Development of Elderly Posture Male
and Female Finite Element Neck Models
and Assessment of Tissue-Level

Response Under Impact Loading

by

Miguel Angel Corrales Fabre

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of

Master of Applied Science
in

Mechanical Engineering

Waterloo, Ontario, Canada, 2020

©Miguel Angel Corrales Fabre 2020



Author’s Declaration

| hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners.
| understand that my thesis may be made electronically available to the public.



Abstract

The growing elderly population and their increased incidence of injury calls for strategies to protect this at-
risk population. The effects of ageing include a change in posture, biological material properties, and bone
morphology relative to a younger population. These changes may contribute to the increased rates and
severities of injuries observed in the elderly population in car crash scenarios but requires further
investigation. Finite element human body models (HBMs) have been used as a design tool in automotive,
sports, and defence applications to understand the biomechanical response of humans and to test and
develop protective technologies. HBMs enable the investigation of changes that may occur with ageing and

to assess the resulting response at the tissue level to aid in an improved understanding of injury risk.

Specific to the neck, the lordosis of the cervical spine increases with age. It has been proposed that the
overall neck posture influences the response of the soft tissue under impact loading. Given that the neck
region serves as the connection between the head and the thorax, the kinematic response might change with
a change in the neck posture, and therefore, the likelihood of injury may change with increased cervical
lordosis associated with age. Importantly, the effect of age has not been extensively studied using HBMs
in the neck region.

In this study, male and female aged neck models were developed from existing young neck models. The
aged neck models included the average increase in lordosis of the cervical spine and an increase in the facet
joint angles associated with ageing. Available literature was used to define a posture for each model to
represent an average 75-year-old 5t percentile female and 50t percentile male, and a new methodology to
reposture the models was developed. In addition, the cervical capsular joint cartilage geometry was
improved based on the literature. The young head and neck models were accurately repostured to represent
average 75 YO subjects. Importantly, with the reposturing methodology developed in this study, the aged
neck models demonstrated comparable mesh quality to the young models.

The young and aged neck models were simulated in frontal (2g to 15g), lateral (4g to 7g), and rear (7g)
impact scenarios and assessed using head kinematics, the capsular ligament (CL) distraction expressed as
a nominal strain, and the changes in the intervertebral disc (VD) space expressed as a nominal strain. The
kinematic responses were compared between young and aged models and between male and female models.
In this study, it was found that the model head kinematics were not sensitive to the morphological changes
in the neck. However, a sensitivity to the age-related lordosis changes was identified at the tissue level
within the models. Importantly, in the rear impact, the female models predicted higher CL strainsthan those



of the male model, and the predicted strains in the aged female neck model were higher than those in the
young female model, in agreement with findings in the literature. In contrast, the aged female model
generally predicted less 1'VD space strain and less CL strain relative to the young female model in the frontal
and lateral impacts. In general, the aged male neck model predicted higher 1VD space strain, and higher or
similar CL strain compared to the young model. The variation in predicted results with age were attributed,
in part, to the subject-specific nature of the models. In particular, the subject-specific male neck was longer
than that of the average population. In the present study, it was shown that global metrics, such as head
kinematics, may not be sensitive to changes in posture, whereas specific soft tissue responses could be more
informative in terms of detecting changes in response and may be more relevant to the prediction of injury
risk. It is recommended that future research incorporate the effects of ageing on the material properties
within the neck models. The developed aged models provide a basis for assessing the effect of aged posture

on response and may inform safety system design and optimization for the elderly population in the future.
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Chapter 1: Introduction

1.1 Motivation

It has been found that the elderly have an increased incidence of injury and mortality (Heinrich et al.,
2017; Kahane J, 2013), and an increased incidence of hard tissue fracture in the lower cervical spine
(Lomoschitz et al., 2002) in traffic accidents. The potential causes include exposure to different loading
conditions in a car crash, changes in the neck tissue material properties (Trajkovski et al., 2014), postural
changes (Park et al., 2016a) and morphological changes such as bone remodelling (Hadjidakis and
Androulakis, 2006; Parenteau et al., 2014). Specifically, with increasing age, the cervical spine undergoes
an increase in lordosis (Klinich et al., 2004) as a consequence of an increased kyphosis of the thoracic
spine (Boyle et al., 2002; Fon et al., 1980) and the necessity to maintain head angle during common tasks.
In addition, with increasing age, the cervical spine undergoes a number of morphological changes
(Parenteau et al., 2014), and the effect of those changes on the kinematic response has not been
investigated in the context of the age-related changes. Notably, the inter-subject variability in the bone
morphology increases with increasing age (Parenteau et al., 2014; Klinich et al., 2004). Understanding the
musculoskeletal kinematics that differs between the elderly and the young population during an injurious
event is of importance to prevent specific motions that can lead to injury in the aged sector of the

population.

In addition to the increased incidence of injury in the elderly, small stature females (5" percentile female)
occupants demonstrated a higher incidence of injury in car crash events (Bose et al., 2011) when
compared to the mid-size male (50t" percentile male). It has been reported that females have a higher risk
of whiplash-associated disorders (WAD) compared to males (Carlsson, 2012). In general, automotive
compliance tests have looked at the young 50t" percentile male and the young 5t percentile female with
the intent of covering a wide range of body anthropometrics (Mertz et al., 1989). Therefore, the effect of
age on anthropometrics is of interest in the context of automotive safety. In addition, common safety
equipment, such as reactive head restraints, are more effective for males than females (Kullgren et al.,
2013), suggesting that there is a need for an improved understanding of how to protect subjects with
statures and anthropometrics outside the 50t percentile male. An understanding of the differences
between sexes, anthropometrics, and age groups is of importance to better protect at-risk groups in the

population.

Detailed human body models (HBMs) have been developed for design purposes and increased safety,

mainly in the automotive industry. Detailed HBMs have been developed to target relevant anthropometric
1



groups (e.g. 5t percentile female and 50t percentile male) and postures (e.g. driving and pedestrian).
Existing HBMs can form the basis for the development of new models that represent different
anthropometric groups (Hu et al., 2019) or postures (B. Frechede et al., 2006) that fall into the categories
of repositioning, morphing and reposturing. A simulation-based method, referred to as repositioning
further on, has been used (e.g. positioning in a sled or vehicle environment) to change the posture of the
HBM while maintaining the resulting strains and stress in the tissues (Boakye-Yiadom and Cronin, 2018).
However, this technique is generally limited to a small change in posture. Morphing tools have also been
used to modify HBM by defining the target coordinates of all the nodes (Hu et al., 2019). The morphing
method could be problematic on detailed models where a large number of nodes are involved in the
morphing process. On the other hand, non-physics-based morphing methods, referred to as reposturing
further on, has been used to modify the nodal coordinates of the models in a strain-free state to achieve a
new posture. Recently, a simple-simulation reposturing tool (PIPER, PIPER project, EU) has been
developed (Beillas et al., 2015) to reposture (no stress-strain field retained) HBMs without the need of
defining transformation rules for all the nodes, as in the morphing methods, and reducing the simulation
time with respect to the full-simulation method using a finite element solver. Importantly, the target
posture is defined using the position of the hard tissue, and a set of mesh quality enhancement tools
(Janak et al., 2018) has been integrated into the PIPER framework. The ability to accurately reaching the
target posture while maintaining mesh quality in detailed HBMs is distinctive of the PIPER software.

Research on the age-related change in tissue response using such FE models requires modifications to
represent an aged subject, including changes in posture, tissue morphology, and biological material
properties. Limited investigations regarding the effect of posture in the neck have been undertaken (B
Frécheéde et al., 2006) using simplified neck models (Fréchede et al., 2005) but not in the context of the
ageing process. With regard to the elderly population in general, only limited HBM investigations have
been undertaken. A 65 YO mid-size male was developed (Schoell et al. 2015) with an emphasis on the
thorax, abdomen, and lower extremities, excluding any changes in the neck region associated with ageing,
to investigate thorax response in crash scenarios. Other body regions or specific tissues have been
considered; for example, Huang et al., 2018 develop a 70 years old (YO) femur and tibia with a detailed
knee joint model and perform a series of simulations. The developed 70 YO lower extremity model
response was compared to that of a 30 YO model, and it was found that the aged model failed at lower
displacements and had lower resultant forces at failure than the 30 YO model, demonstrating the

importance of ageing effects on injury risk. Given the limited attention to the neck region in aged persons
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and the higher potential for injury associated with increased age, detailed human neck models that
consider an aged posture and geometry may inform human safety research and improvements to protect
the geriatric population.

1.2 Research Objectives and Approach

The overall goal of this research was to develop a 75 years old 50t" percentile male and 5t percentile
female neck models and to assess the effect of age on the head kinematic and tissue response. This study
focused on changes in geometry but did not consider the effect of changing material properties with age.

The first objective of the present study aimed to quantify the changes in the cervical posture and hard
tissue morphology that are associated with the ageing process and quantify the differences between sexes
using the existing literature.

Secondly, a methodology to reposition detailed human body models while retaining mesh quality at the
tissue level was developed. The method was developed by quantifying the postures reported in the
literature, defining a target cervical spine posture for the aged models, and applying a new hybrid
reposturing method to achieve an aged posture. Two aged models were created from existing young FE
neck models. The first NM represented an average 75 YO 50t percentile male subject (M5075v0),
developed from a young average stature male model (M5026v0). The second NM represented an average
of 75 YO 5™ percentile female subject (F0575vo) developed from an existing small stature female model
(FO526v0).

The third objective was to identify potential factors that may be associated with increased response and
potential increased injury risk, considering the postural and morphological changes in the neck attributed
to increased age. Specifically, the responses of young and aged male and female models will be compared
in frontal, lateral and rear impacts to assess the effect of age and sex on head kinematics and tissue-level

distractions to understand the potential for injury risk.

1.3 Thesis Organization

Chapter two introduces the relevant literature. First, an overview of the neck anatomy is presented. Then,
the postural and morphological changes associated with age are summarized from the existing literature.
A brief overview of finite element models with emphasis on human neck models follows, and, finally, the
common methods of repositioning, morphing and reposturing human body models methods will be

presented.



Chapter three firstly introduces a geometrical update of the capsular cartilage required to improve the FE
model biofidelity in general. Hence, the methods and results of the cartilage update are presented as part
of the methods chapter to establish the baseline young neck models. Secondly, the neck reposturing
methods developed in this research are described. Beginning with the validation of the posture of the
baseline models using anthropometric studies, this was a critical step in order to define an aged posture
based on the existing young posture male and female neck models. The development of a coupled
methodology to reposition human body models, including a commercial CAD software and an available
HBM repositioning tool, is introduced after with emphasis on the accuracy and mesh quality of the final
posture. Finally, the evaluation of the aged neck models is described.

Chapter four presents the results and first comparing the young male to the aged male, then the young
female to the aged female, and finally, the effect of ageing in the male models was compared against the
effect of ageing in the female models.

Chapter five presents a discussion with an emphasis on the intra-sex differences in the context of the
tissue response difference associated to the ageing process.

Finally, chapter six summarizes the findings and highlights the conclusions of the present study.
Limitations and recommendations will then be discussed, and future work is proposed.



Chapter 2: Background

A summary of the structurally relevant anatomical features within the neck will be presented. A literature
review of the anatomical changes associated with age was undertaken and then summarized, along with
an overview of contemporary finite element neck models. Existing methods to re-posture FE models (i.e.
simulation-based, morphing, repositioning, and re-posturing), including finite element neck models, are
presented. Finally, the experimental data used to previously validate the FE neck models will be
described, as it will be used as the loading conditions to evaluate the models developed in the present
study.

2.1 Anatomy and Physiology of the Neck

Anatomy is the study of the structure of living things with regards to their composition; it aims to
describe the structure of the living. The definition of anatomical terms of planes and directions (Figure 1)
enables clear and consistent communication regarding anatomical descriptions. Within the neck, the

anatomical directions (Figure 1) help to locate tissues, usually with respect to the cervical spine.
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Figure 1: Anatomical planes and directions for the human neck demonstrating the coronal, sagittal,

and transverse planes, and the anterior-posterior and superior-inferior directions.

Anatomical terms to describe movements (Figure 2) have also been established amongst the physiology
community and health practitioners. Specific to the neck, the range of motion of the head can be

described with extension-flexion, axial rotation, and lateral bending (Figure 2).
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Figure 2: Anatomical terms for movement in the neck: flexion/extension [left], axial rotation
[middle], lateral bending [right].

The neck connects the head to the thorax and serves as a support providing stability for the head while
providing a large head range of motion (Bogduk and Mercer, 2000). The neck includes structurally
relevant tissues and non-structural tissues. The structurally relevant tissues include the ligamentous spine
(vertebrae, ligaments, cartilage, and intervertebral discs), the musculature and the skin and adipose tissue
(Figure 3). The non-structural tissues include, amongst others, the spinal cord and nerve roots, trachea and
the arteries and veins. The neck connects to the head and at the first cervical vertebra interface and the
occipital condyles and to the thorax at the first thoracic vertebra interface and the seventh cervical
vertebra with some muscles extending through the thorax region.
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Figure 3: Sagittal view of the neck, demonstrating the superior and inferior ends of the neck region,

ligamentous spine, neck musculature (red) and skin and adipose tissue (pink).



2.1.1Tissues in the Ligamentous Cervical Spine

The ligamentous cervical spine (Manohar M Panjabi et al., 1991; Manohar M. Panjabi et al., 1991b)
comprises seven cervical vertebrae, the joints (capsular joint and intervertebral joint), and ligaments
between them (Figure 4). The ligamentous spine is commonly divided into the upper cervical spine
(UCS), including the first and second cervical vertebra (C1-C2) and the lower cervical spine (LCS),
including the third to the seventh cervical vertebra (C3-C7). This separation of the ligamentous spine is

due to the morphological differences between those cervical levels and the range of motion enabled at
each level.

CL

IVD

Figure 4: Upper and lower cervical spine with tissues associated with injury and pain response
(Image courtesy of Complete Anatomy).

The vertebrae comprises an external layer of cortical bone surrounding the porous trabecular bone
(Cowin, 2001) and serves as an anchorage for the muscles. The vertebrae morphology and the connective
tissue arrangement of the LCS are constructed to mainly facilitate flexion-extension range of motionin



contrast with the UCS, which also provides a high degree of axial rotation. The UCS (Figure 4) includes
the atlas (C1) and the axis (C2), with odontoid serving as a pin-like mechanism that allows for a wide
range of motion in axial rotation. The vertebra dimensions are often described, amongst others, by the
body depth (BD), and the facet angle (©) (Figure 5) (Parenteau et al., 2014).

The intervertebral discs serve as load support and limit the range of motion (Humzah and Soames, 1988).
The LCS includes five intervertebral discs (1'VD), starting between C2 and C3, up to C6 and C7. The IVD
(Figure 5) comprises the annulus fibrosus (AF) embedded in a ground substance and the nucleus pulposus
(NP). The I'VD serves as structural support in all modes of loading (e.g. tension-compression). The VD
geometry is described, amongst others, with I\VD height defined as the distance between two adjacent
vertebral endplates in the 1VD foramen (Pooni et al., 1986).

ALL
anatomical
length

Figure 5: Side view of the 5" cervical vertebra showing the vertebral body depth (BD) and the facet
angle (O). Isometric view of the intervertebral disc showing the intervertebral disc height (IVDH).
Isometric view of a segment C45 demonstrating an exemplar of the insertion points of the anterior
longitudinal ligament used to define the anatomical length (ALL).

The ligaments constrain the range of motion of the cervical spine (Takeshita et al., 2004) with a cable-like
structure that does not transmit loads in compression. In the lower cervical spine, five distinct ligaments
(capsular, anterior, posterior, interspinous ligament and the ligamentum flavum) connect the adjacent
vertebra, and each one of them is commonly loaded in specific motions; for example, the ligaments on the
anterior aspect of the cervical spine are expected to be loaded in extension in contrast with the those in the

posterior side that are expected to be loaded in flexion. However, the capsular ligament (CL) ring-like
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geometry allows for the load to be transmitted in both loading modes (flexion and extension). The
ligament length is described as the distance between the insertion points in the bony structures that are
attached to (Pearson et al., 2004). In the upper cervical spine, the ligaments include the alar, cruciate,
capsular, interspinous and membrane ligaments.

The cervical capsular joints (CCJ) serve as a kinematic guide to the vertebrae as well as load support
(Jaumard et al., 2011). The cervical capsular joints (Figures 6), together with the 1VD, serve as a joint
between the vertebrae in the cervical spine. Each vertebra in the cervical spine has four articular facets
(superior and inferior, left and right) comprising a layer of cortical bone and a layer of capsular cartilage.
The capsular ligament (CL, Figure 4) encapsulates the joint and contains the synovial fluid that serves as
a lubricant for the joint. Each CCJ also includes two CCJ meniscuses (Figure 6) that enhance joint
congruity and stability. Around the periphery of the facets, the capsular ligament is attached, connecting
the inferior facet of the superior vertebra and the superior facet of the inferior vertebra (DM, VM, Figure
6). The CCJ cartilage is nonlinearly distributed along the cortical bone facet with the maximum thickness
close to the geometrical mid-point of the articular surface and a gradual thinning towards the CCJ
periphery (Womack et al., 2008). An important parameter used to describe the CCJ is the facet angle with
respect to the vertebral body (Parenteau et al., 2014), as it drives, in part, the facet joint kinematics. It has
been shown that the capsular joint plays a significant role in the kinetic and kinematic response of the
ligamentous cervical spine (John et al., 2018) and has been implicated as a source of pain in whiplash-
associated disorders (WAD) (Cavanaugh, 2006; Quinn and Winkelstein, 2007).
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Figure 6: Schematic of the cervical capsular joint (left) showing the cartilage (AC) attached to the
superior articular facet (SAF) and to the inferior articular facet (1AF), the capsular ligament (CL),
articular cartilage (AC), the Ventral meniscus (VM) and the Dorsal meniscus (DM). On the right,
plastination of cross-section cervical capsular joint showing the VM and DM in the joint capsule
(JC). (Taken from Farrell et al., 2015 Creative Commons Attribution-NonCommercial-NoDerivs
3.0 Unported (CC BY-NCND3.0) Licence (http://creativecommons.org/licenses/by-nc-nd/3.0/)).

2.1.2Neck Musculature

The ligamentous cervical spine serves as support and anchor to the neck muscles, comprising 27 muscle
pairs, which are symmetric about the sagittal plane. Muscles, together with the nervous system, serve as
static equilibrium control and dynamic movement actuators and control of the head (Knaub and Myers,
1998). Skeletal muscles attach, in general, to two bones through tendons with the insertion at the bone
that has the maximum movement when the muscle is activated, and the origin at the opposite end. The
muscles in the neck are usually divided into six groups: Hyoid muscles, anterior muscles, lateral muscles,
suboccipital muscles, back muscles, and vertebral muscles. Muscles usually work in antagonistic pairs,
with the agonist muscle providing the force to move the attached bone while the antagonist muscle
applies an opposing force (cocontraction) to act as a motion controller. In neck flexion and extension, the
anteriorly located (flexors) and posteriorly located (extensors) muscles act as an antagonistic pair (Figure
7 and 8). From the mechanics perspective, muscles have a passive response and an active response. The

active response is a cognitive response to external stimuli, while the passive response is independent of
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the external environment. Muscle activation is controlled by the nervous system and is subjected to lag
(activation time) driven by the voluntary and reactive response of the subject. Muscle activation has been
characterized by a curve with three regions, the activation onset (delay), the activation region and the
deactivation or relaxation region (Happee, 1994).

Semispinalis capitis muscle

Splenius capitis muscle

Spinous process of C2 vertebra

Sternocleidomastoid muscle Spinous process of C7 vertebra

Posterior triangle of neck Splenius cervicis muscle

Trapezius muscle Levator scapulae muscle

Figure 7: Posterior neck muscles. Activated in neck extension (extensors).
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Thyrohyoid muscle
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(superior belly)
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Sternothyroid muscle

Scalenus medius
and scalenus
posterior muscles

Omohyoid muscle
(inferior belly)

Clavicular head of sternocleidomastoid muscle

Sternal head of sternocleidomastoid muscle

Figure 8: Anterior neck muscles. Activated in neck flexion (flexors).
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2.2 Anthropometric and Posture Changes with Increasing Age

General anthropometrics used for mechanical design will be reviewed. Then, anthropometric studies
specific to the neck will be described in the context of the ageing population. Finally, tissue level
anthropometrics studies will be reviewed and discussed with an emphasis on the differences between the

young and the elderly population.

Anthropometrics refers to the measurements of human features (e.g. stature, age, and weight). Statistical
anthropometric studies within a community are useful for identifying target populations, understanding
variability, and quantifying human anatomy changes over time periods (Gordon et al., 2014, 1989;
Schneider et al., 1983). Humans can be measured in many ways, and engineers have identified relevant
measurements with regards to the effect on the mechanical response of the human body in the context of
injury biomechanics. As with any statistical analysis, the sample size is of importance. A number of large
data sets exist, to name a few; The “Anthropometric Survey of US Army Personnel” (ANSUR) (Gordon
etal., 2014, 1989) and the National Health and Nutrition Examination Survey (NHANES) in the United
States of America, and the “Japanese anthropometric reference data” (JARDA 2001) (HOSOYAand N,
2002) in Japan.

Anthropometrics can be global (e.g. stature, body mass index and age), regional (e.g. neck length, neck
circumference and neck curvature) and local (e.g. vertebral body depth and capsular facet angle). For
research and design purposes, humans are often distinct according to their relevant anthropometrics.
Common global anthropometrics used to differentiate human sizes is their stature and mass (Carlsson et
al., 2014). With the intent of covering a broad spectrum of the population, four anthropometric groups
(Table 1) based on stature and weight were proposed (Schneider et al., 1983) based on a population pool
between 18 and 74 years old (Table 1).

Table 1: Anthropometric groups defined for male and female (Schneider et al., 1983).

