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Abstract

The activation of the neck musculature plays an important role in the response of the head and
neck and can affect the risk of injury under impact conditions. Yet, the role of the level (i.e., magnitude)
and timing of the neck muscle activation towards injury risk remains not well understood. Advanced
finite element Human Body Models (HBMs) can predict the kinematic response of the head and neck
upon impact, providing critical information to researchers and vehicle safety systems designers, but
there is currently a lack of verified and validated schemes for neck muscle activation. This thesis
focused on improving understanding of neck musculature activation by identifying optimized activation
schemes for different impact scenarios using the 50" percentile male GHBMC contemporary finite
element HBM assessed with experimental human volunteer impact test data. The HBM head-neck
kinematics were evaluated for frontal, lateral and rear impacts over a wide range of accelerations, which
represents novel information not found in the existing literature. The two main hypotheses were: (1)
for different impact scenarios, the optimal muscle activation (OMA) schemes could be determined
using the experimental volunteer kinematics, and (2) that a single muscle activation scheme could

achieve a good correlation for all impact cases.

The optimization results were assessed using volunteer data of 119 frontal impacts between 2¢g
and 15g, 72 lateral impacts between 4g and 7g and 12 rear impacts between 3g and 4g. The frontal and
lateral impacts data was collected from widely referenced studies with 16 volunteers, and rear impact
data was collected from recent tests with 12 volunteers. No muscle activation data was recorded in the
available experimental data; however, the studies presented kinematics of the head and first thoracic

(T1) vertebra that were compared to the output of the computational HBM.

The optimized muscle activation schemes improved the kinematic response for all impact cases

(maximum average improvement of 35% for the frontal impacts) and could be used to elucidate the



influence of muscle activation and onset time in head kinematics in other impact severities and
directions. A novel Cocontraction Muscle Activation (CMA) scheme presented good correlation with
frontal (23% average improvement), lateral (17% average improvement) and rear (6% average
improvement) impacts, confirming the hypothesis that a unique activation scheme could be used to
achieve an improved correlation of HBM global head kinematics with the experimental data.
Furthermore, this work identified that the rear impact simulations demonstrated less sensitivity than the
other impact directions for different muscle activation schemes. The lower sensitivity could be
attributed to the reduced force associated with flexor muscles, which were antagonistic to the head

movement.

In conclusion, the optimized muscle activation scheme helped contextualize the neck muscle
activation level and onset time through the identification of the sensitive parameters to impact, and the
CMA scheme provided overall good correlation in all impact directions. The results from this work
will enhance computational HBM that may better inform and develop preventions of injury to the head

and neck during impact.
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Chapter 1: Introduction

1.1 Research Motivation

Muscle activation affects the risk of injury to the neck, stiffening the spinal column when an
internal or external load is applied to the body (Stemper and Corner, 2016). Muscle activation can
broadly be described by the muscle activation level and the time of activation. In addition, dynamic
movement and stabilization of the head-neck system are primarily controlled by activation of the
cervical (neck) musculature enclosing the spinal column (Olszko et al., 2018). However, a more in-
depth understanding of muscle activation and its role in head and neck response during impact is
needed. This knowledge is crucial to develop improved strategies to mitigate the large number of head
and neck injuries, which occur annually from motor vehicle accidents. Neck and back strains and
sprains are related to approximately 25% of the four million annual emergency room visits from motor

vehicle traffic injuries in the United States (Albert and McCaig, 2015).

The role of cervical muscle activation on head and neck injury risk in motor vehicle accidents
has been investigated but has not been quantified. Stemper and Corner (2016) observed that cervical
injury symptoms, time to recover, pain intensity and injury risk were reduced when a person subjected
to a vehicle impact was pre-aware of the collision, indicating the importance of muscle activation in
terms of bracing prior to impact (Hendriks et al., 2005; Sturzenegger et al., 2012). In contrast, other
clinical studies have reported no correlation between injury symptoms and pre-awareness (Walton et
al., 2013). Post-mortem human subjects (PMHS) and anthropometric testing devices (ATD) cannot
represent physiologic muscle activation, creating challenges for vehicle safety tests that commonly use
these methods to assess injury (Arbogast et al., 2009; lwamoto, 2018; Stemper and Corner, 2016). As

occupants in real crash scenarios could have their kinematic response altered by muscle activation,



vehicle safety tests may be limited when extrapolating post-mortem results to those of human

volunteers (Albert et al., 2018).

A number of experimental studies have investigated car and sled tests with volunteers in low
severity (1g to 4g) autonomous braking and impacts (1g to 4g) and reported the effect of muscle
activation on the response (Carlsson et al., 2010; Dehner et al., 2013; Fanta et al., 2013; Hedenstierna
etal., 2009; Kumar et al., 2002, 2004a, 2004b: Mathews et al., 2013; Olafsdottir et al., 2013; Siegmund
et al., 2007). Relevant conclusions have included an observed increase in the neck muscle activation
during impacts, a higher angular head rotation for females during impacts, as well as challenges in
terms of measuring muscle activation magnitudes using normalized electromyographic (EMG) data.
Further, many of these studies have not reported important experimental boundary conditions (i.e., seat
inclination, presence of headrest, etc.), making it difficult to reproduce the experiments in a simulation

environment or to quantify the effects of muscle activation.

A key experimental dataset containing higher severity volunteer impacts has been made
available through the National Highway Traffic Safety Administration (NHTSA) database (“National
Highway Traffic Safety Administration,” 2012). This work presented results from a series of sled tests
with human volunteers, conducted by the Naval Biodynamics Laboratory (NBDL). The head and neck
kinematic data were collected from 16 volunteers subjected to 119 frontal and 72 lateral impact sled
tests (Thunnissen et al., 1995; Wismans et al., 1986). The experimental data was consistent for a range
of impact levels, from 2g to 15g, owing to the restraint system used in the experiments. A limitation of
the experimental data was that no measurements of the volunteer’s muscle activation were recorded
during the impact tests, as well as no assessment of rear impacts. There is a scarcity of higher severity
rear impact studies owing to volunteer injury risk. The limited data available for this impact scenario

is primarily a series of 3g and 4g sled tests (Ono et al., 1997; Sato et al., 2014). These experiments used



12 human volunteers and did not incorporate a headrest in the seat. Similar to the NBLD database, no

muscle activation was recorded during the tests.

Computational Human Body Models (HBMs) can complement experimental data to assess
injury risk during impact by helping fill knowledge gaps in areas difficult to gather experimental
measurements. Neck muscle activation has been examined in the Finite Element (FE) HBMs including
the GHBMC, Royal Institute of Technology model (KTH), Japan Automobile Manufacturers
Association model (JAMA), Total Human Model for Safety (THUMS), and simTK models (Brolin et
al., 2005; Ejima et al., 2005; Iwamoto et al., 2012; Vasavada et al., 1998). A significant benefit of HBM
is the potential to evaluate injury risk in complex impact scenarios without the ethical and practical
challenges of human volunteers (Dibb et al., 2013). Considering contemporary HBM, only the GHBMC
and THUMS models incorporate a combination of skin, adipose tissue, 3D passive muscles and active
1D muscles. The soft tissues are relevant for the head and neck kinematics because of the increase in
stiffness of the system resulting from these tissues. At present, active musculature models have focused
only on a small number of lower severity events when validating against volunteer studies. Thus, there
is a need for improved understanding of muscle activation schemes over a wider range of impact

severities.

In general, current active musculature implementations in HBMs use pre-defined activation
parameters, also called open-loop control. However, these models could benefit from the automation
of the activation parameters (closed-loop control) that could allow the models to adapt to different
impact scenarios. This potential benefit has resulted in an increased interest in implementing these
algorithms in the models (Osth et al., 2015). Still, many HBMs are calibrated only to specific

experimental and loading cases due to the lack of electromyography data in high severity impacts (>8g).



To date, there has been no study analyzing the effects of active neck musculature over a range
of low to high impact severities; although some studies have presented optimizations of the muscle
activation for other scenarios (Dibb et al., 2013; Ivancic and Pradhan, 2017; Mortensen et al., 2018).
The M50-0 v4.5, 50th percentile, Global Human Body Models Consortium (GHBMC) HBM, used in
the present study, includes 1D Hill-type elements representing the active portion of the muscles and 3D
solid hexahedral elements with a hyperelastic material constitutive model representing the passive
response of the muscle; however, the effect of various activation schemes of the neck muscles on the

impact response has not yet been investigated.

1.2 Research Objectives

The overall objective of this thesis was to develop activation schemes for the cervical muscles
to improve the resulting head kinematics of the model over a wide range of impact severities and
directions. Within this objective, the main goals were to: (1) define optimal activation schemes for each
impact scenario that maximized the correlation of head kinematics to experimental data and (2) identify
a possible single muscle activation scheme that generated appropriate head kinematics for all impact

cases.

Based on the defined objectives, it was hypothesized that the muscle activation schemes could
be optimized to approximate head kinematics of human volunteers in sled impacts by modifying the
muscle activation level and timing of the model. In addition, based on known head reflex mechanisms,
possible candidates of a unique activation scheme could be compared over a range of impact severities
using the average correlation for all the impact severities considered in this study. Further, with this
approach, the degree of influence of the activation variables on the head response could be obtained

from the optimization process to better inform future studies of the effects of active muscle in impacts.



1.3 Thesis Organization

Chapter 2 expands on the necessary background information, presenting information on
cervical muscle properties such as anatomy, material properties, activation parameters, the Hill-type
model implementation, and the 3D passive muscle in the model. Also, the available experimental data
with human volunteers for impact studies are summarized in this section, including the startle response
mechanism. Existing computational HBMs for the cervical spine with active musculature are also
discussed. Chapter 3 describes the research methodology. The methodology includes the assessment of
the muscle activation parameters in the literature, and the application of these parameters to the muscle
groups. A series of pre-optimization simulations were undertaken, enabling the definition of the
optimization procedure, and the optimized results were assessed through cross-correlation with the
experimental data. Chapter 4 describes the results of the simulations for the different activation schemes
in frontal, lateral and rear impacts, as well as the information obtained from the optimization process.
Chapter 5 presents a discussion of the results, including a comparison of the muscle activation schemes
with experimental data, relation to muscle reflex mechanisms and muscle activation schemes

comparison. Chapter 6 presents the research conclusions, limitations and future research.



Chapter 2: Background

2.1 Musculoskeletal Anatomy of the Human Neck

2.1.1 Neck Anatomy and Motion

The human neck comprises the cervical spine (ligaments, intervertebral discs and vertebrae),
musculature, skin, and flesh (adipose tissue). The anatomy of the head and neck are described with
respect to three reference planes: frontal, median and transverse (Betts et al., 2013) (Figure 2-1). The
anatomical directions are used with the aforementioned anatomical reference planes to describe the
location and motion of the body segments. The directions are the anterior, posterior, superior, inferior,

lateral, medial, proximal, distal, superficial and deep (Betts et al., 2013).
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Figure 2-1: Anatomical directions and planes of reference (Image adapted from: (Fehrenbach and

Herring, 2016)).



The motion of the head and neck can be classified as flexion, extension, lateral flexion, and
rotation (Figure 2-2). The term flexion describes the anterior bending of the neck while extension
describes the posterior bending of the neck. The lateral flexion describes the left and right bending of
the head in the transverse plane, and rotation describes the left and right twisting movement in the

frontal plane (Betts et al., 2013).

neutral flexion extension  lateral bending rotation

Figure 2-2: Anatomical terminology of the head movements (Image from: (Schmitt et al., 2014)).

The cervical spine is composed of seven vertebrae (C1to C7) in the inferior direction divided
into the upper (C1 and C2) and lower (C3 to C7) cervical spine. The range of motion of the cervical
spine for flexion is 80° to 90°, for extension is 70°, for lateral bending is 20° to 45°, and for axial
rotation for each side is 90° (Swartz et al., 2005). The vertebrae are composed of the vertebral body
anteriorly and by the vertebral arch posteriorly. The arch surrounds the vertebral foramen at the spinal
cord location. The vertebral arch consists of a pair of pedicles and a pair of laming, and supports four
articular processes, two transverse processes, and one spinous process (Figure 2-3). The C1 and C2 are
different from the other vertebrae. The first vertebra (C1) has no vertebral body and no spinous process
(Figure 2-4). A distinct characteristic of the second vertebra (C2) is the odontoid process or dens, which
rises perpendicularly from the upper surface of the body, about which the C1 vertebra rotates. (Figure

2-5).
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Figure 2-3: Top view of a typical vertebra with the main anatomical structures labelled (Image

adapted from: (Gray, 1918)).
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Figure 2-4: Top view of the C1 vertebra with the main anatomical structure labelled (Image from:

(Gray, 1918)).
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Figure 2-5: View of the C2 vertebra with the main anatomical structures labelled (Image from:

(Gray, 1918)).

The C1 vertebra, also named atlas, allows for flexion and extension of the skull with the
occipital condyle articulation. The articulation is restrained to rotation and lateral flexion due to the
reduced space of the joint. The C2 vertebra, also named axis, is connected to C1 through the odontoid
process and stabilized by the transverse, alar and apical ligaments (Swartz et al., 2005). The C1-C2
articulations are not restricted to lateral bending and rotation. Further, the C1-C2 flexion and extension
motions are often in the opposite direction of the atlas movement due to the geometry of the atlantoaxial
articulation (Swartz et al., 2005). Another important fact is the upper cervical spine rotation coupling
with extension, flexion and/or lateral bending. Similarly, the lower cervical spine vertebral rotation is
always associated with extension, flexion and/or lateral bending because of the shape of the
articulations. However, the lateral-flexion movement of the lower cervical spine is only possible with
the rotation of the vertebrae while, in the upper cervical spine, it can occur without rotation (Swartz et
al., 2005). In summary, the movement in the cervical spine is complex, and the global motion of the

head and neck does not necessarily reflect the action of the individual vertebrae in the cervical spine.



