Investigation of Brain Response in Canadian Armed Forces Volunteers Subjected to Recoil
Force from Firing Long-Range Rifles Using Instrumented Mouthguards and Finite Element

Head Model
by

Tanvi Seeburrun

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

Mechanical and Mechatronics Engineering

Waterloo, Ontario, Canada, 2024

© Tanvi Seeburrun 2024



Author’s Declaration

This thesis consists of material all of which | authored or co-authored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required final

revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Statement of Contributions
Some of the material in this thesis has been published in a journal article:

“Assessment of brain response in operators subject to recoil force from firing long-range rifles.”
Seeburrun Tanvi, Bustamante Michael C., Hartlen Devon C., Azar Austin, Ouellet Simon, Cronin

Duane S. Frontiers in Bioengineering and Biotechnology, 2024 (Accepted).
DOI: 10.3389/fbioe.2024.1352387.

TS: Writing—original draft, Writing—review and editing, Formal Analysis, Investigation,

Methodology, Visualization.

MB: Writing—review and editing, Mentoring, Validation.

DH: Methodology, Writing—review and editing, Software.

AA: Writing—review and editing, Data curation.

SO: Writing—review and editing, Conceptualization, Project administration, Resources.

DC: Supervision, Writing—review and editing, Conceptualization, Funding acquisition, Project

administration, Resources.

All human volunteer experiments and measurements in this study were conducted by
researchers at the Valcartier Research Centre, a division of Defense Research and Development
Canada (DRDC), under the ethics approval granted by the DRDC Human Research Ethics
Committee (HREC-2021-009).



Abstract

Mild traumatic brain injury (mTBI) may be caused by occupational hazards military personnel
encounter, such as falls, shocks, exposure to blast overpressure events, and recoil from weapon
firing. The repeated exposure of Canadian Armed Forces (CAF) members to sub-concussive
events during the course of their service may lead to a significant reduction in quality of life.
Symptoms may include headaches, difficulty concentrating, and noise sensitivity, impacting how
personnel complete their duties and causing chronic health issues. CAF members have reported
experiencing symptoms of mTBI, and some studies have associated these symptoms with
repeated firing of long-range rifles. However, there is limited physical data on head response

resulting from rifle recoil and different rifle configurations.

The objectives of this study were to quantify head kinematics for volunteers, assess the head
response using kinematic-based metrics, and assess brain response using a detailed finite
element head model. Measurements of head motion were recorded in a group of military
volunteers using instrumented mouthguards while firing long-range rifles. The head kinematics
were then used as inputs in a finite element head model to calculate the brain strains for each
firing event and assessed using common response metrics and a Cumulative Strain Volume (CSV)

measure to quantify brain deformation resulting from head acceleration.

The measured head kinematics and predicted brain deformation among CAF volunteers were
lower than those associated with acute injury. The study highlighted the corpus callosum as the
primary site of higher strains in the brain, consistent with previous research on head response to
acceleration events. Brain deformation was primarily associated with angular velocity rather than
linear acceleration. Comparative analysis between different rifle calibers revealed higher values
of head kinematics associated with increased rifle caliber, owing to the higher level of energy.
The CSV method identified statistically significant differences between rifle configurations and
reductions in brain deformation with a recoil mitigation system (RMS), offering a potential
solution to reduce long-term symptoms from firing long-range rifles. The results of this study
offer important information about the magnitude of kinematics and strains that volunteers

experience when firing long-range rifles.
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1 Introduction
1.1 Motivation for research

Traumatic brain injury (TBI) encompasses a variety of brain injuries caused by external forces,
leading to disrupted brain function [1]. These forces can lead to varying degrees of damage,
affecting different brain regions. Damage can be either focal, affecting a single region, or diffuse,
affecting multiple regions. TBI can be categorized as penetrating or non-penetrating [2], [3].
Penetrating TBI, also called open TBI, occurs when a foreign object (e.g., projectile or bone
fragment) passes through the skull and damages the brain tissue. Non-penetrating TBI, also
known as closed or blunt TBI, can occur as a result of a direct or an indirect impact to the head,
causing the brain to deform and generating damage in the tissue, which in turn affects brain

function.