Anthropometric group Stature (cm) Weight (kg) Mean age (years)
Small female (5t percentile) 148.6—153.7 44.1-48.6 36

Mid-size female (50t percentile) 160.0—163.8 59.5-65.9 40.3

Mid-size male (50t percentile) 172.7-177.8 73.6—80.5 36.2
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Large male (95t percentile) 185.4—189.2 98.6—109.1 34.1

Subjects from three different anthropometric groups were selected (5t percentile female, 50t percentile
male and 95" percentile male), and regional anthropometrics (Table 2) were measured, including the neck
region dimensions (Schneider et al., 1983). The neck region was characterized using seven measurements:
the anterior length, the width in the mid and lower parts, the depth in the mid and lower parts and
circumference in the mid and lower parts. Neck length was defined as the length between the most
anterior-inferior location (tip) of the chin and the suprasternal landmark in the frontal plane. The neck
width was defined as the length between the most lateral ends of the neck at the estimated midpoint and
lower end of the neck length. The neck depth was defined as the posterior-anterior length perpendicular to
the neck axis at the estimated midpoint and lower end of the neck length. The neck circumference was
defined as the circumference perpendicular to the neck axis at the estimated midpoint and lower end of
the neck length (Table 2) (Schneider et al., 1983).

Table 2: Regional anthropometrics. Mean values and standard deviation (SD) (Schneider et al.,
1983).

Neck length Neck width (cm) Neck depth (cm) Neck circumference (cm)
(SD)
Anterior (SD) | Mid (SD) Lower (SD) | Mid (SD) | Lower Mid (SD) Lower (SD)
(SD)
5th percentile 8.1(1.24) 9.1(0.58) 10.4(1.18) | 9.0 9.3(1.1) | 30.4(1.54) | 32.2(1.32)
female (0.48)
50t percentile | 8.5 (1.46) 11.4(0.62) | 12.2(0.67) | 11.5 11.5 38.3(1.45) | 39.3(1.65)
male (0.65) (1.03)
95t percentile | 9.8 (1.14) 12.6(0.78) | 13.6(0.82) | 12.6 13.1 42.1(1.95) | 43.3(1.7)
male (0.64) (1.32)

In recent studies, more detailed anthropometrics, such as the neck curvature, have been added to the
commonly studied parameters. Notably, the age of the subjects has been reported and included as a
variable in statistical analysis. In the neck region, cervical lordosis increases, higher inferior and superior

Bezier angles (Figure 9a), with age (Klinich et al., 2012, 2004) as a consequence of a thoracic kyphosis
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increase and the need for maintaining the head angle. In a study (Klinich et al., 2012), specific vertebrae
landmarks (Figure 9b) of 177 radiographs of subjects in a seated position with a variety of
anthropometrics (Table 3) were digitized. The inferior and superior Bezier angles were reported (Klinich
etal., 2004) (Figure 9a).

Anterior

SupBezAng

[ Segment B2-B3

Bézier spline

/Segment BO-B1
Neck chord normalized
A/ to length 1.0

InfBezAng

(a) (b)

Figure 9: Bezier angles of the cervical spine (Klinich et al., 2012). Superior Bezier angle ladled as
“SupBezAng” and inferior Bezier angle labeled as “InfBezAng”. Taken from Klinich et al., 2012.

Table 3: Summary of relevant literature reporting posture in terms of age.

Study N (+18 YO) | N by sex Agegroups (YO) | Results

Park et al., 90 47 F, 43 M 20to 88 Coordinates of the center of the

2016b eye, tragion, C7/T1,T12/L1, and
L5/51

Klinich et al., 177 93F, 84 M 18-24, 35-44, Bezier angles

2012, 2004 62-74
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Reedand 140 79F, 61 M 18to 74 Individual vertebrae positions
Jones, 2017

Parenteauet | 425 250F, 175 18-29, 30-44, Vertebral body depth, Facet
al., 2014 M 45-59, 60+ angle, Spinal canal diameter

Recent anthropometrical studies have shown that the overall spine posture change with age (Park et al.,

2016b) towards a more forward head position and an increased thoracic and cervical curvature. Ninety
subjects with a wide variety of anthropometrics were measured (Table 3) in a driving position. A set of

equations were derived from the measurements to predict the location of the tragion, eyeball, C7-T1 joint,

T12-L1 joint, pelvis and inferior extremities in terms of seat position and anthropometrics, including age

and sex. This set of equations is referred to as the Full Body Posture Predictor (FBP) further on (Figure

10).

center eye* (X,

right knee joint (x, z)

N

right ankle joint (x, 2)

Z)\

__— tragion( x, 2)

,ﬂf@

M —C7T1(x,2) ——————

TI2L1 (x, ) —————*

L5/S1

seat H-point (0, 0)

mid-hip joint (x, 2)

Figure 10: Full body posture predictor (FBP) on the left (taken from Park et al., 2016b) and the

CAD representation on the right.
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A python script described as a Cervical Spine Predictor (CSP) was developed (Reed and Jones, 2017)
(Figure 11) based on the radiographs digitized in Klinich et al., 2012 to predict the vertebral positions in

terms of sex, age, stature and seated stature.
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Figure 11: Cervical spine predictor (CSP) for the posture of a 50" percentile 26 YO male (Reed and
Jones, 2017).

It was found that cervical lordosis increased in general with age. For small stature females, the change in
the superior Bezier angle with age was more prominent than that in the average size male (Figure 11). It
is important to note that in the CSP (Reed and Jones, 2017), the mass, age, stature, and seated stature are
inputs of the predictor. In contrast, the values reported in Klinich et al., 2012 were separated by sex, age
group (young: 18-24 YO, mid-aged: 35-44 YO and older: 62-74 YO) and size group (small, medium, and
tall).
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Figure 12: Bezier angles reported for young and old populations. Literature data (Klinich et al.,
2012) in patterned bars (young: 18-24 YO and older: 62-74 YO) and CSP predictions (Reed and
Jones, 2017) in solid bars.

At the vertebral level, Parenteau et al., 2014 measured the body depth, facet angle and spinal cord canal
depth (Figure 13) of 425 subjects of different age groups and sex using computed tomography (CT) scans.
It was found that the facet angle changes due to ageing (Figure 14) were statistically significant. Previous
anthropometric studies focused on quantifying the cervical vertebra (Gilad and Nissan, 1986; Panjabi et
al., 1991a; Panjabi et al., 1993; Przybylski et al., 1998; Yoganandan et al., 2003); however, age or sex
dependency was not reported, and the sample size was small relative to the most recent studies (Parenteau
etal., 2014; Reed and Jones, 2017).
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Figure 13: Cross-section in the sagittal plane of the segment C45 demonstrating: a) Vertebral body
height, b) IVD space, c) spinal cord canal depth, d) Vertebral body depth, e) Facet angle, f) Facet
depth.
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Figure 14: Facet angle change for young and aged subjects reported by Parenteau et al., 2014
(patterned bars) and CSP (solid bars).

2.3 Finite Element Human Body Models

Since the 1970’s, numerous computational models of the human body have been developed (Yang et al.,
2018) with the intent of understanding response in impact scenarios and to predict the potential for injury

risk. Initially, simple spring-mass systems were used to create multi-body human models focused on the
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prediction of the kinematic response of the hard tissues. However, multi-body models lack the ability to
evaluate stresses and strains of various tissues, which is critical in predicting injury at the tissue level.
More recently, detailed HBM finite element models have been developed in the context of automotive
safety and used mainly for the design of safety systems such as airbags and seatbelts (Pyttel et al., 2007).
FE models require inputs (geometry, material properties and boundary conditions) that are relevant to the
problem being investigated and, when validated under representative loadings, have the ability to inform
engineers about the kinematic and kinetic response in impact scenarios, as well as local level metrics (e.g.
local strains) and failure modes. Many of these quantities are challenging or not possible to measure
simultaneously using current experimental methods. Human body FE models (HBMs) have been
developed to predict body kinematics under loading conditions, mainly in car crash scenarios (Gayzik et
al., 2011; Iwamoto et al., 2015; Osth et al., 2017a). Early HBMs (Yang et al., 1998) were validated under
a limited set of loading conditions using simple geometry and lacking some tissues (e.g. capsular
cartilage). More recently, detailed HBMs have been developed based on subject-specific CT data of living
subjects (Gayzik et al., 2011), corresponding to a specific age and anthropometric group geometry (e.g.
26 YO for the GHBMC M50, Table 3). Such HBMs were developed with the intent of representing
anthropometric groups considered in automotive safety compliance testing.

2.3.1Finite Element Models of the Neck

The neck region has been identified as an essential contributor to the head kinematics under loading and
to head motion control and support in a resting position. In addition, the association of whiplash-
associated disorders (WAD) and high and low severity crash induced injuries (CII) to tissues in the neck
has encouraged the development of advanced neck models. Therefore, a number of neck models (NM)
have been developed over the years with increasing levels of detail, validation extent and different
purposes (Deng et al., 1999; Fice and Cronin, 2012; Fréchede et al., 2005; Ivancic et al., 2005; Kitagawa
et al., 2008, 2006; Langlois et al., 2006; Meyer et al., 2004; Ng et al., 2003; Stemper et al., 2005; Zhang
et al., 2008). Initially, neck models were developed to predict gross kinematics (e.g. head kinematics).
More recently, NMs have been developed with the intent of predicting response and the potential for
injury at the tissue level, which increases the level of complexity when compared to the earlier
developments. Detailed full neck models that include the vertebrae, ligaments, I1\VVD, cervical capsular
cartilage and musculature have been developed and validated under a wide range of validation cases and
anatomic levels. Multi-level validation has been performed with the purpose of predicting head and neck
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kinematic response under dynamic omnidirectional loading and crash-induced injuries (Fice et al., 2011;
Osthet al., 2017b; Yang, 2017).

Panzer et al., 2011 (Figure 14) develop a detailed 50t" percentile male neck model (UW neck model) with
the intent of developing a full head and neck model detailed enough to predict head and neck response
and quantify the effect of active musculature on the potential for the neck injury. The geometry of the
vertebrae was based on a model previously developed (Deng et al., 1999) from an average human data
set, while the soft tissue geometry was based on the available literature. The vertebrae were modelled
with hexahedral elements for the trabecular bone and shell elements for the cortical bone. The ligaments
were represented with 1D nonlinear rate-dependent tension-only spring elements (Figure 15). The IVD
included the annulus fibrosus ground substance and nucleus pulpousus with hexahedral elements and a set
of layers of shell elements to represent the annulus fibrosus fibre matrix. The cervical capsular joint was
constructed including the cervical capsular cartilage with hexahedral elements, the capsular ligament with
beam elements and a simple volume-pressure airbag model for the synovial fluid. The muscles were
modelled with Hill-type 1D elements to represent 25 muscle pairs in the cervical spine (Figure 15). The
UW neck model has been used to investigate load sharing at the motion segment level and to study neck
kinematics and tissue response in frontal impacts of various severities (Panzer et al., 2011). In addition,
Ficeetal., 2011 investigated the ligament distraction in rear impact as means to predict pain response
associated with WAD. However, the UW model lacked a full three-dimensional representation of the

passive muscle tissue, adipose tissue, and skin.
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Ligaments

Facet cartilage

Figure 15: 50" percentile male neck model developed for frontal (Panzer et al., 2011) and rear
impact conditions (Fice et al., 2011). Taken from Fice et al., 2011.

The ViVa neck model developed by Osth et al., 2017b (Figure 16), represents a 50th percentile female
subject with similar construction to Fice et al., 2011 in the neck region. The cervical capsular cartilage,
muscles and 1VD were similarly constructed. However, Osth et al., 2017b used tetrahedral and triangular
elements to represent the vertebrae. Shell elements for the ligaments lacked representation of the synovial
fluid but included the trachea, skin, and neck flesh (Figure 16). Although still in development, the ViVa
model has been compared to volunteer experimental data in rear impact at full-body level (Osth et al.,
2017b), and a variety of muscle activation technics were developed and compared at the full neck level
(Putraetal., 2019)
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Figure 16: 50 percentile female neck model developed with a focus on rear impact (Osth et al.,
2017Db).

2.3.2The GHBMC M50 and FO5 Neck Models

The GHBMC neck models (Barker and Cronin, 2020) include a 50t" percentile young (26 YO) male
(M50) and 5™ percentile young (26 YO) female (F05) (Figure 17). This NM was geometrically based on
computed tomography and magnetic resonance imagining of specific subjects within their anthropometric
group with regards to stature and weight. The male subject was 26 years old, weighed 78 kg, was 174.9
cm tall, and had a body mass index of 25.7, while the female subject was 24 years old, weighed 48.1 kg,
was 149.9 cm tall, and had a body mass index of 21.4. The selected subjects fall within the ranges defined
for their respective anthropometric group at full-body level (Schneider et al., 1983) (Table 1). However,
at the neck level (Table 3), the male subject had a longer neck length and a straighter neck curvature than
the average population (Reed and Jones, 2017).
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Figure 17: GHBMC neck models. a) FO5 head and neck, b) FO5 neck sagittal view, ¢c) M50 head and
neck, and d) M50 neck sagittal view. Cross-sections and orthogonal views not toscale.

The GHBMC M50 neck model has been previously validated (Barker et al., 2017; Barker and Cronin,
2020) at various levels (segment, ligamentous spine and full neck level), including approximately 60
validation cases under various loading modes. The validation cases will be described at the end of this
section. The full GHBMC M50 head and neck model with skin and flesh includes 508,708 nodes and
293,264 elements (81,939 shells, 4402 beams, 206,684 solid) while the FO5 has 423,246 nodes and

200,927 elements (35,232 shell, 4,206 beam, 161,489 solid). The neck model incorporates all structural
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tissues with representative constitutive models and material properties, which are summarized in Table 4.
Prediction of catastrophic failure related to crash induced injuries has been implemented in the GHBMC
neck models in the form of element erosion for bone and ligament fracture and a contact algorithm with
failure for the I'VD avulsion. In addition to the catastrophic injury prediction in the GHBMC neck model,
sub-catastrophic injury can be inferred by monitoring the distraction of the tissues associated with the
pain response. Within the neck, capsular ligament (CL) distraction (Cavanaugh, 2006; Quinn and
Winkelstein, 2007) and intervertebral disc (I'VD) lesions have been associated with the potential for pain
response (Curatolo etal., 2011; Yoganandan et al., 2001).

Table 4: GHBMC material models, mesh type, numerical implementation of the failure criteria and

material properties references.

Material Material model Mesh Failure criteria Reference
Passive Ogden Hyperelastic Solid elements NA (Davis et al., 2003;
Muscles Hedenstierna et
al., 2008)
Active Muscle Muscle Axial elements (Winters, 1995,

1990; Winters and
Stark, 1988, 1985)

Flesh Simplified Solid elements (Yamada, 1970)
Rubber/Foam
Skin Viscoelastic Shell elements

Corticalbone | Isotropicelastic plastic | Shell elements | Equivalent-plastic- | (McElhaney, 1966;

strain-based Reilly et al., 1974)
Cancellous Isotropic elastic-plastic | Solid elements element erosion (Keaveny et al.,
bone 2001; Lindahl,
1976)
Vertebral Isotropic elastic-plastic | Shell elements NA (Denoziere and
body Ku, 2006; Panzer
endplate and Cronin, 2009)
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Ligament Non-linear tension-only | Axial elements Displacement- (Mattuccietal.,
strain-rate dependent based progressive 2012) (Mattucci
element erosion and Cronin, 2015)
Facet Generalviscoelastic Solid elements NA (DiSilvestro and
cartilage Suh, 2001)
IVD Nucleus Fluid Solid elements Tied interface (Yang and Kish,
criterion basedon 1988)

IVD annulus Hill foam Solid elements critical stress (Fujita et al., 1997)
fibrosus (Kasraetal., 2004)
ground

substance

IVD annulus Orthotropic elastic Shell elements NA (Ebaraet al.,

fibrosus fibers

Third-order polynomial

five double-

stacked layers

1996; Holzapfel et
al., 2005; Skaggs
et al., 1994)

With respect to the hard tissue, the vertebrae were represented by quadrilateral shell elements and

hexahedral elements for the cortical bone and trabecular bone, respectively (Figure 18). Bone failure was

included in both trabecular and cortical bone using element erosion based on an equivalent plastic strain

(DeWit and Cronin, 2012). The capsular facet included hexahedral elements representing the capsular

cartilage with a constant thickness.
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CL

C5 cortical bone

C5 trabecular bone

Figure 18: C45 motion segment model from the M50 neck model. Demonstrating the cortical and
trabecular bone, capsular joint cartilage (CJC) and capsular ligament (CL).

The IVD annulus fibrosus (AF) was modelled as a set of concentric rings of quadrilateral shell elements
and hexahedral elements to model the AF ground substance, and the nucleus pulposus (Figure 19). Disc
avulsion was included in the model using a tied interface with failure at a critical stress (DeWit and

Cronin, 2012).
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a) NP

AF Fiber layers

AF ground
substance

Figure 19: Intervertebral disc (IVD) of the segment C45 of the M50 model. The nucleus pulposus
(NP) and annulus fibrosus (AF) ground substance was represented with solid elements, and the AF

fibre layers were represented with shell elements.

The ligaments were represented with 1D uniaxial tension-only elements. Each ligament group was
represented with a number of 1D uniaxial tension-only elements (ranging from 7 in the ALL to 28 in the
CL) with a displacement-based failure criterion (DeWit and Cronin, 2012). Using multiple elements for
the representation of the ligaments allowed for load distribution and enable the progressive failure
observed in the experimental data (Mattucci et al., 2012). The ligaments in the LCS (Figure 20b) and
UCS (Figure 20a) differed as per their anatomical description and were positioned based on available
literature.
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Figure 20: Ligaments in the a) isometric view of the upper cervical spine (UCS) and b) top view
with edges only of segment C45 in the lower cervical spine (LCS).

In contrast with the previously described neck models (Osth et al., 2016; Panzer et al., 2011), the
GHBMC model (Barker and Cronin, 2020) represents the passive muscles with hexahedral elements
(Figure 21a) and the active muscles with hill-type beam elements (Figure 21b) using a hybrid approach.
The active muscle representation is attached to the active muscle representation by node-sharing.
Similarly, the active and passive muscles are attached to the bones through node-sharing. The activation
strategy (Correia et al., 2020a) groups the muscles in flexors and extensors and was optimized for human

volunteer data over a range of frontal impact severities (29 to 15g).
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Extensors

Figure 21: M5026vo neck muscles. a) Frontal view of the passive neck muscles, b) frontal view of the
active neck muscles, and c) bottom view of the flexors (red) and extensors (blue) passive neck

muscles.

The skin and adipose tissue are represented with quadrilateral shell elements and hexahedral elements,
respectively (Figure 22).
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Skin

Adipose tissue

Figure 22: Adipose tissue represented with hexahedral elements (solid pink) and skin represented
with shell elements (transparent pink).
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Element quality in FE models is critical to minimize numerical error in the solution, where poor element
quality can negatively affect the model response (Burkhart et al., 2013). High element quality refers to the
3D elements being cubes with equal lengths on all sides and 90-degree angles at all corners, and 2D
elements being squares. Different element quality criteria exist to quantify the deviation of the elements
from their ideal shapes, which are often used as rigorous thresholds for model development. The element
aspect ratio describes how different the maximum length of an element is from the minimum length; for
example, an aspect ratio of one means that the edges of the element are of the same length. The Jacobian
describes the volume distortion of an element from the ideal shape (perfect cube) and is represented by
the determinant of the Jacobian matrix, which defines the mapping of the element vertices of an ideal
element (Jacobian of 1) to the element of interest (Knupp, 2002). Usually, a Jacobian greater than 0.3 for
the majority of the elements (99% of the elements) is acceptable. A Jacobian lower than zero implies that
the volume of an element is negative, which results in an error when assembling the model in most
commercial FE solvers. Biological tissues exhibit rounded irregular shapes that are prone to generating
poor mesh quality; therefore, significant efforts by the community of human body model developers aim
towards developing meshing techniques that result in a high mesh quality. For the GHBMC neck models
used in the present study, an aspect ratio of less than 6.0 for shells and 8.0 for solids and a Jacobian
greater than 0.4 for shells and 0.3 for solids were used as element quality thresholds in the model
development (Schwartz et al., 2015). In addition, a mesh resolution (mesh size) appropriate to describe
the intended mechanical behaviour (Burkhart et al., 2013) and minimize numerical error is required.

2.4 Finite Element Model Verification and Validation

Finite element model verification is the process where the material models and numerical
implementations of the numerous components of the model of interest are verified to behave as expected,
given the underlying mathematical model and solution (Schwer, 2006). In addition, an essential step in
the development of FE models is the validation of the model through objective comparison to
independent experimental data. Independent experimental data is the data that has not been used to
populate the constitutive model or numerical implementation in any way (Schwer, 2006). The cross-
correlation and corridor methods (CORA, pdb, Germany) offer an objective way two compare the model
response (comparison curve) to the experimental data (reference curve). The level of correlation is
calculated as a value between 0 and 1, where 1 means perfect correlation and 0 means no correlation. The
cross-correlation method is divided into three components (V, G and P). The VV component compares the
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shape of the curves, the G component compares the areas under each curve, and the P component
describes the amount of shift applied to the comparison curve to obtain the highest rating. When the
reference curve is coupled with corridors, often available in experimental data, the corridor method can be

used to quantify the deviation of the comparison curve with respect to the experimental curves.

2.4.1 GHBMC Neck Model Verification and Validation

The GHBMC neck model has been verified at the tissue level; for example, individual tissues were
verified against experimental testing (Barker et al., 2017). Single element simulations have been
performed for each material implementation in the GHBMC neck models to confirm that the response is
in agreement with the experimental data, including the hourglass controls and dapping coefficients

commonly used to achieve model stability.