The muscles of the neck can contract and transmit force to the bones enabling motion of the
neck. The muscles present sagittal symmetry and are often classified as flexors or extensors (Figure 2-
6). The grouping in flexors and extensors is a simplification since a single muscle can extend or flex
the neck depending on posture and the action of other muscles. Muscles are hierarchical structures
composed of groups of muscle fibres called fascicles; the muscle fibres are composed of parallel

bundles of myofibrils, which consist of contractile units, sarcomeres, in series (Figure 2-7).

Figure 2-6: A cross-section of the neck model at C5 showing the flexors in red and the extensors

in blue. The head is pointing to the right.
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Figure 2-7: Muscle structure at different levels (Image from: (“Skeletal muscle,” 2019)).

The direction of the force exerted by the muscle contraction takes place along the length of the
muscle fibres and can occur along a straight line between the two points of insertion if the fibres.
However, the muscle path may follow a curve due to ligament attachments and boney structures (Gray,

1918).

The maximum force exerted by a muscle is proportional to the number of fibres in the
Physiologic Cross-Sectional Area (PCSA) (Figure 2-8), in other words, the perpendicular section
crossing through the maximum number of fibres within a muscle (Gray, 1918). The number of fibres

is also related to the volume of the muscles. For example, the sternocleidomastoid is the strongest flexor
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in the neck, representing 43% of the volume of this muscle group, and the strongest extensor is the

trapezius, which represents 44% of the size of the muscle group.

A B C

Figure 2-8: The PCSA is presented in different muscles in green, and the anatomical cross-

sectional area is displayed in blue (Image from: (Gille, 2007)).

2.1.2 Material Properties of the Neck Tissues

There are many tissues that contribute to the mechanical response of the neck in impact
scenarios, including the hard tissues or bones, cartilage, ligaments, intervertebral discs (annuli fibrosi,

nuclei pulposi, ground substance), muscle, skin and adipose tissue.

The hard tissues are classified as cortical or cancellous, according to the density and structure
of the bone. Cortical bone has a high density and occurs as a thin shell around the vertebra in the neck
(Martin et al., 2015). Cancellous or trabecular bone is found inside the vertebrae, and it is composed of

slender filaments called trabeculae with spaces among them (Martin et al., 2015).
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Both bone types are composed mainly of hydroxyapatite mineral (Martin et al., 2015) with an
organic matrix of collagen fibres (Cowin, 2001). The microstructure of the cortical bone is formed by
formations called lamellae, composed of mineralized collagen fibres and by structures called osteons,
composed by longitudinal blood vessels, lymphatic nerves, and loose connective tissue surrounded by
rings of concentric lamellae connecting to the bone marrow and periosteum (Cowin, 2001). The
trabecular bone microstructure is similar to the cortical bone, but it is arranged in filaments of lamellar
bone with a characteristic orientation that defines the mechanical stiffness and strength of the material.
The cancellous bone is anisotropic due to the directionality of the filaments. The trabecular bone has a
behaviour that depends on time as most biological tissues, but it is highly heterogenic. The
heterogeneity is resultant of a diversity of volume fraction, geometry and even tissue properties, varying

the global material properties (Keaveny et al., 2001).

The cortical bone presents a low ductility material stress-strain curve, and the peak stress (or
its related bending moment) can be used to define the limits of the material before fracture initiates.
The crack propagation is directly related to the microstructures of the bone. Where the osteons lengths
are parallel to the length of the impacted region, the crack initiation and propagation occur in the
direction of the osteons because the interface between these systems and the matrix creates a weaker
path (Nalla et al., 2003). However, in the opposite case, the cracks are perpendicular to the short axis
of the osteons (Nalla et al., 2003). The trabecular bone, although complex, also presents a simple way
to determine failure as it exhibits a strong linear correlation between the maximum stress and the
corresponding elastic modulus, suggesting that the failure strains for trabecular bone are relatively
constant. Compression experiments with cadavers determined that the maximum strain for the failure
of the cortical bone is 0.0178, and trabecular bone is 0.095 (Keaveny et al., 2001; Lindahl, 1976;

McElhaney, 1966).
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Ligaments connect two points in the body resisting tension forces. The experiments usually
measure the force and corresponding ligament distraction and indicate three regions from no load to
peak load: the toe region, linear region, and traumatic region (Figure 2-9) (Yang et al., 2018). In the
first region, the stiffness increases as the folded collagen fibres are unravelled. In the second region,
the stiffness can be considered constant as the straight fibres are parallel to the loading (Yang et al.,
2018). The last region presents a sudden reduction of the ligament stiffness as individual fibres tear
gradually until the complete rupture of the ligament (Yang et al., 2018).
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Figure 2-9: Example of ligament distraction curve (Image from: (Robi et al., 2013)).

The average experimental curves were obtained by fitting data of a series of tests until the
failure of the cervical ligaments. The tests measured the distance between the bone regions where the
ligaments were inserted (distraction) while applying traction. From these tests, the average failure
distractions could be defined for each ligament (Table 2-1) (Mattucci et al., 2012; Mattucci and Cronin,

2015).

Table 2-1: Failure criteria for the ligaments of the lower cervical spine.

Average failure distraction (mm) | Standard deviation (mm)

. C4to C6to C2to C4to C6to
Ligament C2toC4 c6 T1 c4 c6 T1
Anterior Longitudinal Ligament | 3.8 3.3 4.2 2.8 2.2 3.3
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Posterior Longitudinal Ligament | 3.3 2.8 2.8 2.1 19 1.7

Capsular Ligament 4.0 4.9 51 2.5 3.0 2.7
Ligamentum Flavum 4.5 5.5 7.5 2.6 3.5 4.7
Interspinous Ligament 5.9 6.6 8.1 3.4 3.4 4.1

The complex structure of the IVD assists loading transmission and range of motion between
vertebrae. It is comprised of the nucleus and annulus fibrosus. The nucleus is located in the center of
the disk and can be considered elastic viscous fluid (Yang et al., 2018). The annulus surrounds the
nucleus and is composed of a concentric lamina of fibres embedded in a homogeneous matrix called
ground substance (Yang et al., 2018). The ground substance is made mainly of water and proteins, and
a strain-energy function can represent the mechanical properties (Yang et al., 2018). The embedded
annulus fibrosus can be represented by layers with an anisotropic elastic material model (Yang et al.,

2018).

The skin and flesh are the superficial tissues that cover almost all the human body. The skin is
composed of three regions: epidermis, dermis and hypodermis. The epidermis is the most superficial
layer, and with the dense fibrous tissue of the dermis, form the cutis (Joodaki and Panzer, 2018). The

third layer is the hypodermis, also called flesh in this thesis, composed mainly of adipose cells.

The mechanical response of the skin is non-linear due to the heterogeneity of the constituents.
Similar to the ligaments, the fibres are initially folded, and at tensile strains around 30%, they are
straightened, highly increasing the stiffness (Joodaki and Panzer, 2018). For higher strains, the stiffness
increases rapidly as more collagen fibres are straightened. Continuing increasing the strain will make
the tissue reach a peak tension and gradually fail due to the fibres rupture. Skin also exhibits the
relaxation behaviour characteristic of viscoelastic materials and, due to the direction of the fibres,
anisotropy (Joodaki and Panzer, 2018). In a living person, the skin is normally in a state of tension,

contracting when excised (Joodaki and Panzer, 2018).
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2.2 Muscle Activation Theory and Modeling

2.2.1 Passive Muscle Properties

The mechanical behaviour of the sarcomeres and connective tissue penetrating the muscle are
viscoelastic and isotropic, as expected for most biological tissues (Anderson et al., 2002; Bensamoun
et al., 2006; Meyer et al., 2011; Toursel et al., 2002). In other words, the stress (oy;) and strain (g;)

relation depends on time (t). The mechanical behaviour of these passive tissues has been modelled

using a linear-viscoelastic formulation as the Ogden Rubber (Equation 1) (Hedenstierna et al., 2008).
Oij = fot Gijia(t — 7) (35 /0T) dt M

The shear modulus G(t) in the formulation is obtained through relaxation curves (Figure 2-10)
that are defined by the terms from the Prony series (Equation 2), which make this model a Maxwell
fluid, which means it consists of dampers and springs in series (Livermore Software Technology

Corporation, 2016).
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Figure 2-10: Relaxation of the shear modulus of the 3D passive element over time.
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G(t) =Y, Ge hit (2)

This implementation is isotropic, though the muscles are anisotropic due to the defined
direction of the muscle fibres. Some anisotropic formulations have been studied; however, the current
detailed HBMs implement that property with additional beam elements in the direction of the fibres or
use only the isotropic material (Alizadeh et al., 2020; Khodaei et al., 2013). In addition, beam elements
can be used as support to connect the muscles to the cervical spine, maintaining the physiological

pathway of the contraction.

2.2.2 Active Muscle Properties

The contraction of a muscle is controlled by nerve impulses originating in the central nervous
system and transmitted through motor neurons to the actuating cells. In response to this stimulus, the
contraction is developed by the intracellular structure, called sarcomeres, through sliding filaments of
actin and myosin parallel to the longer dimension of the muscle fibres. The actin filaments are thin and
localized in a parallel array at the Z-disk, and the myosin filaments are thick and localized at the A-
band (Figure 2-11). The I-band is the region connecting two sarcomeres with the Z-disk in its middle,
the A-band connects myosin filaments between the I-bands, and the H-zone is the region without
superposition between actin and myosin (Mukund and Subramaniam, 2020). The contraction of the
sarcomere is produced by the conformational change of a chemical structure formed with myosin. After
spending stored energy, the thin and thick filaments overlap by binding and sliding (Mukund and

Subramaniam, 2020).
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Figure 2-11: Sarcomere regions and contraction (Image adapted from:(Richfield, 2014)).

The chemical structure of the sarcomeres has other proteins that are also relevant in

understanding the mechanical characteristics of the muscle cells. Titin is an elastic protein that ensures

an equal force is developed at both sides of the sarcomere extending from the Z-disk along the myosin

filaments (Mukund and Subramaniam, 2020). The titin molecule is suggested to define the length and

conformation of the myosin filaments, which is directly related to the passive and active properties of

the muscles at a cellular level (Mukund and Subramaniam, 2020). The nebulin molecules display a

similar function for the actin filaments (Mukund and Subramaniam, 2020). Myomesin, located at the

M-band, is suggested to function as a strain sensor also related to the myocyte (muscle cell) contraction

activation (Mukund and Subramaniam, 2020). Furthermore, other molecules like troponin and

18



tropomodulin are fundamental for the enzymatic reactions responsible for the movement of the

structure of the sarcomeres (Mukund and Subramaniam, 2020).

Experiments of stretching and shortening a muscle to different lengths were used to determine
the relationship between muscle forces and lengthening (Gasser and Hill, 1924; Gordon et al., 1966;
Winters and Stark, 1985) (Figure 2-12). In the tests, an isometrically clamped fully activated muscle
was released to determine the relationship between muscle force and velocity of contraction (Figure

2-13).
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Figure 2-12: Contraction force in relation to muscle length.
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Figure 2-13: Contraction force in relation to the velocity of the contraction.

The muscle can produce passive restorative force and active force. The first one is developed
without activation by the material against stretching, and the other one is generated with activation, not
directly related to the length, caused by the sliding filaments of the sarcomere. Another characteristic
is that as the velocity of shortening increases, the resistance force decreases, because of the relation
with the number of links between actin and myosin (Lee et al., 2011), which takes some time to connect.
For example, when a muscle shortens with lower velocity, the higher number of connections produce

more force.

2.2.3 Hill-Type Active Muscle Model

The Hill-type active muscle model is a widely used approach to model muscle activation and
the resulting force. The model is based on the micro-structures responsible for the movement of the
myocytes (cells), the sarcomeres. The Hill muscle model has been widely implemented in many
commercial finite element codes, often for two-dimensional elements joining two points in a model,

representing a muscle.
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Three components form the Hill-type muscle representation (Figure 2-14): the series element
(SE), the parallel element (PE), and the contractile element (CE). The SE represents the elastic
behaviour of the sarcomeres and tendons, the PE represents the passive elasticity produced by
connective tissue penetrating the muscle, and the CE represents the active contraction force (Lee et al.,

2011).
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Figure 2-14: Hill-type element (Imaged adapted from: (Hellmuth, 2010)).

The resultant force produced by this model is the sum of the SE, and the serial effect of the PE
or CE and the serial effect of PE (Equation 3). The resultant change in length is equal to the stretch in

PE or the sum of the change in length in SE and CE (Equation 4).
Fr = Fpg + Fsg = Fpg + Fg 3)

li=lpg=Isg+lcg (4)

From the structure of the sarcomeres, it is possible to assume that the force generated by the
contractile element has a maximum value, F,,,,. This value is reached when the neuronal activation,
a(t), is 100%. Further, the force produced by the myocyte depends on the functions of the rate of

contraction, g(4;), and the stretch (or length) of the fibre, £(A;), (Equation (5). The force of the PE is
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based on a function of the stretch of the fibre, h(lf), (Equation (6) and the force of the SE is a function
of the length of the fibre and a non-dimensional quantity proportional to the strain of the contractile
element, k(4;, 8¢¢) (Equation (7). The g(Af), f(4¢), h(%;) and k(4y, 8¢ ) are functions or curves

defined by experimental data.