Mild traumatic brain injury (mTBI), often termed “concussion,” falls under the category of non-
penetrating TBIs and can occur due to various incidents such as falls, motor vehicle accidents,
sports-related activities (e.g., football, boxing, hockey), violence, and military engagements and
training [2]. Besides imposing a substantial health burden, mTBI also carries a significant societal
and economic burden, and it can hinder an affected individual's ability to resume their previous
or expected roles and responsibilities within their family, social life, and occupation. Over 69
million new TBI cases are reported annually worldwide, and more than 80% are classified as mTBI
[4]. The European Union estimates 2.5 million TBI cases annually, while the United States records
approximately 3.5 million [4]. In Ontario, Canada, the annual concussion rate average is 147 815
[5]. It is worth noting that many mTBI cases go unreported, potentially raising the actual
incidence. One of the challenges associated with mTBI lies in its broad definition, which tends to
hinder the development of preventative strategies and diagnostic tools. The classification of mTBI
has historically relied on qualitative symptoms or the cause of the injury. Typical symptoms
include brief loss of orientation, loss of consciousness lasting between 0 and 30 minutes, post-

injury seizures, lethargy, vomiting, headaches, dizziness, and irritability [1], [6].

Various qualitative and quantitative tools have been used to assess the occurrence and severity

of mTBI. The Glasgow Coma Scale (GCS) is one such example [7]. GCS is a widely used objective



measure that evaluates impaired consciousness by assessing eye-opening, motor response, and
verbal response [8]. Scores range from 3 to 15, with lower scores indicating more severe head
injuries (e.g., 3-5 indicating no responsiveness) and higher scores indicating mild head injuries
(e.g., 13-15 indicating suitable responsiveness across all assessed aspects). Other methods for
indicating injury severity include the Russell Posttraumatic Amnesia (PTA) scale [9], which
measures the time taken for an injured person to return to a conscious or responsive state, as
well as symptom-based questionnaires like the Sports Concussion Assessment Tool (SCAT) [10].
Another example involves quantifying the time to follow commands, with a value of less than or
equal to 20 minutes indicating a mild head injury [11]. mTBI is increasingly gaining recognition as
a significant public health concern due to its potential to lead to adverse cognitive, behavioral,

and psychological consequences [12].

One approach to address challenges in understanding mTBI is investigating the mechanical
causes of TBIs and developing preventive measures. This calls for a detailed examination of the
causative factors to establish preventive protocols and create more effective safety systems.
Advanced finite element human body models (HBMs) are emerging as a promising method to
assess brain tissue response, offering insights into brain deformation and injury risk. For example,
several research studies have used Finite Element (FE) models to examine the response of the
brain to impact [13], [14], [15], [16]. These studies collect kinematic data during head impacts
identified as concussions, often occurring in injury-prone environments (e.g., soccer, football,
and boxing), and reconstruct these scenarios using computational models. The aim is to establish

criteria and thresholds for different types of head injuries.

Recent research has now also linked mTBI symptoms, ranging from headaches, fatigue, sensitivity
to noise, dizziness, and loss of consciousness, to more severe manifestations like the delayed
onset of long-term neurological damage, including chronic traumatic encephalopathy (CTE),
Alzheimer’s disease, and Parkinson’s disease, with repetitive sub-concussive exposures [17], [18],
[19], [20]. Such neurological impairments have been observed in military populations due to
repeated exposures from various sources of low-level blast waves [21], [22], [23] and, more
recently, from the repeated firing of 0.50 caliber rifles (an example of a long-range rifle) [24].

More specifically, members of the Canadian Armed Forces (CAF), referred to as operators
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hereafter, have reported experiencing chronic mTBI symptoms from firing these long-range rifles

[24].

