateral shell elementgere used to mesh the endplatéig(re 2.15). Each endplate, connecting the

intervertebral disc and vertebral body, had a constant thickness.

‘— CS5 superior endplate
<l : eee—— (5 inferior endplate
& (6 superior endplate

r =—— (6 inferior endplate

s&eus—— C7 superior endplate

‘—— C7 inferior endplate

Figure 2.15: Locations of the endplates in the CBC6-C7 segment model. The dark gray parts indicate the
shell elements of the endplates.
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Hard tissues of the vertebrae were modelled using quadrilatelizgleingents for the cortical bone and
hexahedral solid elements for the trabecular b&igu(e2.16). The hard tissue failure in the GHBMC

modelwasmodelled using an element erosion criterion based on the plastic strain.

C5 Vertebra Section View \

Cortical Trabecular
\ Bone Bone

Figure 2.16: The locations of the vertebrae in the C8C6-C7 segment model (left). The section view (right)
cutting the C5 vertebra in the midsagittal plane shows the cortical and trabecular bone. The purple part
indicates the shell elements of the cortical bone. The orange part indicates the solid elements of the trabecular
bone.

Previous work byhor (2018)developed anisotropic material models for the hard tissues of the vertebrae
to improve the prediction of fracture initiation during compression of a cervical spine segment model
(Khor, 2018) The boundary conditions and model setup were based on the central, posterior, and anterior
compression experiments Barter (2002and the lateral compression experiment¥by Toen et al.
(2014)(Khor, 2018) The cervical spine specimen used in the model was@6357 segment extracted

from the GHBMCM50 neck model. Asymmetric and anisotropic material models were developed for the
cortical and trabecular bone of the segment for young (less thgea&dld) and aged (older than

70yearsold) age groupgKhor, 2018; Wishart et al., 1998)pon comparison of the model response to
experimental data, the anisotropic material models wemmmended for both the cortical and trabecular
bone to predict and model fracture initiatigthor, 2018)

Failure of the hard tissues were modelled using sbaged element erosion based on thresholds of
maximum and minimum principal straifkshor, 2018) With a straiAdbased element erosion criterion, the
shell or solid elememnould bedeleted and removed from the simulatiggon reachinghe defined
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thresholdstrain The pattern of deleted, or eroded, elements was used as an indication of the fracture
location and pattern. In the material model&bbr (2018) the erosion criterion for the cortical bone was
defined with both a maximum and minimum principal strain. The erosion criterion for the trabecular bone
was only defind with a maximum principal straifiKhor, 2018) The decision to not faihe elements of

the trabecular bone based on a minimum principal strain was made to model the densification behaviour

of trabecular bone under compression.

While the element erosion method allfer predicting the forces and locations of hard tissudurac

initiation, it also resuftin a loss of material as elemeateremoved from the simulation. The loss of
material is particularly important under compression loading since fractured fragments of hard tissues still
carry loadwith the continuatiorof compressiolin the segment after fracture initiation has begun. Thus,

the loss of the fractured material during compression results in a loss of structural support and energy,
particularly post fracture. In addition to the loss of structural suppotipskeof material also limits the

ability to simulate the motion of hard tisstigring and aftefracturein the segmentxperimental studies

from axial compression loading on the spine segment specimens showed that bone fragments from
fractured vertebraeere pushed into the spinal cafibtan et al., 1995; Wilcox et al., 200Bone
fragmentghat occlude the spinal canal have the potential to lead to transverse compression of the spinal
cord and spinal cord injury. Retaining bone fragments in the simulation is therefore important in order to
model occlusion to ultimately investigate spinalccimjury. Thus, to investigate spinal cord injury and

model vertebral fractures, a model needs to be able to predict fracture initiatieinapose response,

and the flow of fractured hard tissu@&eWit and Cronin, 2012)

2.6 Smoothed Particle Hydrodynamics (SPH) Method to Model Large

Deformations

Smoothed particle hydrodynamics (SPH) is a meshless particle method with a Lagrangian formation. It
was developed in 1997 for astrophysics problems, such as the fission of rotating stars, that result in large
deformationgGingold and Monaghan, 1977; Lucy, 1977)

The SPH method is an interpolation method that can be used to determipariiateters at discrete

particle locations within a particle fie[asafa et al., 2012; Li et al., 201Fjeld quantities are

calculated at a central particle, and a smoothing kernel function is then used to calculate the field quantity
at each adjacent particle within the area of influence arouncktiieal particldBasafa et al., 2012;

Fraser, 2014; Gingold and Monaghan, 1977; Lucy, 191M1@ smoothing kernel function also determines

the interaction of particles.
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The meshless nature of SPH makes it suitable for simulating largend¢ifums that may otherwise lead
to a tangled or distorted mesh in traditional Lagrangian eler{Rasafa et al., 2012; Li et al., 2017)
SPH has therefore also been introduced in solid mechanics problems involving machining, wear, and

impacts(de Vaucorbeil and Hutchinson, 2020)

2.6.1 SPHin Bone and Spine Applications

Numerical simulations in the spinal cord and of bone cement have used SPH to modi&Efluid

behaviour. In the spinal cord, the epidural(fathiptsov and Marom, 2028nd cerebral spinal fluid
(Arhiptsov and Marom, 2021; Russell et al., 2012; Rycman et al., 2@22peen modelled using SPH.

The diffusion on bone cement trabecular bone for procedures such as femoroplasty has been modelled
using SPHBasafa et al., 2012T he study simulated an experiment where silicone, representing the bone
cement, was injected into a foam block, representing the trabecula(Bamada et al., 2012Navier

Stokes equations were built into the SPH formulation to model the fluid flow of the silicon into the foam
block (Basafa et al., 2012)

Scenarios such as bone cutting and implant penetration have also used SPH to model hard tissues. Bone
cutting and implant penetration tegti rectangular bone specinsdmve used SPH to model cortical

and trabecular bone since these events result in large deformations during bone fracture. One study used
SPH to simulate penetration tests of a bone cutting tool into cortical bone speftonebsvine femur

(Li et al., 2017, 2014)The cortical bone specimen was modelled using bothiitidle elements and

solid Lagrangian continuum elemelfts et al., 2017, 2014)The SPHparticleelemens were

implemented in the middle section of a rectangular bone specimen in the model where the cutting tool
would penetrateRigure2.17a) (Li et al., 2017, 2014)Penetration of a bone cutting tool into bone can

occur during scenarios such as ortha@surgery(Li et al., 2017, 2014)SPH was also used to represent
trabecular bone for simulating tpenetration of indenter tips into trabecular bone specitfi@rper et

al., 2018) The entire specimen was modelled using SFgufe 2.17b).
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SPH Particle Elements Where
Cutting Tool Penetrates

a) Solid Lagrangian Continuum Elements and SPH b) SPH Particle Elements
Particle Elements Throughout Simulation Throughout Simulation

Figure 2.17: Simplified diagram showing the SPH particle elements for bone and spine simulations.

In these applications, all the SPH patrticle elements were active throughout the entire simulation.