Fee = Frax- a(t)-f(/lf)-g(if) (5)
Fpe = Frax- h(/lf) (6)
Fsg = Frax-k (Af"SCE) (7

2.2.4 EMG Measurement of Active Muscle Response

The neuronal impulses that activate the muscles cannot be measured directly; however, the
electromyography (EMG) techniques are used to obtain information about the muscle response during
specific movements providing indirect insight in the activation parameters. The EMG method measures
the intensity of electric signals in the muscles through time. Surface electrodes placed on the skin or
fine-wires inserted in the muscles can be used to measure the activation time when volunteers are
subjected to external loads (Wittek et al., 2001). The measured signals are usually normalized to the
maximum voluntary contraction (MVC) (Fice et al., 2018; Morimoto et al., 2013; Siegmund et al.,
2007). The signals obtained from the electrodes need to be modified to account for the thermal noise
from the electronics and electrochemical noise at the interface of the electrodes (De Luca et al., 2010).
In addition, the surface-mounted sensor methodology presents a limitation due to the necessity to
remove artifacts related to low-frequency movements of muscle and other tissues relative to the skin
(De Lucaetal., 2010; Wittek et al., 2001). The fine-wire technique, on the other hand, produces signals
that are not altered by high-pass filters with cut off frequencies, but it is rarely used in biomechanics

due to the inconvenient application (Wittek et al., 2001). A study comparing both types of electrodes
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indicated that the use of high-pass filtering can prevent motion artifacts from the EMG collected under
impact conditions and that the reflex times obtained were similar for the two types of electrodes (Wittek

et al., 2001).

A study investigating EMG effects in superficial neck muscles contracting voluntarily in
different directions showed that the forces, and therefore a(t) (Equation 5), presented a small
correlation to the signal obtained (Amell, 2002). As indicated by the author, the EMG can be used to
indicate which muscle group is more active but cannot be used to precisely measure the activation level
magnitude. Considering the limitations of the methodology, the onset times during impact tests with
volunteers, of the cervical muscle groups, could be more accurately defined through EMG experiments.
A review of several frontal and rear impact tests showed that the ranges of onset times are between 55
ms and 99 ms with an average of 74 ms (Blouin et al., 2003; Foust et al., 1973; Hernandez et al., 2006;

Magnusson et al., 1998; Ono et al., 1997; Siegmund et al., 2002; Snyder et al., 1975).

Other experimental studies in volunteers normalized the EMG data to the maximum voluntary
contraction (MVC) and could be used to compare the activation scaling in HBMs. Two studies used to
validate the muscle activation of the KTH neck model followed these criteria (Hedenstierna et al.,
2009). One was a low severity test conducted with three volunteers with deep muscle EMG that
presented a sternocleidomastoid activation of 40% and a trapezius activation of 10% (Siegmund et al.,
2007). The other one was a low severity sled test conducted with ten volunteers with a superficial EMG
that presented a sternocleidomastoid activation of 39% and a trapezius activation of 79% (Kumar et al.,
2003). It is worth noting that the EMG data is useful to inform onset times and muscle activation
magnitudes, but the measurement of MVC always has some variability associated. The equipment
noise, as well as the possibility of the MVC not representing the true maximum muscle activation
possible, indicates the necessity of observing comparisons with this data with skepticism and the need

for more experiments to obtain more comprehensive knowledge of muscle activation schemes.
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2.2.5 Human Startle Response

The startle reflex is initiated by sudden acoustic, tactile or vestibular stimuli, according to
animal studies, and it generates a whole-body response, activating hundreds of muscle groups in a
stereotyped way (Yeomans et al., 2002) (Figure 2-15). Another characteristic of this response is the
fast habituation after a small number of stimuli; the activation of the muscle groups is reduced, and just
the eye blink reflex is recorded to remain (Siegmund et al., 2001b). Also, the startle reflex is facilitated

and habituation is diminished if the subject is alerted before executing the movement (Siegmund et al.,

2001b).
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Figure 2-15: Startle response stereotyped movement (Image from: (Yeomans et al., 2002)).

An experiment conducted with sequential sled rear impacts with volunteers (Blouin et al.,
2003) showed that during the first unexpected trials, all the subjects presented stereotypical kinematics
and EMG responses. During the subsequent trials, half of the volunteers presented an increase in head

extension, indicating habituation similar to the one predicted in the startle response. Also, different
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responses were observed between aware and unaware subjects in other sled impact studies (Fanta et al.,

2013; Siegmund et al., 2003), which could be related to the pre-alert effect seen in a startle reflex.

A series of studies were conducted with acoustic stimuli being used before sled impacts and
voluntary movements (Mang et al., 2015; Siegmund et al., 2008, 2001b). Changes in muscle activation
were observed due to the applied sound, pointing to muscle activation characteristics similar to the

startle response.

2.3 Experimental Impact Studies involving Human Volunteers

A series of methods can be used to analyze the biomechanical response of the human body:
human volunteers, PMHS, animals, ATD and mathematical models (Schmitt et al., 2014). ATDs and
PMHS are usually used for sled impact studies but lack muscle activation. Therefore, human volunteers
are necessary to observe muscle contributions during impacts (Siegmund et al., 2001a). Many impact
studies using cars or sleds have been conducted with volunteers (Carlsson et al., 2010; Olafsdéttir et
al., 2013; Pramudita et al., 2007; van den Kroonenberg et al., 2010); however, to apply their conditions
to a computational HBM well-defined boundary conditions are necessary. This can be challenging to
obtain precise material properties of the seat or the restraint system from the available literature. For
frontal, lateral and rear impact studies, the NBDL (Wismans et al., 1986) and Sato (Sato et al., 2014)
sled tests with volunteers presented detailed information for the boundary conditions as well as the

resultant head kinematics.

2.3.1 Frontal Human Volunteer Sled Test Data

Frontal impact studies were undertaken by the NBDL with human volunteers using a sled, with
maximum accelerations ranging from 2g to 15g and having head kinematics as the main output. For the

NBDL study, the head and T1 motions were recorded in three-dimensions using accelerometers and
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high-speed photography for 119 frontal impact sled tests with 16 volunteers (Wismans et al., 1986).
The short duration acceleration pulses (Figure 2-16 and Figure 2-17) were applied while the subjects
had their movement restricted by shoulder straps, an inverted V-pelvic strap, a lap belt, upper arm and

wrists restraints (Wismans et al., 1986).
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Figure 2-16: Average of the sled acceleration for the 8g frontal impact
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Figure 2-17: Average of the sled velocity for the 8g frontal impact.

Three transducers, mounted in moulds made specifically for each subject, were applied in three
locations to measure the accelerations during the experiments. The sensors were positioned in
repeatable positions on the skin of the volunteers. One was directly above T1, another was in a
mouthpiece, and the last one on the top of the head. The acceleration pulses were developed by a piston
propulsion system (Ewing and Thomas, 1972). The obtained T1 acceleration data were subsequently
corrected using information from the recorded highspeed film data for slipping of the sensor in some
of the 14g and 15g cases (Thunnissen et al., 1995). The test data was made available by the NHTSA in
an online electronic database (“National Highway Traffic Safety Administration,” 2012). The pointwise
average of the T1 kinematics (Figure 2-18 and Figure 2-19) for each impact severity can be used as the
boundary condition for the isolated head and neck system computational simulations as done previously
in the literature (Fice et al., 2011; Panzer et al., 2011). The absence of headrest and previously
mentioned constraints minimize the variables of the problem, making the average T1 kinematics
obtained from these studies useful as boundary conditions for head-and-neck finite element models.
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Figure 2-18: Average velocity in the X direction of the T1 in the 8g frontal impact experiments.
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Figure 2-19: Average rotation of T1 in the Y direction for the 8g frontal impact experiments.
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2.3.2 Lateral Human Volunteer Sled Test Data

Lateral impact studies were undertaken by the NBDL with human volunteers using an
acceleration sled, with maximum sled accelerations ranging from 4g to 7g, and having head kinematics

as the main output.

For the NBDL study, the head and T1 motions were recorded in three dimensions using
accelerometers, similar to the frontal case, and high-speed photography for 72 lateral impact sled tests
with 16 volunteers (Wismans et al., 1986). As the lateral and frontal tests were based on the same
methodology, the short duration acceleration pulses (Figure 2-20 and Figure 2-21) were also applied
while the subjects had their movement restricted by shoulder straps, an inverted V-pelvic strap, a lap

belt, upper arm and wrists restraints (Wismans et al., 1986).
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Figure 2-20: Average of the sled acceleration for the 7g lateral impact.
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Figure 2-21: Average of the sled velocity for the 7g lateral impact.

The acceleration ranges made available by the NHTSA database were smaller than the frontal
cases, but the absence of headrest and body constraints make the average T1 kinematics (Figure 2-22
and Figure 2-23) obtained from these studies useful as boundary conditions for head-and-neck finite

elements models.
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Figure 2-22: Average velocity in the Y direction of the T1 in the 7g lateral impact experiments.

0.10

0'05 /\/\

et
o
o
i

0 50 100 150 200 250

Roational displacement (rad)

-0.05

Time (ms)

Figure 2-23: Average rotation of T1 in the X direction for the 7g lateral impact experiments.
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2.3.3 Low Severity Human Volunteer Rear Impact Scenarios
Rear impact studies were undertaken by the Ono and Sato with human volunteers using an
acceleration sled, with maximum sled accelerations ranging from 3g to 4g and having head kinematics

as the main output.

For the Sato study, the head and T1 motions were recorded using accelerometers and high-
speed photography for 12 male volunteers (Sato et al., 2014). The sled was set in inclined rails and
released from the top with a hydraulic damper in the lower portion generating the different decelerations

(Ono et al., 1997) (Figure 2-24 and Figure 2-25).
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Figure 2-24: Average of the sled acceleration for the 4g rear impact.
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Figure 2-25: Average of the sled velocity for the 4g rear impact.

Two biaxial accelerometers were mounted on a head rig fastened to the forehead and mouth,
and a third biaxial accelerometer was positioned on the skin surface of the T1 process. Also, markers
were placed at the auditory canal, the skin surface of the T1 process, upper sternum, and iliac crest for
the video recording. The subjects were asked to relax, and no constraint system was placed as the
backseat would hold the movement in the rear-impact, but no headrest was used. Again, the acceleration
ranges made available were smaller than the frontal cases, but the absence of headrest and similar
methodology make the average T1 kinematics (Figure 2-26, Figure 2-27 and Figure 2-28) obtained
from these studies useful as boundary conditions for head-and-neck finite elements models. The
characteristic S-shape curvature of the neck during rear impacts, when the neck extends while the upper

cervical spine flexes, was also observed during this experiment (Ono et al., 1997).
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Figure 2-27: Average acceleration in the Z direction of the T1 in the 4g rear impact experiments.
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Figure 2-28: Average rotation of T1 in the Y direction for the 4g rear impact experiments.

2.4 Computational Human Body Models

For over four decades, computational HBMs of the neck have been developed to evaluate its
tissue-level response (Yang et al., 2018). Generally, neck models consist of the cervical vertebrae,
IVDs, ligaments and musculature (Yang et al., 2018). A group of well-recognized contemporary head-
and-neck models are the models by Yang et al. (1998), Deng et al. (1999), Human Model for Safety
(HUMOS), Meyer et al. (2004), Total Human Model for Safety (THUMS), University of Waterloo
(UW) model, Osth et al. (2016) and the GHBMC (Yang et al., 2018). The first model was based on
anatomical data from Magnetic Resonance Imaging (MRI) scans of a 50th percentile male volunteer
and including T1 to C1 to T1 vertebrae, IVDs, ligaments, and muscles. The model from Deng et al. was
based in detailed 3D anatomical data and presented only the ligamentous cervical spine, with no
musculature. The HUMOS intended to design a more accurate model in a sitting position for injury
evaluation during automotive impacts. Meyer et al. used a specific volunteer close to a mid-size male
to develop a neck model. The THUMS was originally a 50th percentile male in a seated or standing
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position to investigate the response of automotive occupants and has subsequently received many
updates. The UW model presented vertebrae from T1 to C1, the skull and structural tissues. Osth et al.
used Computed Tomography (CT) scan data to build a female ligamentous cervical spine model. The
initial GHBMC model, designed to investigate automotive safety, was a 50th percentile male full body
model with various anatomical regions being developed separately by different research groups across

the globe.

A literature review of 22 musculoskeletal models of the cervical spine (Alizadeh et al., 2020)
showed that 16 were able to simulate dynamic conditions of head and vertebral bodies kinematics. All
models presented straight muscle lines and 10 incorporated frictionless via-points to consider muscle
curvature around the spine like the GHBMC model. Pre-defined activation curves were used in 14
models with direct EMG curves being used in only three. The intervertebral disc stiffness, ligament
forces, and facet contact were developed in independent structures, similar to the GHBMC model, only
in 8 models. Also, the muscles of 18 models were implemented with Hill-type elements, and only three
of the models incorporated passive muscle properties. In the GHBMC model, the active properties of
the muscles were represented by one-dimensional Hill-type muscle elements and the passive properties

were represented by the three-dimensional muscle elements (Figure 2-29).
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Active muscle elements (1D) Passive muscle elements (3D)

Figure 2-29: 1D Hill-type active muscle elements and 3D passive muscle tissue elements in the
GHBMC neck model.