While the majority of research has primarily concentrated on the correlation between the blast
characteristics (overpressure) resulting from firing 0.50 caliber rifles and mTBI, it is crucial to
recognize that when firing a long-range rifle, recoil forces are transferred via the shoulder and
neck to the head, resulting in head accelerations. Furthermore, operators frequently equip their
rifles with suppressors, which have been shown to reduce the transmission of the muzzle blast
toward the operator [25], but in some cases increase the recoil forces. Hence, there is a need to
understand the relationship between repeated exposure to rifle recoil and brain injury, which in
turn will allow for the implementation of preventive measures to mitigate long-term adverse

consequences.

1.2 Approach

This research seeks to quantify the brain response of operators when firing long-range rifles using
an advanced finite element head model (FE HM). To achieve this goal, head kinematics data
(accelerations and angular velocities) of CAF volunteers exposed to rifle recoil during regular
training exercises were collected by project partners using instrumented mouthguards. The first
task involved analyzing the recorded head kinematics to assess the magnitude and shape of the
head kinematic response between the different volunteers and rifle configurations. The
experimental head kinematics were then inputted to the Global Human Body Models Consortium

(GHBMC) 50t percentile male FE HM [26].

The HM was used to recreate the experiments and assess deformation in the brain that may be
associated with repetitive exposure to recoil forces. In addition to traditional kinematic-based
injury prediction metrics, tissue-level deformation was assessed in eight different brain regions,
some of which have been previously associated with concussion [27]. This workflow
(instrumented mouthguards to FE model) provides a unique opportunity to gain insight into this
population's magnitudes of head kinematics. These findings mark an initial stride towards
research aimed at informing training procedures and establishing exposure limits for members

of the CAF. The effect of a recoil mitigation system (RMS) was also evaluated. Such measures are



crucial to ensuring safety and mitigating any potential long-term effects stemming from

occupational exposures to recoil forces.



2 Background

Over the span of several decades, extensive research has been conducted to understand the
incidence and causes of traumatic brain injuries (TBIs), an important step for developing effective
strategies to prevent and mitigate such injuries. This research encompasses various applications,
for example, developing protective headgear, establishing standards and protocols for head
protection, and improving the design of safety systems for motor vehicles. These efforts, as aptly
described by Meaney et al., form a "natural research cycle" that begins with identifying locations
of severe injuries and discerning changes in injury patterns over time [28]. Then, these injury
scenarios are replicated in a laboratory setting to establish the correlation between physical
factors and resulting injuries. As this knowledge evolves into advanced protective technologies,
one research cycle concludes, and another begins, dedicating itself to addressing the most
significant injuries in the population [28]. The previous cycle has already produced advancements
in protective headgear and passive safety systems, particularly concerning moderate and severe
brain injuries. For instance, all new vehicles incorporate restraint systems like seat belts and
airbags aimed at reducing the possibility of head impact with interior parts of the vehicle, such

as the steering assembly or dashboard [29].

Present efforts are now predominantly focused on mild TBI, affecting both civilians and military
personnel [28]. It should be noted that the primary mechanical response of the brain to different
types of loading (e.g., impacts, impulsive forces, and blast events) depends on factors such as the
geometry and material characteristics of the brain and skull [28], [29]. Additionally, each instance
of TBI unfolds under distinct conditions, posing a significant challenge: developing a universally
applicable methodology to consolidate diverse mechanical factors linked to each injury and
predict when such injuries are likely to occur in the general population. So far, the most effective
method for understanding TBIs involves defining external mechanical loads during injurious
situations. Brain models, whether physical, analytical, or computational, are then employed to
estimate how these forces translate into strains and stresses within the brain tissues [28].
Tolerance criteria specific to tissues are then used to identify brain regions likely affected through

injury by externally applied forces.



Studies indicate that the incidence of mTBI is at least 10 times more frequent than moderate and
severe TBIs [30], [31]. Comparisons between the prevalence of long-term impairments in mTBI
patients and other medical conditions are especially alarming. For instance, approximately
225,000 new patients each year suffer from lasting deficits due to mTBI, equivalent to the
combined annual diagnoses of breast cancer, multiple sclerosis, and traumatic spinal cord injuries
[32]. The emergence of mTBI in the military population further emphasizes the urgent need for

effective long-term treatments and preventive measures [28], [30], [31], [32].