2.6.2 Eroded Finite Elements Converted to SPH, Implementation in FE Code
The finite elemeninmethodto SPH(FEM to SPH)Ymplementation will be referred to as the SPH

implementation in this workn the FEM to SPHmplementationcontinuum elementare converteihto
SPHparticle elements. The motivatidor using a FEM to SPH approach was to extend the computation
time by filtering out the elements with large deformations that would result in numerical issues while also
mitigating the computation time from using a paetimethodJohnson and Stryk, 2003; Kala and Husek,
2016) The main ideavasto transform Lagrangian finite elements into SPH particle elements in order to

take advantage of dminimize the kortcomings of each meth@g@hen et al., 2021)

At the beginning of the simulation, SPH particle elements are coupled to the finite elements; however, the
SPH particle eleents are inactiveHjgure2.18) (Chen et al., 2021; Kala and Husek, 201&)each step
in the calculation, the Lagrangian finite elements are checked totheg iheethe assignedailure
criterion(He et al. 2020) Once the failure criterion is reached, the Lagrangian element erodes and is
converted into the SPH particle element that becomes activated and inherits the Lagrangian finite element
properties, such as mass, position, stress, and ve{Gtign et al., 2021; He et al., 202The newly
activated SPH particle elemeastthenadded to the calculation and can interact with other SPH particle
elemens and other finite elements in the mo(é¢ et al., 2020)The SPH particle elements can, for
example, represent the broken material in the simulation to withstand compressive @iessed.,

32



2020) Newly activated SPH particle elements are notmataally coupled to the remaining Lagrangian

elements, and so the interaction between SPH and Lagrangian elements are defined through contacts.

Contact algorithms and other control parameters can be defined for the SPH patrticle €ldenents.,

2020)
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(X))
00
(X))
(X
(O

90000

()
()
()
()
O

00000

3. Elements Reach

009

000,

(X XX

0O

000

Load

2. Elements Deform

(0

()

()

@

()
(0
O

O

4. Elements Erode,
SPH Particle Elements

oseee
00000

()

()

()

()

()

O

O

@,

O

@

Figure 2.18 A diagram illustrating an example of the SPH implementation where solid Lagrangian

continuum elements are transformed into SPH particle elements upon erosion of the solid element. Thyti
green shaded squares represent solid elements. The yellovange shaded squares represent solid element
that reach their failure threshold. The grey shaded circles represent inactive SPH patrticle elements. The light
green shaded circles represent aate SPH particle elements.
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2.6.3 Examples of Applications Implementing SPH to Convert Solid Elements to SPH
Particle Elements

The implementation of SPH to convert solid Lagrangian continuum elements into SPH particle elements
has been applied for scenarios alg¢ssimulations involving bone and the spinal cord.

The FEM to SPH method was used to model projectiles impacting concrete spg&aiarand Husek,
2016) The SPH implementation was applied to the concrete specimens tdtalommminuted material

of the concrete to interact with the rest of the model after fracture.

Tokura and Niwa (201@lso used a FEM to SPH approach to model debris for the failure of concrete
(Tokura and Niwa, 2017Jailed solid elements of concrete were replaced with SPH particle elements to
model the accumulation of debris when an impactor impactedeatefi€okura and Niwa, 2017 he

FEM to SPH approach was implemented for the concrete area around the location of the impactor
(Tokura and Niwa, 20170ne of the parameters investigated was the number of SPH patrticles generated
for each solid elemerfTokura and Niwa, 2017he FEM to SPH implementation was implemented in
LS-DYNA and an eroding contact between the nodes and surface contact was defined between the SPH

and the solid elemen{$okura and Niwa, @17)

He et al. (2020) used the FEM to SPH approach to model the debris cloud in a high velocity impact
problem where a space fragment impacted the walspbaeraft (He et al., 2020)The FEM to SPH
implementation was implemented in the area ofece wall around the space fragment and was
implemented through L®YNA (He et al., 2020)

Chen et al. (2021) used the FEM to SPH approach to model the accumulation of ice rubbles when a
marine structure impacted i¢€hen et al., 2021)he solid elements of the ice woudd convertedto

SPH particleelements, and thePH patrticle elements of the ice would continue to interact with the ice
and marine structure in the meEdChen et al., 2021 A validation was then performed to check the mesh
sensitivity(Chenet al., 2021)
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Chapter 3
Methods

The overall aim of this research was to imprtwemodellingof the postfracture response of a cervical
spine segment loaded under compression by enhancing the modelling of hard tissue fracture by
implementing SPH into thigabecular bone to preserve fractured material.

This section describes the finite element model development, boundary conditions, model evaluation, and
parametric studyHigure3.1). Section3.1describes the progression of improvements, leading to the
implementation of SPH into the cervical spsegment model. Sectiéh2 describes the method of

evaluating the SPH implementation. The results of the model with and without the SPH impiementa

were compared to the results from the experimental ®stsion3.3 describes an investigation into the

effect on the model response when the number of SPH particles generated for each eroded solid element
was increasedbection3.4describes a parametric study using the cervical spine segment model with the
SPH implementation to investigate the effect of varying impact severities, using aged material parameters
for the hard tissues, and applying eccentric bounclamngditions. The models were solved using a

commercial finite element solver (LBYNA R13.1.1, LST, Livermore, CA).
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3.1 SPH implementation into trabecular bone

Model enhancements under central compression loading
(material model, contact definitions, failure criterion)

!

SPH implementation into trabecular bone

3.2 Evaluation of SPH implementation

Force-displacement, injury pattern, spinal canal occlusion

Experimental results from literature ~ vs Model response
!
Evaluation of model with SPH implementation
- y
4
i 3.3 Parametric Study R 3.4 SPH Sensitivity h
v ! e Increase number of SPH particles
. generated for each eroded solid
Impact Aged Eccentric 1
: . element
velocity =~ material  boundary
parameter conditions l .
Model evaluation
< v < 4

Figure 3.1: Schematic of model development, assessment and evaluation. The sectiomipers and objectives
are in bold.

3.1 Model Enhancements to the FE Motion Segment Model: GHBMC Segment to
SPH Implementation
The FE vertebral segment model for the central compression loading comprised two adjacent functional
spinal units (FSUs) at the C5 to C7 vertebral levels. TREEE7 segment was extracted from the
cervical spine of the GHBMC M50 neck model {C6GHBMC, Elemance, Winstosalem, NCYBarker
and Cronin, 2022, 2020The extracted segment included the C5, C6, and C7 vertebrae with ligaments,

intervertebral discs, endplates, and facet joints.

36



The boundary conditions of the model were based on the central compression experimental setup from
Carter(Carter et al., 2003)Jescribed in sectioB.4.4 To recreate the central compression experimental
setup, theeentral compressioRE model (CCmodel)) includedthe C5-C6-C7 cervical segment and the
loading apparatud-{gure3.2) (Khor, 2018; Khor et al., 2018, 2017he loading apparatus included the

top potting, the bottom potting, and the load cell. The top and bottom potting in the model were meshed

around the C5 vertebra and C7 vertebra, respectively. The load cell was located below the bottom potting.