The validation cases of the GHBMC neck model can be described as hierarchical in nature. The smallest
repeating structural unit is the motion segment. Therefore, the model has been validated at the segment
level under quasi-static flexion, extension, lateral bending and axial rotation, and at dynamic rates in
flexion and extension (Barker et al., 2017). The ligamentous spine was validated at the tissue level in rear
impact (Barker and Cronin, 2020) using cadaveric data. At the full neck level, the model was validated
using in a rear impact using cadaveric full neck experimental data; therefore, no muscle activation was
included in this validation step (Barker and Cronin, 2020). In addition, in a frontal and lateral impact
using volunteer data, with muscle activation included, the GHBMC neck model was validated using the
cross-correlation and corridor method (Table 5) (Barker and Cronin, 2020; Correia et al., 2020).
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Table 5: Validation cases summary

Level Loading Severity Assessmentlevel Outcome
Frontal 2to15¢g Headkinematics CORARatingof0.737
Full neck Lateral 4to07g Headkinematics CORARatingof 0.65
Rear 79 Headkinematics CORARatingof 0.76
LigamentandIVDstrain | Withingone SD of the
Frontal 89 experimental response
LigamentandIVDstrain | Withingone SD of the
Ligamentous | Rear 8g experimental response
spine Ligamentand IVDstrain Withing one SD of the
Tension Quasi-static experimental response
Axial Ligamentand VD strain Withingone SD of the
rotation Quasi-static experimental response
Dynamic Resultantrotation
flexion Up to failure CORARatingof 0.65
Quasi-static Resultantrotation
flexion Range of motion CORARatingof0.82
Dynamic Resultantrotation
Motion extension Up to failure CORARatingof0.69
Quasi-static Resultantrotation
segment extension Range of motion CORARatingof0.86
Quasi-static Resultantrotation
lateral Withingone SD of the
bending Range of motion experimental response
Quasi-static Resultantrotation Higherthan the
axialrotation | Range of motion experimental response

Specifically for the validation cases used in the present thesis, at the segment level, the segment models
(Barker et al., 2017) were loaded in extension-flexion, lateral bending and axial rotation. The segment
models were loaded by applying a rotational moment to the superior endplate of the superior vertebra
while the inferior endplate of the inferior vertebra was fixed. The first layer of elements was modelled as
rigid to mimic the fixture used in the experiments (Figure 23). The resultant angular displacement at the
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superior endplate of the vertebra was monitored and compared to the experimental data (Camacho et al.,
1997; Moroney et al., 1988; Nightingale et al., 2007a; Panjabi et al., 1991; Wheeldon et al., 2006).

Loaded rigid superior endplate

Fixed rigid inferior endplate

Figure 23: Motion segment validation cases; a) extension, b) flexion, ¢) axial rotation, and d) lateral
bending.

At the full neck, and specific to the present study, the GHBMC model was validated against volunteer
experimental data (Wismans et al., 1987; Wismans and Spenny, 1983) for frontal and lateral impact and
cadaveric data (Deng et al., 2000) for the rear impact. The frontal and lateral impacts were modelled using
experiments of living humans seated in a sled and subjected to acceleration pulses ranging from 2 g to 15
g. The reported T1 kinematics where applied to the T1 vertebra in the models, and the tendons at the
inferior tips of the muscle ends and the last layer of flesh and skin were fixed to the T1 motion (Figure

24). Then, the head kinematics were monitored and compared to the experimental data using the cross-
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correlation method.
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Figure 24: M50 full neck boundary conditions in frontal, rear and lateral impact scenarios.

2.4.2Reposturing and Morphing Detailed Human Body Models

Human body models represent a specific subject or anthropometric group, usually in a seated or erect
position. For example, the detailed GHBMC models used in this study represent a specific 26-year-old
male subject and a 24-years-old female subject in a seated position. However, to study the effects of the
postural changes associated with age (Reed and Jones, 2017), the models have to be modified
(repostured) to represent their aged posture (cervical curvature) in a driving position. Insimplified models
with kinematic joints (Schwartz et al., 2015), it can be relatively straightforward to repostured the model
while maintaining mesh quality, owing to the lack of complex mesh of the soft tissues. However, detailed
models (Barker and Cronin, 2020) present challenges in terms of target definition and final mesh quality
(Janak et al., 2018). There are several methods to modify detailed models; a FE simulation-based
technique, referred as repositioning further on, can be used in the resultant stress-strain field is required
(e.g. out of neutral posture), if the stress-strain field is not of interest, a morphing package can be used to
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modify the nodal coordinates of the model, however, the target generation can be challenging to define
and the interaction with the surrounding tissues can be difficult to describe. With both the repositioning
and morphing approach, the mesh quality could be challenging to maintain in the modified model.

To study different anthropomorphic groups using the existing HBMs, researchers have developed
morphing methodologies in custom codes (Zhang et al., 2017). In addition to postural changes, bone
morphology variations have been investigated in parametric studies by morphing the hard tissue to the
desired shape (John et al., 2019) using a commercial package. Boyle et al., 2019 studied the response of a
simplified HBM in a reclined seat during frontal crashes using the morphing and reposturing method by
Zhang etal., 2017. Hu et al., 2019 evaluated 100 different models incorporating variation in the ribcage,
tibia, femur, and external body surface using the GHBMC simplified model (M50-0S v1.8.4) also using
the method by Zhang et al., 2017. Using a morphing method, Johnet al., 2019 did a parametric study to
investigate the relationship between vertebrae geometry (disk height, body depth, and global segmental
size) and segmental kinematics in rear impact by morphing the vertebrae of a simplified head and neck
model (John et al., 2017). The mesh quality before and after the morphing was not reported.

Recently, a light-simulation (computationally cheap while compromising accuracy) approach, without
retaining the stress-strain state and no need to define targets for every node, has been developed and
implemented towards human body model repositioning. This approach will be referred to as reposturing
(new neutral posture) (Beillas and Berthet, 2017). The reposturing method has been implemented in the
publicly available open source tool (PIPER, PIPER project, EU) (Janak et al., 2018) developed with the
intent of merging the efforts of morphing and reposturing human body models amongst the academic and
industrial community. PIPER is meant to link another open source tool (SOFA, National Institute for
Research in Digital Science and Technology, France) focused on soft tissue simulation applicable to the
medical field and FE models. Using PIPER, reposturing requires model-specific metadata, which is meant
mainly to differentiate soft tissues from hard tissues and to define landmarks in the hard tissue entities.
The landmarks, usually three per bone, served as targets for the reposturing process. Importantly, the
reposturing approach has been coupled with mesh enhancement tools (Janak et al., 2018) that allow for
the retention of the mesh quality of the HBMs.

Posture validation is a challenge when investigating the effect of biofidelic new postures; recent posture
predictor tools (e.g. CSP and FBP) provide researchers with the required data to define biofidelic postures

39



to use as atarget in the reposturing process. Maintaining mesh quality after the reposturing process at the
soft tissue level can be challenging and is often not reported in detail in morphing studies (Hu et al.,
2019). To address this challenge, under the PIPER framework, a set of mesh repair tools was developed in
such a way that the output model can be repaired to have the same mesh quality as the input model if the
metadata is well defined.
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Chapter 3: Methods

With the aim of understanding the implications of an aged posture on the global kinematic and local
tissue level responses of a 50t percentile male and a 5t percentile female, two models were developed.
The first represented a 75-year-old (YO) mid-size male (M507svo0), and the second representing a 75 YO
small stature female (FO575v0). The developed models were assessed in frontal, rear and lateral impacts,
and the global kinematic response and local soft tissue response were compared to those of the young
models.

3.1 Cartilage Geometry Enhancement and Young Model Validation

Prior to undertaking the study of the aged models, the literature review identified a limitation in the
current young models with respect to the facet joint geometry. The facet joint geometry has been
identified as a critical component that affects the motion segment kinematics (John et al., 2018). An
accurate representation of the facet joint cartilage was considered important due to the potential effect in
capsular ligament strain and cervical facet kinematics, which have been implicated as a potential source
of pain in whiplash-associated disorders (WAD). In the original GHBMC models, the shape and
thickness of the capsular joint cartilage were simplified such that the facet joint gap was overrepresented,
leading to an inaccurate interaction at the interface of the adjacent vertebra. In the young baseline models
(M50 v5.0 and F05 v5.0), the CJC geometry was idealized by an extrusion of the underlying facet hard
tissue with a constant thickness (average of 0.7 mm) (Figure 25). To address this limitation, the geometry
of the cervical joint cartilage (CJC) was updated to represent the maximum thickness and thickness
distribution reported in the literature (Womack et al., 2008) for both M50 and FO5 neck models. The
models with the updated CJC geometry (M5026vo and FO52svo) were subjected to the same validation
cases to the baseline M50 and FO5 models.
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Figure 25: Capsular cartilage demonstrating constant thickness and the interfacet gap in the M50
model (C45 motion segment shown).

The constant cartilage thickness in the M50 and FO5 neck models led to an average interfacet gap of 1.4
mm. A recent study (Womack et al., 2008) identified varying thicknesses of the CJC within the joint.
Imaging data of post mortem human subjects (PMHS) suggests that the facet gap should be close to zero
in the lower cervical spine (Farrell et al., 2015). In addition, facet pressure mapping studies suggest that
an interfacet gap is formed in physiologic neck flexion (Jaumardet al., 2011).

Recent numerical studies with regards to the CJC shape suggested that the cartilage surfaces can play a

substantial role in the mechanics of the neck (Womack et al., 2011). Importantly, the equation
k

t = thax [cos (%)] (1)
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that describes the non-linear distribution of the CJC thickness, t, as a function of the maximum CJC

thickness was developed. Where t,,,,,. 1S the maximum cartilage thickness measured, TL the location in the
14

capsular facet, and k shape coefficient (Womack et al., 2008). The variables t,,,,, and k were found
independently for each cervical level (C2 to C7). It was found that the maximum CJC thickness was close

to the geometrical centroid of the capsular facet with a gradual thinning moving towards the periphery
(Womack et al., 2008).

To improve the biofidelity of the models at the tissue level, the cartilage surface of the capsular joint was
enhanced to account for the distribution of the cartilage thickness observed in the human cervical spine
(Figure 26).
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Figure 26: a) Exemplary C5 cartilage thickness (mm) profile normalized to the hard tissue surface
with varying k values and b) top view of the superior C5 cartilage.

The non-linear function of the cartilage thickness normalized to the underlying hard tissue surface was
defined in the literature (Equation 1). The equation was defined as a function of the ratio of the radius of
the point of interest with respect to the centroid and the periphery (r/rp) where t is the thickness at the
point of interest, tmax is the maximum thickness, r the radius to the centroid and rp the radius to the
periphery. Hence, the updated surfaces of the capsular facets of the M50 and FO5 models were
constructed, and the centroid was calculated using commercial CAD software (CATIA V5, Dassault
Systems, France). The cartilage thickness was defined in function of the facet surface and the location
with respect to the centroid and periphery (r/rp). The maximum cartilage thickness and k values used per
vertebra were taken from the literature (W. Womack et al., 2008) and summarized in table 6.
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Table 6: Maximum cartilage thickness and k values used for the cartilage thickness definition.

Superior cartilage Inferior cartilage
Level k tmax (MmM) k tmax (MmM)
C3 0.48 1.14 0.57 0.99
c4 0.58 1.13 0.50 1.05
C5 0.53 1.04 0.55 1.14
C6 0.44 0.97 0.47 0.94
Cc7 0.49 1.14 0.36 0.89

New surfaces that represent the cartilage thickness distribution in function of the hard tissue surface were

generated using the calculated cartilage thickness and used to project the existing nodes of the capsular

cartilage in the FE model. The cross-section of the final cartilage geometry is presented in table 7.

Table 7: Cross-sections of the cervical capsular joints in the original model (M50) and the updated
CJC geometry (M5026v0).
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The mesh quality of the enhanced cartilage was assessed and found to be within the common mesh
quality requirements of the GHBMC models, including element warpage (<50 deg), aspect ratio (<8),
skew (<70 deg), and Jacobian (>0.4).

3.1.1 Motion Segment and Whole Neck Validation of the GHBMC Neck Models with the
Updated Cartilage Geometry

The original M50 neck model was previously validated at the full neck (Barker and Cronin, 2020) and the
motion segment level (Barker et al., 2017) with the constant thickness cartilage. The neck model
validation cases were repeated with the updated cartilage geometry (M5026v0) at the segment (C2-C3 to
C7-T1) (Barker etal., 2017) and the full neck level to assess the effect of this change on model
performance (Barker and Cronin, 2020). The motion segment models were extracted from the full neck
model with the updated CJC (M5026v0) for evaluation in a quasi-static range of motion (extension,
flexion, axial rotation, and lateral bending) and high dynamic rate up to failure in flexion and extension.
The model response was then compared to the corresponding experimental data in a range of motion and
traumatic loading (Camacho et al., 1997; Moroney et al., 1988; Nightingale et al., 2007; Panjabiet al.,
2001; Wheeldon et al., 2006). The reduction of the interfacet gap leads to an increased segment stiffness
in extension loading due to interaction of the facet surfaces. In contrast, minor effects in flexion, lateral
bending and axial rotation were observed due to the modest interaction between the facet surfaces in those
load cases when compared to the extension loading (Figure 27). The CORA ratings generally increased in
dynamic and quasistatic flexion-extension loading (Table 8). The rest of the results of the segment level
validation process can be found in Appendix 1.
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Figure 27: Segment level response of an exemplary segment C45 in traumatic extension and flexion
(Nightingale et al., 2007a) and at a range of motion in axial rotation and lateral bending (Moroney
etal., 1988; Panjabiet al., 2001).

Table 8: CORA ratings for the segment level validation of the updated cervical capsular joint
cartilage in dynamic and quasistatic flexion and extension loading.

Segment level validation CORARating
Assessment
Loading Severity M50 M50,6v0 % of difference
level
Dynamic Resultant -2%
Up to failure 0.57 0.56
flexion rotation
Quasi-static Range of Resultant 10%
0.59 0.65
flexion motion rotation
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Dynamic Resultant 6%
Up to failure 0.67 0.71
extension rotation
Quasi-static Range of Resultant 9%
0.57 0.62
extension motion rotation

The full neck models with the CJC enhancement (M5026vo and F0526vo) were compared against volunteer

experimental data in frontal and lateral impacts following previously reported methods (Barker and
Cronin, 2020). Head CG kinematics of the M5026v0 and FO52svo models were monitored and compared to

the corresponding experimental data. CORA ratings were calculated to objectively assess the model

performance against the experimental data and compared to the ratings obtained by the baseline M50 and

FO5.

At the full neck level, the cartilage update did not affect the head kinematics (Figure 25). The CORA

ratings were 0.98 (strong similarity) on average with the lowest rating, 0.92, corresponding to the linear

acceleration in the Z direction in the rear impact. The rest of the results of the full neck validation process

can be found in Appendix 2.
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Figure 28: Head kinematics for and exemplary frontal (top) and rear (bottom) impact scenarios.
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3.2 Reposturing and Morphing a Young Human Neck Finite Element Model to an
Aged Posture

In the present study, a hybrid approach for reposturing the neck models was proposed, using both a CAD
package and a reposturing tool. The PIPER reposturing tool (Beillas et al., 2015) allows the user to define
the target posture based on a light simulation (Pre-Pos module) prior to the reposturing simulation (Fine-
Pos); however, in the repositioning environment, there is no functionality that allows for a literature-based
posture definition as no other database can be imported to the environment. Therefore, a CAD package
was introduced to define the aged target posture. A CAD assembly representing the HBMs cervical spine
where the literature that could be integrated with other literature data and used to define the new posture
was developed. In addition to the reposturing process, the CAD assembly was used to compare the young
posture to the literature data. Importantly, the CAD assembly enabled measurements that are challenging
(e.g. facet angle) or not possible (e.g. Bezier angles) to retrieve in the reposturing tool or in a finite
element pre-processing tool.

The posture and the facet angle of the young neck models with updated CJC (M5026v0 and FO526v0) were
compared to the literature, and then, the geometrical targets for the aged models (M507syo and FO575v0)
were subsequently defined in a CAD environment based on literature. The aged posture then would be
imported to PIPER through landmarks, determining the position of the vertebrae and skull. Then, the
reposturing simulation and mesh smoothing process inside PIPER was performed. Both the M5026vo and
FO0526vo models were repostured to account for the average change in posture associated with age and
morphed to account for the morphological changes of the vertebrae associated with the ageing process
resulting in the M507s5yo and FO57svo models. The mesh quality was assessed using a post-processor
package (Hypermesh, Altair Engineering Inc.) using the mesh quality requirements of the production
model. The reposturing methodology is outlined in Figure 29.
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General Metadata Model representation — CAD
assembly with PIPER landmarks

Literature based new
posture definition

New landmark coordinates
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file generation
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Figure 29: Reposturing methodology using a CAD software, PIPER, a finite element preprocessor
and a script environment.
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3.2.1 Geometric Description of Hard Tissue Positions Using CAD Software

A set of 3D CAD assemblies that represented the vertebrae of the M5026vo and FO526vo models were
developed to compare the young posture reported in the literature with the posture of the M5026v0 and
FO526vo models. To develop the CAD assembly for each model, the midsagittal nodes were extracted
from the FE neck models and imported into CATIA V5. The nodes were used to create splines to define a
surface representing the sagittal plane of each vertebral body (Figure 30b) and the landmarks of the skull
and vertebra that were used as targets for the reposturing (Figure 30c). The landmarks were selected

based on commonly used skull and vertebrae landmarks. For the skull, the inferior corner of the eye
cavity, the superior apex of the head, and the tragion were selected similar to other anthropometric studies
(Park et al., 2016b; Reed and Jones, 2017). The tragion is a geometrical feature in the soft tissue of the ear
close to the ear canal. However, there is no representation of the ear in the M50 or FO5 models; therefore,
the location of the tragion was estimated using bony structures. The zygon and the superior apex of the
head where used as per superimposition studies relating skeletal geometrical features to external soft
tissue geometrical features (Damas et al., 2020). An individual part (*.CATPart) was created for each
vertebra and the skull. The individual vertebra and skull parts (Figure 30b) were imported into an
assembly (*.CATProduct) (Figure 30a), where they could rotate and translate as rigid bodies.

b)

Landmarks

L2

L3

Figure 30: Exemplar F0526vo CAD assembly. a) CAD assembly, b) C4 vertebra sagittal plane
representation including PIPER landmarks, and c) the corresponding location of the landmarks in
the FE model that were used for the reposturing target. The same method was used in the M5026vo

model.
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3.2.2M5026v0 and FO526v0 Model Postures Compared to Anthropometric Data

First, the posture of the FO526v0 and M5026vo Was compared to the literature (Park et al., 2016a; Reed and
Jones, 2017) to identify if their posture was a representation of a 26 YO subjects of their respective
anthropometrics. The posture of the M5026v0 and FO52¢vo models were compared to the CSP using as
inputs for the CSP the anthropometrics of each model (M5026vo and FO526v0) (for the male 78 kg of
weight, 174.9 cm in stature, and BMI of 25.7 and for the female, 48.1 kg of weight, 149.9 cm in stature,
and BMI of 21.4); the CSP outputs the coordinates of the corners of the vertebral bodies, facet corners
and spinous process corner with respect the superior corner of the first thoracic vertebra. For visualization
purposes, a CATIA V5 VBA code was developed to create a surface that represented the vertebrae outline
dimensions and locations in the sagittal plane, according to the CSP (Figure 30). The young male (78 kg
of weight, 174.9 cm in stature, and BMI of 25.7) posture predicted by the CSP (CSPwm) and FBP (FBPwm)
was compared with the posture of the M502¢6v0 model. It was found that the neck middle chord length of
the M5026vo model was higher by 10.8% and straighter (6.3% smaller inferior and superior Bezier angles)

than the average of the population used to develop the CSP and FBP (Figure 31).
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To be able to define an aged posture based on the young posture using the CSP, a representation of the
M5026vo cervical spine using the CSP with 26 YO as one of the inputs was needed (CSPwm26v0). It was
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found that increasing the stature in the CSP by 5.5% (183.6 cm stature) (CSPwmzsvo) resulted in a neck
length similar to the subject-specific M50 model matching the middle chord length of the M5026vo model.
The stature in the CSPm2svo, 183.6 cm, was below the stature range of a 95t percentile male (185.4 to
189.2 cm) and above the stature range of a 50t" percentile male (172.7 to 177.8 cm). Both models,
M5026vo and CSPm26vo, were then compared to the full-body posture predictor (FBPwesvo) by Park et al.,
2016b, with a stature increased 5.5% and found to be within one standard deviation of the predicted
posture (FBPm26vo) (Figure 32). The process for the small stature female was similar to the male model.
The young female posture of the CSPr26v0 and FBPr2svo Was overlaid with the FO52vo hard tissue
positions in the CAD software and was found to be within one standard deviation of the FBPr26vo
predicted posture of a small stature female 0.3% smaller than the middle chord length predicted by the
CSPr2svo.

FO526vo M50:6v0

Tragion

Figure 32: Comparison of the FO526vo and M5026vo with the CSPmzsyo (adjusted to match the
M5026vo middle cord length), CSPrevo, FBPmasyoand FBPrevo, respectively. Model eye and
tragion positions indicated by bright blue solid dots.
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3.2.3Aged Posture Definition Based on Anthropometric Data

The aged posture was defined by increasing the age in the CSP (CSPwm26vo and CSPrsvo) to 75 YO for
both the male and female models, generally resulting in an increased lordosis in the spine (CSPm7svo and
CSPr75v0), representing the an average curvature for the aged population. The increase in lordosis was
higher for the FO526vo than for the M5026vo. In the CAD assembly, the vertebrae were translated and
rotated to match the at the superior corners of the CSP (CSPm7svo and CSPr7svo) vertebrae (Figure 33).
The capsular facets were included in the CAD assembly and used to check for collision (surfaces
intersecting each other) using the product collision tool (CATIA V5) prior to the PIPER simulation. With
the increased lordosis, the facet surfaces of adjacent vertebra slide relative one to another, making it
challenging to achieve a congruent vertebral position at all segment levels. In addition, checking for
collisions prior to the PIPER simulation allowed to turn off the “bone collision” option in PIPER,

improving stability during the reposturing process.

F0575YO M 5075YO

- Eye -

. Tragion .