Currently, there are no clinical solutions to reverse the initial brain damage caused by mTBIs
completely. However, the biomechanical community can play a crucial role in reducing the
occurrence of mTBIs and preventing further injuries after an initial incident. To achieve such
goals, it is essential to have a deeper understanding of the mechanisms of TBI, particularly mTBI.
Such knowledge provides a scientific foundation for developing advanced protective devices,
improving diagnostic and prognostic tools, and creating innovative therapeutic methods. The
following section provides essential background information to facilitate a comprehensive

understanding of the study presented in this thesis.

2.1 Anatomy

This section will provide a brief overview of the anatomic planes and head anatomy.

2.1.1 Anatomic Planes and Co-ordinate System

The anatomical position refers to a standard configuration in which a person stands upright, with
their head, feet, and palms facing forward (Figure 1), as described by [36]. This baseline posture
is essential as it provides a consistent framework for describing human anatomy, regardless of
the individual's specific posture at any given moment. The three orthogonal planes in this
position include the frontal (or coronal), transverse (or axial), and sagittal (or median) planes

(Figure 1).

The frontal plane is vertically oriented, segmenting the body into anterior and posterior sections.

The sagittal plane, which is also vertically oriented, bisects the body into mirror-image left and



right halves. In contrast, the transverse plane is horizontally aligned, dividing the body into upper

and lower portions.

The following definitions should be noted as well: The "superior" direction is upward, towards
the head, while "inferior" is downward, towards the feet (for example, the eyes are superior to
the nose, and the mouth is inferior to the nose). "Posterior" points to the back, while "anterior"
points to the front of the body. "Medial" refers to parts close to the body's center, and "lateral"
describes parts away from the body's center, either to the left or right. "Proximal" is used for
structures near the center of the body, whereas "distal" is for structures farther away from the
body's center (for example the hands are distal compared to the elbow). The Society of
Automobile Engineers (SAE) J211 coordinate system (Figure 2) is used in this study where the x

and z axes point towards the anterior and inferior directions, respectively.
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Figure 1: Anatomical planes and directions for the human body. Adapted from Anatomical
Planes by CFCF, 2014, Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:Anatomical_Planes.svg). CC BY-SA 3.0.
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Figure 2: The SAE coordinate system used in the GHBMC model.

2.1.2 Head Anatomy

The human head is a complex and intricate structure, encompassing various layers and
components, starting with the scalp, followed by the skull, the meninges, and the central nervous

system. Note that the description of the head anatomy in Section 2.1.2 is from [29], [37], [38].

The scalp measures 5 to 7 mm in thickness. It comprises three primary layers: the hair-bearing
skin (known as the cutaneous layer), a subcutaneous connective-tissue layer, and a layer
consisting of muscle and fascia. Below the scalp is a loose connective-tissue layer, along with a
fibrous membrane that envelops the underlying bone, known as the periosteum. These outer
three layers of the scalp can move as a single unit, in response to a traction force applied to the

scalp.

The adult human skull is a complex structure made up of three layers, including a central layer of
porous trabecular bone sandwiched between two outer layers of dense cortical bone. It consists
of 22 bones, categorized into the viscerocranium, composed of 14 bones, and the neurocranium,
consisting of 8 bones (Figure 3). The viscerocranium forms the facial skeleton, representing the
lower and anterior portion of the skull and comprising structures such as the orbits, nasal cavities,
and oral cavities. On the other hand, the neurocranium, located in the superior and posterior
part of the skull, serves as the protective housing for the brain and its membranous coverings,

known as the meninges. The neurocranium is made up of eight irregularly shaped flat bones,



including the frontal, left and right parietal, left and right temporal, occipital, sphenoid, and
ethmoid bones (Figure 3). Notably, the sphenoid and ethmoid bones play a crucial role in bridging
the connection between the viscerocranium and the anterior skull base. Beneath the
neurocranium, a network of openings accommodates arteries, veins, and nerves, with the
foramen magnum, which serves as a transition area that facilitates the passage between the

spinal cord and the brainstem.