Direction of Motion

(40 kN preload and
displacement-
controlled input)
Top
Potting
f i vee. | «—— (5
Facet _ aifllaieii
Joints Wl e e I Intervertebral
: Disc
i o

1 | \I‘Il“.‘ ﬂ\ ‘
ngaments%“\.“luwgﬁ, S

i i f
DA L

 GHBMC M50 CC Model
Head and Neck Model C5-C6-C7 segment and loading apparatus

Figure 3.2: Sagittal view of the GHBMC M50 head and neck model (left). The orange, light purple, and red
parts circled in red indicate the functional spinal units extracted for the COmodel (right). The labek on the
CC model used for the central compression loading show parts of the loading apparatus and cervical spine
segment parts. The green arrow shows the direction of the preload and displacemeamntrolled input applied
to the top potting.
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The top pding was allowed to displace downward in thdirection to apply a central compression load

to the cervical spimsegment moddKhor, 2018) The compression boundary condition applied to the top
potting was an initial 40l preload followed by a displacemertntrolled input for a total simulation time

of 550ms. The 4N preload was appd from Oms to 250ms. From 250ns to 550ms, a displacement
controlled input consisting of a loading phase, a holding phase, and an unloading phase was applied to the
top potting Figure3.3). The direction vector of the preload and displacement input was appbed on

the geometric centroid of the superior C5 endplate. The location of the direction vector ensured a central,
rather than eccentric, loading to the cervical spine segment.

40 N Loading Holding Unloading

16 Preload Phase  Phase Phase

14 Displacement ’\
g - based on proﬁle‘
g of Haversine
g 10 velocity pulse
g 8
§ 6 Start of
= displacement-
'é ‘21' controlled input

) L e
0 100 200 300 400 500
Time [ms]

Figure 3.3: The digplacement vs time graph showing the displacement in the downward direction
(compression) of the top potting. A 40N preload wasapplied from 0 ms to 250ms in the simulation. At

250ms, a displacementontrolled input wasapplied. The displacement input aplied during the Loading

Phase was based on the profile of a Haversine velocity pulse. The displacement was held constant during the
Holding Phase. The displacement in the unloading phase correspatito the upward motion of the top

potting.

This sectiordescribes the development of the cervical spine segment in theo@& to lead to the
implementation of SPH in the trabecular boRig(re3.4). The CCpk model in sectior8.1.1usel the
segment extracted from the GHBMC M50 model. The{@odel in sectiorB.1.2incorporate
anisotropic material models for the hard tissues. Thedel in sectior8.1.3built on the CGy
model by including modified and new contact definitions. Thexé&s@odel in sectiorB.1.4adckeda
minimum principal strain to the erosion criterion of the trabecular bone. Theg:@06del in sectior8.1.5
addedthe implementation of SPH to the trabecular bone to the-&@odel.
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CCpy Model }

GHBMC segment with plastic kinematic
material model for hard tissues

CC s Model ]

CCyp + Anisotropic material model for
hard tissues

CC¢yn Model ]

CC,, + Modified contacts

CCyps Model w

CC¢pp + Minimum principal strain to
trabecular bone failure criterion

CCqpy Model ]

CCysps + Implementation of SPH to the
trabecular bone

Figure 3.4: Progression of models to include changes to the cervical spine segments leading to the
implementation of SPH. At each step, a change is added to the model from the preceding step. Each step of
the schematic shows the name assigned to the model at eaclp stethe progression as well as the new change
implemented in the step.
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3.1.1 Plastic Kinematic Material Model for Hard Tissues: CCpk Model

The cervical spine segment in the gx@nodel used the segment from the GHBMIS0 v6-0 model with
the default materiahodels, parameters, and contacts. The hard tissues, therefore, had plastic kinematic

material models with the parameters summarizelthlsie3.1. Theerosion failure criterion for the

trabecular and cortical bone elements were based on an effective plastic strain (fs).

Table 3.1: Constitutive material model and key material parameters for the hard tisues of the cervical spine
in the GHBMC M50 v6-0 model.

Tissue Constitutive LS-DYNA Material Model References
Material Model Material Model Parameters
Description Name
Trabecular Bone | Plastic Kinematic | *MAT_PLASTIC_ |} = 1000 kg/m (Keaveny et
KINEMATIC E = 442 MPa al., 2001;
Lindahl, 1976)
pr=0.3
0y = 2.83 MPa

Etan=30.1 MPa

b=1
fs =0.095
Cortical Bone Plastic Kinematic | *MAT_PLASTIC__ | } = 2000 kg/m (McElhaney,
KINEMATIC E = 18.4% GPa 1966; Reilly et
al., 1974)
pr=0.28

&, = 189.8 MPa
ETanz 12@ GPa
b=1

fs=0.0178
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3.1.2 Anisotropic Material Model for Hard Tissues: CCan Model

In the CGni model, the hard tissues of the previousske@odel were assigd anisotropic material
models(Khor, 2018) The trabecular bone parts for the C5, C6, and C7 vertebrae were @éssigne
transversely anisotropic ledensity crushable foam material model. The cortical bone part of only the
middle C6 vertebra was assigned an orthotropic elpktitic material model to account for the
difference in support around the supefianst andriferior-most vertebrae of the segment present in the
experiments and model. The potting in the experiments covered most of the vertebral bodies of the
superiormost and inferioimost vertebrae. In contrast, the potting in the model covered approximately
40% of the C5 vertebral body height and 62% of the C7 vertebral body height. The CB cortical

bone parts in the models were, therefore, assigned the plastic kinematic material model fropxthe CC
model. The plastic kinematic material model was stiffian the orthotropic elastastic material model
to mimic the stiffer support provided by the potting in the experiments around the supesicand

inferior-most vertebrae.

The material parameters for the anisotropic material models were represenitatiyoung age group of
younger than 5@earsold (Table3.2). The younger than 5@arsold age range matched the average
stature GHBMC M50 modekpresentative of a 2@arold (i.e. young) male (175@m in height,
78.6kg in weight, and 25.7 in BMGayzik et al., 2011)
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Table 3.2: Constitutive material models and key material parameters for the anisotropic hard tissue material
models developed by KhoiKhor, 2018).

Tissue Constitutive LS-DYNA Material Model References
Material Model Material Model Parameters
Description Name
Trabecular Bone | Transversely *MAT _ E; = 689 MPa (Khor, 2018;
Anisotropic Low TRANSVERSELY E, = 293 MPa Liu et al.,
Density Crushable| _ANISOTROPIC _ 2013)
Foam CRUSHABLE_ |} = 1000 kg/m
FOAM G = 265 MPa
K =574 MPa
Cortical Bone Orthotropic *MAT_ORTHO_ | E;1=17.91 GPa (Ashman et al.,
ElasticPlastic ELASTIC_ E,= 10.44 GPa 1984; Hansen
PLASTIC et al., 2008;
}=2000kg/mM | o 0as:
dy = 200.86 MPa | Reilly and
31,=0.35 Burstein,
1975)
3,3=0.42
331=0.222
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The anisotropic material models included a stkaised erosion criterion to modkefailure of the hard
tissues. The erosion criterion was defimgth maximum and minimum principal strains, in terms of true
strain. With a straitbased erosion criterion, once a shell or solid element of the cortical or trabecular
bone eroded, the element would be deleted and removed from the simulation. Thetfailuseor the
erosion criterion are summarizedlinble3.3. At this stage, a minimum principal strain was not defined
for the trabecular bone sintebecular bone is a foalike material which densifies under compression
(Khor, 2018) The absence of a minimum principal strain critefmrerosion allowed the solid trabecular

bone element® remain in the simulation during the densification stage

Table 3.3: Principal strains, in terms of true strain, of the strain-based erosion criterion applied to the hard
tissue material models developed by KhogKhor, 2018).