The GHBMC 50th percentile male full-detailed head-and-neck model can be extracted from
the full human body model (Figure 2-30). The neck region included the muscles, vertebrae, ligaments,
intervertebral discs and other soft tissues relevant to impact loading (Figure 2-30). The model was
developed from MRI and CT scans of a living 26 years old adult with the anthropometrics of a mid-
size male (Yang et al., 2018) and validated with experimental data at the cervical spine level (Barker et
al., 2017, 2014; Lasswell et al., 2017; Mattucci et al., 2012). It obtained a good validation performance
to the head and neck (Fice et al., 2011; Panzer et al., 2011). A simplified head (Figure 2-30) without
the brain is available in contrast to the full detailed head to reduce the computational cost when stresses
in the encephalic tissue are not relevant for the analysis. The simplified head includes the same mass
and inertia as the full detailed head (Figure 2-30) and produced the same kinematics of the full-body

model.
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Figure 2-30: A) GHBMC 50" percentile male full human body model B) GHBMC 50" percentile

male full detailed head C) GHBMC 50" percentile male simplified head

The passive properties of the muscles were implemented in 3D elements using a hyperplastic
Ogden material model with viscoelastic effects fitted to experimental data. The passive elements were
connected to Hill-type beam elements modelled with the active properties of the muscles, because of
that, the SE and PE were not used (Correia et al., 2020). Also, to replicate the contraction pathway of

the muscles, the passive elements were connected to the bones through 1D attachments.

Comparatively, the other models in the literature that incorporated musculature like the KTH,
JAMA, THUMS, and simTK models (Brolin et al., 2005; Ejima et al., 2005; Iwamoto et al., 2012;
Vasavada et al., 1998) did not incorporate a combination of skin, adipose tissue, 3D passive muscles
and active 1D muscles like the GHBMC model, except for the THUMS model, which could change the
stiffness of the head and neck system affecting the kinematics. Also, the active musculature models
have been checked only with a relatively small number of lower severity events when validating against

volunteer studies.
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The formulation for the force generated by the 1D active muscle elements uses maximum stress
instead of maximum force (Equation 8). Further, it can be observed that the contraction force is

dependent on the physiological cross-sectional area of the muscle (PCSA).

F = 0y PCSA.a(t). f(Ar). g(%) (8)
The level of activation of these elements is specific for each situation and is related to the neuronal

input of the muscles (Figure: 2-31).
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Figure: 2-31 Neuronal impulse and equivalent activation level curve for a 100 ms neuronal

impulse starting at 74 ms.
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This neuronal input, u(t), was converted in the activation curve, a(t), through two time-
dependent functions (Equations (9 and (10) that allow modelling activation and deactivation in a single

process.

d(a(t)) _ u(t)-e(t)
dt  tpe

9)

d(e() _ eM®-a(®
dt ta

(10)

The idealized neural input is necessarily between 0 and 1. t,, and t, are time constants. When

e(t) is higher than a(t), the muscle is activating; in the opposite case, it is de-activating.

The cortical bone of the vertebrae was modelled using shells with a piecewise plasticity model,
and the trabecular bone was generated using solid elements also with a piecewise plasticity model. The
ligaments were modelled using 1D beam elements with properties obtained in tensile experiments. The
intervertebral discs were designed using anisotropic fabric elements to emulate the tissue fibres and
Hill foam to represent the matrix similar to a composite. The synovial fluid was modelled as an elastic
fluid material. The skin was modelled using shell elements with linear viscoelastic properties, and the
flesh, as well as soft tissues beneath it, were modelled using solid elements with a simplified rubber
material. The trachea and surrounding soft tissues were modelled as shell elements with a simplified

rubber material based on tensile experiments of the throat.

The computational head-and-neck model was validated with PMHS and volunteer experiments
which included spine-level studies and sled tests. Quasi-static and high rate tests of tension, flexion and
extension of the segments from C2 to T1, and the axial rotation from CO to T1 were used to validate
the segment levels while the full neck was checked against full neck tensile experiments (Elemance,

2016). At the global level, the NBDL frontal and lateral impact test with volunteers (Ewing and
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Thomas, 1972), and cadaver sled tests in rear impacts (Deng et al., 2000) were used to validate the

global head-and-neck model (Elemance, 2016).

2.5 Comparative Data Analysis through Correlation Ratings

A commonly employed method to compare two data sets objectively is the correlation rating
analysis implemented in the Correlation and Analysis (CORA) software developed by Partnership for
Dummy Technology and Biomechanics. This methodology was successfully used to quantify
differences between simulated and experimental data in movements of the full neck or segments of the

cervical spine (Barker et al., 2014; Feller et al., 2016).

The correlation rating methodology considers a user-defined weighted sum of a corridor rating
(C) and a cross-correlation rating. The corridor rating is defined as an average of values given to each
point in the simulated response curves. The values are between 0 and 1 based on the standard deviation
of the experimental data. If it is inside one standard deviation, it is rated 1; if it is outside two standard

deviations, it is valued as 0; and if it is between these corridors, it is a result of interpolation.

The cross-correlation rating, on the other hand, was calculated as a weighted average of the
response phase (P), shape (V) and size (G) (Figure 2-32). Commonly used weightsare G_p =0.25,G_v
=0.50 and G_g = 0.25 (Panzer et al., 2011; Vavalle et al., 2013). The responses are given the value of
1 if they perfectly match the experimental curve, 0 if there is no overlap with the experimental curve

and a value between 0 and 1 for the other cases.
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Figure 2-32: Differences of phase (A) size (B) and shape (C) responses (Image adapted from:

(Thunert, 2017)).

The ISO/TR9790 defines a scale that can be used to classify the correlation ratings obtained by

this methodology between excellent and unacceptable (Table 2-2) (Thunert, 2017).

Table 2-2: Classification of the correlation rating.

Overall biofidelity rating | Correlation rating
Excellent 0.86-1.00
Good 0.65-0.86
Fair 0.44-0.65
Marginal 0.26-0.44
Unacceptable 0.00-0.26

2.6 Muscle Activation Optimization

One of the most common approaches to obtain muscle activation properties in HBM are through
optimization methods. In a recent literature review (Alizadeh et al., 2020), muscle force and, indirectly,
activation levels were predicted by inverse dynamics optimization in four different neck models.
However, optimization techniques have also been used to directly obtain the activation of the muscles

in static or dynamic activities in other HBMs (Osth et al., 2015).
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The change in the constraints (possible values of the variables and outputs) of the optimization
may drastically alter the outcome of the process. The definition of these values is challenging, and many
researchers base their methodologies on objective functions like maximum force or total work produced
by the muscle (Mortensen et al., 2018). However, the muscle response, when efficiency is not the main

objective, has not been adequately explored (Mortensen et al., 2018).

For the neck muscles specifically, a study optimized 22 cervical muscles activation properties
and evaluated the response in gravitational and frontal impact loading conditions with results
comparable to the experimental data (Dibb et al., 2013). Another study used a similar methodology
derived from the previous study, a linear response surface optimization, to observe spatial tuning
patterns on the head response in dynamic conditions (lvancic and Pradhan, 2017). Although the
methodology used in these studies improved the head response to the observed cases, no study was
found to cover a broader look at the effects of muscle activation in different impact scenarios and
severities. Therefore, a muscle activation optimization study encompassing many different scenarios
bounded by the available experimental data was still necessary to help direct future research related to

neck injury and automotive safety mechanisms.
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Chapter 3: Methods

3.1 Methodology Overview

The head-and-neck model was extracted from an average stature male HBM M50-0 v4.5, 50th
percentile, GHBMC. The neck model included detailed representations of the neck musculature,
represented by passive 3D and active 1D Hill-type elements. The T1 kinematics over a wide range of
accelerations for frontal, lateral and rear volunteer impacts were applied to the T1 vertebra of the model
and used in simulations with different muscle magnitude and onset times of muscle activation in a
commercial FE software (LS-DYNA, LSTC, R.7.1.2, Livermore, CA). The head center of gravity
kinematics from the simulations was compared to the experimental data through a correlation rating.
After selecting the best intervals for each muscle activation parameter, optimization was carried for
each impact case and the head kinematics were analyzed to verify possible trends and the hypothesis
that one single activation scheme could produce reasonable kinematics for all the different acceleration

directions (Figure 3-1).
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Figure 3-1: Steps of the muscle activation optimization.

For the volunteer experimental data, the frontal and lateral NBDL sled tests with volunteers
previously mentioned were used to define the boundary conditions and the output head kinematics of
the simulations. The frontal and lateral sled experiments were selected among other impact tests due to

the volunteers being restrained firmly to the sled using a pre-tightened harness system. This was not
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necessary for the rear impact due to the seat back restraining the body. For the rear impact
investigations, a study conducted with 12 male volunteers sled tests (Sato et al., 2014) was used to
define the boundary conditions and the output head kinematics of the simulations. For all three impact
cases (frontal, lateral and rear), each subject volunteer was subjected to a controlled acceleration pulse
of a specific magnitude and no headrest was used allowing for well-defined boundary conditions
necessary to HBM.

The head and T1 kinematics extracted from each experimental impact severity and direction
were used to construct pointwise average curves and one standard deviation corridors (Figure 3-2). The

T1 kinematics were used as the boundary conditions in the simulated model and the head kinematics

were used to verify the model response using correlation rating or MSE.
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Figure 3-2: Example of experimental average and standard deviation (corridors) for head

rotation in 8g frontal impact.

As the PCSA and material properties were already defined in the model based on previous

studies (Panzer et al., 2011), the current analysis focused on the remaining muscle activation variable,
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the activation curve. Considering constant neural input duration, two parameters needed to be
determined: activation level and activation onset time. The overall shape of the activation level versus
time curve (Figure: 2-31), during the impacts, was based on a neural input with 200 ms duration. This
represented the time between experimental muscle activation onset time and time when the T1

acceleration was reduced in relation to the peak acceleration (Panzer et al., 2011).

3.2 Assessment of the Muscle Activation

Complex motions of the head and neck vary based on the contributions of each individual
muscle; different movements will result from varied intensity and timing for each muscle. Yet, this
effect is poorly understood in terms of muscle activation magnitudes, specifically in high severity
impacts and in deeper muscles. As such, a simplification of the neck muscles was required for
implementation within the GHBMC neck finite element model. The muscles were grouped in four
guadrants based on their position and functionality: right extensor, left extensors, right flexors, and left
flexors (Figure 3-3). The strongest extensor (trapezius) and flexor (sternocleidomastoid) were selected
as representative of the activation of each group for comparison with the literature, based on the

assumption that they would generate more force and dominate the kinematic response of the head.
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Table 3-1: Flexor and extensor muscle groups

Muscle groups

Right Extensor

Left Extensors

Illllllllllfl!i_lllllll

Right Flexors

v

Left Flexors

Figure 3-3: GHBMC M-50 muscles grouped in quadrants.

Extensors Flexors
Oblique capitis inferior Longus capitis
Oblique capitis superior Longus colli

Rectus captis major
Rectus captis minor
Iliocostalis cervicis
Longissimus capitis
Longissimus cervicis
Multifidus
Semisplenius capitis
Semisplenius cervicis
Splenius capitis
Splenius cervicis
Levator scapulae
Rhomboid minor
Trapezius

Rectus capitis anterior
Rectus capitis lateral
Anterior scalene
Middle scalene
Posterior scalene
Sternocleidomastoid
Omohyoid
Sternohyoid
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3.2.1 Muscle Activation Schemes

A number of muscle activation schemes have been previously identified. The scheme
containing flexors and extensors 100% activated (Shen and Cronin, 2017) exists in the current GHBMC
model, and it was defined as “Maximum Muscle Activation (MMA)”. Two additional activation
schemes were also named: no muscle activation (NMA), containing extensors and flexors at 0%
activated, and the Cocontration Muscle Activation scheme (CMA), corresponding to maintaining the
head in a neutral posture. The NMA scheme could represent the response of PMHS or represent a lower
bound activation scheme, while the CMA scheme was hypothesized to represent the reflex startle
response in the model. The CMA scheme was obtained by an initial linear optimization for the extensor
with a reduction of head movement to a minimum as the target when no impact was imposed in the
model. Following the nomenclature of the other schemes, the activation obtained through optimization

was called the Optimized Muscle Activation (OMA).

3.2.2 Muscle Activation Onset Time

The activation time range used in the muscle optimization was 55 to 99 ms, based on reported
values for the sternocleidomastoid and trapezius in a series of rear impacts and frontal impacts sled
tests conducted with volunteers (Blouin et al., 2003; Foust et al., 1973; Hernandez et al., 2006;
Magnusson et al., 1998; Ono et al., 1997; Siegmund et al., 2002; Snyder et al., 1975). In addition, the
GHBMC M50-0 neck muscles had a default activation onset time activation of 74 ms based on an
average from literature. This default onset time activation was used when the pre-optimization studies

were performed to determine the activation level range for the optimization.

3.2.3 Muscle Activation Magnitude

The neuronal signal was represented as a percentage of the maximum (100%), corresponding

to the maximum activation level possible for a given muscle. The GHBMC M50-0 neck muscles had
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a default activation curve based on a neural input signal of 100% (Figure: 2-31). The activation level

could be scaled by changing this percentage in the muscle groups in the model.

Initially, data from frontal impact sled tests with recorded EMG muscle activity were reviewed.
As the only direct activation data available used MVC and EMG data, which has limitations on
representing activation magnitudes, a pre-optimization study was conducted to define the ranges of

muscle activation levels used in the optimization.