(i) (ii)

Frontal (1)
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Figure 3: The adult skull consisting of (i) the neurocranium and (ii) the viscerocranium. (i) The
neurocranium is adapted from Cranial bones by Edoarado, 2014, Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:Cranial_bones_en_v2.svg). CCO 1.0 Universal Public
Domain Dedication. (ii) The viscerocranium is adapted from Facial skeleton by Own Work, 2015,
Wikimedia Commons (https://commons.wikimedia.org/wiki/File:Facial_skeleton_-_en.svg).
CCO 1.0 Universal Public Domain Dedication.

The cranial meninges form a protective system of three connective tissue layers that envelop the
brain and spinal cord (Figure 4A). The outermost layer, known as the dura mater, is thick and
fibrous, adhering closely to the skull's inner surface. Just beneath it lies the delicate arachnoid
mater, separated from the brain and spinal cord by the subarachnoid space, filled with
cerebrospinal fluid (CSF). CSF is a clear and colorless fluid with critical roles—it acts as a cushion,
shielding the brain and spinal cord from physical shocks, provides buoyancy, allowing the brain
to float within the skull, and aids in the transport of nutrients and removal of waste products. An
average adult cranial cavity contains approximately 140 mL of CSF. The innermost layer, the pia

mater, maintains direct contact with the brain and spinal cord, closely following their contours.
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Figure 4A: The cranial meninges from Meninges by Mysid, n.d., Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:Meninges-en.svg). CC BY-SA 3.0.

Despite making up only 2% of the body's mass, the brain requires a substantial 20% of the body's
total blood supply, highlighting the critical role of the brain's vasculature in sustaining normal
function. The primary arteries, such as the internal carotid and vertebral arteries, enter the
cranial cavity through the foramen magnum and give rise to various cerebral arteries (Figure 4B).
These arteries are intricately connected through vessels like the anterior and posterior
communicating arteries, collectively forming a vital structure known as the Circle of Willis. From
the Circle of Willis, cortical arteries branch out to provide blood to the brain's surface and deeper
regions. Cortical veins also traverse through the subarachnoid space. Bridging veins pass through
the dura mater, draining venous blood into the dural sinuses. These sinuses are venous channels
located between layers of the dura mater, eventually exiting the cranium through the internal
jugular veins. Finally, the scalp receives its blood supply from the internal and external carotid

arteries.
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Figure 4B: The Circle of Wilis from Circle of WillisN by OpenStax, 2016, Wikimedia Commons
(https://commons.wikimedia.org/wiki/File:1314_Circle_of_WillisN.jpg). CC BY 4.0.

The central nervous system (CNS) is primarily composed of a microscopic network of neurons
and supportive tissues. This intricate arrangement includes distinct regions known as gray and
white matter. Gray matter consists of nerve-cell bodies concentrated on the brain's surface and
deep within its structure, while white matter comprises myelinated nerve-cell processes, also
known as axons, forming tracts that connect different parts of the central nervous system. In
terms of both structure and function, the brain can be categorized into five components: the

cerebrum, cerebellum, midbrain, pons, and medulla oblongata (Figure 5).
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Figure 5: The cerebrum, cerebellum, midbrain, pons, and medulla oblongata from Trauma
Biomechanics (p. 88), by K. Schmitt, P.F. Niederer, D.S. Cronin, B. Morrison lll, M.H. Muser, F.
Walz, 2019, Springer Cham. Copyright 2019 by Springer Nature Switzerland AG 2019.
Reprinted with permission.

The cerebrum, the largest part of the brain, is divided into two hemispheres separated by an
interhemispheric fissure in the middle. The surface of these cerebral hemispheres features raised
structures called gyri and folded structures known as sulci (Figure 6). These gyri and sulci
collectively increase the brain's surface area, enabling a higher density of neurons within the
cortex, which is crucial for information processing. The pattern of sulci serves as consistent
landmarks that divide each cerebral hemisphere into four main parts: the frontal, parietal,

temporal, and occipital lobes (Figure 3).