Tissue Minimum Principal Maximum Principal References
Strain Strain
Trabecular Bone N/A 0.0917 (Khor, 2018; Liu et
al., 2013)
Cortical Bone -0.0206 0.0343 (Khor, 2018; Reilly

and Burstein, 1975)

3.1.3 Added Contact Definitions to Account for Erosion and to Allow for Ligament to
Intervertebral Disc Contact: CCcon Model

In the CGonmodel, contact definitions between parts were revised to account for the erosion of hard
tissue elements in the G&model. A contact definition was also added to mitigate interpenetration
between the intervertebral disc and the ALL and PLL.

In LS-DYNA, contacts are defined between two surfaces. One surface is designated as the master side
and the other as the slave sid¢eaAch time step of the simulation,-D&¥ NA checks for and prevents

penetration of the nodes from one side into the surface of the other side.
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The following three contacts were default contacts from the GHBMC M50 model that were included in
the CGik model.

1. Automatic surfaceéo-surface contacts between the C5 and C6 trabecular bone and between the
C6 and C7 trabecular bone: To prevent interpenetration between adjacent vertebrae.

2. Automatic surfacdo-surface contacts between the C5 inferior and C6 grdacet joints and
between the C6 inferior and C7 superior facet joints: To prevent interpenetration between
adjacent facet joint cartilage parts.

3. Automatic oneway surfaceo-surface tiebreak contacts between the intervertebral disc and the
superior and inferior endplates: The disc avulsion criterion to prevent interpenetration of the
intervertebral discs through the endplates, and to allow digsi@vuio occur during tension.

In the contact definitions of the Gcmodel, the master and slave surfaces were defined as the outermost
surface of a part or set of parts at the beginning of the simulation. The surface defined at the beginning of
the simulation would be checked for penetration throughout the simulation. However, with the erosion
criterion introduced as part of the &0Omodel, elements on the outermost surface would erode, resulting

in a change in the oeimost elements of a part. Sintetcontact types from the gmodel did not

account for the changiraf elements in theutermost surfaces, interpenetration between parts would

occur. To resolve the interpenetration due to erosion, thg,@0del added new eroding surfaite

surface ontact definitions. The eroding surfatmesurface contact implementation in4C8NA allows

the designated outermost surfaces to update at each time step to account for element erosion.

The last contact added to the &nodel was between the beam elersesftthe ALL and PLL and the
outmost fibrosis layer of the intervertebral disc. The contact definition between the ligaments and
intervertebral disc waaddedio mitigate penetration of the intervertebral disc through the ligaments as

the compression of éhsegment led to outward deformation of the intervertebral disc.
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The list of contacts added as part of the-&@odel are summarized ifable3.4.

Table 3.4: Summary of new contacts added to the cervical spine segment model as part of the enhancements
in the CCcon model. The first cdumn contains the names assigned to the new contact definition. The second
column contacts the contact type used in L®YNA. The third column contains the part or part set whose
surface is defined as the slave side of the contact. The fourth column contaite part or part set whose

surface is defined as the master side of the contact.

Contact Name

Contact Type

Parts for Surfaces of

Slave Side in Contact

Parts for Surfaces of

Master Side in Contac

Disc to Trabecular

Contact

Eroding surfacdo-

surface

Setof Parts:

Annulus matrix, the
annulus fibrosis, and
the nucleus of each

disc

Part:

Trabecular bone of

each vertebra

Facet Joint to Trabeculal
Contact

Erodingsurfaceto-

surface

Part:

Facet joint at each

intervertebral joint

Part:

Trabecular bone of
eachvertebra

Vertebra to Vertebra
Contact

Erodingsurfaceto-

surface

Set of Parts:

Endplate, cortical

bone, trabecular bone

Set of Parts:

Endplate, cortical
bone, trabecular bone

Trabecular Self Contact

Erodingsurfaceto-

surface

Part:

Trabecular bone of ehaorertebra

Ligament to Disc Contac

Automatic beamso-

surface

Set of Parts:

Anterior longitudinal
ligament, posterior

longitudinal ligament

Set of Parts:

Annulus fibrosis 1A
(outemostfibrosis

layer)
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An exampleof the parts in each of the new contact definitisrghown inFigure3.5.

Intervertebral Disc
to
Trabecular Bone

a)
Facet Joint
to
Trabecular Bone
b)
Vertebra
to
Vertebra
©)
Trabecular Bone
Self Contact
d)
| ALL and PLL
‘PF\:} to
! At | Intervertebral Disc
e)

Figure 3.5: Sagittal plane views showing an example of each contact added in the &aOmodel.
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The following is a description of eacbrttact added to the 6 model.

Disc to Trabecular Contadtigure3.5a): The Disc to Trabecular Contact was adabegrevent

penetration between the intervertebral disc and the trabecular bone of the adjacent vertebra. The default
tiebreak contact of the G model between the intervertebral disc and adjacent endplate in the CC

model prevented penetration bef@msion. To prevent the intervertebral discs from penetrating through
the vertebral bodies with erosion of the solid trabecular bone, the eroding contact was defined between
each intervertebral disc and the trabecular bone part of the adjacent vertebraebiBak contact of the

CCrik model was not removed in order to prevent interpenetration before the onset of erosion in the
vertebral body and to maintain the disc avulsion criterion.

Facet Joint to Trabecular ContaEtgure3.5b): The Facet Joint to Trabecular Contact was added between
each facet joint and the trabecular bone in the adjacent vertebra. As the cervical segment was compressed,
the faet joint cartilage could slide and be pushed into the adjacent vertebra. The added eroding contact
would, therefore, prevent the facet joint from penetrating through the trabecular bone of the adjacent

vertebra.

Vertebra to Vertebra Contadtiure3.5c): The Vertebra to Vertebra Contact replaced the automatic
surfaceto-surface contacts between the trabecular bone in thg @6del. The Vertebra to \Yeebra

Contact prevented interpenetration between the endplates and trabecular bone of the same vertebra and
between the trabecular bone of adjacent vertebrae. The endplates ofithmd@iel were kept in place

through shared nodes between the endplatéshee trabecular bone. Thus, the endplates would be pushed
through the solid trabecular bone elements with erosion of the trabecular bone. The interpenetration
between the endplates and trabecular bone was resolved with the added eroding contact between
vertebrae. Each vertebra in this contact definition was defined as a set ofvhares each sétcluded

the endplates, cortical bone, and trabecular bone of one vertebra. The contacts would then ke defined
prevent penetration between the C5 and C6 and the C6 and C7 adjacent vertebrae. Grouping the endplates
and trabecular bone parts in the contact definition prevented the endplate from pushing through the solid
trabecular elements. Furthermore, the ergaiontact between adjacent vertebrae replaced and improved
the surfacdo-surface contact of the G model by preventing interpenetration between the hard tissue

of adjacent vertebrae both before and after erosion.