3.3 Pre-optimization of Muscle Activation for Impact Simulations

Prior to the full optimization, some understanding of the sensitivity of the head-and-neck model
to the activation magnitude and onset time parameters needed to be observed to better define the process
constraints. The previous understanding is necessary due to the multitude of kinematics analyzed that,
in combination with the number of variables, results in many possible solutions to the same problem.
The unique solution was achieved by a pre-optimization study that consisted of impact simulations of
the model with variations of the parameters for the different impact scenarios. The resultant head
kinematics from the simulations were compared to experimental data and culminated in the exclusion

of less sensitive parameters as well as enhanced clarity in the model behaviour.

3.3.1 Frontal Impact Activation Parameter Investigation

The frontal impact (Figure 3-4) was applied in the model as X linear velocity (Figure 2-18) and
Y rotational displacement (Figure 2-19) of T1 extracted from the NBDL experiments for the 2g, 3g,

69, 89, 10g, 129, 13g, 14g, and 15g severities.
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Figure 3-4: Frontal impact optimization direction of the kinematic parameters. The displacement

and acceleration in the green directions were the objectives of the optimization.

A pre-optimization study was carried to define the range of muscle activation levels used during
the optimization. Initially, the sensitivity of the kinematic response of the flexors was tested using
frontal impact simulations with 2g, 8g, and 159 severities with this muscle group activation level
varying from 0% to 100%, in intervals of 20%, and with a constant activation of the extensor muscles
of 10%. This was necessary to test the hypothesis that, due to their location and low strength, the flexors

would not affect the impact kinematics in frontal impact scenarios.

The next step was to simulate frontal impact with 2g, 3g, 69, 8g, 10g, 129, 13g, 149, and 15¢
varying the extensor activation levels from 0% to 100%, in intervals of 20%, maintaining the flexor
muscles with the default activation of 100%. The MMA, CMA and NMA were also simulated for all

the frontal impact severities and compared to the other activation schemes.
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3.3.2 Lateral Impact Activation Parameter Investigation
The lateral impact (Figure 3-5) was applied in the model as Y linear velocity (Figure 2-22) and
X rotational displacement (Figure 2-23) of T1 extracted from the NBDL experiments for the 4g, 5g,

69, and 7g severities.

v
>

Figure 3-5: Lateral impact optimization direction of the kinematic parameters. The displacement

and acceleration in the green directions were the objectives of the optimization.

Similar to the frontal case, a pre-optimization study was carried to define the range of muscle
activation levels used during the optimization. Due to the higher complexity of this movement in
comparison to the frontal impact, the flexors were not set to a constant activation value. Right side
struck lateral impacts with 4g, 5g, 6g, and 7g were simulated using the MMA, CMA and NMA.. These
other activation schemes were selected after observing the response of the lateral impact without any
activation and inferring what muscle groups would resist the movement. Also, these activation schemes

were selected to observe the influence of varying only the extensors activation, similar to the frontal
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impact. For this pre-optimization study, the muscles were divided into four groups right extensor, right

flexors, left extensors and left flexors so a more detailed activation scheme could be obtained.

3.3.3 Rear Impact Activation Parameter Investigation

The rear impact (Figure 3-6) was applied in the model as X linear acceleration (Figure 2-26),
Z linear acceleration (Figure 2-27) and Y rotational displacement (Figure 2-28) of T1 extracted from
volunteer sled experiments for the 3g and 4g severities (Sato et al., 2014). It was necessary to use a
different experimental data set as the NBDL data were conducted with PMHS which do not present

muscle response and could not be used for analyzing the kinematic response to muscle activation.

yrot

Figure 3-6: Rear impact optimization direction of the kinematic parameters. The displacement

and acceleration in the green directions were the objectives of the optimization.

Similar to the frontal case, a pre-optimization study was carried to define the range of muscle
activation levels used during the optimization. The 3g and 4g impacts were simulated using the MMA,
CMA and NMA. These other activation schemes were selected after observing the response of the

lateral impact without any activation and inferring what muscle groups would resist the movement.
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Also, the contraction activation schemes with 55 ms onset time for the flexors were simulated to observe

the influence of changes in activation times.

3.4 Optimization of Muscle Activation for Impact Simulations

The neck model was optimized for three different loading scenarios (frontal, lateral and rear),
by varying the muscle activation onset time and activation magnitude. The optimization was undertaken
using commercial software (LS-OPT, R.5.2.1, LSTC, Livermore, CA) with a linear polynomial
optimization method, D-optimal point selection and domain reduction (Figure 3-7). The optimization
methodology was derived from other neck muscle optimizations presented in the literature (lvancic and
Pradhan 2017; Dibb et al. 2013). The models were solved using the commercial FE software and the
resulting curves of head kinematics were analyzed during this process. The muscle activation time
range for the optimization, 55 to 99 ms, was based on reported values for the trapezius and

sternocleidomastoid.
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3.4.1 Optimization of Active Musculature for Frontal Impact Schemes
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Figure 3-7: Frontal impact optimization process based on the LS-OPT user interface.

For the frontal impact, the optimization consisted of obtaining the combination of extensors
activation level and onset time for each severity that produced the lowest average root mean square
error (MSE) between the simulated kinematic response curves and the NBDL kinematic data.

The variation for the extensors activation was based on the results from the pre-optimization
study (Table 4-1). The kinematics assessed were the X-linear displacement, Y -rotational displacement,
X-linear acceleration, and Y-rotational acceleration for each of the simulations inside each optimization
iteration. The optimization was considered converged when the average of the MSE values varied less

than 1%.

3.4.2 Optimization of Active Musculature for Lateral Impact Schemes

The lateral impact optimization, using a similar procedure of the frontal activation, consisted

of obtaining the combination of unique activation levels and onset times for each one of the four muscle
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groups (right extensors, left extensors, right flexors, and left flexors) for the 4g and 7g severities that
produced the lowest average MSE between the simulated kinematic response curves and the NBDL
kinematic data. For the other impact severities, the parameters were interpolated and simulated.

The variation for the muscle group activations was 0 to 100%. The kinematics assessed were
the X-rotational displacement, Y-rotational displacement, Z-rotational displacement, X-rotational
acceleration, Y-rotational acceleration, and Z-rotational acceleration for each of the simulations inside
each optimization iteration. The optimization was considered converged when the average of the MSE

values varied less than 1%.

3.4.3 Optimization of Active Musculature for Rear Impact Schemes

The rear impact optimization, similarly to the frontal optimization process, consisted of
obtaining the combination of unique activation levels and onset times for each one of two muscle groups
(extensors and flexors) for the 3g severity that produced the lowest average MSE between the simulated
kinematic response curves and the experimental kinematic data.

The response was not sensitive to changes in onset time and both muscle groups were set to
start activating at 74 ms. The variation for the extensors and flexors activation was 0 to 100%. The
kinematics assessed were the X-displacement and Y-rotational displacement for each of the simulations
inside each optimization iteration. The accelerations were not considered as the Y-rotational
acceleration was not present in the experimental data and adding the X-acceleration to the analysis
could bias the optimization in this direction. The optimization was considered converged when the

average of the MSE values varied less than 1%.

3.5 Assessment of Model Response using Correlation Rating

During the pre-optimization and optimization studies, the correlation of the kinematic results

with the experimental data was obtained using a correlation rating software (CORA, Partnership for
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Dummy Technology and Biomechanics, R. 3.6.1, Germany). For the frontal case, the parameters
identified from the pre-optimization study to calculate the correlation rating were the X-linear
displacement, Y-rotational displacement, Z-linear displacement, X-linear acceleration, Y-rotational
acceleration and Z-linear acceleration. For the lateral case, the parameters identified from the pre-
optimization study to calculate the correlation rating were the X-linear displacement, Y-rotational
displacement, Z-linear displacement, X-linear acceleration, Y-rotational acceleration and Z-linear
acceleration. For the rear case, the parameters identified from the pre-optimization study to calculate
the correlation rating were the X-linear displacement, Y-rotational displacement, Z-linear
displacement, X-linear acceleration and Z-linear acceleration. There were more kinematics used in the
correlation analysis for frontal, lateral and rear were than used in the optimization, so the study response
could be accessed more broadly and certified if it was improving the overall response, not only the
main ones.

The final correlation rating was calculated as an average of the individual scores for each
kinematic parameter (Equation (11). These individual scores considered a corridor rating (C) and a
cross-correlation rating with equivalent weights. The corridors were defined as one and two standard
deviations from the experimental data. The cross-correlation rating, on the other hand, was calculated
as a weighted average of the response phase (P), shape (V) and size (S). Their respective weights were

G, =0.25, G, = 0.50 and G, = 0.25.

Correlation rating = % C+ % (6,.V+Gs.S+G,.P) (11)
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Chapter 4: Results

4.1 Frontal Impact Muscle Activation Strategy and Comparison to

Experimental Data

4.1.1 Kinematic Sensitivity to Flexor Muscle Activation

A set of initial simulations were conducted to identify the sensitivity of the model to the flexors
activation with their level varying from 0% to 100%, maintaining the extensors with constant low
activation. The simulations indicated that the model response was not sensitive to the flexor activation
level for impact severities above 3g. This result was reasonable as only the extensors were antagonistic

to the head impact response, and the lower strength of the flexors to the extensors (Figure 4-1).
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Figure 4-1: Different activation levels for the flexors with a constant activation level of 10% for

the extensors in the 8g frontal impact.
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For the lower impact severities, below 3g, flexor activation generated a significant contribution
to the head impact global kinematic response (Figure 4-2). In addition, the extensor and flexor
activation ratio with the best fit to the experimental data was 1:1 (NMA scheme) for lower impact

accelerations, which is different from the one presented by the higher severity cases.
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Figure 4-2: Different activation levels for the flexors with a constant activation level of 10% for

the extensors in the 2g frontal impact.

4.1.2 Pre-optimization Study of Impact Kinematics

The head-and-neck model was assessed for nine frontal impact severities and compared to the
human volunteer data in a series of initial pre-optimization simulations. The pre-optimization study
provided approximate activation values for each impact severity and served to identify the boundary

values used in the optimization study (Table 4-1).

59



Table 4-1: Pre-optimized muscle activation level for varying frontal impact severity.

Extensor Flexor
Impact L o
severity (q) actl\_/atlon actl\_/atlon
scaling scaling
2 0.0 1.0
3 0.0 1.0
6 0.2 1.0
8 0.2 1.0
10 0.4 1.0
12 04 1.0
13 0.4 1.0
14 0.6 1.0
15 0.6 1.0

The CMA was a single activation scheme, a subset of the cases considered, where the head
remained in a neutral position when the muscles were activated with no external loading applied. This
activation scheme presented a good correlation with the experimental data for all the severities
reinforcing the startle activation hypothesis (Figure 4-3). As predicted, the NMA had a better
correlation to lower severity impacts and the MMA had a better correlation with high severity impacts.
The preliminary study also indicated a possible direct relation between impact acceleration and extensor

muscle activation levels.
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Figure 4-3: Correlation rating to the experimental data for different muscle activation schemes

for frontal impacts ranging from 2g to 15g.

4.1.3 Frontal Impact Optimization Analysis

The neck model muscle activation strategy was optimized for activation level and activation
onset time for the frontal impact cases. A primary output of the optimization analysis was response
surfaces showing the relationship between the two variables in relation to the experimental data,
expressed as MSE. The response surfaces allowed for a more in-depth understanding of the relation
between the two variables analyzed: activation level and onset time. It was observed that for 2g and 8g,
the OMA was at the earliest activation onset time and that the shape of the surfaces indicated a better

numerical solution may stand outside the physiological time boundaries (Figure 4-4 and Figure 4-5).
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Figure 4-4: Response surfaces of X-displacement (left plot) and Y-rotational displacement (right

plot) for the 2g frontal impact optimization. The black dot represents the optimum response.
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Figure 4-5: Response surfaces of X-displacement (left plot) and Y -rotational displacement (right

plot) for the 8g frontal impact optimization. The black dot represents the optimum response.

However, for the 15g frontal impact, the optimum activation was at 77.85 ms onset time due
to the influence of the head Y-rotation response (Figure 4-6). The X-displacement response indicated

the same trend as the 2g and 8g acceleration, and a similar kinematic response for the model could still
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be produced by lower onset times because of the small changes they generate in the average MSE for

higher severity impacts.
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Figure 4-6: Response surfaces of X-displacement (left plot) and Y-rotational displacement (right

plot) for the 15g frontal impact optimization. The black dot represents the optimum response.

It was observed that the Y-rotational acceleration response was the most affected by the
changes in the activation level and onset time, and carried the most weight in defining the OMA scheme

followed by the X-acceleration (Figure 4-7).
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Figure 4-7: Response surfaces of the X-acceleration (left plot) and Y-rotational acceleration (right

plot) for the 2g frontal impact optimization. The black dot represents the optimum response.
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The global sensitivities of the model to each input variable were generated during the
optimization process, reported as the percent contribution of each variable to the response. For each
impact severity, the sensitivities followed a similar trend for all kinematics analyzed. It was observable
that, for lower severities, the extensors activation magnitude contribution was the highest, but as the

severity increased the onset time contribution also increased (Figure 4-8, Figure 4-9 and Figure 4-10).
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Figure 4-8: Influence of each optimization parameter in the Y-rotational displacement for the 2g

frontal impact simulation.
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Figure 4-9: Influence of each optimization parameter in the Y-rotational displacement for the

8¢ frontal impact simulation.
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4.1.4 Optimized Frontal Impact Muscle Activation Parameters

The optimization study was undertaken for each of the nine frontal impact severities to identify
the specific extensor activation resulting in the highest correlation with the corresponding experimental

result (Table 4-2).