Figure 33: Comparison of the posture defined for the F057syoand M507svo to the CSPsvo and the
FBP7svo. Model eye and tragionin solid red dots.
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After the manual repositioning of the vertebrae in the CAD assembly, the landmarks needed for the
PIPER reposturing were extracted as the target landmarks for the aged posture. Then, the input file for
PIPER with the target coordinates was created. PIPER requires a full-body model to perform any
reposturing process; hence, the model-specific PIPER metadata was developed in detail for the neck
region, while a simplified definition was developed for the rest of the body for both female and male
models. The detailed neck metadata includes three landmarks per hard tissue entity, that is, two at the
transverse processes and one at the mid-point of the superior endplate for the vertebrae and one at the
chin, one at the back and one at the top of the head for the skull (Figure 34). Shell envelopes with
consistent normal directions pointing outwards were defined for each hard tissue and skin entity in

PIPER, since inconsistent normal orientation would lead to an unstable reposturing simulation.

Cervical vertebrae landmarks

Superior endplate

Transverse processes — Cc7

PIPER head and
neck landmarks

Figure 34: PIPER landmarks (yellow circles) used for the neck repositioning. Left: head and neck
landmarks in the PIPER environment. Right: 7™ cervical vertebra in a pre-processor environment

with the landmarks used trough the cervical spine (C1 to C7).
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3.2.4 Aged Posture Implementation —From Youngto Aged Posture and Morphology

The models were repositioned in the Fine-Pos module within the PIPER software, with a time step of 1
ms with bone collision turned off to improve stability and reduce computation time. It was acceptable to
ignore bone collision in the repositioning simulation since the posture definition in CAD was verified
against capsular facet collision, and the path of the bony entities did not overlap during the repositioning.
The final vertebral positions were achieved within 0.9 microns of the input targets defined using the CSP
and, therefore, acceptable. It isworth noting that if the standard PIPER methodology of reposturing
(defining the posture in the Pre-Pos module and reposturing in the Fine-Pos module) was used, the output
posture could lead to positional differences greater than one millimetre, causing instabilities in the

reposturing simulation and bone interpenetration.

Immediately after reposturing the hard tissues, it was found that 23% of the soft tissue elements violated
the mesh quality requirements for the GHBMC models; hence, the PIPER smoothing tools were used to
smooth the soft tissue meshes separately, following the repositioning. The model was segmented into
three groups, which exhibited similar mesh quality issues. That is, passive musculature (negative
jacobian), tendons (warpage angle), and intervertebral discs (penetration with the adjacent vertebral
bodies and warpage angle). The mesh smoothing required multiple iterations using the “moving average,”
“kringing interpolation,” and “smooth surface” tools inside the PIPER environment. The repostured and
smoothed models were imported into a pre-processor (Hypermesh, Altair Engineering Inc.) to check the
minimum warpage angle, Jacobian and aspect ratio. If the mesh quality was found outside the thresholds,
another smoothing iteration was performed. The final smoothed model met the GHBMC mesh quality
requirements (less than 0.99% of the elements violating the thresholds), as was the case for the original
GHBMC models.

3.2.5Facet Angle Morphing

Following the reposturing of the M5026vo and FO526vo models, morphological changes associated with
age in the hard tissue were investigated. Specifically, the facet joint angle was quantified in the M5026vo
and FO526vo models, and a target facet angle correspondent to an aged subject was defined based on
literature data (Parenteau et al., 2014) due to the importance of the facet joints to the capsular ligament
deformation and facet joint kinematics (John et al., 2018). Then, the facet angle was modified to account
for the increased facet angle associated with age in both male and female models (Figure 35). The
previously described cartilage geometry was used with no modifications as the facet surface itself was not

modified.
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Figure 35: Literature facet joint angle of young and aged population (Parenteau et al., 2014) and
the FO0526v0, FO575v0, M5026v0, and M5075vo models.

Firstly, the facet angle of each young vertebra, within each model, was measured on a local XY plane
(Figure 36) through the centroid of the facet projected to the sagittal plane to be coincident with the
middle plane of the vertebral bodies (Figure 36), similar to the method used to measure the facet angle in
the literature. The facet angle of the M5026v0 was within one standard deviation of the anthropometric
data in the C3, C4, and C7 vertebrae and outside for the other segments. Similarly, the FO526yo model was
within one standard deviation of the anthropometric data only in the C2, C3, and C4 vertebrae.
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Figure 36: Exemplar fifth cervical vertebra (C5) of the M5026vo model. Measurement of the facet
angle.

The target aged facet angle to be applied to the M507svo and FO575v0 models was calculated by applying
the percentage of change reported in the literature (Parenteau et al., 2014) to each cervical level (Figure
35) to the M5026v0 and FO526vo models. The vertebrae that had a facet angle outside one standard
deviation from the anthropometric data in the young models were also outside one standard deviation for
the aged models and within two standard deviations. The facet pillars were morphed using the Fine-Pos
PIPER module using the capsular cartilage as the control solid for the transformation. Hard tissue
properties (rigid bodies) were assigned to the facet cartilage elements, while soft tissue properties were
assigned to the capsular pillars. Then, the cartilage was rotated as a whole to the required aged facet
angle. The resulting model had poor element aspect ratios in the facet pillars, and the tetrahedral elements
representing the tendons were inverted (negative jacobian). To address this, the facet pillars and
surrounding soft tissues were smoothed using the PIPER smoothing tools. The final models meet the
mesh quality requirements.

3.3 FE Neck Model Load Cases and Assessment

Four neck models were assessed in this study: M5026v0, FO526v0, M5075v0 and FO57svo. The neck models
were evaluated under 2g to 15g frontal impact loading, 79 to 4g lateral and 7g rear. The hard tissue failure
implementation in the model was based on plastic strain; therefore, the vertebrae was modelled as a
deformable solid despite of the relatively small strain expected when compared to the sift tissue.

Ligament failure was included as element erosion based maximum tensile deformation and I'VD avulsion

as tiebreak contact based on maximum shear and normal stress.

Head kinematics were monitored considering the main relevant axis for each loading condition; for the
frontal and rear impacts, the X and Y linear accelerations and the Y rotational acceleration were included.
For the lateral impacts, the Y and Z linear accelerations and the X rotational acceleration were included.

In addition to head kinematics, the soft tissue responses were monitored. The CL distraction and the
change in the VD space were tracked during the simulations and expressed as nominal strains. In the
frontal and rear impact conditions, the CL nominal strain was measured as the change in length of a CL
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beam element in the anterior aspect, and one CL beam in the posterior aspect of the capsular facet
(Location A and B in Figure 37) divided over the anatomical length. Similarly, the I'VD space nominal

strain was measured as the change in length of the I1VD space in the most anterior and posterior aspects of

adjacent vertebral bodies (Location C and D Figure 37).

Figure 37: Measurement of the CL and IVD space strain. Location A: Anterior aspect of the
capsular facet used to calculate the CL strain in a rear impact. Location B: Posterior aspect of the
capsular facet used to calculate the CL strain in the frontal impact. Location C: Posterior IVVD used
for the 1\VD space strain in the frontal impact. Location D: Anterior I\VVD location used for VD
space strain in the rear impact. Location E: Contralateral aspect of the capsular facet was used to
calculate the CL strain in the lateral impacts. Location F: Ipsilateral 1\VVD location was used to
measure the IVD space strain in the lateral impact. Location G: Contralateral 1VD location was
used to measure the I\VVD space strain in the lateral impacts.
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The soft tissue responses, measured as strain, have been assessed at different levels. First, the maximum
values of the CL strain were averaged across all impact severities (2 to 15g in frontal and 4g to 7g in
lateral) and segment levels (C23 to C45 in frontal, lateral and rear). Similarly, the maximum values of
IVVD space strain have been averaged across the impact severities and segment levels in frontal and
lateral, while in the rear impact, an average of all segment levels will be presented. Then, the average
results of the aged models (M507svo and FO575vo) were compared against those of the young models
(M5026v0 and F0526v0). Finally, the soft tissue results at individual levels and impact severities will be
presented.
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Chapter 4: Results

In this chapter, a comparison of the geometry of the young (M5026yo0and FO052svo) models to the aged
(M507sv0 and FO57svo) models is presented. Critical to model performance and validation is achieving a
high level of mesh quality, so this was checked for each model. The results of the finite element
simulations (frontal 2g to 15¢, lateral 4g to 7g, and rear 7g impacts) are presented for the male models
(M5026v0 and M507sv0) and then female models (FO526vo and FO575v0) to investigate changes in neck
posture with ageing. Lastly, the effects of an aged posture are compared between the male and female

models.

4.1 Finite Element Mesh Quality and Geometry of the Aged Neck Models

The mesh quality of the aged neck models (M507svo and FO57svo) was evaluated using a commercial
finite element post-processor. The mesh quality was found to be within the acceptable thresholds of the
commercial GHBMC detailed model family (Corrales and Cronin, 2019). The thresholds include no more
than 1% of the elements having an aspect ratio greater than 8, and 100% of the elements having a
Jacobian smaller than 0.3.

The repositioned locations of the vertebrae were within 0.01 mm of the target aged posture (Section 3.2).
The increased lordosis associated with age led to an increased inferior and superior Bezier angles in both
the male and female models (Figure 38). The increase in lordosis was evident in the female model with a
551% higher inferior Bezier angle (from 2.2° for the young to 14.3° for the aged) and 43% higher
superior Bezier angle (from 15° for the young to 21.3° for the aged) when compared to the male model

(204% for the inferior Bezier angle and 51% for the superior Bezier angle).
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Figure 38: F0526v0, M502sv0, FO575v0 and M507svo head and neck models, showing the change in
lordosis associated with age and the corresponding Bezier angles.
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One consequence of the increased cervical curvature was an increased intervertebral disc foramen height
at the anterior aspect and decreased in the posterior aspect for both the M5075vo and FO575vo models
(Figure 39). For the M5075vo model, the IVVD height was increased by 5% in the anterior aspect and
reduced by 9% in the posterior aspect. Similarly, for the FO57syo, the 1'VD foramen height was increased
by 2% in the anterior aspect and reduced by 12% in the posterior aspect.

Posterior
aspect of the
__|VD foramen

Anterior
aspect of the
IVD foramen

FO526v0 e )

Figure 39: IVD height measurement in the FO526vo (left) and F057svo (right) C45 segment.

It has been identified that the head position changes with age (Park et al., 2016b) as a result of the
combined effect of the increased cervical spine lordosis and the need to maintain head angle (line of
sight) for everyday tasks. With respect to the center of gravity of T1, the center of gravity of the head
(Figure 37) of the M5075vowas located 22.3 mm anterior and 4.2 mm inferior to the head CG of the
M5026vo. The FO575vohead CG was located 30.2 mm anterior and 7.6 mm inferior to that of the FO526v0
model head CG.

4.2 Aged M5075v0 and Young M50,6v0 Male Finite Element Neck Model
Comparison

The M5075vo0 and M5026vo models were compared in frontal, lateral and rear impacts based on cross-
correlation (CORA) of the head kinematics between the two models, with the aim to identify trends and
quantify the effect of change in posture associated with ageing on head kinematics. Exemplar responses

are presented in this section, and the complete set of simulation data is reported in Appendix 3 for the
male models.
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4.2.1 M5026v0 and M507svyo Male FE Model Head Kinematic Response Comparison

The cross-correlation ratings obtained by comparing the M5026vo to the M5075vo0 head kinematics varied
depending on the impact severity in frontal impact (Figure 40). Specifically, with an increasing impact
severity in the frontal impacts, the cross-correlation rating generally increased, corresponding to a more
similar response between the young and aged male models. In contrast, in the lateral impact cross-
correlation rating decreased with increasing impact severity for lateral impacts. The highest correlation
for all scenarios was in the 7g rear impact (0.97); however, only one impact case was investigated, so
trends could not be assessed. Importantly, the interpretation of the cross-correlation ratings has been
suggested as “excellent” for the range of ratings 0.86 to 1.00 (Cesari et al., 2001), suggesting a strong

similarity of the M5026vo to the M507svo across all impact cases.

1.00

0.95

0.90
0.85 | | | |
0.80

2g 3g 4g 5g 6g 7g 8g 10g 12g 13g 14g 15g
B M50 - Frontal B M50 - Lateral B M50 - Rear

Correlation Ratings

Figure 40: Correlation ratings between the M5025vo and M507svo0 male neck models in frontal,
lateral and rear impacts. Values close to 1 indicate a strong similarity between the kinematic

response of the models.

In the frontal impacts from 2g to 6g (Figure 41), the head kinematics slightly differ between the M5026vo
and the M507svo. The main difference was observed in the higher acceleration peaks in the X and Z axis

and lower rotational acceleration peaks in the Y-axis.
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Figure 41: Head kinematic response of the male models in 2g and 6g frontal impacts.

The neck models included a hard tissue failure criterion based on element erosion (equivalent-plastic-
strain-based) to predict trabecular and cortical bone failure in the vertebra. Hard tissue failure occurred at
C6 in the M5075vo model for all the high-severity frontal impacts (from 8g to 15g), resulting in a spike in
acceleration, which was visible in the head kinematic responses (Figure 42). In general, increased impact
severity resulted in hard tissue fractures occurring earlier in time. At the higher severities, 8g to 15g, the
head kinematic response of the M507svo model was close to that of the M5026vo model until hard tissue

failure occurred.
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Figure 42: Head kinematic response of the male models in 8g and 159 frontal impacts.

In lateral impacts (4g, 59, 6g and 7g), generally, the head kinematic cross-correlation ratings between the

M5026vo and M507svo models decrease with increasing impact severity attributed mainly to the

differences in the rotational acceleration in the X-axis. In the Y-axis, the head acceleration response of the

M5075vo model exhibited higher acceleration peaks than that of the M5026vo (Figure 43).
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Figure 43: Head kinematic response of the male models in 4g and 7g lateral impacts.

In the 7g rear impact, the M5075vo had higher X and Z linear accelerations and lower Y rotational

accelerations; however, the differences in head kinematics between the M5075yo0 and M5026vo Were

modest (Figure 44).
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Figure 44: Head kinematic response of the male models for a 7g rear impact.

4.2.1 Aged and Young Male FE Neck Model Soft Tissue Response

In the frontal impacts, when averaging the soft tissue response at all the segment levels (C23 to C67) and
impact severities (2g to 15g), the M5075y0 model predicted 2% more CL strain and 11% more I'VD space
strain than the strains predicted by the M5026vo. In contrast, in the rear impact, the M507svo model
predicted less CL and 1D space strain (1% and 7% less strain, respectively) than that of the M5026vo. In
the lateral impacts, the M5075vo model predicted more CL strain (9% more) while less VD space strain
(4% less) than the M5026v0 (Figure 45). Although averaging all segment levels and impact severities
obscures some of the local differences, the averages serve to condense a large amount of information and
ease the comparison between the young and aged models.
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Figure 45: Male model average CL and IVVD space strain for frontal, lateral and rear impacts.

Considering the response at the individual cervical levels for frontal impact, the M507svo predicted 3%
less CL strain than that of the M5026v0 at the 2g frontal impact (Figure 46). In contrast, for the 8g and 15g

frontal impacts, the M507syo predicted more CL strain on average than the M5026vo model. In particular,
68




at the C23 and C67 levels, the M5075vo model predicted 32% more CL strain than that of the M5026vo.
Regarding the I\VD space strain, the M5075YO model predicted more I'\VVD space strain across all impact

severities and segment levels (Figure 46).
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Figure 46: M5075vo and M502evocapsular ligament (CL) and intervertebral disc (IVD) strain in the
29, 8¢, and 15g frontal impacts.

In lateral impacts, the M507svo model predicted 4% less for the 4g impact and 12% more CL strain at the
7g impact than that of the M5026v0 model (Figure 47). However, in both impact severities, the M5075vo
model predicted 16% more CL strain on average at the segment C23 than the M5026vo model did.

Concerning the 1'VD space strain, the M5075y0 model predicted less IVVD space strain for both the 4g and
79 lateral impacts (2% and 4%, respectively) than that of the M5026v0 model.
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Figure 47: M5075vo and M5026vo CL and IVD space strain for the 4g and 7g lateral impacts.

In the rear impact, the M5075v0 model predicted less CL and I'VD space strain at all spinal levels (Figure
48).
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Figure 48: M507svo and M5026yocapsular ligament (CL) and intervertebral disc (IVD) strain for
the 79 rear impact.

4.3 Aged Female Finite Element Neck Model Comparison to Young Model and
Experimental Data

The FO0526v0 and FO575vo models were loaded using the same boundary conditions as the M5075yoand
M5026vo models (frontal, lateral and rear impacts). The head kinematics were tracked, and a cross-
correlation based comparison was performed to identify trends and quantify the effect of change in

posture associated with ageing on head kinematics. The complete set of simulation data is presented in
Appendix 3.
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4.3.1 F0526v0 and FO575v0 Male FE Model Head Kinematic Response Comparison

The cross-correlation ratings in the frontal, lateral and rear impacts obtained by comparing the head
kinematics of the FO526vo to the FO575v0 were similar across all the impact severities. The average of all
cross-correlation ratings in the frontal impacts was 0.92, with the lowest rating being in the 2g frontal
impact and the highest at 15¢ frontal impact. The lateral impacts had the lowest cross-correlation ratings
on average, with the lowest rating for the 6g impact and the highest rating for the 4g impact. For the
lateral impacts (59 to 7g), the cross-correlation rating demonstrated a “good” correlation (good correlation
defined within the range 0.65 to 0.85) while all the other impact cases demonstrated an “excellent”
correlation (Cesari et al., 2001). The 7g rear impact had the highest rating of all impact directions for the

female models (Figure 49). The cross-correlation ratings demonstrated a “good” to “excellent” correlation

Cases.

1.00

between the FO526v0 and the FO57svo suggesting a strong similarity between models across all impact
0.95

0.90
050 1N BR

2g 3g 4g 5g 6g 7g 8g 10g 12g13g 14g 15g

Correlation Ratings

|/ FO5 - Frontal 8 FO5 - Lateral # FO5 - Rear

Figure 49: Correlation ratings for the young compared against the aged female neck models in

frontal, lateral and rear impacts.

At low severity (2g) frontal impacts, the FO526voand FO57s5yo0 models had similar head kinematics (Table
37). With increasing severity (6g to 15g), the differences between F0526vo and FO575vo models in the
linear acceleration in the Z and X directions increased, with the FO526vo model predicting higher linear
and rotational acceleration peaks (Figure 50).
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Figure 50: Head kinematics of the female young and aged models in frontal impacts.

In lateral impacts, the head kinematic response of the F0526vo model was similar to the one of the FO57svo

(Figure 51). The main differences were observed in the rotational acceleration in the Z-axis.
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Figure 51: Female models in lateral impact head kinematics.
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In the 7g rear impact, the FO575vomodel predicted higher linear acceleration peaks in the Z-axis than that

of the FO526vo. In contrast, the linear and rotational accelerations in the X and Y axis, respectively, the

response of both FO575v0 and FO526vo models was similar (Figure 52).
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Figure 52: Female models in rear impact head kinematics.

78REAR - Y Rot. Accel

N
o
o

o

N AW
74

N
o
o

VAV

Rot. Accel (Deg/ms2)

-400

v

Time (ms)

—F05 26Y0 —F05 75Y0

4.3.2 Aged and Young Female FE Neck Models Soft Tissue Response

The FO575vo0 model predicted less CL and 1'VD space strain on average in all impact directions except for

the rear impact, where the FO575vomodel predicted 6% more CL strain than that of the FO526vo model

(Figure 53). Although averaging all segment levels and impact severities obscured some of the local

differences, the averages served to condense a large amount of information for comparison between the

male and female models. Specific values will be reported in the following sections.
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Figure 53: Female model average CL, and IVD space strain for frontal, lateral and rear impacts.

Considering the frontal impacts separating each impact severity and segment level, the FO57svo predicted
less CL strain in general across all segment levels and impact severities compared to the FO526v0. With
regards to the 1VD space strain, the FO575syo model predicted more strain in the upper segment levels (C23

to C45) while less in the lower segment levels (C56 and C67) than those of the FO526vo model (Figure
54).
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Figure 54: FO575v0 and F0526vo capsular ligament (CL) and intervertebral disc (IVD) strain in the
29, 8g, and 15g frontal impacts.
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In lateral impacts, the FO575svo model predicted less CL and 1VD space strain compared to the FO526v0
model at most segment levels and impact severities (Figure 55). In the upper segments (C23 and C34), for

the lateral 7g lateral impacts, the I\VVD space strain predicted by the FO575vo model was 4% higher than
that of the FO526vo0.
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Figure 55: FO575v0 and F0526vo capsular ligament (CL) and intervertebral disc (1\VVD) strain for the
4g and 7g lateral impacts.

In the rear impact, the FO575vo model predicted 6% more CL strain than that of the FO526vo, but 4% less
I\VVD space strain (Figure 56).
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Figure 56: FO575v0 and F0526vo capsular ligament (CL) and intervertebral disc (IVD) strain for the
7g rear impact.

4.4 Comparison of the Age Effects Between M50 Male and FO5 Female Models

Considering head kinematics, the effect of the increased lordosis associated with age was similar between
the small stature female and mid-size male models where the difference between young and aged was
modest. The biggest difference was observed in the lateral impacts. The female models had lower CORA
ratings (0.84 on average meaning “good” correlation) than the ratings of the male models (0.92 on
average meaning “excellent” correlation). In both male and female models in the lateral impacts, the
difference between the young and aged models head kinematic responses increased with increasing
impact severity. The highest ratings corresponded to the rear impact in both males (0.97) and females
(0.96) models. In frontal impacts, the male model had relatively low CORA ratings at low severities when
compared to the ratings obtained at high severities. In contrast, this trend was not observed in the female
model with similar ratings across all the impact severities (Figure 57).

76



0.98
0.96
£ 0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8

gS

Correlation Rat

%

Frontal

Z

\

Lateral

Rear

m M50
™ FO5

I

Figure 57: Average correlation ratings for the male (solid bars) and female (patterned bars) models

based on head kinematics of the young and aged models.