Trabecular Self ContacFi{gure3.5d): The Trabecular Self Contact was an eroding contact added to
prevent interpenetration of the solid trabecular elements within the same vertebracesricer

compression loading, vertebral fracture, occurring with erosion of the solid trabecular elements,
propagated across the middle of the vertebral body. As compression of the cervical segment continued

after fracture propagation, the top of the venraébody would be pushed into the bottom of the vertebral
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body. The addition of the eroding contact wqulletrefore prevent the interpenetration of a vertebra into

itself as new surfaces formedringhard tissue fracture.

Ligament to Disc ContacE{gure3.5e): The Ligament to Disc Contact was the only added contact
unrelated to the erosion of hard tissue elements. The Ligament to Disc Contactawtshatic bearto-
surface contact between the ALL and PLL and the outermost fibrosis layer. The ALL and PLL were
defined as a set of parts. Since the ALL and PLL surround the anterior and posterior edges of the
interverbal disc, the beatn-surface contaaas added with the intention of mitigating the additional
penetration of the intervertebral discs through the ligaments with compression of the cervical segment.

3.1.4 Addition of Minimum Principal Strain to Erosion Criterion of Trabecular Bone:
CCwups Model

In the CGups model, a minimum principal strain (i.e. compression strain) was added to the existing
erosion criterion of the trabecular bone in the-ga@o0del. The trabecular bone erosion criterion first
introduced in the C£i model only included a maximuprincipal strain Table3.3). As stated in section
3.1.2 the absence of a minimum principal strain in the erosion criterion allowed for the densification of
the foamlike trabecular bone elements under compression in the model. Since this work will implement
SPH to model the densified trabecutane element (sectid1.5, a minimum principal strain was

added to the erosion criterion of the trabecular bone material.
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The value for theninimum principal strain was determined based on a single element simulation of the
transversely anisotropic ledensity crushable foam material modealle3.3). The minimum principal

strain was selected to B&9 (true strain in compression) to correspond to where the densification region

of the stresstrain response became linekig(re3.6).

=0 Solid Trabecular Stress-Strain
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Figure 3.6: Stressstrain response of a single element simulation using the trabecular bone material model
developed by Khor(Khor, 2018; Liu et al., 2013; Mosekilde et al., 1985; Sanyal et al., 201Zhe x-axis shows
the true strain in compression. They-axis shows the true stress in compression.

3.1.5 Implementation of SPH to Trabecular Bone: CCspn Model

In the CGpnmodel, an implementation converting solid Lagrangian elements into SPH particle elements
was added to the trabecular bone of the cervical spine segment injhen@del. The CGpnmodel

included the anigoopic material models, the contacts, and the updated erosion criterion described in
sections3.1.2 3.1.3 and3.1.4

The strairbased element erosion introduced in thei@odel resilted in a loss of hard tissue material,
particularly ofthetrabecular bone. As mentionedsection2.5.5 the loss of hard tissue material in the
cervical spine segment under compression resulted in a lbsshaftructural support and comminuted

hard tissue material flo@Mattucci et al., 2019)The goal of the SPH implementation would be to

mitigate the loss of trabecular bone material.
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The SPH implementation was applied to the trabecular bone of the C5, C6, anteGiaee The
implementation was achieved using the *DEFINE_ADAPTIVE_SOLID_TO_SPH card-IDYI$A to
adaptively transform the solid Lagrangian element of the trabecular bone into SPH particle elements upon
erosion of the solid Lagrangian elemeriglure3.7). In the CGpnmodel, one SPH patrticle element was

generated for each eroded solid Lagrangian element.

/ SPH Implementation \

SPH Particle

rrrrrrr

Element

-, Solid Lagrangian Element

=

y L Erosion of Solid
S Lagrangian
Element /

Figure 3.7: SPH implementation into the solid elements of the trabecular bone. The vertebra (top) shows the
elements of the C6 vertebra. The schematic (bottom) shows the conversion of solid elements into SPH particle
elements. Thesolid element is loaded. The solid element is transformed into an SPH particle element upon
erosion of the solid element.

An elastic material model was assigned to the SPH particle elements to model the densified trabecular
bone fragments in this initihvestigation of implementing SPH into the trabecular bone. A linear elastic
material model was determined to be suitable to represent the bone fragments ig-thedd€l since

the SPH particle elements would activate when the densification region bigoaaneAdditionally, the
transversely anisotropic density crushable foam material model assigned to the solid elements of the
trabecular bone was not available for SPH elemiaritS-DYNA.
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A density, Youngb6s modul us alprapertles defineddcs thenefasic r at i o w
material model of the trabecular bone SPH elemdrabl€3.5). The density of 100Rg/m?, also used for
theanisotropic trabecular bone material modell{le3.2), was based on the fresh bone density of

trabecular bone measured experimentally before logtiogetal.,2013) The Youngds modul u
442 MPa was representative of the modulus from the linear section of the densification regmn of t
singleelement stresstrain response for the anisotropic trabecular bone material nfiigetd€3.6). The
Youngos mo dMid isiatso reprentdtidedf the average modulus of the axial and transverse

moduli of the transversely anisotropic density crushable foam material model of the trabecular bone

(Table3.2) . Finally, a Poissoné6és ratio of O0.33 was sel
elements would represent the densified crushed bone fragments of the trabecular bone. The anisotropic

material model for the trabecular bomghe CG, mo d e | before densification ha
ef fect; however, the Poissonbds ratio of foam had
collapsed porefKoohbor et al., 2022 hus, t he average of the Poissonod:

elastieplastic material model of the cortical bone in thesG@odelwas used as t he Poi s s«
the SPH particle element§dble3.2).

Table 3.5: Constitutive material model and material parameters assigned to the SPH elements of the
trabecular bone in the SPH Model.

Tissue Constitutive LS-DYNA Material Model References
Material Model Material Model Parameters
Description Name
Trabecular Boné | Elastic *MAT _ELASTIC |} = 10900 | (Ashmanetal.,
SPH Elements E = 442 MPa 1984; Khor,
2018; Liu et
3 = 033, 2013

Contact definitions were also added to prevent the generated SPH patrticle elementsdtoatingehe
other cervical spine segment parts and the loading apparatus. As recommended by YiNALISanual
for eroding nodeso-surface contacts, the SPH particle elements in the contacts were defirsest af a

nodes on the slave side of the contaefinition.
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3.2 Evaluation of the SPH Implementation in the CCspn Model Against

Experimental Targets

To evaluate the implementation of SPH, the models with and without the SPH implementation were
assessed against the experimental results. The model wiPHhémplementation was the & model
described in sectioB.1.5 which included the SPH implementation, updated erosion criterion, added
contactsand anisotropic material models described between se@tib2and3.1.5 The model without
the SPH implementation was the g#emodel describedni section3.1.4 which included the updated
erosion criterion, added contacts, and anisotropic material models described between3sgQ@mms
3.1.4 The forcedisplacement respond®rd tissue damagmattern, and occlusion results of theeiC
model and the Cfps model were compared against the results reported in the central compression
experimental test performed by Cart€arter, 2002)

3.2.1 Force-Displacement Response

In the experimental tests, displacement and force values were measured grd.répe displacement
applied to the specimen was measured according to the displacement of the hydraulic ram. The force in

the specimen was measured from a load cell located at the bottom of the experimental setup.