FE,N
~,
sulcus

Figure 6: Gyrus vs sulcus from Gyrus sulcus by Albert Kok, 2007, Wikimedia Commons

(https://commons.wikimedia.org/wiki/File:Gyrus_sulcus.png). CCO 1.0 Universal Public
Domain Dedication.
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The meninges extend into a longitudinal fissure known as the falx cerebri (Figure 7). It is a dura
infold and serves as a partition between the posterior parts of the cerebral hemispheres. It
connects to another dura infolding known as the tentorium cerebelli (Figure 7), which separates
the occipital lobes of the cerebrum from the cerebellum. The falx cerebri as well as the tentorium
cerebelli are firmly attached to the skull and are much stiffer than the brain tissue. Consequently,

these membranes tend to limit movement during extensive motions such as head rotations.

N. abducens N. trigeminus

Figure 7: The Falx Cerebri and Tentorium Cerebelli from Basic Finite Element Method as
Applied to Injury Biomechanics (p. 475), by H. Mao, n.d., Mara E. Conner. Copyright 2018 by
Elsevier Inc. Reprinted with permission.

The two cerebral hemispheres are connected by the corpus callosum, a bundle of white matter,
below the longitudinal cerebral fissure (Figure 8). Much like the cerebrum, the cerebellum is also
divided into two roughly symmetrical hemispheres, separated by the falx cerebelli. Situated in
front of the cerebellum is the brainstem, connecting the cerebrum to the spinal cord (Figure 8).
The brainstem is composed of the pons, medulla oblongata, and midbrain. Positioned above the

brainstem are the thalamus and basal ganglia (Figure 8).

13



Corpus callosum

Cerebral
cortex

Basal

ganglia ; : \i(

Thalamusj ¢ AN
Amygdala %S_/// \Cerebellum

Brainstem

Figure 8: Description from Goodwin - Drawing Coronal and sagittal section of the brain -
English labels by Cindy Seiwert and Goodwin University, n.d., ANATOMYTOOL
(https://anatomytool.org/content/goodwin-drawing-coronal-and-sagittal-section-brain-
english-labels). CC BY-NC-SA.

2.2 Types of Head Injuries

There are many different types of head injuries (Figure 9), and their severity can be assessed
using the Abbreviated Injury Scale (AIS) [29], [39], ranging from 1 (minor) to 6 (fatal). This scale
considers factors such as the extent of brain structure damage, bleeding, and functional
impairment. Lower AlS values correspond to less severe injuries, while higher values indicate

more severe and potentially life-threatening head injuries.

Head Injury
(open/closed)
I
} )
skull injury brain injury
I |
} ) ! }
fracture soft tissue injury focal diffuse
I I
| } | !
facial skull skull haematoma contusion
nasal bone fracture vault fractures laceration epidural h. coup/ concussion
maxilla fracture basilar fractures  contusion subdural h. contre-coup swelling
intracerebral h. diffuse axonal injury

Figure 9: Types of head injuries adapted from Trauma Biomechanics (p. 89), by K. Schmitt, P.F.
Niederer, D.S. Cronin, B. Morrison Ill, M.H. Muser, F. Walz, n.d., Springer Cham. Copyright
2019 by Springer Nature Switzerland AG 2019. Adapted with permission.
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Table 1: AIS scale for head injury recreated from [29], [39]

AlS Score | Injury Severity Description
1 Minor - Skin/scalp: abrasion, superficial
laceration
- Face: nose fracture
2 Moderate - Skin: major avulsion

- Vault fracture: simple, undisplaced
- Mandible fracture: open, displaced
- Maxilla fracture: LeFort I and Il

3 Serious (not life- - Basilar fracture

threatening) - Maxilla fracture: LeFort llI

- Total scalp loss

- Single contusion cerebellum

4 Severe (life-threatening - Vault fracture: complex, open with
but survivable) torn, exposed or loss of brain tissue
- Small epidural or subdural hematoma
5 Critical (survival uncertain) | - Major penetrating injury (>2 cm)