Table 4-2: Optimized extensor muscle activation level and activation onset time for each frontal

impact case (flexors level at 100% and onset time at 74 ms).

Impact severity (g) Extensors activation scaling Extensors onset time (ms)
2 0.10 55.00
3 0.10 55.00
6 0.24 55.00
8 0.19 55.00
10 0.30 78.38
12 0.33 68.63
13 0.40 64.04
14 0.58 81.10
15 0.51 77.85

The OMA schemes, as identified in the pre-optimization study, indicated that the extensors
muscle activation increased with increasing impact severity. The increase in activation of the extensors

was fit to an exponential function with a coefficient of determination (R?) of 0.93 (Figure 4-11).
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Figure 4-11: Optimized extensor muscle activation level demonstrating increasing trend in

activation with increasing frontal impact severity.

All OMA onset times occurred at the lower limit of 55 ms for impact severities at or below 8g,
indicating an earlier onset time was desired (Figure 4-12). However, the lower boundary was
maintained at 55 ms, which was the lowest published value for measured activation time in humans.
There was no observable trend for the OMA times for the higher severity impact cases, and the onset
times ranged from 64 to 81 ms. This variation was attributed to the lower sensitivity of the high severity

impact cases to onset time.
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Figure 4-12: Optimized extensor muscle activation onset time.

4.1.5 Correlation of Frontal Impact Kinematics with Experimental Data

The correlation of the head center of mass kinematics using the OMA scheme with the

volunteer data was higher than all other muscle activation schemes, for all severities investigated. The

correlation analysis of the head kinematic response to the experimental data indicated an improvement

of 23% of the CMA relative to the MMA scheme (from 0.561 to 0.691) (Figure 4-13). The OMA

schemes provided an overall improvement of 35% in correlation to the activation scheme of the original

model (0.561 to 0.755, respectively fair and good biofidelity according to ISO/TR9790) reaching a

maximum improvement of 103% for the optimized 3g impact case.
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Figure 4-13: Correlation of muscle activation strategies to the experimental data for rear impacts

ranging from 2g to 15g.

The NMA case presented an average correlation rating close to the CMA mainly because of

the 2g and 3g responses (Figure 4-13).

4.2 Lateral Impact Muscle Activation Strategy and Comparison to

Experimental Data

4.2.1 Pre-optimization Study of Impact Kinematics

The head-and-neck model was assessed for four lateral impact severities and compared to the
human volunteer data. The lateral impact pre-optimization study indicated a relationship between
impact acceleration and extensors activation level (Table 4-3), similar to the frontal impact study. It
was also noted that the NMA scheme demonstrated a good correlation for lower severity impacts

(Figure 4-14).
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Table 4-3: Pre-optimization activation levels for varying lateral impact severity.

Impact Right _extensor Rig_ht _ flexors Left _extensor Left _ flexors

severity (g) actl\_/atlon actl\_/atlon actl\_/atlon actl\_/atlon
scaling scaling scaling scaling

2 0.0 0.0 0.0 0.0

3 0.0 0.0 0.0 0.0

6 0.2 1.0 0.2 1.0

8 0.4 1.0 0.4 1.0

The CMA presented a good correlation with the experimental data for the majority of the
severities reinforcing the startle activation hypothesis. An alternative activation scheme, with right
extensors and left flexors not activated while the left extensors were activated in 20% and the right
flexors activated in 100%, presented a slight improvement in the correlation rating compared to the
CMA scheme.

The apparent important contribution of all the four muscle groups, with the added complexity
of the possible different combinations of onset times, made it challenging to reduce the parameter

boundaries of the optimization and, because of that, the same optimization range of the activation level

was used for all muscles, varying from 0 to 100% activation.
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Figure 4-14: Correlation to the experimental data for different muscle activation schemes for

lateral impacts ranging from 4g to 7g.

4.2.2 Lateral Impact Optimization Analysis

The neck model muscle activation strategy was optimized for activation level and activation
onset time for the lateral impact cases. A primary output of the optimization analysis was response
surfaces (Figure 4-15); however, due to the number of variables and kinematics for each lateral impact

were more complex in shape relative to the frontal impact scenario.
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Figure 4-15: Response surfaces of X-rotational displacement (A), X-rotational acceleration (B)
Y-rotational displacement (C), Y-rotational acceleration (D), Z-rotational displacement (E), and
Z-rotational acceleration (F) for left extensors in 3 iterations of the 4g frontal impact

optimization. The black dot represents the optimum response.

To further investigate the effect of activation magnitude and onset time on the resulting head
kinematics, the global model sensitivities were generated during the optimization process. The
sensitivity was quantified as the percent contribution of each variable to the response. This allows for

a more in-depth understanding of the relation between the eight variables analyzed. It was observed
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that for all responses the left extensors activation contribution was the highest for the Y-rotational

displacement (Figure 4-16) and Y-rotational acceleration (Figure 4-17) in the 4g impact case.
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Figure 4-16: Influence of each optimization parameter on the Y-rotational displacement for the

4q lateral impact simulation
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Figure 4-17: Influence of each optimization parameter on the Y-rotational acceleration for the

4¢ lateral impact simulation

Considering the X-rotational displacement (Figure 4-18) and X-rotational acceleration (Figure

4-19), the sensitivity was much more complex, with many of the parameters having a strong influence

on the resulting kinematics.
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Figure 4-18: Influence of each optimization parameter on the X-rotational displacement for the

4¢ lateral impact simulation
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Figure 4-19: Influence of each optimization parameter on the X-rotational acceleration for the

4q lateral impact simulation



4.2.3 Optimized Lateral Impact Parameters

The optimization study was undertaken for each of the four lateral impact severities to identify
the specific muscle activation resulting in the highest correlation with the corresponding experimental

result (Table 4-4).

Table 4-4: Optimized muscle activation level and onset time for each lateral impact severity

Impact severity (g) 4 5 6 7
Right extensors activation scaling 0.10 0.08 0.05 0.02
Right flexors activation scaling 0.98 0.99 0.99 1.00
Left extensors activation scaling 0.11 0.12 0.13 0.14
Left flexors activation scaling 0.05 0.20 0.34 0.48
Right extensors activation onset time 64.38 61.45 58.52 55.59
Right flexors activation onset time 55.76 55.51 55.25 55.00
Left extensors activation onset time 63.19 60.65 58.11 55.57
Left flexors activation onset time 94.40 95.82 97.23 98.65

The resulting optimized OMA schemes demonstrated low extensor activation for the range of
impact accelerations considered in this study. In contrast, the right flexors were highly activated in all
cases, while the left flexors activation increased with increasing in impact severity (Figure 4-20). The
optimized activation times were within the physiologic range reported in the literature. The activation
onset times of the right and left extensors decreased with impact severity (Figure 4-21); however, the
optimized flexor activation onset times were relatively constant across the range of impact severities.
The left flexor activation time was approximately 95 ms, while the right flexor activation time was

approximately 55 ms.
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Figure 4-20: Optimized muscle groups activation level trends in lateral impact severity
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Figure 4-21: Optimized muscle groups activation onset time trends in lateral impact severity
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4.2.4 Correlation of Lateral Impact Kinematics with Experimental Data

The correlation of the head center of mass kinematics with the lateral impact experimental data
for the OMA scheme was higher than all other schemes for all severities simulated, as expected. The
individually optimized OMA schemes provided an overall improvement of 25% in correlation relative
to the MMA activation scheme (0.645 to 0.808, on average) corresponding to fair and good biofidelity
according to 1ISO/TR9790. The maximum improvement in correlation was 46% for the optimized 4g
lateral impact case.

The correlation analysis of the head kinematic response to the experimental data indicated an
average improvement of 17% for the Cocotraction Muscle Activation relative to the MMA scheme

(0.645 to 0.753, on average) (Figure 4-22).
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Figure 4-22: Correlation of muscle activation strategies to the experimental data for lateral

impacts ranging from 4g to 7g.

The NMA (muscles not activated) case had an average correlation rating that was within 3%

of the average correlation for the CMA. This small change was primarily associated with the higher
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correlation of the lower severity cases and was similar to the trend observed in the frontal impact

scenarios.

4.3 Rear Impact Muscle Activation Strategy and Comparison to

Experimental Data

4.3.1 Kinematic Sensitivity to Flexor Activation Onset Time

A series of initial simulations were undertaken to develop an understanding of the sensitivity
of the model to the flexor activation onset time varying from 55 ms to 74 ms. In this set of initial
simulations, the extensor muscles had a constant low activation level (20%). The results identified that
the model response presented a small sensitivity to the flexor onset time. This result was in agreement
with what was observed in the lateral and frontal impact cases, where the change in onset times inside
the range presented in the literature (55 to 99 ms) generated relatively small changes in the global

kinematics (Figure 4-23).
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Figure 4-23: Y-rotational displacement of the head center of gravity for different flexor activation

onset times, with a constant activation level of 20% for the extensors in the 3g rear impact.

4.3.2 Pre-optimization Study of Impact Kinematics

The head-and-neck model was assessed for the two rear impact severities and compared to the
human volunteer data in a set of pre-optimization simulations. The initial parametric study provided
approximate activation values for each impact severity (Table 4-5), but the limited number of
accelerations tested did not permit an in-depth analysis of the muscle activation through different

severities.

Table 4-5: Pre-optimization activation levels for two rear impact cases

Impact Number of | Extensor Flexor

severity (g) individual activation activation
experiments | scaling scaling

> 12 0.0 0.0

4 10 0.0 0.0
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The NMA strategy demonstrated the highest correlation rating to the experimental data, while

the CMA strategy presented similar values.

4.3.3 Rear Impact Optimization Analysis

The neck model muscle activation strategy was optimized for activation level and activation

onset time for the two rear impact cases. A primary output of the optimization analysis was response

surfaces. In the rear impact scenarios, the X-displacement and Y-rotation were investigated as the

primary kinematics and demonstrated similar MSE responses (Figure 4-24).
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Figure 4-24: Response surfaces of the X-displacement (left plot) and Y-rotational displacement

(right plot) for the 3g rear impact optimization. The black dot represents the optimum response.

The global sensitivities were generated during the optimization process measuring the percent
contribution of each variable to the response was calculated (Figure 4-25). It was noted that the extensor
muscles had a low contribution to the overall response (10%), compared to the flexors (90%). The

sensitivities were similar for all head kinematics.
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Figure 4-25: Influence of each optimization parameter in the Y-rotational displacement for the

3g rear impact simulation.

4.3.4 Optimized Rear Impact Parameters
The final optimization study was undertaken for each of the two rear impact severities to
identify the specific flexor activation resulting in the highest correlation with the corresponding

experimental result (Table 4-6).

Table 4-6: Optimized extensor muscle activation level for the two rear impact cases (activation

onset times at 74 ms).

Impact severity (g) Extensors activation scaling Flexors activation scaling
3 0.00 1.00
4 0.00 1.00

For the constraints applied to the rear impact scenario, the OMA maximized the flexors
activation at 100% and minimized the extensors activation (0%), which generated maximum resistance
of the head to the movement rearwards in the rear impact. The OMA scheme improved the predicted
displacement responses of the head as expected but did not provide the best global response since it
was not optimized for acceleration. This outcome indicates the importance of making rotational

acceleration from experiments available for use in the optimizations.
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4.3.5 Correlation of Rear Impact Kinematics with Experimental Data

The correlation of the head center of mass kinematics with the rear impact experimental data
for the OMA scheme was similar to all the other schemes for all severities simulated. The MMA scheme
for the 3g impact demonstrated a lower correlation due to the activation of the extensors.

The correlation analysis of the head kinematic response to the experimental data indicated an
improvement of 7% of the CMA relative to the MMA scheme (from 0.699 to 0.743, on average) (Figure
4-26). The OMA schemes provided an overall improvement of 4% in correlation to the MMA scheme
(0.699 to 0.721, on average), resulting in a rating of fair biofidelity according to 1ISO/TR9790). The
maximum individual improvement was 18% for the NMA compared to the MMA in the 3g impact

case.

1.00
0.90
2080
-lé 0.70
= 060 -
2 050 -
e
T 040
=030 -
So02 -
0.10
0.00

3 4 Average
Acceleration (g)

mMMA EINMA B CMA H OMA

Figure 4-26: Correlation of muscle activation strategies to the experimental data for rear impacts

ranging from 3g to 4g.

The NMA (muscles not activated) strategy presented the best correlation to the experimental

data similar to the lower severities in frontal and lateral impacts. Due to the limited amount of impact
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severities available from the literature for the rear impact scenario it was not possible to identify if this

trend would be applicable at higher severity impacts.
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Chapter 5: Discussion

5.1 Muscle Activation in Frontal Impact Scenarios

Rising interest to develop active safety systems in the automotive industry has increased the
need for improved understanding of the physiological response of the human body under a range of
impact scenarios, from low severity sudden stops in autonomous braking to high severity frontal
impacts. The current study investigated muscle activation levels for a FE head-and-neck model in a
contemporary HBM using human volunteer test data over a range of frontal impact severities.
Moreover, this was the first study to optimize muscle activation levels and onset times for a broad range
of frontal impact severities.