The displacement and force values fritra CGprmodel and the Cps model were measured from the

part of the loading apparatus in the model corresponding to where the experimental values were
measured. The displacement applied to the cervical spine segment in the model was taken by measuring
the displacement in the downward directiaifection) of the rigid part of the top potting. The values

for the force in the segmeweremeasured using a section plane in the-postessing software (l-S

PrePost, LST, Livermore, CA). The section plans wasitioned through the center of the load cell part

in the coronal planex{y plane) Figure3.8). The force in the direction of the longitudinaisax

(z-direction) was measured at this section plane. The force values were filtered using a SBEICFC

filter with a cutoff frequency of 1008z. This filter was selected to match the filtering applied to the data

from the experimental test.
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Figure 3.8: Sagittal view of the CCmodel with labels to indicate where the displacement and force values are
measured. The displacement is measured as the displacement of the top potting. The green arrow ingdisa
the direction of positive displacement. The force is measured at the load cell. The red arrow indicates to
location of the section plane used to measure the force in the model.

The force and displacement values were tisadmpare the foredisplacement responses of (h€spy
model and th&CCyps model to the forcalisplacement responses from the experimental tests. The
experimental central compression fodisplacement curves selected for comparison were from
specimes#10(C5-C6-C7 segment from 30 year old mada)d #40(C5-C6-C7 segment from 41 year old
male)(Carter, 2002)Experimentaspecimen#10 and #40 were selected for comparison since both
specimens matchkéhe sex, age, and segment level of thef@wodel and the Crs model. Both
experimental specimens were-C5-C7 male specimexin the young age group of less thany@@arsold.
Additionally, the peak displacements applied to these specimens were similamiaxtheim

displacement of the displacement input curve applied to the model.

To obtain a single value to assess the overall force increase of thei&plaEement regmses, the
energy associated with each fodisplacement response curve was calculated. The energy calculation
was performed by calculating the area under the fdig@acement curve betweem®n of displacement

and the maximum displacement.
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The energyvas calculated using the following equation.

N o Y o
%leguTm Qi

Where the variablesere
‘x time step "= force at time step

¢ = total time steps betweem@m and maximum displacement 'Q & displacement at time step

3.2.2 Hard Tissue Failures Predicted in FE Model Compared to Reported Tissue

Damage from Experiments

In the experimental central compression t€Serter, 2002)injury patterns were recorded according to
the damage visually observed at different hard and soft tissaidns of each experimental specimen.
Across the eight central compression experimental specimens, hard tissue injury was reported at the
vertebral body, pedicle, articular pillar, lamina, and spinous proces$ivEhecationswhere tissue

injury was eported experimentallyereused to guide the tissue failure assessment in the nidael.
comparison ofissue failurs in the model to the experimental results limited to comparinthe
structures wittfailure and not the extent of failure since theemmental results reported whether or not

each locatiorwas injured.

The failure ofonly the hard tissue locations was the focus of the evaluation of the model simulation

results since the aim of this project was to enhance hard tissue fracture. Atlgittbeavork in this

project sought to investigate occlusion in the spinal canal. In this cervical spine segment model under
central compression, occlusion was driven by hard tissue injury and fracture. Thus, the hard tissue
locations where injury was reped experimentbl were checked for failure in the model. To assess hard
tissue failure in the model, failure was considered to have occurred at the hard tissue location if at least
one elementwith a mesh size of approximately n, at the location s eroded by the end of the

simulation. The presence of erosiwas used as an objective critertorndetermine failurghowever, one

eroded element was not necessarily indicative of macroscopic damage that might be equivalent to damage
that would bedetermined by visual inspection during the experimental tests. Thus, determining injury

based on the presence of erosion may be slightly misleading.

In the experimental tests, the anterior and posterior vertebral bodies were the only locations where hard
tissue injury was observed in all experimental specésabjected to the central compression loading.
Thus, the presence of hard tissue failarthe vertebral bodgf the modelvas thecomparison of interest

whencomparing the resultsf the modeldo the experimental results
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3.2.3 Spinal Canal Occlusion

To evaluate the flow of hard tissue material into the spinal canal space indhen@@el and the Cfps

model, occlusion was expressed as a percent change in tHuénteosional area within the spinal canal
occupied by intruding hard tissue material. A positive percent change was indicative of an increase in the
area occupied by hard tissue material and eedse in the spinal canal area. Conversely, a negative

percent change indicated a decrease in the area occupied by hard tissue within the spinal canal space.

In the experimental wor{Carter, 2002)occlusion of the spinal canal was measured using the SCOT, as
described in sectioB.4.4 To ensure the measurement of occlusion in the model was comparable and
compatible with the experimental measurements, the evaluation of occlusion in the model was based on
three considerations: the vertebral level from which occlusesmmeasured, the plane in which

occlusion was measured, and the quantity represented by the measure of occlusion. First, the occlusion in
the model was determined from the whole middle C6 vertebra since this is where much of the hard tissue
failure was reprted in the experimental and model results. Second, occlusion was measured from a
superiorinferior view in the coronal plane of the vertebra with the spinal canal visible. The superior
inferior view allowed for the monitoring of hard tissue material maset in the coronal plane,

corresponding to the direction of material movement causing the SCOT tubing to narrow in the
experimental work. Third, the amount of hard tissue material displacing into the spinal canal space was
guantified in terms of a twdimensional area in the coronal plane. The calculated percent occlusion

would then represent the increase in the-éivoensional area occupied by material intruding into the

spinal canal relative to the neutral spine position at the beginning of the simulatio

Thus, to calculate percent occlusion throughout the simulation, the initial location and area of the spinal
canal space at the beginning of the simulation was determined in phase one, while the area of material
intrusion and corresponding percent ocidosvas determined in phase twkigure3.9). In phase one, a
rectanglewasdefined around the spinal canal space in the sugefieior view of the whole C6 vertebra
(Figure3.9, steps 1 and 2). The area within the rectangle occupied by solid, shell, apduSEle

elements of the hard tissue was calculated using an image processing program (Fiaged)q, step

3). At each subsequent time step, the rectangle from pinaseas applied to the superiorferior view

of the whole C6 vertebra and the area occupied by Isstktelements was calculat&iglire3.9, steps 4

to 6). The percent increasedncupiedarea at each time step relative to the area calculatedpfiase

one was the percent occlusion, representing the increase in hard tissue material inside the spinal canal
spaceThe twephase approach to calculating the occlusion in the simulation will be referred to in this

thesis as the Rectangle Method.
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Beginning of simulation: Determine canal location and
occupied area before compression

Whole C6
Vertebra

1. Top view of C6 3. Measure 2D area inside

vertebra at beginning of % Deﬁ.ne regiangle rectangle occupied by
. ; around spinal canal space .
simulation hard tissue, 4,

Each subsequent time step: Calculate percent increase in occupied area

AN

6. Measure 2D area inside
rectangle occupied by hard
tissue at current time step, 4;

4. Top view of C6 vertebra at 5. Locate rectangle
current time step defined in step 2

Increase in
material in

spinal
canal space

7. Calculate percent
increase in occupied area 8. Repeat steps 4 to 7
4/ 4,)x 100

Figure 3.9: Schematic of the stepi the Rectangle Method usedo calculate percent occlusion in the model.
The images of the C6 vertebra shown steps 4 to 7 are an examples of the percent occlusiautzion method
for the last time step of the CGpn model.
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The equation to calculate the percent occlusion at each time step is as follows:

17

5 \ 7 r ey 16
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Where:
0 Qi ORGdad i "@alculate percent occlusion at the current time step
0 = foccupied area within the recbmshgl eo at

0= foccupied area within the rectangleo at

From the values of percent occlusion measured at each time step of the model, the percent occlusion was
plotted as a function of tim&heocclusionresponsgfor the CGrnmodel and the Cges model were

compared. Additionally, the maximum occlusion waetaas the maximum occlusion measured across

all time steps in the simulation. The maximum occlusion of the-@@odel and the Cf»s model were

compared to thexperimentamaximum occlusions.