The head kinematics curves of the four models had, in general, similar shapes and magnitudes. In the

frontal impacts, the M5075yo model predicted hard tissue failure at the level C56 in the 8g+ impact

severities that led to a spike in the head kinematics, creating a difference between models that was

detectable at the head kinematics level (Figure 58). From the cross-correlation perspective, all four

models were highly correlated, ranging from “good” to “excellent” correlation.
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Figure 58: M5026v0, M507sv0 , FOS26voand F057svo head kinematics in an exemplar frontal (8g),
lateral (7g) and rear (7g) impact.

When comparing the M5026vo and FO52¢vo at the soft tissue level, averaging impact severities and
segment levels, the FO526v0 model predicted less CL and 1D space strain in frontal, similar strainsin
lateral and more strains in rear impacts, compared to the M5026vo model. Similarly, when comparing the
F0575vo and the M507svo models, the FO575vo model predicted lower strains than the M507svo in the

frontal and lateral impacts but higher strains in the rear impact scenarios (Figure 59).
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Figure 59: Average capsular ligament (CL) and intervertebral disc space (VD) strainsin the
frontal, lateral and rear impacts for the male and female young and aged models.

In frontal impacts, the male model showed more sensitivity to the change in curvature compared to the
female model. The 1VD space strain changes were the major contrast between the male and female
models, where the increased lordosis in the male model lead to an 18% more I1\VVD space strain, with the
ageing affecting more in the high severities than in the low severities. The effect of the aged curvature in
the frontal impacts for the female model leads to 4% more 1VD space strain (Figure 60). In frontal
impacts, both male and female aged models predicted similar CL strains (Figure 60).
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Figure 60: M5026v0, M507svo, F0526v0 and F057svo capsular ligament (CL) and intervertebral disc
(IVD) space strain in the 2g, 8g, and 15g frontal impacts.

In lateral impacts, the effect of the aged cervical curvature had a similar impact on the male and female
models, with lower CL and 1\VD space strains in general. In the female model, the increased cervical

curvature led to slightly more 1VD space strain in the 4g lateral impact, while the opposite trend was
observed for the male model (Figure 61).
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Figure 61: M5026v0, M507sv0, F0526v0 and F057svo capsular ligament (CL) and intervertebral disc
(IVD) space strain for the 4g and 7g lateral impacts.

In the rear impact condition, the aged curvature in the female model leads to 5% more CL strain on
average, whereas, in the male model, the average CL strain was 2% lower. In both male and female
models, the aged curvature led to 5% less 1\VVD space strain (Figure 62). Notably, the female models,
FO0526vo and FO57svo, had higher CL and 1VD space strains than the corresponding male models. In

particular, the female models predicted CL strains 10% higher than those of the male models (Figure 62).
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Figure 62: M5026v0, M507sv0, F0526v0 and F057svo capsular ligament (CL) and intervertebral disc
(IVD) space strain for the 7g rear impact.
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Chapter 5: Discussion

5.1.1 Model Anthropometrics and the Effect of Age in the Cervical Lordosis and Bone

Morphology

The developed reposturing methodology was applied to create geometrically average 75 YO male and
female neck models to investigate the effect of changing geometry on response and potential injury risk.
This study was focused on explaining the increased susceptibility of the aged population to injury in crash
scenarios as an effect of the geometrical changes associated with age. It is important to note that this work
is based on two subject-specific models repostured to represent an average aged population. This is of
importance, specifically in the male model, where it was shown in the current study that the neck length
of the subject-specific model was higher than the average population in the literature. Although the
subject selected for scanning met the average mass and stature requirements, differences in
anthropometrics at the body region level could vary outside of the average for the target population.
Interestingly, the M5026vo FE model curvature was straighter than the reported curvature of a 50t
percentile 26 YO male, but when accounting for the neck length, the curvature of the M5026v0 model was
in agreement with the literature (Reed and Jones, 2017). This effect was identified using literature that
reports individual vertebral positions and is obscured when using literature that reports global metrics,
such as Bezier angles, that depends more on the orientation, position, and shape of C7 and C2 with the
mid-level vertebrae position and orientation having a lesser effect on them. Overall, the male neck model
was closer to a 95t percentile neck, based on the curvature and length. In contrast, the curvature and
length of the female neck model were in agreement with the literature, falling within the reported range
for the 5t percentile female anthropometric group (Reed and Jones, 2017). The curvature of the young
female model was straighter than the curvature of the young male model, and the change in lordosis due
to age was more prominent than that in the male model. In addition, it was found that the facet angle in
both male and female models was higher than the average reported in the literature (Parenteau et al.,
2014). As a consequence, the aged facet angle was higher than is the average reported in the literature, but
within two standard deviations of the average. The facet joint angle in females changes more with age
than in males, suggesting that the change in facet angle might be related somehow to the change in
curvature and head orientation with respect to the vertebrae.

Within the models, the cartilage geometry was updated to account for the non-linear distribution of the
cartilage thickness and maximum thickness based on literature data (Womack et al., 2008). It was shown

that the global kinematics (e.g. head kinematics) were insensitive to the proposed cartilage change;
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however, the increased CORA ratings at the motion segment level suggested an improvement in the
biofidelity of the facet joint. The proposed cartilage enhancement removed the interfacet gap present in
the original models. However, simply closing the interfacet gap by linearly increasing the cartilage
thickness could lead to an overly stiff cervical motion segment.

Geometrical variability in biological tissues is high. Importantly, the variability in anthropometrics greatly
increases with age (Parenteau et al., 2014), and it might be a dominant factor in the increased incidence of
injury in the aged population. In the present study, geometrical variability is not included. Variability of
anthropometrics in the ageing process can be challenging to implement in HBMs, partially due to the
difficulty of reposture models to a posture that might largely deviate from the original posture of the
model. In addition, the relationship between local geometrical changes associated with age, such as facet
angle, and the global changes, such as increased lordosis, is not clear.

5.1.2 Effect of Aged Posture on the Neck Model Response to Impact

From solely looking at the head kinematic response and the correlation ratings obtained by objectively
comparing the head kinematic response of the young models to that of the aged models, it can be said that
the effect of the postural changes associated with age was modest. Correlation ratings higher than 0.71 are

often interpreted as a strong similarity between the compared responses and, therefore, models.

At the head kinematic level, the change in curvature associated with age had, in general, a similar effect
in both the male and female models. In frontal impacts of high severity, the M507sv0 model predicted
hard tissue failure at the C4 level in contrast with the FO575v0 model, which did not predict hard tissue
failure in any impact loading. Higher compressive loads in the vertebral bodies of the M5075vomodel,
leading to hard tissue failure, compared to the FO575vo model, were attributed to the head mass of the
M5075vo being more prominent than the head mass of the FO575vo model. The long neck of the male
model led to a higher moment-arm that, together with the larger head mass, created higher compressive
loads in regions of the vertebral bodies. Higher compressive loads were observed in the male models at all
segment levels in the form of higher I'VD space strain, compared to the female models. Another
contributing factor could be the smaller cross-sectional area of the female neck model than that of the
male model.

At the tissue level, the effects of the change in curvature with age were more pronounced compared to the
head kinematics. For example, in the frontal impact for the male model, the aged posture led to 17% more

IVVD space strain in the C34 segment when compared to the young posture model. In contrast, in the
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frontal impact for the female model, the aged posture led to similar 1VVD space strain regardless of both
male and female models having similar correlation ratings (0.925 and 0.920, respectively).

The soft tissue response of the present study suggests that 50t males could be more prone to be affected
by the morphological and postural changes associated with age than 5t percentile females in frontal and
lateral impacts. Nevertheless, epidemiology studies conclude that the 5t percentile elderly female is at
higher risk of injury under an impact scenario than its male counterpart (Bose et al., 2011). This
hypothesis was not supported by the results of the present study for the frontal and lateral impacts when
accounting for the change in curvature and facet angle using the same boundary conditions where the CL
and 1VD deformation were monitored. This can be attributed to a number of factors. First, the boundary
conditions, based on resultant acceleration in the first thoracic (T1) vertebra of male subjects subjected to
a sled pulse, were applied equally to both male and female models. However, it is possible that a sled
pulse of 8g frontal, for example, could lead to different T1 kinematics in a small stature female than in a
mid-size male. Secondly, the subject-specific nature of the models, where the male model was shown to
have a longer than average neck.

In the rear impact, however, the female models (young and aged) predicted more CL and I'VD space
strain than their male counterparts. Importantly, the increased lordosis in the female model led to CL
strain that exceeded the linear region of the CL (Shen, D,. 2020), suggesting an increased likelihood of
injury with increasing age in the females, in agreement whit the epidemiology (Bose et al., 2011;
Carlsson, 2012). The higher CL and 1D space strain in the females when compared to the male models
in the rear impact was attributed to the more pronounced curvature in the females and to the musculature
relevant in a rear impact. The volume of the anterior muscles, the relevant muscles in the rear impact,
corresponds to 25% of the total neck muscle volume having a lesser contribution in an impact condition.
The modest contribution of the musculature in a rear impact led to a higher sensitivity to geometrical and
postural changes in the soft tissue response when compared to the frontal and lateral impact.

Essential aspects of the ageing process, such as changes in material properties or injury risk thresholds,
were not considered in the present study that could potentially affect the results. Interestingly, the aged
female model had slightly less CL and 1'VD deformations in frontal and lateral impacts than the young
female model. The change in material properties and calcification of soft tissue (such as the IVD and CL)
associated with age were not considered in the present study. It is a possibility that the change in
curvature and morphology of the cervical spine is the response of the body to mitigate the change in

material properties. Therefore, if only the morphology and posture are considered, less or similar soft
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tissue strain can be observed in frontal and lateral impacts when compared to the young models. In
addition, the muscle activation scheme was the same for both young and aged models. It is known that
reaction time increase with age; this factor could further change the results of the comparison of age and

sex groups under impact scenarios.

In general, the response of the aged posture models (M507syo and FO57sv0) was similar to the young
posture models (M5026vo and FO526v0) concerning head kinematics with the main differences observed in
the soft tissue metrics (CL and 1'VD deformation). In the rear impact condition, the female models had
higher soft tissue strain than the male models, suggesting an increased likelihood of injury for the females
in the rear impact in agreement with epidemiology data (Bose et al., 2011; Carlsson, 2012; Kahane J,
2013).
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Chapter 6: Summary and Conclusions

The objective of this study was to develop 75 YO male and female neck models with average aged
posture, based on existing young neck models. The motivation comes from epidemiology studies that
suggest that the elderly are more susceptible to injury than the young population under similar loading
conditions, potentially due to the different posture and hard tissue geometry, material properties, and/or
exposure to different impact conditions. In addition, the elderly population is expected to increase over
the next decade, especially in developed countries. Currently, there is no anthropometric test device
(crash dummy) that represents this anthropometric group. Therefore, a tool to assess the efficacy of safety
equipment on the elderly population is of interest. The aged population response associated with the
morphological changes was assessed using human finite element models based on global response metrics
(e.g. head kinematics) and local tissue measurements (e.g. capsular ligament strain).

A literature review to identify relevant geometrical factors that change with age was undertaken. The
increased lordosis and facet angle were identified as important geometrical changes associated with
increased age. A methodology to reposture and morph detailed human body models using a freely
available reposturing package (PIPER) and a CAE tool (CATIA V5) was developed. The PIPER metadata
developed in this research was made available to the research community through the PIPER community
(www.piper-project.eu). The methodology was demonstrated to precisely reposture the male and female
detailed neck models while retaining the mesh quality of the original models. The methods presented
augments the reposturing capabilities in the field where other approaches have been used to morph,
reposition and reposture HBMs by achieving targeted bone positions based on literature while retaining
the mesh quality.

Female and male young subject-specific FE models were used (GHBMC F05-0 v5.0 and M50-0 v5.0
models) to investigate age and sex effects. The head and neck complex was extracted from the full-body
models. Then, the capsular joint cartilage geometry (shape and thickness) of the two existing young
models were enhanced based on literature data. The interfacet gap was closed as a consequence of the
cartilage geometry modification, in agreement with imaging data. The models with the updated cartilage
were then assessed at the full neck (in frontal, lateral and rear impacts) and motion segment (quasistatic
extension, flexion, axial rotation, and lateral bending and dynamic extension-flexion loading) levels. The
CORA ratings of the enhanced model improved over the original model at both the full neck and segment
levels, suggesting that the facet joint cartilage plays a strong role in neck kinematics.
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The updated models were repostured and morphed to represent an average aged version of their
corresponding anthropometric groups using the available literature. The neck length and curvature of the
young 50t male model were shown to be between that of a 50t" percentile male and that of a 95t
percentile male; as a result, the length of the aged model was larger, and the curvature was lower than
those of a 50t percentile male as reported in the literature. The neck length and curvature of the young
female model were in agreement with the literature data.

Then, to investigate the effect of the change in morphology and posture associated with age in males and
females, the young and aged full neck models were evaluated under frontal, lateral and rear impacts with
a variety of impact severities ranging from 2g to 15g. The head kinematics and the CL and 1VD space

strain were monitored and compared between models in frontal, lateral and rear impacts.

The effect of age was more evident in the male model than in the female model in the frontal impact. This
was attributed to the combined effect of the head position and mass and to the longer than average neck.
In aged models, both male and female, the head position was more anteriorly located than their young
counterparts. Given that the male model had a higher mass head, a more anterior location induced more
IVVD space and CL strain in the frontal impacts. In the female model, the head mass was not enough to
significantly affect the soft tissue response. Importantly, in the rear impact, the female model
demonstrated higher CL and VD space strain attributed to the modest contribution of the anterior
muscles and to the greater curvature in the female models than in the male models. Such findings were in
agreement with the literature that suggests that females are more susceptible to sustain injuries under rear
impacts than males.

The trends observed in the CORA ratings were also observed in the soft tissue metrics, making the CORA
ratings (or global metrics) potentially useful by giving the opportunity to quickly compare two models
without the need to measure at the tissue level. For example, in the male models, the correlation ratings
increased with increasing impact severity for the frontal impacts; this trend was also observed in the CL,
and I'VD space strain were at lower severities, the differences between young and aged were more
pronounced than in the higher severities. Therefore, the common correlation rating thresholds used to
define strong (> 0.71) similarity between curves might not be appropriate when comparing two
computational models. Alternatively, correlation rating thresholds could be redefined in the context of the
comparison of computational models, the likelihood of injury and soft tissue response given that general

trends in CORA ratings are observed at the soft tissue level.

86



Differences in tissue response could be inferred based on head kinematics; however, it was shown in the
present thesis that the direct measurements of deformation in the relevant tissues could better inform the
differences in model response associated with geometrical changes consequence of the ageing process.
Using global metrics to assess such effects could be insufficient to identify the effectiveness of safety

equipment.

6.1.1Limitations and Recommendations

Limitations of this study embed the limitations of the young FE neck models, in addition to the
limitations introduced in the neck aged models. The material properties of the tissues through the model
are based on experimental data, which often uses aged subjects and are not always in agreement with each
other. That is, the age of the subjects used to test the cervical ligaments, for example, might not be the
same age of the subjects used to test the passive muscle properties. Additional limitations include the lack
of representation of some soft tissues (e.g. facet joint meniscoid and synovial fluid) that could potentially
influence the soft tissue measurements presented in this study. In terms of the aged models, geometrically
speaking, the growth of the hard tissue due to ossification was not implemented. The material properties,
can change due to the ageing process, were not modified to reflect the aged population. It has been
reported that the range of motion of the joints is reduced, and the bone strength reduces with age. Such
changes could have a major effect on the neck tissue response under impact conditions. The muscle
activation scheme was also not modified between the young and aged models. The neck models are
symmetric in the sagittal plane; however, the vertebrae in a real human are highly non-symmetric. This
asymmetry could be amplified with the ageing process, and, therefore, its effect is not captured in the
present study. The muscle activation scheme in the aged population will likely be different than that of the
young. The strength and reaction time of the neck muscles might decay with age, having an impact on the

neck response.

In the current study, aged models that geometrically represent the average aged population were
developed. However, the anthropometric variability dramatically increases with age; in the present study,
variability was not accounted for. It is possible that the variability in posture has a more significant effect
on the neck response than the average change in curvature. To understand the difference between sexes in
neck response, in addition to the ageing process between males and females in the neck region, it would
be desirable to develop a set of 4 models with the same middle arc length controlling the local neck length

while varying the age and sex. A full set of material properties corresponding to a healthy 26 years old
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subject could be of interest, given that the tissue testing used to populate the constitutive models is done

using samples from subjects at different ages.

The full neck model has been validated against experimental data of young subjects using the head
kinematic response using the T1 response as input; however, it would be ideal to have experiments of
aged volunteers with data regarding vertebral kinematics to validate the aged models further using the T1
kinematics corresponding to an aged subject. Future work includes the assessment of the morphological
changes associated with age together with material properties that represent this anthropometric group
with the aim of better understanding the relationship between morphology and posture with material
properties. In addition, the method to measure the soft tissue response needs more investigation. In the
present study, 1VD space and CL strain were used due to the implication of these tissues to injury;
however, the interpretation of the tissue strain should be further investigated in order to better understand
the implications of the ageing process in the soft tissue response.

88



1/6/2021

£ Copyright
" Clearance

Center

Letter of Copyright Permissions

Springer Nature BV - License Terms and Conditions

This is a License Agreement between Miguel Angel Corrales Fabre ("You") and Springer Nature BV ("Publisher")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details, the terms and
conditions provided by Springer Nature BV, and the CCC terms and conditions.

All payments must be made in full to CCC.

Order Date
Order license ID
ISSN

LICENSED CONTENT

Publication Title

Article Title

Author/Editor

Date
Language
Country

REQUEST DETAILS

Portion Type

Number of images /
photos / illustrations

Format (select all that
apply)

Who will republish the
content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

20-Aug-2020
1057096-1
1573-9686

Annals of biomedical
engineering

Cervical spine model to
predict capsular ligament
response in rear impact.

American Institute of
Physics., Biomedical
Engineering Society.

12/31/1971
English
Netherlands

Image/photo/illustration
1

Print, Electronic

Academic institution

Life of current edition
Up to 499

Main product

Type of Use
Publisher

Portion

Rightsholder
Publication Type
Start Page

End Page

Issue

Volume

Distribution

Translation

Copies for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Republish in a
thesis/dissertation
Kluwer Academic
Publishers (Dordrecht)
Image/photo/illustration

Springer Nature BV
e-Journal

2152

2162

8

39

Worldwide

Original language of
publication

No
No
No

CAD

https://marketplace.copyright.com/rs-ui-web/mp/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-86 79-4507-9801-8f9450084 12c

89

https://marketplace copyright.com/rs-ui-web/mpl/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-8679-4507-9801-8f9450084 . ..

Marketplace”

1/5



1/6/2021 https://marketplace .copyright.com/rs-ui-web/mpl/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-8679-4507-9801-8f9450084.. ..

Title Development of Elderly Institution name University of Waterloo
Posture Male and Female

b Expected presentation 2020-10-01
Finite Element Neck date
Models and Assessment
of Tissue-Level Response
Under Impact Loading.
Instructor name Duane S. Cronin
ADDITIONAL DETAILS
The requesting person / Miguel Angel Corrales
organization to appear Fabre
on the license
REUSE CONTENT DETAILS
Title, description or Figure 1 Title of the Cervical spine model to
numeric reference of the article/chapter the predict capsular ligament
portion(s) portion is from response in rear impact.
Editor of portion(s) Jason, B., Fice; Duane, S., Author of portion(s) Jason, B., Fice; Duane, S.,
Cronin; Matthew, B., Cronin; Matthew, B.,
Panzer Panzer
Volume of serial or 39 Publication date of 2011-04-30
monograph portion
Page or page range of 2152-2162
portion

PUBLISHER TERMS AND CONDITIONS

If you are placing a request on behalf of/for a corporate organization, please use RightsLink.For further information visit
http://www.nature.com/reprints/permission-requests.html and
https://www.springer.com/gp/rights-permissions/obtaining-permissions/882

CCC Republication Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Confirmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identified on the Order Confirmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Confirmation. "User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.
i1, )
All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the

Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and

https://marketplace.copyright. com/rs-ui-web/mp/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-86 79-4507-9801-8f9450084 12¢ 2/5

90



1/6/2021 https://marketplace .copyright.com/rs-ui-web/mpl/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-8679-4507-9801-8f9450084.. ..

payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically
set forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Confirmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

https://marketplace.copyright. com/rs-ui-web/mp/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-8679-4507-9801-8f9450084 12¢ 3/5

91



1/6/2021

5;

8.

https://marketplace .copyright.com/rs-ui-web/mpl/license/3a9e32bb-205a-44ca-89e2-2fe43c5954d7/85106e71-8679-4507-9801-8f9450084.. ..

Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE AWORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, affiliates, successors and assigns.

. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER

THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope

of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Confirmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5.
The licensing transaction described in the Order Confirmation document shall be governed by and
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construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.
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CCC Republication Terms and Conditions

i

Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Confirmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identified on the Order Confirmation (the "Rightsholder"). "Republication”, as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Confirmation. "User", as used herein, means the person or entity making such republication.

The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
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conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically
set forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Confirmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6.
User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No

Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
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. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective

employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,

INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE AWORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, affiliates, successors and assigns.

. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER

THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope

of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Confirmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4.
No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The

Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
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transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

The licensing transaction described in the Order Confirmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.
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Appendix 1: Segment Level Validation of the Updated Cartilage

Geometry
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Appendix 2: Full Neck Level Validation of the Updated Cartilage
Geometry
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Appendix 3: M5026vo and M507svo Time Histories of the Head
Kinematic Response and Soft Tissue Metrics

2gFRT - X Acceleration

2gFRT - Y Acceleration

1 0
0
—_ =0
§? s
52 50
32 <0
3 0
-4 0
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
5 2gFRT - Z Acceleration 120 2gFRT - X Displacement
w1 o
o, 8o
[ = L4
S %0
&0 g
S 0
(¥} -
g 20
2 220 100 200
Time (ms) Ti
—M50 26Y0 —M50 75Y0 —NBDL —M50 26Y0 —%ﬁéﬂ‘%YO —NBDL
0 2gFRT - Y Displacement 20 2gFRT - Z Displacement
E EO ‘
£ 0 £ 50
= 20
g0 5
£ g0
80 8
£ &0
20 %
3 — &
100 00
0 Tme (m) -100
Ime (ms, .
—M5026Y0 —MS5075Y0  —NBDL —Mms026v0  WEEMvo  —neoL
2gFRT - X Rot. Accel 2gFRT - Y Rot. Accel
300 150
2o X
£ o
o %
a &0
=0 =
[ [
50 o0 -
_g.jo g
-0 0
o o
-300 -100
—Ms026v0 TR0 —nsDL —ms026v0 o —nsDL

137




=
o
o

2gFRT - Z Rot. Accel

o

o

o

50

RotyAccel (Deg/ms2)

[y
o
o

—mso26v0  TMEMvo  —neoL

o

2gFRT - X Rot. Disp.

o

S

1@8\ 200

o

o

A\

Rot. Disp. (Deg)

NV

o

o

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

2gFRT - Y Rot. Disp.

v
o

o

o o

o

Rot..Disp. (Deg)s

o

=
o

100 200

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

2gFRT - Z Rot. Disp.

/\ /)]

o o o

o

[/

/ |
T \aog/

Rot. Disp. (Deg)

NV

o O o

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

3gFRT - X Acceleration

o

iy

N

w

Acceleration, (g's)

IS

'
v

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

3gFRT - Y Acceleration

o

o

o

o

Acceleration (g's)

o

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

w

3gFRT - Z Acceleration

N

i

o

Acceleration (g's)

[any

N

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

w
o

3gFRT - X Displacement

o

o

o

100 200

& Displacement (Bm)

o

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

138




3gFRT - Y Displacement

3gFRT - Z Displacement

1 50
=0 —
€ € ‘
€0 £ 0
= = 50
c 0 ESO
[ (7]
Eo -
i N
g_ T
8o 100 &0
0 Time (ms) -200
Ime (ms, .
—M5026Y0 —M5075Y0  —NBDL —mso26v0  TMevo  —neoL
3gFRT - X Rot. Accel 3gFRT - Y Rot. Accel
20 200
s )
& o
& | &
5
s So
80 3
<5 ( %
P = 0
20 &
-15 Time (me) -200
Iime (ms .
—M5026Y0 —M5075Y0  —NBDL — ms026v0  TMelvo  _neoL
1s 3gFRT - Z Rot. Accel 0 3gFRT - X Rot. Disp.
o 0
£ 0
5 \ ‘
80 = ol
30 &
8 100 200 a0
< ! I £0
H [-4
g0 0
-15 - 0 -
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
60 3gFRT - Y Rot. Disp. 0 3gFRT - Z Rot. Disp.
50
= =0
a0
go g, /
3 g N/
20 2o ‘
g0 2 \%Q )C%)o
< -]
0 :
-10 100 200 0
Ti Time (ms)
—mso26v0  TMGdstvo  —neoL —M5026Y0 —M5075Y0  —NBDL

139




5 6gFRT - X Acceleration 0 6gFRT - Y Acceleration
=0 -
'Y} g0
c c
o4 .2 0
© ©
@ 9
&8 8o
Q Q
1) <
-12 0
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
10 6gFRT - Z Acceleration 200 6gFRT - X Displacement
s g
5 B0
o
50 £
g %0
85 2
o
< .g 0 T T
100 200
-10 -50
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —NBDL —M50 26Y0 —M50 75Y0 —NBDL
6gFRT - Y Displacement . 6gFRT - Z Displacement
Eo TO ‘
£ £ 50
= =0
< 0 c
£ -fo
30 . ﬁSO
‘—é_o 100 200 kS
B o T
0 Time (] -250
ime (ms .
—M50 26Y0 —M50 75Y0 —NBDL —M50 26Y0 LrRﬁS‘(ﬁnﬂwYO —NBDL
6gFRT - X Rot. Accel 6gFRT - Y Rot. Accel
10 800
~
w
Es
[-T]
a
=0
[T}
8
<s
S
o
-10 Time (ms)
Iime (ms .
—M5026Y0 —M5075Y0  —NBDL —ms026v0  TREMvo  —neoL

140




is 68FRT - Z Rot. Accel 0 68FRT - X Rot. Disp.
o '
€ ?0 " T
w5 8, 100 200
Sy \/
> 2
Q 1 oo
gs 00’} 2 \ /
H o
go P 0 \_/
-15 - 0 -
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
100 6gFRT - Y Rot. Disp. 0 6gFRT - Z Rot. Disp.
0
0
= o
go 3 P
a 0 8o ‘ : /
‘62 9 100 \290
o 0 : 30}
20 100 200 0 ‘
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
s 8gFRT - X Acceleration 0 8gFRT - Y Acceleration
w0 70
C o
s S0
8O £
o g0
w5 °
8 8
<20 <0
-25 - 0 -
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
10 8gFRT - Z Acceleration 200 8gFRT - X Displacement
s g
S o
50 £
] &0
8s 2
o
< g 0 T T
100 200
-10 -50
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL

141




8gFRT - Y Displacement

8gFRT - Z Displacement

1 50
Tl EO - ‘ ‘ ‘
£ £
=0 0 50 250
H c
g 100 $ho
g1 850
\
E—Z \ "g)o """
-2 Time (ms) -250
Iime (ms .
—M5026Y0 —M5075Y0  —NBDL —ms026v0  TREMvo  —neoL
8gFRT - X Rot. Accel 8gFRT - Y Rot. Accel
80 1500
~ N
%0 N\ g)oo
o 200
S, A =%
[ © |
So | g 0
< <
20 100 koo 500
-3 o«
-40 Time (ms) -1000
Ime (ms, .
—M5026Y0 —M5075Y0  —NBDL —Mmso26v0  —TfSMo  —neoL
100 8gFRT - Z Rot. Accel 5 8gFRT - X Rot. Disp.
N
- —
o a1
S /
= 0 %1
3 /
-
%o So -
2 100 g0/
-100 -1 Time (ms)
. ime (ms
—ms026v0  TREEMvo  —neoL —M5026Y0 —M5075Y0  —NBDL
100 8gFRT - Y Rot. Disp. 0 8gFRT - Z Rot. Disp.
80 =0 /
& 0
&o 8 /
- -0
30 g P
[=] [=]
% N/
g / g T T
0 ¥ ‘ 0 100. 200
20 100 200 0 .
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL

142




10gFRT - X Acceleration

10gFRT - Y Acceleration

5
=0 | w1
&5 L 20
c c 1
20 o
5 IS
g.s % 0 jAV ” _uuuuAvL - P, \‘f‘l
20 g 100 200
1
S5 <
-30 1
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —MS5075Y0  —NBDL
s 10gFRT - Z Acceleration 250 10gFRT - X Displacement
40
)
=5
2
80
[T}
@5 0
S a
<0 20 J/ ‘
15 50 100 200
Time (ms) Time (ms)
—M5026Y0 —MS5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
4 10gFRT - Y Displacement . 10gFRT - Z Displacement
T3 EO ‘ ‘ ‘ |
£ / £ 50 m 150 2
E 2 c \
£ / -fo
31 3
3 /‘7Ld £
20 x
8 P | #o
100 200
1 Time (ms) -250
ime (ms, .
—M5026Y0 —MS5075Y0  —NBDL —Ms026v0  TEEFvo  —neoL
10gFRT - X Rot. Accel 10gFRT - Y Rot. Accel
300 1500
[~ 2h0o
£0 £
% 8500
&0 a
= " 3 0
g0 ‘ Ao B S
Q
< 50 100 150 \ ZOO ‘%0 :,;‘5 00
o v -ghoo
o o
-200 -1500
—Mms026v0  TWEEMvo  —nsoL —Mmso26v0 o —nsoL

143




10gFRT - Z Rot. Accel

Ao

50 100 150 200

50

300

O
-ﬂ)o

.E)o

-400

—M50 26Y0

Timpedsdvo

—NBDL

Rot. Disp. (Deg)
N B, R~ O -

'
N

10gFRT - X Rot. Disp.

100 \&00

\

\

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

10gFRT - Y Rot. Disp.

=
o
o O

o

o

RotvDigg. (Begko

o

100

o
o

—M50 26Y0

Time (ms)
—M50 75Y0

—NBDL

Rot. Disp. (Deg)
O O 0O O R R R, 1.

10gFRT - Z Rot. Disp.

o —
100

NS
200

—mso2evo  TMGdstvo  —neoL

12gFRT - X Acceleration

v o un

o

rAcgeleratian (g's)
o n

wv

@
S

—M50 26Y0

Time (ms)
—M50 75Y0

—NBDL

Acceleration (g's)
R, O kN

N

12gFRT - Y Acceleration

B\
100 0

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

12gFRT - Z Acceleration

[ =)

o

o unow
= S|

%]

L LAgceleration (gis).

o

—M50 26Y0

Time (ms)
—M50 75Y0

—NBDL

12gFRT - X Displacement

100

200

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

144




12gFRT - Y Displacement

12gFRT - Z Displacement

50
El EO ‘
:g ?‘::50 50
g0 e -fbo
S 100 zoo\'\ B0
a1 a
3 N
§ — o
Ime (ms, .
—M5026Y0 —M5075Y0  —NBDL — ms026v0  TMElvo  —neoL
12gFRT - X Rot. Accel 12gFRT - Y Rot. Accel
400 2000
g,o I
~
o
8 ‘ o~ .
= 50 100 150 ||{[200| 250
_%Dg |
<
_g)o
o
-600
—ms026v0  TREMvo  —neoL —ms026v0  —TREdTNo  —neoL
600 12gFRT - Z Rot. Accel 1 12gFRT - X Rot. Disp.
3o 1 /
00 &1 /
@ 2o
QO T T d‘O /
300 50 100 2
@ 8o - ‘ /=
%00 So ¢ 100 \299\//
-
80 0
-800 -1 Time (ms)
. ime (ms,
—ms026v0  TRElvo  —neoL —M5026Y0 —M5075Y0  —NBDL
100 12gFRT - Y Rot. Disp. 1 12gFRT - Z Rot. Disp.
80 —1
& g /
= o
g0 g /
a 8o A
o o
x 0 x 0 T T V
0 100 200 o 100 200
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL

145




13gFRT - X Acceleration

13gFRT - Y Acceleration

5 3
=0 2 [
WS ¢ =1
g° 80 : i
'@5 . o, 100 200
20 9
(] ] 2
25 g
S0 <3
-35 -4
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
20 13gFRT - Z Acceleration 250 13gFRT - X Displacement
w0
c
2
80
]
[]
20 100 200
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
13gFRT - Y Displacement . 13gFRT - Z Displacement
) TO :
£ £ 50
= =0
< 1 c
£ / -fo
81 o
= / B0
20 2
8 Pa—— #o
100 200
-1 Time (ms) -250
ime (ms, .
—M5026Y0 —M5075Y0  —NBDL —ms026v0  TRElvo  —neoL
13gFRT - X Rot. Accel 13gFRT - Y Rot. Accel
600 3000
o 3
£, T 00
S~
& £900
e_O T —— - g
30 50 100 150"} 200 250 °
? 1 g0
-400 <
I -2D00
o -4
-800 -2000
—ms026v0  TREMvo  —neoL —mso26v0  —TREdTNo  —neoL

146




13gFRT - Z Rot. Accel

13gFRT - X Rot. Disp.

1500 1
2000 1 /\
Koo l &1
P a / N\
] —
a 0 T r ~ dl /
H00 50 100 15 I 250 -"’5‘0 /
Q .
-4000 é 0 /
-Boo 0 — :
-2000 0 100 200
—Ms026v0  —TiR&dMYo  —neoL —mso26vo  TMGdStvo  —neoL
100 13gFRT - Y Rot. Disp. 1 13gFRT - Z Rot. Disp.
£0 1 /AN
é{ao a 1 /
80 go /
o o
20 =0
] ]
= = _—= /
0 0 ; N/
20 100 0 100 200
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
10 14gFRT - X Acceleration 3 14gFRT - Y Acceleration
— =2
0
B ) L)
go s
= = sl
= &0 ~
=20 3, 100 20
8 g
20 <
-40 - 3 -
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
30 14gFRT - Z Acceleration 250 14gFRT - X Displacement
R0 P
0 £ 0
50 B
5 £o
a0 %0
[}
ao "é 0 J T T
20 50 100 200
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL

147




14gFRT - Y Displacement

14gFRT - Z Displacement

1 50
E1l f EO
£ / £
=0 50
: P )
0 -#o
: p, :
80 \ / : -B0
Q Q
2 100 200 ;
8 0 \V/ -330
0 Time (ms] -250
Ime (ms, .
—M5026Y0 —M5075Y0  —NBDL — ms026v0  TMElvo  —neoL
14gFRT - X Rot. Accel 14gFRT - Y Rot. Accel
600 3000
) 2000
0
® Hoo
3¢ o
E)O a 0 -
3o ———— 00 50 0
Q o
< 0 50 100  150(" 20 250 |-2000
¥ I -%0o
-400 -4000
—ms026v0  TREMvo  —neoL —ms026v0  —TREdTNo  —neoL
600 14gFRT - Z Rot. Accel 1 14gFRT - X Rot. Disp.
2ho i 1
£ o /
o ao /
Q .
bt 0 ‘ ” vy go
‘500 50 100 150 0 250 g 0 — / ‘
o
_#ho l I €, 100 \\/zoe'—\
4 \
-600 0 Time (me)
. ime (ms,
—ms026v0  TRElvo  —neoL —M5026Y0 —M5075Y0  —NBDL
120 14gFRT - Y Rot. Disp. 0 14gFRT - Z Rot. Disp.
100 0 /
o5 7
§0 8 0
‘go %.0 8
EO E 0 T \ I T
a'o -06 0 100 200
o o
0 0
220 100 200 0
Ti Time (ms)
—mso26v0  TMGdstvo  —neoL —M5026Y0 —M5075Y0  —NBDL

148




15gFRT - X Acceleration

15gFRT - Y Acceleration

10 5
) w3
§o §2
= Bl
© ©
20 50 , AW
8 8 1 100 l
%0 g 1UU z '
-2
-40 - 3 -
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
30 15gFRT - Z Acceleration 300 15gFRT - X Displacement
20 ) B0
K o
?0 L4
S 0
80 5
2 2 g°
g 20
20 a0
-30 -50 100 200
Time (ms) Ti
—M5026Y0 —M5075Y0  —NBDL —mso2evo  TM&dStvo  —neoL
3 15gFRT - Y Displacement . 15gFRT - Z Displacement
€2
£
=2
]
g1l
3
c1
3
a0
1 100 200 2300
Time (ms) :
—M5026Y0 —M5075Y0  —NBDL —ms026v0  TRElvo  —neoL
15gFRT - X Rot. Accel 15gFRT - Y Rot. Accel
400 3000
8o 2boo
£00 | 3
B “ 00
o A a
30 Y 30
S ; 00 50 100 757 250
o 0 4 Vo
_@0 | -é)OO
-300 -3000
—ms026v0  TREMvo  —neoL —mso26v0  —TREdTNo  —neoL

149




I (Deg/ms2) 5
o o o 8

Raf; Acge

15gFRT - Z Rot. Accel 15gFRT - X Rot. Disp.

1
0 B /\
[
0 ‘ A = // \
50 100 15(¥ V 0 250 | 80 —
0 I g 100 200
o,
0 & A\
-1500 1 Time (ms)
. Ime (ms
—ms026v0  —TiRed™o  —neoL —M5026Y0 —M5075Y0  —NBDL

15gFRT - Y Rot. Disp.

15gFRT - Z Rot. Disp.

N

Al
S

[y

Rot. Disp. (Deg)
[

o
|

= w 100 200
100 200 1
Ti Time (ms)
—M50 26Y0 —"&ﬁéﬂ‘?&vo —NBDL —M50 26Y0 —M50 75Y0 —NBDL
5 4gLAT - X Acceleration 10 4gLAT - Y Acceleration
AZ —
Tl &5
st 8
&0 &0
81 g
[T} [T}
<g,:“',-l <g,:“',-s
-2
-2 - 10 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —NBDL —M50 26Y0 —M50 75Y0 —NBDL
3 4gLAT - Z Acceleration 20 4gLAT - X Displacement
-2 go
w1 £
c =0
20 S
5, g0
O [
S5 20
g Q.
<3 s
-4 -40
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL

150




4gLAT - Y Displacement

4gLAT - Z Displacement

1400 10
1200
1800
800
goo
400
800
[=l0) ‘
200 050100150 20025
200 X 0 Time (ms)
—M5026v0  -TfREMSY0  —nNBDL —M5026Y0 —MS5075Y0  —NBDL
4gLAT - X Rot. Accel 4gLAT - Y Rot. Accel
600 150
3 2o
o £
% S50
&0 a
= =0 -
80 - g
g %o
&0 -£ho
-4 o«
-400 -150
—ms026v0 o —nsDL —ms026v0 TR0 —nsDL
4gLAT - Z Rot. Accel 4gLAT - X Rot. Disp.
400 50

— Ms026v0  PREMvo  —nasDL

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

4gLAT - Y Rot. Disp.

N
wv

o

o u

Rot. Disp. (Pegh,

o wu

100

Time (ms)
—M50 75Y0

'
(%]

—M50 26Y0 —NBDL

Rat. Digp. (Deg) ,
o o o o

)
S

4gLAT - Z Rot. Disp.

Time (ms)

—M50 26Y0 —M50 75Y0 —NBDL

151




5gLAT - X Acceleration

5gLAT - Y Acceleration

3 10
-2 —_
% %S
c 1 c
K=l K=l
50 50
Q Q
Tl °
I+ g5
< <
3 10
Time (ms) Time (ms)
—M5026Y0 —MS5075Y0  —NBDL —M5026Y0 —MS5075Y0  —NBDL
. 5gLAT - Z Acceleration 0 5gLAT - X Displacement
—4 s
5 20
§0 £
] 90
g2 5
Q
<y 4 0
6 -60
Time (ms) Time (ms)
—M5026Y0 —MS5075Y0  —NBDL —M5026Y0 —MS5075Y0  —NBDL
5gLAT - Y Displacement 5gLAT - Z Displacement
2000 40
- Bo
1500 £
1800 €
Eoo %0
E S0
a o e
50 100 150 200 250
-500 -80 Time (ms)
. ime (ms,
—Mmso26v0  —IRRH¥0  —neoL —M5026Y0 —M5075Y0  —NBDL
5gLAT - X Rot. Accel 5gLAT - Y Rot. Accel
600 200
%o 3
£ o
360 %
[ QO
Sy | =
g) 50 \1o0/ -#bo
0
: \J 3
-0 0o
o o
-600 -300

—Ms026v0  REMlvo  —nesDL

— Ms026v0  EMvo  —nesDL

152




5gLAT - Z Rot. Accel 5gLAT - X Rot. Disp.
400 60
F]
&0 7
) [
] Z0
=0 &
g ao
A ° 100 200
%o 20
o
-400 -40 Srm——
. Ime (ms,
—Mms026v0  TWEEHvo  —neoL —M5026Y0 —MS5075Y0  —NBDL
5gLAT - Y Rot. Disp. 5gLAT - Z Rot. Disp.
30 40
&0 &
45 g
8o So
g g
0 20
-5 100 200 -60
Ti Time (ms)
—ms026v0  TMGdEvo  —neoL —M5026Y0 —M5075Y0  —NBDL
4 68LAT - X Acceleration 1s 68LAT - Y Acceleration
3
—_ ,#0
22 B,
8t 8
20 20
gLt 35
&“'rz 8
$ <0
-4 -15
Time (ms) Time (ms)
—M5026Y0 —MS5075Y0  —NBDL —M5026Y0 —MS5075Y0  —NBDL
6 68LAT - Z Acceleration 100 6gLAT - X Displacement
—4 E
ﬁz 80
S g
E 0 g 0 T )
3 8 50 250
0
24 z
6 Time (ms) -100
Ime (ms, .
—M5026Y0 —MS5075Y0  —NBDL —Mms026v0  TWEEMvo  —nsoL

153




6gLAT - Y Displacement

6gLAT - Z Displacement

2000 40
— 20
1§00 Eo ‘
1800 Bo 50
£ £
800 #0
(1]
a / 0
20 : 2
a &80
50 100 150 200 250
-500 -100
—ms026v0  -TREY%v0  —nsDL —ms026v0  evo  —nesDL
6gLAT - X Rot. Accel 6gLAT - Y Rot. Accel
1000 300
~
&00
~
& o
a
T00
Q o
<
-3D00 3
-1500 -400
— mso26v0  —TiREdTSlo  —nsoL — ms026v0  TRAMSlvo  —neoL
68LAT - Z Rot. Accel 68LAT - X Rot. Disp.
600 60
2ho
£ 0
0 %
a 20
=0 - )
g}o 80
" B 100 200
-0 20
o
-600 -40 Time (ms)
. ime (ms
— Ms026v0  PREMvo  —nasDL —M5026Y0 —M5075Y0  —NBDL
6gLAT - Y Rot. Disp. 68LAT - Z Rot. Disp.
35 40
30 20
25 &
90 a0
&8s £0
(=)
20 40
25 2
o . %0
50 100 200 -80
i Time (ms)
—Mms026v0  Tim@deskyo  —nBDL —M5026Y0 —M5075Y0  —NBDL

154




3 78LAT - X Acceleration 1s 78LAT - Y Acceleration
=2 20 2NN
_V‘ -
B £5 / D\
c c
20 K=l
9 ] 1
3 gs
Q Q
<, <0
-4 -15
Time (ms) Time (ms)
—M5026Y0 —M5075Y0  —NBDL —M5026Y0 —M5075Y0  —NBDL
g 78LAT - Z Acceleration 0 78LAT - X Displacement
6 —_
2 &
c2 =
° c0
9 ¢ o
S ‘—éi
o
< 4 0
-8 -60
Time (ms) Time (ms)
—M5026Y0 —MS5075Y0  —NBDL —M5026Y0 —MS5075Y0  —NBDL
78LAT - Y Displacement 78LAT - Z Displacement
2000 60
= =40
€
i £o
1800 £0 w
g 20 ¢ 50
00 9
2 #o
go : ‘ 0
a
50 100 150 200 250 | 80
-500 -100
—Mmso26v0  —IRRH¥0  —neoL —Ms026v0  TEEFvo  —neoL
78LAT - X Rot. Accel 78LAT - Y Rot. Accel
1000 300
N
w
Eoo
[-T]
a
=0
[T}
8
%00
S
o
-1000 -400
—Mmso26v0 {0 —nsoL —Mms026v0  TWEEMvo  —nsoL

155




78LAT - Z Rot. Accel

78LAT - X Rot. Disp.