The optimization method for the muscle activation presented in this study for frontal impact
improved the correlation of the kinematic response of the model with the experimental data for all
severities. The OMA strategy increased the correlation (0.755), across all impact severities examined
on average, by 35% relative to the MMA strategy (0.561), increasing the correlation from fair to good
biofidelity according to ISO/TR9790. The maximum improvement in correlation was 103% for the
optimized 3g impact case. The early onset times of the optimized responses relative to the MMA may
be attributed to muscle tonus prior to impact in the human volunteer experiments that were not present
in the current GHBMC neck model.

The extensors were activated earlier than the flexors for the OMA, which is in agreement with
the literature (Foust et al., 1973). However, it could be argued that the time between onset and the peak
activation was simplified, with the same time used for all muscle groups. Measurements from rear sled
impacts with human volunteers (Magnusson et al., 1998) indicated that the muscle activation curves
may differ for different muscles, and this may affect the optimum activation times. However, the low

sensitivity of the head kinematics to flexor activation during the impacts suggests that this
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simplification was reasonable for the present study. The lower sensitivity of the head kinematics for
medium and high severity frontal impacts is explained by the lower force produced by the flexors in
relation to the extensors, and the fact they are inserted in regions of the neck with a low or negative
contribution to resisting to forward motion of the head. The force produced by the muscles is
proportional to their volume, where the flexors represent 22% and the extensors 78% of the total muscle
volume in the neck, which results in the much higher sensitivity of the head kinematics to the extensors.

Considering experimental data from low severity (1g) impact experiments (Hedenstierna et al.,
2009), the maximum voluntary contraction of the trapezius in low severity experiments was 10%. This
activation level was similar to the OMA for the extensors in the 2g and 3g impacts. The fixed activation
of the flexors of 100% in the present model (MMA and CMA) was much higher than the 40%
normalized electromyography level presented in the literature (Hedenstierna et al., 2009), but the flexor
muscles did not strongly affect the head kinematics for the higher severity impacts (>3g). For these
lower severities impacts, the NMA scheme presented a similar correlation to the optimized case, which
may indicate that other soft tissues (adipose tissue and skin) present in the model are too stiff and
produce increased resistance to the forward movement of the head, effectively decreasing the required
activation levels. Future research will continue to investigate the effect of skin and adipose tissue on
low severity impact response.

Another low severity frontal impact (1.4g) study with volunteers presented a peak normalized
EMG of 78%, and an average of 20% for the extensors and a peak normalized EMG of 28% and an
average of 5% for the flexors (Kumar et al., 2003). The study results differed from the present work as
well as other published human volunteer tests (Hedenstierna et al., 2009). The differences in the Kumar
study could be attributed to non-unique muscle activation schemes for frontal impacts as well as the

surface electrode methodology used, which may differ from indwelling electrodes.
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The extensor activation level (10%) for 2g and 3g impacts of the simulated OMA was similar
to the activation levels reported for the trapezius (0 to 8.5% activation) in the optimization of the
muscles for a co-activation isometric contraction of the head (Mortensen et al., 2018). Also, in the same
study, the activation ratio between flexors and extensors were similar to the OMA for lower impact
severities. However, the model used in the study by Mortensen was simplified and generated lower
moments in flexion compared to experimental data. A study on diverse activation schemes for
computational models (Dibb et al., 2013) optimized 21 neck muscles to an isometric contraction using
different strategies and was higher than the activation magnitude of the flexors. The muscle activation
schemes may also be non-unique, requiring more detailed experimental data of different muscles in
impact situations. The resulting head kinematics presented similar values to the experimental sled tests.
The discrepancies in activation magnitudes between the studies may be related to the different
optimization methodologies, model complexities, and level of discretization of the muscle groups. The
model was also run with the NMA scheme resulting in an overall correlation of 0.651. Although this
correlation was higher than the MMA, some muscle activation is always present in a living person;
therefore, this was not considered an improved overall activation strategy for the model.

Considering the hard tissues in the neck model, the C6 and C7 maximum strain levels predicted
for the NMA and CMA cases exceeded the critical strain threshold for trabecular (9.5%) and cortical
bone (1.78%) of the vertebrae, which results in erosion of affected elements, indicating the potential
for tissue failure for the higher severity cases (>12g) (Figure 5-1). Partial failure was also predicted in
the interspinous ligaments from C4 to C7 in the higher severity cases but could be associated with the

T1 boundary conditions. Considering the NBDL human volunteer tests, injuries were not reported.
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Figure 5-1: Predicted trabecular bone failure (purple) in C6 for the 15g frontal impact.

The OMA schemes were, on average, just 6% better correlated to the kinematic data than the
CMA (Figure 5-2), which may indicate that two mechanisms are acting in the neck during the crash:
(1) an almost constant response (CMA) with higher contribution to the kinematics and (2) an activation
related to the magnitude of the head acceleration with a lower contribution to the kinematics. These
inferences are in agreement with the literature (Happee et al., 2017), which shows that there are two
main mechanisms related to neck stabilization, the vestibulocollic and cervicocollic reflex. However,
the contribution of these two mechanisms is almost the same in that study, which could be attributed to

the slower accelerations compared to the ones from the impacts that were used. The optimized scheme
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could help guide future research on activation strategies for frontal impact scenarios while providing

an improved kinematic response for the current model.

Figure 5-2: Maximum flexion of the model during the 8g front impact (blue line) for MMA (A),
CMA (B) and OMA (C). The average maximum head rotation of the 8g sled test is presented as

black lines.

Another contribution of this study is the deeper comprehension of the parameters affecting the
impact response and how they should be handled during the development of closed-loop or open-loop
motor control for muscle activation. For example, the results indicate that the flexors have little effect
on the neck kinematic response in high severity frontal impacts, which was expected as this muscle
group cannot generate forces counteracting the forward motion of the head.

The improved overall correlation rating with the experimental data of the CMA scheme agrees
with the initial hypothesis that a single activation scheme, during frontal impacts, could be used to

obtain a head kinematic response with a good correlation to the experimental data.
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5.2 Muscle Activation in Lateral Impact Scenarios

The optimization method presented in this study for the OMA muscle activation in lateral
impact improved the correlation of the kinematic response of the model (0.809) with the experimental
data by 27% on average for all impact severities, relative to the original MMA strategy (0.644). This
improvement resulted in the model response improving from fair to good biofidelity according to
ISO/TR9790 ratings. The maximum improvement was 46% for the optimized 4qg lateral impact case.
As the impact severity increased, the optimized OMA onset times decreased for the extensors and right
flexors and increased for the left flexors. The early onset time of the extensors was observed in
volunteer rear impact tests (Foust et al., 1973) and, for low severity lateral left impacts, the muscles in
the same (left) side of the impact had their activation onset times reduced, while the contralateral
muscles had their activation increased with increasing impact severity (Kumar et al., 2004b). However,
another right-side impact test by the same authors presented a decrease of all muscle onset times with
increasing impact severity (Kumar et al., 2004a). From this data, the optimized right extensors and
flexors agreed with the literature for the right-side impact case investigated, but further analysis is still
required to verify if the left extensors and flexors are in agreement with the experimental results.

When no muscle was activated, the head moved in the antero-right direction was as observed
in the experiments. For the OMA activation scenario, the resulting head kinematics were the most
sensitive to the left extensors parameters for the OMA as this is the antagonist muscle group to the
movement (Figure 5-3). The head kinematics had a low sensitivity to the flexor muscle activation,
similar to what was observed in the frontal impact, attributed to the lower force generated by these
muscle groups. The sensitivity of the kinematics for the right extensors, even with their higher volume
and stronger force, was low, indicating that the parameters of the muscle groups that are not relevant
antagonists to the movement in high severity impacts did not significantly affect the head displacement

in the model regardless of their size.
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Figure 5-3: Head position after 250 ms in the 7g lateral right side-impact (head X-rotational
displacement of the model in blue) for the MMA (A) and the OMA (B). The average head X-

rotational displacement of the 7g sled test after 250 ms is presented as black lines.

Considering experimental data from low severity (1g) impact experiments (Hedenstierna et al.,
2009), the measured activation using electromyography was 25% of the maximum voluntary
contraction in the trapezius (Hedenstierna et al., 2009). Similarly, the CMA included a 20% activation
for the extensors. The flexors activation for the CMA parameters was 100%, which was higher than
the 84% normalized electromyography level presented in the literature (Hedenstierna et al., 2009), but
indicates that the assumption of a Cocontraction mechanism with higher activated flexors is plausible.

As suggested for the frontal impact scenarios, the difference in magnitude between the CMA and OMA
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activate schemes may be, in part, due to the stiffness of the passive muscle, skin and adipose tissue in
the computational model. These tissues have been reported to be overly stiff at low deformation rates.

Another low severity (1.3g) lateral impact study with volunteers presented a peak normalized
EMG of 59% and an average of 20% for the extensors, and a peak normalized EMG of 61% and an
average of 5% for the flexors (Kumar et al., 2004b). The OMA activation in this study was in agreement
with the average activation of the flexors presented in the experimental study. The OMA left flexors in
the simulations, as well as the average extensors activation, were similar to the study by Kumar et al.
(Kumar et al., 2004b), but differed from Hedenstierna et al. (Hedenstierna et al., 2009) work and the
simulated OMA right flexors. The differences in the Kumar et al. study could be attributed to non-
unique muscle activation schemes for lateral impacts as well as the surface electrode methodology,
which may differ from results reported for indwelling electrodes.

The increased complexity of the lateral impact kinematics and muscle activation, relative to the
frontal impact scenarios, makes it challenging to assert that a simple CMA ratio between flexors and
extensors represents the real response of the muscles during lateral impact. Notwithstanding, the CMA
strategy presented good correlations with the experiments suggesting that this constant ratio may be
intrinsic to the head-neck reflex mechanism.

The model was also run with the NMA scheme resulting in an overall correlation of 0.776. The
NMA correlation was higher than the MMA and similar to the CMA correlation of 0.753, indicating
that the ratio between extensors and flexors may be more relevant to the head global kinematics than
the specific activation magnitude of the muscles.

Considering the hard tissues in the neck model, the odontoid process and C6 maximum strain
levels for the trabecular and cortical bone of the vertebra exceeded the threshold values for the GHBMC
model in the 7g lateral impact when using the NMA and CMA muscle activation strategies. These high

strains indicated the potential for hard tissue failure for the highest severity case (7g). In addition, failure
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was also predicted to occur in the capsular ligaments at C6-C7 for the 79 lateral impact. Hard tissue
failures or ligament damage were not reported in the NBDL volunteer tests. However, the bone failure
for the MMA affected a larger area and also included C3 and C4 when compared to the CMA,, indicating
the improvement in the biofidelity of lower muscle activation in the CMA strategy. In general, the
predicted bone failures were localized within the model and did not suggest the presence of large scale

traumatic fracture of the hard tissues.

Figure 5-4: Predicted odontoid process and C6 trabecular bone failure (purple) in the 7g lateral

impact.

The OMA schemes were, on average, just 7.9% better correlated to the kinematic data than the
CMA, which is similar to what was found for frontal activation and may indicate that two mechanisms

are acting in the neck during the crash: the CMA and an activation related to the magnitude of the head
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acceleration. Again, these inferences are in agreement with the literature (Happee et al., 2017), which
shows that there are two main mechanisms related to neck stabilization, the vestibulocollic and
cervicocollic reflex. The optimized scheme could help guide future research on activation strategies for
lateral impact scenarios while providing an improved kinematic response for the current model.

The improved overall correlation rating of the CMA strategy with the experimental data agrees
with the initial hypothesis that a single activation scheme, during lateral impacts, could be used to

obtain a head kinematic response with a good correlation to the experimental data.

5.3 Muscle Activation in Rear Impact Scenarios

The optimization method presented in this study for the OMA muscle activation in rear impact
improved the correlation of the kinematic response of the model (0.721) with the experimental data on
average by 4% on average, relative to the MMA strategy (0.699). Both strategies were rated as good in
terms of biofidelity according to ISO/TR9790. The maximum improvement was 17% for the optimized
3g impact case relative to the MMA. For the rear impact, the optimization did not generate the best-
correlated kinematics, and this was attributed to the simplifications applied in the optimization strategy.
In particular, the Y-rotational acceleration was not used in the optimization as it was not recorded during
the volunteer experiments and deriving it from the displacement would generate not reliable data due
to the large error propagation. The importance of Y-rotational acceleration suggests the importance of
using the acceleration curves along with the displacements for muscle activation scheme optimization.
In addition, the onset times were not optimized in the rear impact since the head kinematics presented
low sensitivity to that parameter.

The lower sensitivity of the head kinematics for the rear impacts to muscle activity may be
explained by the lower force produced by the flexor muscle group, which did not contribute to the head

kinematics. The force produced by the muscles is proportional to their PCSA, which resulted in the
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much higher sensitivity of the head kinematics to the extensors even though they are not antagonists to
the movement in the rear impact.

Considering experimental data from low severity (1g) impact experiments (Hedenstierna et al.,
2009), the measured activation using electromyography was 6% of the maximum voluntary contraction
in the trapezius muscles. This result supports the low activation identified for the OMA, and the good
correspondence with the NMA strategies. The flexors activation was 100% in the OMA and CMA,
while the literature study reported 40% of the maximum voluntary contraction from the normalized
electromyography data (Hedenstierna et al., 2009).