3.3 Investigation of the Effect on the Force-Displacement Response with Varied
Number of SPH Particles Generated Upon Erosion

A study was conducted to investigate how the falisplacement response was influenced by varying the
number of SPH particles generated for each eroded solid Lagrangian element. The number of SPH
particle elements generated for each solid element by the conversiofbviNLS wasdetermined by the

ng parameter. For hexahedral elements, such as the solid trabecular elements k{nedel, the
generated SPH particlegereevenly distributed inmngx ng x ng configuration within the hexahedral
element. Thus, theq parameter determidghe number of SPH patrticle elements along the length, width,
and depth of the hexahedral element. Thegg@odel used anqvalue of 1 so that one solid Lagraagi
element would transform into one SPH patrticle element upon erosion of the solid elertfent. In
investigation in this sectigithe value of theq parameter in the G{nmodel was increased to 2 (§&)

and to 3 (CGqa) (Figure3.10). Thus, one solid element would transfanto 8 SPH particles in the

CCuo2 model and 27 SPH particles in the ggemodel. The forcalisplacement responses o&tB8Gen
model, CGiozmodel, and C&os model were compared. To evaluate the fatigplacement responses
using a single value, the energy for each fatisplacement response up to a selected displacement was
calculated and compared. The selected displagesmeere determined basedtbe displacement before

a simulation reached amror termination.
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CCgpyy Model 1
nq=1

1 SPH Particle Per Solid Element

CCyqa Model W CCyqsz Model )
nq=2 nq =3
8 SPH Particles Per Solid Element 27 SPH Particles Per Solid Element

Figure 3.10: Overview of simulation configuration names included in the investigation of increasing the
number of SPH particles generated for each solid element. Each diagram shows a tdimensional
illustration of the configuration of SPH particles generated in LS DYA.

3.4 Parametric Study: Investigating Model Response Under Varied Impact
Severity, Material Parameters, and Eccentric Loading

The CGpnumodel was used in the parametric study, primarily to investigate the effect of varying certain
parameters on the measugatiusion in the modeHgure3.11). In this section, each parameter tat
investigated will be described. Additionally, the model outputwzstevaluated will be explained.
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CCygpyy Model 1

SPH implementation in
trabecular bone for central
compression loading with

Young material parameters

|
[ | |

[ Impact Severity ] [ Aged Material ] [Eccentnc Boundary]

Parameters Condition
CC,,, Models 1 CC, ;5 Model ] Antgp; Model
Scale maximum Maximum
displacement and displacement of : o
impact velocity 15 mm with Aged LS e
(16 cases) material parameters
CC 403 Model 1 Posgpy; Model
Maximum
displacement of
8 mm with Aged
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LLtgpy Model

Low lateral
eccentricity

T

HLtgp Model

Posterior eccentricity }
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i

Figure 3.11: Overview of parameters investigated for the parametric study using the cervical spine model as
developed for the CGprx model.
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3.4.1 Investigating the Effect of Varying Maximum Velocity and Maximum Displacement

on Spinal Canal Occlusion
Vertebral fractures can occur from various impact scenarios and conditions which result in various impact
severities experienced at the segment level in the cervical spinexgdramental central compression
test applied maximum displacements betweem®B8to 15.7mm in compression to achieve maximum
velocities of between 018/s to 1.5m/s(Carter, 2002)Theseranges of maximumdisplacemergand
velocities were selected to be within the range of displacerardtvelocities that would result in hard

tissue injury at a-EFSU segment level as determined by litera{@arter, 2002)

The targeted maximum displacements and maximum velocities for the impact severity parametric study
were based on the experimental maximum displacements and maximum velocities for the central
compression caseBiure3.12). From the experimental values, four target maximum displacement and
group maximum velocities were selected. The target maximum displacements ware,8.38.0mm,

12.6mm, and 15.0nm. The target maximum velocities were &, 1.0m/s, 1.2m/s, and 1.4n/s. The
sixteen combinations of target maximum displacements and maximum velocities were applied to the

CGCspumodel and run as the impact severity parametric study cases.

# Experimental Maximums Parametric Study Targets

1.6
— .
% L 2
14 =
e .
812
=
g 1.0 .
-5 .
x08 | ¢ ‘
=

0.6

8 9 10 11 12 13 14 15 16

Maximum Displacement [mm]

Figure 3.12 Each black diamond point shows the maximum displacement and maximum velocity measured
for a central compression experimentakpecimen. The orange circle points show the maximum displacement
and maximum velocity for each case run in the impact severity investigation in the parametric study.
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The case names of the sixteen combinations of maximum displacements and maximum velocities are

shown inFigure3.13.
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Figure 3.13: Case names for each combination of maximum displacement and maximum velocity run for the
impact severity parametric study.

Varying the maximum displacement and maximum velocity in the model was achieved by scaling the
displacement input to the top potting of theseiInodel.Central compressiowasapplied to theservical

spire segment through thgisplacement of theop potting of the model. The downward motion of the top
pottingwasdefined using a displacemeirne input curve. Thus, to vary the maximum displacement
applied in the model, a scale factor was applied to the displacement values of the displaceEngmnit

curve. Likewise, to vary the maximum velocity in the model, a scale factor was applied to the time values

of the displacemeriime curve.

The peak occlusion, determined as the maximum occlusion across all time steps in the simulation, was
plottedagainst both the maximum displacement and maximum velocity to observe the effect of varying

the maximum displacement and maximum velocity on the occlusion in the spinal canal.
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Additionally, the maximum occlusions of four model cases and four experinspetzimens with the
closest matching maximum velocity and displacement combinations were compared. Spedifically, t
CGsi1.4model matched an experimental specimen with a maximum velocity of/6.8nd a maximum
displacement of 8.81m. The CGy1.2model matched an experimental specimen with a maximum velocity
of 1.0m/s and a maximum displacement of 18u&. The C&y1.0model matched an experimental
specimen with a maximum velocity of In8s and a maximum displacement of 12u®. The CGsos

model matckd an experimental specimen with a maximum velocity ofrfsland a maximum
displacement of 15.&im.
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3.4.2 Comparison of Occlusion and Force-Displacement Response Using Aged Material
Parameters for the Hard Tissues

To investigate the influence of young argd hard tissue material parameters on the model response, the
CGCspumodel using youngpard tissuematerial parameters was run with adpeald tissuaenaterial

parameters and the responses were compared. Tdie 1@&lel used hard tissue material parameters
representative of a young age group of younger thame&old. For this parameter of the parametric

study, hard tissue material parameters representing the aged age group of oldey¢laasoikDwas

implemented intahe cervical spine specimen of tldCspy model (Khor, 2018)(Table3.6). Additionally,

the material properties of the SPH patrticle elements were adjusted to reflect the material properties of the
aged material parametethe lower values of the hard tissue mialeparameters for the aged age group
corresponded to the lower strength and stiffness seen in hard tissues as the bone mineral density decreases
with age(Tanoto et al., 2024; Zioupos, 2001)

Table 3.6: Constitutive material models and key material parameters for the anisotropic hard tissue material
models developed by Khor for the aged age group of older than ¥@arsold (Khor, 2018).