600 60
apo
00
&
e_O
'?0 ] 100 200
-ﬂ)o
.E)o
-800 -60 Srm——
. Iime (ms
—ms026v0  TREMvo  —neoL —M5026Y0 —M5075Y0  —NBDL
78LAT - Y Rot. Disp. 78LAT - Z Rot. Disp.
40 40
50 2
= a0
So )
& 20
ado a
) 40
(=] (=]
€0 %0
100 200
-10 -80
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —NBDL —M50 26Y0 —M50 75Y0 —NBDL
78REAR - X Acceleration 0 78REAR - Y Acceleration
=6 A =0
K A 00
54 A §0 Ly i
- -
3 IN/AYR 'S
[T} [T}
] v v ] 0 00
S g0 I I
<0 T T < 0 |
100 200
-2 0
Time (ms) Time (ms)

—M5026Y0 —M5075Y0 —Deng et al. 1999

—M5026Y0 — M50 75Y0 —Deng et al. 1999

78REAR - Z Acceleration

A N
5,7\ In] Y
gZ 1 W ZOC\)\\

Time (ms)
—M5026Y0 —M50 75Y0 —Deng et al. 1999

78REAR - X Displacement

o

50 100 150 200 250

AN
N

(mm)
o o

D[gpla@mem

o

-200
— M5026Y0 — MIEVEESL_peng et al. 1999

156




78REAR - Y Displacement

0
=) : :
£, 100 200
py

5 \

[

£0 \

80

2

a0

'
[y

Time (ms)
—M5026Y0 —M50 75Y0 —Deng et al. 1999

78REAR - Z Displacement

.
5 yd

0 /

o

50 100 150 200 250

Displa¢ggme|

-100

— M5026v0 — MIBIEMES)_peng et al. 1999

78REAR - X Rot. Accel

7gREAR - Y Rot. Accel

40 400
3o 3 N
0
£ I 2 Joo/ \
-1 -1}
3o Hit , 20 \f\ : N\
= = 5 1ﬁo 150 200 250
B0 Fo
(0] 200
30 " ¥ 1 V V _%)0 V
20 &
30 -600
Time (ms) .
—M5026Y0 —M5075Y0 —Dengetal. 1999 | — M5026Y0 — MadEME™L_peng et al. 1999
20 78REAR - Z Rot. Accel 1 78REAR - X Rot. Disp.
ao 0
g ¥
-7 [=]
20 - =0
= & /
glo Qo ‘ ‘
< S 100 200
20 )
o
-30 - 0 -
Time (ms) Time (ms)
——M5026Y0 —M5075Y0 —Dengetal. 1999 | —M5026Y0 —M50 75Y0 —Deng et al. 1999
10 78REAR - Y Rot. Disp. 1 78REAR - Z Rot. Disp.
0 ‘ ‘ 1
o N 100 200 w1
20 i /N
&0 = / \
g0 5 0
o o
-50 S 0 : X
-60 00 100 200

Time (ms)
—M5026Y0 —M50 75Y0 —Deng et al. 1999

—M5026Y0 —MIFISHSL—Deng et al. 1999

157




2gFRT - CL C23A

2gFRT - CL C23P

0.2 0.1
0.0 . . 0.0 T T
02 0.1 ,A@e—zﬁei
e -0.2
£ if £ AN
0.4 -0.3
E (N E o2 \
-0.6 : \
-0.5
-0.8 06
-1.0 -0.7
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 2gFRT - CL C34A 01 2gFRT - CL C34P
0.0 ‘ : 0.0 —==, :
0.2 %ﬁb‘ 'g-; Ae\—zeei
€ 0.4 \ £ 03 \
€ 06 E \
’ \ -0.4 \
-0.8 \ -0.5 e
-1.0 -0.6
-1.2 -0.7
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
2gFRT - CL C45A 2gFRT - CL C45P
0.4 0.6
02 0.4
0.0 —=x :
\‘\‘_1/
€ 02 1 200 g 02
£ £ 0.0 ___—\
-0.4 '
o \__— o 10 \ 200
-0.8 -0.4
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
2gFRT - CL C56A 2gFRT - CL C56P
0.8 0.8
0.6 0.6
0.4
0.4
g 02 £
-0.2 C
i ;2 0.0 . T
-0.4
06 o w00=="" 200
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

158




2gFRT - CL C67A

2gFRT - CL C67P

1.0 0.8
0.6
05 04
£ g 02
\Qo 200 : ~__~ ‘
-0.5 -0.2 C
-0.4
-1.0 -0.6
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
3gFRT - CL C23A 3gFRT - CL C23P
0.2 0.2
0.0 : ‘ 0.0 w w
02 %L 0.2 M
£ g ‘04
€ 0.4 € 06 \
-0.6 08
0.8 -1.0
-1.0 -1.2
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
3gFRT - CL C34A 3gFRT - CL C34P
0.2 0.2
0.0 —\ T T 0.1
0.2 1 200 0.0 —\ e
£ g 01« 200
g 04 \ € 02 /
-0.6 \ _0.3 \\\\f
08 -0.4 \_
-1.0 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
3gFRT - CL C45A 3gFRT - CL C45P
0.4 15
0.2 1.0
g 00 /\\Q }60/ £
0.5
£ 02 1 £
04 \ 0.0 N\ :
100 200
-0.6 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

159




3gFRT - CL C56A

3gFRT - CL C56P

0.8 1.5
0.6
0.4 1.0 /
o
-0.2 € }‘\;‘\M/ /..:u 0.0 —_— ,/ :
0.4 100 200
-0.6 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 3gFRT - CL C67A 1s 3gFRT - CL C67P
0.5 1.0
£
0.0 \'e\ T £ 0.5
0 200
-0.5 0.0 7 T
Woa
-1.0 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
6gFRT - CL C23A 6gFRT - CL C23P
0.2 2.0
0.0 \\/A T T 1.5
-0.2 \\ 200 1.0
0.4 W\ E o5 /
-0.6 = 0.0 : :
0.8 05 & \60/1\/\/ 200
-1.0 -1.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
6gFRT - CL C34A 6gFRT - CL C34P
15 2.0
1.5
1.0 \
/ N\ g 4
05 / g //
0.0 /\\‘/\ : 00 . /\/
100 v 200 ' Y ‘
05 05 100 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

160




6gFRT - CL C45A

6gFRT - CL C45P

2.0 4.0
15 3.0
E 1.0 // \ E 2.0
0.5 1.0
0.0 WA/ 0.0 w/ .
05 100 200 1.0 100 200
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 6gFRT - CL C56A 35 6gFRT - CL C56P
3.0
1.5 25
1.0 VAN 2.0
£ / £ 15 4
0.5 / 1.0
0.5
0‘0 PR ;
~—_/ 00 V/ ‘
-0.5 100 200 056 —————10 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 6gFRT - CL C67A 30 6gFRT - CL C67P
1.5 2.5
1.0 2.0
£ g 1°
g 05 / E 10
0.0 —~ T
0.5
05 w0~ 200 00 B |
-1.0 - 050 100 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 8gFRT - CL C23A 20 8gFRT - CL C23P
0.0 T T 1.5 "\\
02 M—L 10
£ 04 \ E o5 A
-0.6 \k /k\/ 0.0 /\/ . \
0.8 \/ \ 05 ¢ ﬁﬂ’\ 200
1.0 — 0
1. -1,
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

161




8gFRT - CL C34A

8gFRT - CL C34P

1.2 2.0
1.0 /;\\/\ 15 A(—\
0.8 :
0.6 / \ 1.0 / \
E 04 A/ £ /
E 04 N/ X E o5 A
0.0 _— \/ ‘ 0.0 /J\/ |
-8121 05 100 200
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
”s 8gFRT - CL C45A <o 8gFRT - CL C45P
2.0 4.0
1.5 4 3.0 A
£ 10 /\ v E 20 \
05 \ 1.0 ~
0.0 //\/ \ 0.0 J ‘
05 100 200 1.0 100 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
8gFRT - CL C56A 8gFRT - CL C56P
2.5 3.5
20 3.0
1.5 25 A\
: 2.0
E 10 VA £ 1c \
gl \ 1o \
0.5 - Sy
L/ 05
0.0 ‘ \W 0.0 _/ ‘
0.5 ( 0.5
Time (ms) Time (ms)
—M50 26Y0 —MS50 75Y0 —M50 26Y0 —MS50 75Y0
55 8gFRT - CL C67A 40 8gFRT - CL C67P
1.5
£ 10 /\l\ g 20
€ 05 S 1.0
0.0 : V\/\
05 ¢ 100 200 > 0.0 ‘ ‘
10 10 100 200
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

162




10gFRT - CL C23A

10gFRT - CL C23P

0.4 2.0
0.2 N
0.0 wﬂ//\\\\ ‘ 1.5 L\
g 0.2 ( 100 200 g 10
€ 04 \§ A\ \ S 05 //\ / /—\
0.6
AV 0.0 A ‘
:2’? 05 wov 200
' Time (ms) ' Time (ms)
—M50 26Y0 — M50 75Y0 —M50 26Y0 — M50 75Y0
10gFRT - CL C34A 10gFRT - CL C34P
1.5 25
0 KN 20
£ N / \ \ gl? //(\
g 0> Vv €10 // \
‘ ‘ o N
100 200 \\ J N\
0.5 0.0 : :
Time (ms) 0 100 200
—M50 26Y0 —M50 75Y0 —MS5026Y0  Time fmsM50 75Y0
10gFRT - CL C45A 10gFRT - CL C45P
25 5.0
2.0 A 4.0
1.5 N
£ 1o / g 30 J\ N\
£, J £ 20
0.5 & ' // \.\
0.0 / : 1.0
05 C 0.0 / :
Time (ms) 0 100 200
—M50 26Y0 —M50 75Y0 —M5026Y0  Time (msM50 75Y0
10gFRT - CL C56A 10gFRT - CL C56P
25 4.0
: A
£ 10 \ g 20 7\
€ o5 /\// \\x\ € 1.0 \
0.0 T T
05 ¢ 0.0 J |
_1'0 10 100 200
' Time (ms) ' Time (ms)
— M50 26Y0 — M50 75Y0 — M50 26Y0 — M50 75Y0

163




10gFRT - CL C67A

10gFRT - CL C67P

2.5 5.0
2.0 4.0 A
1.5 YA 3.0 A\
£ 1o /Ul N\ | E e RN
£ 0.5 / \J £ 1.0
0-0 T T 0-0 T T
05 C -1.0 *
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 12gFRT - CL C23A 20 12gFRT - CL C23P
0.5 1.5 /\

g 00 V/\\ : g 10 \// 7\

E os 100\\/\\200“\/ € os ///\// \\\\
-1.0 0.0 T T
s 05 oo 200

' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 12gFRT - CL C34A .- 12gFRT - CL C34P
1.5 2.0 %
1.0 /\\//< 1.5 A
E o5 E 10 ~/ N\
0.0 J ; \\ 0.5 /
0.5 100 200 0.0 J : :
-1.0 -0.5 ¢
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
30 12gFRT - CL C45A 6.0 12gFRT - CL C45P
2.5 5.0
2.0
AN
€ 10 S € R \
0s Vacd ANEEAN 20
0.0 : ; 1.0 /
-0.5 100 200 0.0 . T
Time (ms) 0 100 200
—M50 26Y0 —M50 75Y0 —M5026Y0  Time (msM50 75Y0

164




12gFRT - CL C56A

12gFRT - CL C56P

3.0 4.0
2.5
3.0
2.0
€ 10 / \ £ 10 / \\_\
0.5 (. ' J
0.0 J‘ N 0.0 ‘ ‘
05 4 10 1:0 200
Time (ms) ime (ms)
—— M50 26Y0 — M50 75Y0 —— M50 26Y0 — M50 75Y0
30 12gFRT - CL C67A 60 12gFRT - CL C67P
2.0 iy j-g o
E 1.0 f \\ E 3.0 /k_\ \
E 00 : : E 20
1.0
10 100 200 \ L e |
2.0 = 100 100 200
ime (ms) Time (ms)
—— M50 26Y0 — M50 75Y0 —— M50 26Y0 — M50 75Y0
10 13gFRT - CL C23A 30 13gFRT - CL C45A
25
05 A\/\/‘\ 2.0
0.0 /\ A : 1.5 /\
£ T \'\200 E 10 /I
E o5 0s Vad N\
1.0 0.0 J T T
- 05 6100200
-1.5 -1.0
Time (ms) Time (ms)
—— M50 26Y0 — M50 75Y0 —— M50 26Y0 — M50 75Y0
6.0 13gFRT - CL C45P 30 13gFRT - CL C56A
>0 2.0
| 7\
Eso //\\_\ E 10
2.0 /\/ \\
Ve 0.0 ‘
10 % 100 200N
0.0 : : -1.0 .
0 100 200 Time (ms)
—M5026Y0  Time (msM50 75Y0 —— M50 26Y0 — M50 75Y0

165




13gFRT - CL C56P

13gFRT - CL C67A

—MS5026Y0  Time fmsM50 75Y0

4.0 3.0
3.0 2.5 /
2.0
2 //\\ 20 e
E 10 J 1.0 /\/ \
\ oo |
10 100 200 o5 4
Time (ms) Time (ms)
—M50 26Y0 —MS50 75Y0 —M50 26Y0 —M50 75Y0
13gFRT - CL C67P 14gFRT - CL C23A
6.0 1.0
5.0
yamn 05
€ ::g f— 0.0 w/\\\/“\
€ 20 / 05 \J\‘Bﬂ/-\
R | R
-1.0 < -1.5 -
Time (ms) Time (ms)
——M5026Y0 — M50 75Y0 ——M5026Y0 — M50 75Y0
14gFRT - CL C23P 14gFRT - CL C34A
2.5 2.0
2.0 o
/L
1.5
N /W\ \ O\
05 //\/\/ \ 0.5 J \
oo Jl AN 0.0 | |
05 ¢ 05 100 200
' Time (ms) ' Time (ms)
——M5026Y0 — M50 75Y0 ——M5026Y0 — M50 75Y0
- 14gFRT - CL C34P - 14gFRT - CL C45A
N\ 2.5
2.0
// \’\ 2.0 NG
gls Wi \ \ s S\ N
E10 ' /M
/ A A -
0.5 J 0.5 J
0.0 ‘ ‘ 0.0 ‘ ‘
0 100 200 0 100 200

—MS5026Y0  Time fmsM50 75Y0

166




14gFRT - CL C45P

14gFRT - CL C56A

5.0 3.0
4.0 2.5
3.0 //\ \ ig A
2.0 / 10 / \
10 — 05 / N
0.0 T T 0.0 J . \
-1.0 ¢ -05 ¢
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
14gFRT - CL C56P 14gFRT - CL C67A
4.0 3.0
0 A 0 A
20 i JIW\
J - \\
1.0 . 1.0
- 05 /)~ \
00 ‘ ‘ 0.0 J T T
10 100 200 05 4
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
14gFRT - CL C67P 15gFRT - CL C23A
6.0 1.0
5.0 A
4.0
20 /4 05 100 v\\mw
;:g _/ | -1.0 \
-1.0 € -1.5 "
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15gFRT - CL C23P 15gFRT - CL C34A
2.5 2.0
2.0 1.5 SN
1.5 N/ \/\
10 /J \ 1.0 / \
0.0 // \/\ 0.0 .
. W T T
0.5 ¢ 100 200 05 M
-1.0 -1.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

167




15gFRT - CL C34P

15gFRT - CL C45A

2.5 3.0
2.0 /)(—\ 2.5
15 N .
: /\
£ / N\ | -
0.5 J 0_5 / \\ \
00 T T 0.0 — ; N
-0.5 * -0.5 C
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
60 15gFRT - CL C45P 30 15gFRT - CL C56A
50 e
4.0 ' 7a\
1.5
£ 30 N E 10 7\
A L S—
o / 0.0 ‘ :
' -0.5 *4106—%%@*
0.0 J : : -1.0 -
0 100 200 Time (ms)
—M5026Y0  Time (msM50 75Y0 —M50 26Y0 —M50 75Y0
40 15gFRT - CL C56P 30 15gFRT - CL C67A
/._/‘\ 2.5
3.0 /\ 20 //\VA
£ 2.0 £ 15 // \
€ 1.0 // \’\ € 10 //\/ \ AV
0.0 J 03 _/
: ‘ ‘ 0.0 : :
10 190 200 05 4
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
60 15gFRT - CL C67P 02 2gFRT - IVD C23A
5.0 0.0 : :
/Y ;
€ 3.0 /"\\ c -0.2 +~
£ 70 / \ € 0.4
1.0 -0.6
0.0 _/ ‘ ‘ 0.8
-1.0 100 200 -1.0 .
Time (ms) Time (ms)
—M50 26Y0 —MS50 75Y0 —M50 26Y0 —MS50 75Y0

168




2gFRT - IVD C23P

2gFRT - IVD C34A

0.5 0.5
0.0 \Q S 0.0 ; :
190 200 \1&1\ 200
£ -0.5 \ £ -0.5
E -1.0 E -1.0
-1.5 -1.5
-2.0 -2.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 2gFRT - IVD C34P 05 2gFRT - IVD C45A
_gg 1 ‘ ')r‘\n 00 ‘ ‘
: - - \Qg 200
g 04 \ g 05
E.06 \ E 10
-0.8
1.0 -1.5
-1.2 -2.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 2gFRT - IVD C45P 05 2gFRT - IVD C56A
0.0 T T 0.0 ! !
&,0 200 05 G he 200
-0.2
£ \ E 10
E 04 E
' -15
06 2.0
-0.8 -25
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
2gFRT - IVD C56P 2gFRT - IVD C67A
0.2 0.5
0.0 ‘ 00 W?B\ ‘
\\S{ //0/0 0.5 200
£ -0.2 £
£ £
\ -1.0
-0.4 15
-0.6 -2.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

169




2gFRT - IVD C67P

3gFRT - IVD C23A

0.4 0.2
0.2 0.0 T T
0.0 ‘ : 0.2 %@7
g 02« j%:\03" 200 g 04
€ 04 \ € 06
-0.6 -0.8
-0.8 -1.0
-1.0 -1.2
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
0s 3gFRT - IVD C23P 0s 3gFRT - IVD C34A
0.0 T 0.0 T T
05 ¢ 150 05 ¢ BT 200
£ £
£ -1.0 £ -1.0
-1.5 -1.5
-2.0 -2.0
25 -2.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 3gFRT - IVD C34P 05 3gFRT - IVD C45A
0.0 —— T T 0.0 T T
0.2 180 200 05 \E&K 200
£ £
£ -0.4 \ £ -1.0
-0.6 -15
0.8 \ -2.0
-1.0 -25
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 3gFRT - IVD C45P 05 3gFRT - IVD C56A
0.0 : : 0.0 T T
% 200 05 ¢ ~ he 200
0.2 ' \
E E _1.0
£ 04 £
' -1.5
-0.6 2.0
-0.8 -2.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

170




3gFRT - IVD C56P

3gFRT - IVD C67A

0.6 0.5
0.4 0.0 T T
0.2 05 Wa\ 200
£ o0 ‘ ‘ £
-1.0
0.2 J%/ 00
-0.4 -1.5
-0.6 -2.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
06 3gFRT - IVD C67P 10 6gFRT - IVD C23A
0.4 0.5
0.2 0.0 T \ T
0.0 T T -0.5 100 \ 200
E 02 —Jkge—zeei £ 10 \
-0.4 -1.5 \
-0.6 -2.0
-0.8 -2.5
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 6gFRT - IVD C23P 10 6gFRT - IVD C34A
=\
_gg ~ 1 ‘ 7r‘\n 00 ‘
) - \ - 100 200
£ -0.4 £ -1.0
€ 06 \\ E, 0 \
08 \ _— '
-1.0 \\y -3.0
-1.2 - -4.0 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
08 6gFRT - IVD C34P 05 68FRT - IVD C45A
0.6 0.0 T
04 -0.5 N 200
0.2 10 AN
£ 0.0 A // . € \
E N\ s
'02 L 10U \ £ZUU \
-0.4 \/ -2.0
-0.6 -2.5
-0.8 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

171




6gFRT - IVD C45P

6gFRT - IVD C56A

0.8 0.5
0.6 0.0 T
04 -0.5 10\ 200
g 02 7 g -10 \
€ 00 E .15
0.2 ¢ 200\ ZEN -2.0 \
-0.4 \\/ -2.5
-0.6 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15 6gFRT - IVD C56P 05 6gFRT - IVD C67A
0.0 T
10 0.5 ¢ & 200
£ / £ -1.0
£ 0.5 // € 15 \
0.0 = ‘ 2.0
100 200 -2.5 —
-0.5 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15 6gFRT - IVD C67P 02 8gFRT - IVD C23A
0.0 T T
1o 0.2 \?c{ﬁ\§\ 200
£ By | —
E 00 <~ : E.06 " A——
06— -0.8
05 1 200 Py G \W
-1.0 -1.2
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 8gFRT - IVD C23P 10 8gFRT - IVD C34A
/\ 0.0 ‘
0.0 T
m\ 200 1.0 \1@\ 200
E .10 £ \
\ -2.0
2.0 . //
S~ -3. ~/
-3.0 -4.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