Another low severity (1.4g) frontal impact study with volunteers presented a peak normalized
EMG of 33% and an average of 10% for the trapezius, and a peak normalized EMG of 113% and an
average of 18% for the flexors (Kumar et al., 2002). The OMA activation in this study and values
presented in other studies (Hedenstierna et al., 2009) differed from those presented by Kumar et al. In
general, there were noticeable differences between activation of the flexors and extensors reported in
the literature as well as compared to the OMA strategy, suggesting further research is needed in this
area. The MMA presented a lower correlation to the experiments, compared to the other strategies, for
the 3g rear impact but presented a similar correlation for the 4g rear impact (Figure 5-5). This result
suggests that, as the impact severity increases from 3 to 4g, the sensitivity of the response to extensors
activation is reduced and may extend to higher accelerations. As only two accelerations were available

for the rear impact, further studies are necessary to support this inference.
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Figure 5-5: Maximum angular displacement of the head for the MMA 3g rear impact (A), OMA

3g rear impact (B), MMA 4g rear impact (C), and OMA 4g rear impact (D).

The model was also run with the NMA scheme resulting in an overall correlation of 0.744 with
the experimental data. Although this correlation was similar to the other schemes, some muscle
activation is always expected in a living person; therefore, it was hypothesized that the NMA does not
represent the muscle activation levels present in the volunteers. This was also supported by
experimental studies where EMG measurements were reported for the muscles in the neck.

Considering the hard tissues in the neck model, in contrast to the frontal and lateral impacts,
the strain levels of the trabecular and cortical bone of the vertebrae did not reach threshold values and
therefore no hard tissue fracture was predicted. In addition, no failure was predicted for the ligaments
during the rear impacts. These results indicating no hard or soft tissue failure were in accordance with

the volunteer tests.
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The OMA schemes, on average and for each impact severity, presented the similar correlation
values to the NMA and CMA schemes. Although this result indicates that the CMA can be used in the
rear impacts to obtain improved global head kinematics similarly to the frontal and lateral cases, it does
not clarify if the same two reflex mechanisms proposed for frontal and lateral are applicable to muscle
activation in rear impacts. One limitation of the rear impact simulations was the small number of impact
severities investigated. The similar correlation between activation schemes could indicate that the
muscles resisting the movement, mainly the flexors, did not produce enough force to alter head
kinematics. Again, this result points to the importance of the difference in muscle volume between
flexor and extensor muscles, and therefore the force generated during impacts.

Another contribution of this study is the evidence that rear impacts may not be ideal for the
development and validation of motor control for muscle activation schemes due to the low sensitivity
of the global head kinematics to the variations of magnitude of muscle activation.

The improved overall correlation rating with the experimental data of the CMA scheme agrees
with the initial hypothesis that a single activation scheme, during rear impacts, could be used to obtain

a head kinematic response with a good correlation to the experimental data.

5.4 Cocontraction or Startle Muscle Activation Scheme

The startle reflex, as experimental data have shown, is evoked by significant and unexpected
tactile, acoustic, or vestibular stimuli (Yeomans et al., 2002). The reflex initiated after an acoustic
stimulus generated evidence that the startle mechanism could be the result of a combination of an initial
generalized neck muscle activation and an alternative later activation mechanism (Siegmund et al.,
2001b). The proposed CMA scheme, representing the startle reflex, and corresponding head kinematics
presented a good correlation to all severities in frontal, lateral and rear impacts, reinforcing the

hypothesis that a generalized muscle activation from the startle reflex is present during unanticipated
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impacts. Also, the OMA scheme kinematics presented only a slightly higher correlation to the
experimental data than the CMA, indicating that the CMA captures a large aspect of the active muscle
response. Also, the increasing extensors activation of the OMA when the impact severity increases

could be attributed to the alternative later activation mechanism observed by Siegmund et al., 2001b.

The startle activation is not the only possible mechanism related to the head-neck reflex in
impacts. The vestibulocollic and cerviculocollic reflex could also explain the two different mechanisms
presented in simulated muscle activation, as described in Section 5.2. As the NBDL data does not
contain information on successive sled impacts with the same subjects and the impacts were not
expected by the volunteers, a further distinction between the startle and the other reflexes is not

possible. Further studies are necessary to correlate the constant CMA to one specific mechanism.

5.5 Study Limitations

Future studies should consider the potential impact due to subject variability as the current
study only optimized muscle activation to the average subject response. Another limitation of this study
was that the muscles were divided into only two groups, and each group had all the bulk elements
activated in the same manner. This was an oversimplification of the problem; muscles in the same group
do not necessarily activate similarly, and muscles may not act exclusively in one group during neck
movements. However, as the improved correlation score shows, the hypothesis that the response of the
muscle groups is dominated by the strongest muscles (sternocleidomastoid and trapezius) is reasonable
for global kinematic studies.

Another possibility of improvement in the muscle activation strategy may include investigation
of the local intervertebral joints Y-rotation. During the rear impact simulations, the characteristic S-
shape curvature of the neck observed in whiplash injury was not reproduced by the model. As expected,
this is an indication that to obtain accurate localized stresses and strains in the neck tissues, an analysis
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that observes individual vertebrae kinematics is necessary, in addition to the head kinematics. However,
due to the scarcity of EMG data for higher impact severities and challenges in defining the magnitude
of the muscle activation using currently available techniques, indirect methods, such as the one
presented in this work, could guide future development of HBM to obtain reasonable global kinematics

and help elucidate the muscle reflex mechanisms acting in impact situations.

S-shape

Neutral Retraction Extension

Figure 5-6: Idealized curvature of the spine during a rear impact (top) and simulated result for

the CMA 4g rear impact (bottom). (Adapted from (Stemper and Corner, 2016))
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The S-shape curvature of the spine was not observed in the GHBMC model during rear impacts
and was attributed to a reduction in shear between the vertebrae. This was possibly related to the
relatively high stiffness of the skin and adipose tissue used in the model compared to that of human
tissues. The effect of material properties of these soft tissues in relation to muscle activation is the
object of future work.

It is important to note that different optimization methodologies could arrive at different muscle
activations. As the optimization presented in this work was simplified to a linear problem, the objectives

converged in all cases, but this may not be the case if other more sensitive methods were applied.

5.6 Significance and Impact of the Study

HBMs provide an opportunity to predict the potential for injury risk and vehicle occupant
response in impact events (Barker et al., 2017). Muscle contraction may be important for predicting
injury risk and pre-crash intervention kinematic response, for example, during autonomous braking
(Olafsdottir et al., 2013; Osth et al., 2015).

This study was the first to optimize muscle activation schemes of the neck to a wide range of
frontal, lateral and rear impacts confirming a hypothesis that a unique scheme was capable of generating
head kinematics with a good correlation with the experimental data to all impacts. This uniqgue CMA
scheme was used to improve the GHBMC M-50 model head kinematic response. Further, the
methodology presented in this thesis could be used as a guideline to improve muscle activation schemes
in other HBM. The open-loop activation schemes and analysis established could be used as a frame of
reference in the future development of closed-loop controls for the cervical muscles in impact scenarios

and could be used to help identify the mechanism acting in crash scenarios.
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Chapter 6: Conclusions

The current study investigated neck muscle activation levels for human volunteer tests over a
range of frontal, lateral and rear impact severities using a detailed FE head-and-neck model from a
contemporary HBM. This was the first study to optimize muscle activation levels and onset times for a

broad range of impact severities and directions.

The findings of this study provide new insight into the role of muscle activation on the frontal,
lateral and rear impact kinematic response of the head and neck. The individual OMA schemes provided
an optimized trajectory-based activation scheme for the GHBMC M50 HBM; however, this scheme is
dependent on the impact severity and impact direction. These results could be used to further elucidate
the influence of muscle activation and onset time of the flexors and extensors in head kinematics for
other impact scenarios. In contrast, the single cocontraction muscle activation strategy presented a good
correlation with all frontal, lateral and rear impact tests confirming the initial hypothesis that a single
unique activation scheme could be used to achieve good correlated global head kinematics with the
experimental data. It is important to note that the rear impacts were less sensitive to the muscle
activation schemes compared to frontal and lateral impacts. This lower sensitivity in rear impact could
be attributed to the weaker flexors, which were antagonistic to the head movement.

A more focused analysis is necessary to define if the constant muscle activation component is
related to the startle reflex or the vestibulocollic and cervicocollic reflexes. The head kinematics during
the impacts were more sensitive to the activation magnitude of the extensors than the one of the flexors,
even in the rear impact, in which that muscle group did not act antagonistically to the movement. This
result indicated that the strength difference between the two muscle groups is potentially quite large;
the extensors could exhibit a much lower activation level than the flexors to stabilize the neck for

example.
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In conclusion, new schemes and understanding of neck musculature activation during impact
developed in this thesis could be used as a foundation to improve muscle activation schemes to better
predict injury risk using contemporary HBM. Future work should continue to improve effective
generalization of the muscle activation schemes through the development of closed-loop controls for

activation of the neck musculature during impact.
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Appendix A: Kinematics of the Frontal Impact Simulations
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Figure 6-1: Head center of gravity kinematics for the 2g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-2: Head center of gravity kinematics for the 3g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-3: Head center of gravity kinematics for the 6g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-4: Head center of gravity kinematics for the 8g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-5: Head center of gravity kinematics for the 10g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-6: Head center of gravity kinematics for the 12g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-7: Head center of gravity kinematics for the 13g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-8: Head center of gravity kinematics for the 14g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-9: Head center of gravity kinematics for the 15¢g frontal impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Appendix B: Kinematics of the Lateral Impact Simulations
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Figure 6-10: Head center of gravity kinematics for the 4g lateral impact in the global coordinate

system.
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Figure 6-11: Head center of gravity kinematics for the 5g lateral impact in the global coordinate

system.
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Figure 6-12: Head center of gravity kinematics for the 6g lateral impact in the global coordinate

system.
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Figure 6-13: Head center of gravity kinematics for the 7g lateral impact in the global coordinate

system.
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Appendix C: Kinematics of the Rear Impact Simulations
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Figure 6-14: Head center of gravity kinematics for the 3g rear impact in the global coordinate

system for all plots except for the linear displacements that are in the local T1 coordinate system.
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Figure 6-15: Head center of gravity kinematics for the 4g rear impact in the global coordinate system
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for all plots except for the linear displacements that are in the local T1 coordinate system.
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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, lllustrations, graphs, Inserts and simllar materlals} which are Identifled in such materlal 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 partles {Including such third partles' 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 rightsin 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.

u

. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT,
CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHQUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS
OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, 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.

6. 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,

7. 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.

3of4 2020-05-13, 1:29 p.m.

131



Firefox https://marketplace.copyright.com/rs-ui-web/mp/license/a65edbef-b698-...

8. 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 notlfying 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-ul-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
Conflrmatlon 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.

w

. 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 partles 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.

v
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Elsevier Science & Technology Journals - License Terms and Conditions

This is a License Agreement between Matheus Augusto Correia ("You") and Elsevier Science & Technology Journals
("Publisher") provided by Copyright Clearance Center ("CCC"). The license consists of your order details, the terms
and conditions provided by Elsevier Science & Technology Journals, 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

Date
Language
Country

Rightsholder

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

Title

11-Mar-2020
1022623-1
0149-7634

Neuroscience and
biobehavioral reviews

Tactile, acoustic and
vestibular systems sum to
elicit the startle reflex

01/01/1978
English, English

United Kingdom of Great
Britain and Northern
Ireland

Elsevier Science &
Technology Journals

Image/photo/illustration
1

Print, Electronic
Academic institution

Life of current edition
Up to 499
Main product

Activation of Neck
Musculature During
Frontal, Lateral and Rear
Impacts using Detailed
Finite Element Modeling
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Type of Use

Publisher
Portion

Publication Type
Start Page

End Page

Issue

Volume

Distribution

Translation

Copies for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Institution name

Expected presentation
date

Republishin a
thesis/dissertation
PERGAMON
Image/photo/illustration

Journal
1

11

1

26

Worldwide

Original language of
publication

No
No
No

CAD

University of Waterloo
2020-04-30
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Instructor name

Duane Cronin

ADDITIONAL DETAILS

Order reference number

N/A

REUSE CONTENT DETAILS

Title, description or
numeric reference of the
portion(s)

Editor of portion(s)

Volume of serial or
monograph

Page or page range of

Figure 3

Yeomans, John S; Li, Liang;
Scott, Brian W, Frankland,
Paul w

26
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The requesting person /
organization to appear on
the license

Title of the
article/chapter the
portion is from

Author of portion(s)

Issue, if republishing an
article from a serial

Publication date of

Matheus Augusto Correia

Tactile, acoustic and
vestibular systems sum to
elicit the startle reflex

Yeomans, John S; Li, Liang;
Scott, Brian W; Frankland,
Paul W

1

2002-01-01

portion portion

PUBLISHER TERMS AND CONDITIONS

Elsevier publishes Open Access articles in both its Open Access journals and via its Open Access articles option in
subscription journals, for which an author selects a user license permitting certain types of reuse without permission.
Before proceeding please check if the article is Open Access on http://www.sciencedirect.com and refer to the user license
for the individual article. Any reuse not included in the user license terms will require permission. You must always fully
and appropriately credit the author and source. If any part of the material to be used (for example, figures) has appeared
in the Elsevier publication for which you are seeking permission, with credit or acknowledgement to another source it is
the responsibility of the user to ensure their reuse complies with the terms and conditions determined by the rights
holder. Please contact permissions@elsevier.com with any queries.

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 Wark, 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.
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
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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 (jii) 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.

4, 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.

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

6. 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.

7. 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.

8. 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
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
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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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