Tissue Constitutive LS-DYNA Material Model References
Material Model Material Model Parameters
Description Name
Trabecular Bone | Transversely *MAT _ E: = 344MPa (Khor, 2018;
Anisotropic TRANSVERSELY E,= 138.8 MPa Liu et al.,
Density Crushable| _ ANISOTROPIC_ 2013;
Foam CRUSHABLE  |? = 1000 |\ isekide et
FOAM G =132 MPa al., 1987)
K =287 MPa
Cortical Bone Orthotropic *MAT_ORTHO_ | E;1=17.325 GR (Ashman et al.,
ElasticPlastic ELASTIC E,= 10.095 GPa 1984; Khor,
PLASTIC 2018; Reilly
} = 2000 and Bursein,
dy = 200.86 MPa | 1975; Tang et
31,=0.35 al., 2015)
3,3=0.42
331=0.222
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The material model with aged material parameters for the hard tissues also includecbasin

element erosion criterio @ble3.7). The failure strain values from the material model developed by

Khor were based on reported ultimate strains from experimental téstiog 2018; Liu et al., 2013;

Mosekilde et al., 1987)n the current work, a minimum principal strain erosion criterion was added to

the erosion criterion for the solid elements of the trabecular bone in a process similar to the dredldescri

in section3.1.4 The added minimum principal strain erosion criterion for the aged material parameters
wasdefinedat a strain of 1.2 isompressionKigure3.14). The selected strain allowed for the solid

Lagrangian element to transform into an SPH particle element in the lineanse#dte densification

region. The SPH patrticle elements would therefore represent the densified crushed hard tissue fragments.

Table 3.7: Principal strains, in terms of true strain, of the strain-basederosion criterion applied to the hard
tissue material models with aged material parameter@Khor, 2018).

Part Name Minimum Principal Maximum Principal References
Strain Strain
Trabecular Bone -0.9* 0.0738 (Khor, 2018; Liu et
al., 2013; Mosekilde
et al., 1987)
Cortical Bone -0.0205 0.023 (Khor, 2018; Reilly
and Burstein, 1975)

*Based on strain where linear densification region of single element-stragsresponse begins.
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Figure 3.14: Stressstrain response of a single element simulation using the trabecular bone material model

developed by Khor(Khor, 2018; Liu et al., 2013; Mosekilde et al., 1985; Sanyal at., 2012) The x-axis shows

the true strain in compression. They-a xi s shows the true stress in compress:|
erosion of the solid Lagrangian element occurs.
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The SPH particle elements for the trabecular bone werasdégned an elastic material model with

materi al properties of densi Taple3d8)YThedemsilysf modul us,
1000kg/m?, based on experimentally measured values, matched the density of the aged anisotropic
materi al mo d e | of the tr ab e cMPhwasthdnwdutus intiheHirearYou n g 6
section of the densification region of the singlement stresstrain esponse for the aged anisotropic

mat eri al mo d e | of the trabecul ar bone. Finally, t
of the orthotopic elastiplastic material model assigned to the shell elements of the aged cortical bone.

Table 3.8: Constitutive material models and key material properties assigned to the SPH elements of the aged
trabecular bone.

Tissue Constitutive LS-DYNA Material Model References
Material Model Material Model Parameters
Description Name
Trabecular Boné& | Elastic Plastic *MAT_ELASTIC |} = 10900 |(Ashmanetal,
SPH Elements E = 241 MPa 1984; Khor,
2018; Liu et
3 = 0.33 14,2013

The response under central compression using the aged material model and properteesseds fas a
displacement inpuwith a maximum displacement off@m (CCios model) andvith a maximum

displacement of 15hm (CGuas model) (Figure3.15). The maximum displacement off@m allowed for
comparison of the model with aged material properties to the response of experimental specimen #12, the
experimental specimen with similar age and sex. Experimental specimen #12 was also a male specimen in
theaged age group of older than y&arsold. The maximum displacement of #fim allowed for

comparison of the model responses using the young and aged material prapgertiesponses of the

models were evaluatetjainst experimentébrce-displacement response améximumocclusion.
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Figure 3.15: The displacement vs time graph shows the displacement of the top potting with maximum
displacements of 15nm in compression (CGais) and of 8 mm in compression (CGos). A 40N preload was
applied between Oms and 250ms. After 250ms, a displacementontrolled input was applied in the

downward direction (compression). The grey dashed curve shows the displacement input with a maximum
displacement of 15mm. The light grey curve shows the displacement input with a maximum displacement of
8 mm.

3.4.3 Investigating the Effect of Eccentric Boundary Conditions on Spinal Canal

Occlusion

To investigate the effect of eccentric loading on the occlusidmeadpinal canal, four eccentdases

were run. The anterior and posterior eccentric cases were based on the experimental setup from Carter
(Carter, 2002)The low lateral and high lateral eccentric cases were based on the experimental test setup
from Van ToenVan Toen, 2013; Van Toen et al., 2014a, 201%hg experimental setups for eccentric
loading had beerecreated in a finite element model by Klikhor, 2018) In summary, a 48! preload

was first applied to the C5 superior endplate with a direction vector based on the geometric centroid of the
C5 superior endplate. The preload was followed by an eccentric displassméadled input at 25éns

in the simulation. The eccentricity in the d& was achieved by applying the boundary conditions to the
bearing of the loading apparatus above the specikigar€3.16). The location of the bearing from the
geometric centroid of the inferior (867) IVD determined the type of eccentricity for each case. The
bearing was 1&m anterior of the geometric centt@f the C6C7 IVD in the anterior eccentric case

(Ant model) and 18nm posterior of the geometric centroid of the©CBIVD in the posterior eccentric

case (Posnodel). The top of the loading apparatus with the bearing was rotatieh®€es for the latal

eccentric cases. The bearing was then positionechi®. &ateral of the geometric centroid of the-Cé
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IVD for the low lateral eccentric case (Lirtodel) and 40.9nm lateral of the geometric centroid of the

C6-C7 IVD for the high lateral eccentric ca@géLt model).

Figure 3.16: Model setups used for the (a) anterior, (b) posterior, (c) low lateral, and (d) high lateral eccentric
cases in the parametric study. The red dashed lines indicate the loimat of the geometric centroid of the C6
C7 intervertebral disc. The green arrows indicate the location of the bearing where the displacement
controlled input was applied. The labels above the red arrows indicate the horizontal distance between the
geometric centroid of the C6C7 disc and the bearing where the displacemetontrolled input was applied.
The light and dark green parts indicate the loading apparatus. The blue parts indicate the bearing of the
loading apparatus. The grey parts indication the lod cell.
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