172




8gFRT - IVD C34P

8gFRT - IVD C45A

1.0 0.5
0.8 0.0 1 T
0.6 -0.5 qhw@—
0.4 A A
E 02 A \ g 1.0 \
00 —\, \ E-15 \
02 ¢ 100 \\/ 250 2.0 o
0.4 uu\ -2.5 ~—/
-0.6 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 8gFRT - IVD C45P 05 8gFRT - IVD C56A
0.0 T T
05 05 m\\ 200
£ g 10
£ 00 ~ A E 1o \
100 00 >0 \
-0.5 e
25 f
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 8gFRT - IVD C56P 05 8gFRT - IVD C67A
0-0 T T
L5 0.5 Qﬁ—,@e@vé
-1.0
g 10 ' £ s \ l
Eos 20 ’
0.0 J \ : 25 \&)/
05 100 200R~ ::'g
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15 8gFRT - IVD C67P 05 10gFRT - IVD C23A
1.0
05 0.0 NL{\ ‘
’ 100 200
£ 0.0 /\ //‘\/ £ .05 \\ A
: 0.5 %IM\VEL E \/ \\
' -1.0
-1.0
-1.5 -15
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

173




10gFRT - IVD C23P

10gFRT - IVD C34A

2.0 1.0
N\
1.0 0.0 T
0.0 /\ : -1.0 1‘&”\ 200
E 10&\ 200 E
E .10 \\ E 20 [v_/
-2.0 A\ -3.0
-3.0 -4.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 10gFRT - IVD C34P 0s 10gFRT - IVD C45A
/\ 0.0 T T
0.5 A A -0.5 A%ﬁzgei
£ / \\/ \ g 1.0
€ 0.0 v ! € 15 \\
100 200 5o \
-0.5 e
25 p—"
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
s 10gFRT - IVD C45P 0s 10gFRT - IVD C56A
0.0 ; T
10 .05 \1}1\\ 200
g iy N g b \
00 T T _15
05 2.5 \,/
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 10gFRT - IVD C56P 05 10gFRT - IVD C67A
0.0 T T
15 )\ks?
.05 e ?ee
1.0 pa\ -1.0 /
g £ \ ~
£ os /\ £ \
N VR By N
05 100 200 gg
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

174




10gFRT - IVD C67P

12gFRT - IVD C23A

2.0 1.0
15 0.5
N e
E os A\\l k\v/ € o5 100\ 7\ 200
0.0 T T -1.0
05 100 ' 200 15
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 12gFRT - IVD C23P 10 12gFRT - IVD C34A
1.0 0.0 A ‘
T -
€ 1.0 100 200 € 20 \[\A//
-2.0 -3.0
-3.0 -4.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
1s 12gFRT - IVD C34P 05 12gFRT - IVD C45A
10 ~ 0.0 —) ‘
A AT —
£ 0.5 v/\ e -10 v\\
E 4o j ‘ k\ €.15 \s\,f\/
0s 100 2&)\ -2.0 \ S
e \ 2.5
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
1s 12gFRT - IVD C45P 05 12gFRT - IVD C56A
0.0 T
10 05 w 200
£ 0.5 \/ g -10
E 00 N €.15 \k\'\\ J
100 v\zog 2.0 e
-0.5 s \_/
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

175




12gFRT - IVD C56P

12gFRT - IVD C67A

2.0 0.5
15 g'g — A
‘A 0.5 ¢
1.0
-1.0
E 0.5 / \ E -15 \ l
0.0 / \ 2.0 \\ /I
N -25
-0.5 + 30
-1.0 -35
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 12gFRT - IVD C67P 10 13gFRT - IVD C23A
15 0.5 A
10 N\
E O 5 /\ f’v.'f—‘\ E O.O w ‘ \/\ ‘
£ - € 100 200
0.0 T U T k/-\— 0> \
05 %mo_u_mo; -1.0
-1.0 -1.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 13gFRT - IVD C23P 10 13gFRT - IVD C34A
1.0 0.0 A T
. 0.0 A\ ‘ c 1.0 10&\ 200
€ 1o 100\ 200 € 50 \
o \\/L o \/L_v/
-3.0 -4.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
1s 13gFRT - IVD C34P 10 13gFRT - IVD C45A
N 05
1.0 )
0.0 T T
o AT ey N
E 00 —/ ‘ \—\ : E :1'2 \
' \
05 100 ZBQ ;g \\/,
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

176




13gFRT - IVD C45P

13gFRT - IVD C56A

1.5 0.5
0.0 T
10 05 % 200
g 05 /\/ g -10
£ /\ N\ E.1s N r~
| | \fo/
100 V\QO -2.0
05 s \J
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 13gFRT - IVD C56P 0s 13gFRT - IVD C67A
0.0 T T
1.5
o ‘A 0.5 gﬁ@—m@—K
' -1.0
g 05 /\/ \ g e \\\ S~
0.0 J T \ -2.0 \
-2.5
0.5 ,M 3.0
-1.0 -35
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 13gFRT - IVD C67P 10 14gFRT - IVD C23A
1.5 0.5 //\\/\/\
g 10 g 00 — :
E /\/ /\M\\A E s 100 Mo
o 2| 1o \,
. T T . \_
05 100 200 15
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 14gFRT - IVD C23P 10 14gFRT - IVD C34A
£ 0.0 ‘A\ . £ 10\&\ 200
€ 1 10(;\ 200 g 10 \\
2.0 \J\/\ 2.0 M
-3.0 -3.0

Time (ms)

—M50 26Y0 —M50 75Y0

—M50 26Y0

Time (ms)

—M50 75Y0

177




15 14gFRT - IVD C34P 10 14gFRT - IVD C45A
AN 05
1.0 //\/\ 0.0 _Z‘\ ,
05 0.5 b%\ 200
£ g
E 00 J ; \ ; E-10 \\
100 z\oo -1.5
-0.5 20 \\J\/\/v
-1.0 -2.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15 14gFRT - IVD C45P 05 14gFRT - IVD C56A
10 0.0 T
/\ -0.5 €
£ 0.5 £ -1.0
€ 4o J \/\/\ ‘ E.15 \
-20 _
05 100 \Aoo 20 %3&614
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 14gFRT - IVD C56P 05 14gFRT - IVD C67A
0-0 T T
1.5 §E5 200
_05 I
g 10 /| £ 0 \ l[»\_/\ ’
-1.5
E o NN\ \ | Eas | ,
0.0 J \ -25 \)
. T T —3 0
05 100 26’9 _3'5
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 14gFRT - IVD C67P 10 15gFRT - IVD C23A
1.5 0.5 L\\,
g 10 m\,,-\/ g 00 W/ ‘\\v \ :
E os /\/ A E o5 100 \MO
0.0 J/ T T -1.0 \
05 100 200 s NS
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

178




15gFRT - IVD C23P

15gFRT - IVD C34A

2.0 2.0
1.0 1.0
R N N T T
E -1.0 W E -1.0 \
20 20 VS
-3.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 15gFRT - IVD C34P 10 15gFRT - IVD C45A
0.5
1'2 AN 0.0 A ;
: 0.5 1 200
£ o5 / "\ £ 10 =
0.0 J T \ T -1.5 \\
-2.0
0.5 100 XQ/ by \\
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
1s 15gFRT - IVD C45P 0s 15gFRT - IVD C56A
' ' 2
10 0.0 T
/\ 0.5 ¢
g 05 A g 1.0
E 00 J \/\/\ : E.as N 7
100 00 2.0 \\\,D\ A /
. N
05 e Y
-1.0 -3.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 15gFRT - IVD C56P 05 15gFRT - IVD C67A
0.0 T
15 N\
1.0 ~ /7 05 o~ 209
: -1.0
E 05 //\/ \/\ E 15 \ |
0.0 J , \ . -2.0 \\\"J
05 100 e 23
: -3.0
-1.0 -35
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

179




15gFRT - IVD C67P

4gLAT - CL C23R

2.0 2.0
15 1.5 [~
g 10 \// A £ - / /\)
E s P AT A E 00
: J/ V AR SN 0.0 : ; :
0.0 T -0.5 +
05 100 200 1.0
' Time (ms) ’ Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
1s 4glLAT - CL C23L 10 4gLAT - CL C34R
/ /\
£ o5 £ o0 ‘ ‘
_/ AR
0.0 — T -0.5
\km/_/ 200
-0.5 -1.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
4glLAT - CL C34L 4gLAT - CL C45R
1.2 0.2
1.0 0.1
0.8 0.0 —‘f‘:\(/§\\ T
g 06 g 01t 100\ 200
£ 04 / \ £ :8; \
0.2 7 o A\
0.0 T T -0.5
020 100 200 0.6 -
Time (ms) ime (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
4glLAT - CL C45L 4gLAT - CL C56R
2.0 0.5
L5 0.0 ‘ ‘
1 200
£ 05 £ \
00 \;/95/ | e N
05 1 200 15
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

180




4gLAT - CL C56L

4gLAT - CL C67R

3.0 0.5
2.5 0.0 : :
2.0 Va 05 ¢ ~ o 200
is \
E / E .10
€ 10 / € 1'5 \
0.5 o
0.0 —/ ‘ -2.0 \\"’_\
050 100 200 2.5 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
”s 4glLAT - CL C67L 20 5gLAT - CL C23R
2.0 1.5 [
1.5 // 1.0 /\I
£ 10 £ I A—
g - £
4 N/
0.0 ——‘ﬁ// : 0.0 ~ ‘
05 100 200 05 0 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 5gLAT - CL C23L s 5gLAT - CL C34R
1.5 / 1.0 //\\
g 10 g 05
E o5 / E 00 u//\ :
0.0 —"/i/ ‘ 05 W 38@
05 100 200 10
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
5gLAT - CL C34L 5gLAT - CL C45R
2.0 0.4
<\
15 0.2
1.0 / \ 0.0 4/\\/\ .
g g
£ £ 100 00
0.5 / 0.2 \ \2
0.0 / ‘ \ 04 N \\J
05 100 200 06
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

181




5gLAT - CL C45L

5gLAT - CL C56R

3.0 0.5
2.5
2.0 0.0 T T
g 15 € \1\\0 200
£ 10 /// £-05 \
0.5 -1.0
0.0 *&V// T \x
050 100 200 -1.5 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
5gLAT - CL C56L 5gLAT - CL C67R
4.0 0.5
3.0 0-0 T T
05 G o 200
: 2.0 / £ 10 \
o e
0.0 T T -2.0
10 100 200 s
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
5gLAT - CL C67L 6gLAT - CL C23R
3.5 2.0
> 15 ~
2.5 '
2.0 / 1.0 /\/
£ 1s /4 £ /
£ £
1.0 // 0.5
0.5 J 0.0 // ‘
g'g ‘ ‘ 05 N/o 200
050 — 10— 200 -0.
Time (ms)
Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
55 6gLAT - CL C23L 15 6gLAT - CL C34R
2.0 / 1.0
e / g 05 I
fos )/ Foo — 7/
0.5
0.0 // ‘ -05 ZB&
05 100 200 1.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

182




6gLAT - CL C34L

6gLAT - CL C45R

3.0 0.4
25 02 AL\
- /N 0.0 _ \ \
E 15 E . T T
E 10 // \\ E o2 100 \/\/N\O
0.5
0.0 / : \ 04 \\
0.5 0.6 -
Time (ms) ime (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
30 6gLAT - CL C45L 05 6gLAT - CL C56R
7\ 00
2.0 // \ }p 200
£ 1.5 £ -0.5
€ 10 // \ € 1.0 \ /
05 / \ S/
0.0 —/ / ‘ 15
05 ¢ 2.0 =
Time (ms) ime (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
6gLAT - CL C56L 6gLAT - CL C67R
4.0 0.5
0-0 T T
3.0 / 205 ¢ %—Zﬂﬁi
2.0 _1.0 i -
g g 0 |/
E 1.0 / \ 2.0 L/ A \\)(
0.0 J ‘ 25
-3.0
10 100 200 s .
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
6gLAT - CL C67L 78LAT - CL C23R
6.0 2.0
5.0 1.5
4.0 / 1.0 /\’\—/\
£ 70 € /
10 4 00 —</ X\
00 _J | 050 100 200
-1.0 100 200 -1.0 .
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

183




7gLAT - CL C23L

7gLAT - CL C34R

3.0 1.5
25 //-\ 10 /\/\
ig / \ 05 / \ \
1.0 / f\\\ 00 ﬁA// \ \
05 / W 2&(
00 = ‘ 03 N
050 100 200 -1.0 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
78LAT - CL C34L 78LAT - CL C45R
4.0 0.8
0.6
30 / N\ 04 / O\
20 / \ 02 //\}// \\\
10 0.0 —\ ‘
J \ -0.2 100 2
0.0 ‘ ‘ 0.4 /
10 100 200 06
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
7gLAT - CL C45L 7gLAT - CL C56R
4.0 0.5
3.0 LN\ 0.0 : :
J\ o 00 /)
- / \ o N—//
) A N e
0.0 / : -1.5 s
10 100 200 20
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
78LAT - CL C56L 78LAT - CL C67R
5.0 1.0
4.0 0.5
3.0 7~ ™\ 0.0 ; NN
/ \ 05 %@z@ﬁ
2.0 / 1.0 y
Y. N \ \/
0.0 ‘ w 2.0 _— %
1.0 100 200 25
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

184




7gLAT - CL C67L

4glAT - IVD C23R

8.0 0.5
N\
6.0 0.0 T T
40 / 05 *\100 200
g / g
E o / E 10 \ /
0.0 T T -15
2.0 100 200 2.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
25 4gLAT - IVD C23L 02 4gLAT - IVD C34R
2.0 00 T T
15 -0.2 7%2997
E 10 ﬂ E -0.4
-0.6
/
’/ -0.8 \
00 T T _1‘0
-0.5 100 200 -1.2
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
08 4gLAT - IVD C34L 02 4gLAT - IVD C45R
06 0.0
0.4 : ‘ ‘
e 0.2 c -0.2 \<0 ,/—\200
0-0 T T
£ £
0.2 ¢ 159G \Z\Q -0.4
-0.4 06
-0.6
-0.8 -0.8
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
06 4gLAT - IVD C45L 06 4gLAT - IVD C56R
0.5
0.4 /[,/\\ 0.4 /
0.3 /// \ 0.2
E o1 \ E 00
0.0 — - -0.2 w / ZBN
0.1 ¢ 100 2000
-0.2 -0.4
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

185




4gLAT - IVD C56L

4glAT - IVD C67R

0.5 0.8
0.4
0.6
03 /
0.2 0.4
£ 01 AL £ 02 /
0.0 ‘ ‘ 0.0 : / ‘
0.1 ¢ 100 200 ot :
02 -0.2 ¢
0.3 - 0.4 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
08 4gLAT - IVD C67L 05 5gLAT - IVD C23R
0.6 0.0 T T
04 SN 05 C T 200
£ 02 / £ 10 \\
0.0 —Aw/ ‘ -1.5 \\ /
0.2 AQ/ 200 2.0 A
0.4 - 2.5 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
30 5gLAT - IVD C23L 02 5gLAT - IVD C34R
2.5 0.0 . .
2.0 -0.2 C \OO 200
: 15 T AN
€ 10 / € 06
0.5 _// -0.8 \\
0.0 . . -1.0
05 606————100 200 -1.2 .
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15 5gLAT - IVD C34L 02 5gLAT - IVD C45R
1.0 0.0 : :
05 -0.2 %ﬁuﬁg@j
E E _0.4
E 00 - ‘ E 06 \ /'J
05 100 200 o0 \v\/ /
-1.0 -1.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

186




5gLAT - IVD C45L

5gLAT - IVD C56R

1.2 0.6
1.0
7 0.4
0.8
0.6 /N 0.2 /

E 04 / \ N\ E o0 : / ‘
02 j/ 02 ¢ Muaod /T
0.0 ‘ ‘ Y /

020 10 200 04
0.4 -0.6
Time (ms) Time (ms)
—M50 26Y0 — M50 75Y0 —M50 26Y0 — M50 75Y0
08 5gLAT - IVD C56L 12 5gLAT - IVD C67R
0.6 TS é'g
0.4 r/ 0.6 /

g / E 04 /
2 02 /7
0.0 ‘ ‘ 8'2 ] <k ‘
02 100 200 o4

' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 5gLAT - IVD C67L 30 6gLAT - IVD C23R
0.8
0.6 / //—\ 2.0 /

g 04 £

E o, v E 10 -/ \
0.0 T T 0.0 : :
-0.2 100 200 100 200 \
-0.4 -1.0

Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 6gLAT - IVD C23L 02 6gLAT - IVD C34R
0.5 0.0 : :
0.0 : : 0.2 ¢ Q0 200
0.5 ¢ \\{\cs 200 / 0.4 AN

E 1o E 06 \

Els \ E o8 X
2.0 S~ 1.0
2.5 1.2
3.0 -1.4

Time (ms) Time (ms)
—M50 26Y0 — M50 75Y0 —M50 26Y0 — M50 75Y0

187




6gLAT - IVD C34L

6gLAT - IVD C45R

1.5 0.2
N\ 0-0 T T
1.0 20.2 \\ion // 200
E / g \
E 00 - : .06 \ T~
05 100 200 0.8 \__/
’ -1.0
-1.0 -1.2
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
15 6gLAT - IVD C45L 06 6gLAT - IVD C56R
0.4
0.0 T T
‘o ] Eozo ot 00
0.0 | : 0.4 \V/
100 200 0.6
-0.5 -0.8
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 6gLAT - IVD C56L 15 6gLAT - IVD C67R
N\
0.8
0.6 / 10
. ; - /
g / / £
02 A 0.0
0.0 ‘ ‘ N 200
0.2 ¢ 0.5 -
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 6gLAT - IVD C67L 20 7gLAT - IVD C23R
1.5 1.0
£ 1.0 / \ £ 0.0 T T
E os // E .10 \00 20/
0.0 /‘j ‘ 2.0 \\ /
05 100 200 3.0
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

188




7gLAT - IVD C23L

7gLAT - IVD C34R

4.0 0.5
30 0.0
2.0 . ~ T
1 200
£ 10 / £ 05 \mv\\
0.0 / :
1.0 ¢ 100 200 10
-2.0 -1.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 78LAT - IVD C34L 04 78LAT - IVD C45R
0.2
15 YN
0.0 .
1.0 m 0.2 ¢ o~
£ o5 £ 04
0.0 / \ -0.6 \\ ’/ ava
' 100 200 08 Vo
05 ¢ 10 S
-1.0 -1.2
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 7gLAT - IVD C45L 06 7gLAT - IVD C56R
1.5 0.4
o 02 /// /P\
E 0 5 / E 0-0 T T
g / \ € 02 ,%97/7@&;997
0.0 T T
-0.4
05 100 200 06 \\//
-1.0 -0.8
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
14 78LAT - IVD C56L 15 7gLAT - IVD C67R
1.2
1.0 7 [\ 1.0 / \
£ o I~ g 05 J/ZAVAENN
0.4 / / E 0.0 T T
02 ‘// A\ 05 Yo 200
0.0 . .
02 610200 -1.0
. Time (ms)
Time (ms)
—M50 26Y0 —MS50 75Y0 —M50 26Y0 —M50 75Y0

189




7gLAT - IVD C67L

7gREAR - CL C23A

3.0 1.5
25 m?
2.0 / 1.0
15
. E . \
o N \
0.0 T T 0.0 v T
05¢— 100 200~ 100 200
-1.0 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
10 78REAR - CL C23P 0s 78REAR - CL C34A
05 /\//\ 0.0 : ‘
£ 0.0 1 T £ w 200
E o5 1&)\—/\/\266\ £ 0 N K\ /
1.0 m -1.0 W
-1.5 -1.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
05 78REAR - CL C34P 02 78REAR - CL C45A
0.0 A , 0.0 /-\\ T
€ Y/ 13& 200 g 02 \ / /1\&0 /2680
£ 05 E \ / W
-1.0 - 06
-15 -0.8
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
05 78REAR - CL C45P 02 78REAR - CL C56A
0.0 : : 0.0 Z7aN ‘
.05 %ﬂ)ﬂ; 02 ¢ \ / IM
E .10 £ -04
£ g
15 \c// 06 \
-2.0 -0.8
2.5 -1.0
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

190




7gREAR - CL C56P

78REAR - CL C67A

0.5 0.4
0.0 T T 0.2 \
05 W 200 0.0 |
™ E 0 /18 200
-1.0 04 \ / b\
-1.5 -0.6 /
-2.0 -0.8
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
0s 78REAR - CL C67P 1s 78REAR - IVD C23A
00 /A N /™
c A 1&{'// 200 . \
-1.0 0.0 e ;
100 200
-1.5 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
20 78REAR - IVD C23P 20 78REAR - IVD C34A
1-5 / \\ 1.5 /v\
10 J\\
e / \ g 10 \
E 0 < E os \
0.0 T T ’
0.5 C 0.0 /4\/ T
1.0 05 100 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
05 78REAR - IVD C34P 20 78REAR - IVD C45A
0.0 N : L5 \
\// 1&\ 200 10
3 W E 05
1.0 0.0 \/% ‘
15 05 100 200
' Time (ms) ' Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0

191




08 78REAR - IVD C45P 20 78REAR - IVD C56A
0.6
15
04 /\
A~ 1.0
E 00 T T E 05
0.2 ¢ 100 200 N
04 > 160 260
-0.6 -0.5
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
02 78REAR - IVD C56P 20 78REAR - IVD C67A
0.0 70N\ w 1.5
02 ¢ \ M
1.0
£ 04 N £
06 0.5
0.8 0.0 | |
1.0 05 100 200
Time (ms) Time (ms)
—M50 26Y0 —M50 75Y0 —M50 26Y0 —M50 75Y0
04 78REAR - IVD C67P
N\
0.0 T
E02
-0.4
-0.6 \ /\/
-0.8
Time (ms)
—M50 26Y0 —M50 75Y0

192




Response and Soft Tissue Metrics

Appendix 4: F0526v0 and F0575v0 Time Histories of the Head Kinematic
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3gFRT - Y Displacement

3gFRT - Z Displacement
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