- Brain stem compression

- Large epidural or subdural hematoma
- Diffuse axonal injury (DAI)

6 Fatal - Massive destruction of both cranium
and brain (crush injury)

Head injuries can be broadly classified into open or closed injuries based on whether the dura
mater is affected (open) or not (closed). These injuries can also be subcategorized as either skull
or brain injuries. Soft tissue injuries, falling into the skull injury category, often occur in
automotive accidents and typically result in contusions and lacerations, which are generally
considered minor. Similarly, facial injuries, such as those affecting the eyes or ears, are typically
rated as AIS1 or AIS2, signifying their relatively minor nature. On the other hand, more severe
head injuries can result from fractures, including fractures of the nasal bone and maxillary

fractures. Maxillary fractures are considered more serious and can have AlS grades of up to 3.

Brain injuries can be categorized as focal injuries and diffuse injuries. Focal injuries can take the
form of hematomas (bleeding into and around the brain) or contusions (bruising of brain tissue),
with contusions being the most observed lesions resulting from head impacts. Contusions
generally occur at both the impact site (referred to as coup contusion) and at the site opposite

the impact (known as contre-coup contusion).
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Three different types of hematomas, known as epidural hematoma, subdural hematoma, and
intracerebral hematoma, can be distinguished depending on the site of the bleeding. Epidural
hematoma, characterized by bleeding above the dura mater, typically arises due to trauma to
the skull and the underlying meningeal vessels. Subdural hematoma refers to the hematoma
located beneath the dura mater. Three sources have been identified for subdural hematomas:
lacerations of cortical veins and arteries resulting from penetrating injuries, significant contusion-
related bleeding into the subdural space, and the rupture of bridging veins connecting the brain's
surface to the dural sinuses. Intracerebral hematomas are distinct collections of homogeneous

blood within the brain and can be differentiated from contusions using medical imaging.

Diffuse brain injuries range from mild concussions (mTBI) to diffuse white matter injuries. Diffuse
axonal injury (DAI) refers to scattered lesions over a widespread area in white matter tracks.
Regarding mTBI, as highlighted in the introduction, there is no standardized definition. Various
organizations, including the American Congress of Rehabilitation Medicine (ACRM), the Centers
for Disease Control and Prevention (CDC), and the World Health Organization (WHO), offer their
interpretations of mTBI, each detailing potential symptoms associated with such injuries.
Nevertheless, they all share the following criteria: a minimum Glasgow Coma Scale (GCS) score
of 13, typically less than a 30-minute period of unconsciousness, less than 24 hours of post-
traumatic amnesia, and the absence of abnormal findings on neuroimaging studies [40], [41],

[42].

2.3 Injury Mechanisms

Injury mechanisms can be categorized into two classes: injuries resulting from static and dynamic
loadings. Schmitt et al. defined static loading as a sustained load lasting for more than 200 ms,
during which the head deforms until it reaches maximum deformation, resulting in skull fracture
[29]. It is worth noting that this type of loading is relatively rare. Dynamic loading, a more
common loading scenario, is further divided into two categories: contact and non-contact
loading. When the head directly hits or is hit by an object (contact loading), it can deform,

potentially leading to fractures near the impact site (direct fractures) or along the force's
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direction (burst fractures). This type of loading can also result in local brain injuries like epidural

hematoma or contusion, as well as scalp injuries, rather than fractures [29].

Such focal brain injuries and bruising may also be caused by intracranial compression. This
phenomenon is observed when the applied force generates stress waves that traverse through
either the skull or the brain. These waves can lead to pressure disparities, characterized by
increased pressure at the impact site (coup) and reduced pressure on the opposite side (contre-
coup), resulting in intracranial compression. Furthermore, this pressure gradient can induce
shear strain within the deep structures of the brain. Brain contusions and the tearing of bridging
veins, which can eventually lead to subdural hematoma, can result from the brain moving relative

to the skull [29], [37].

In non-contact situations, the head motions are due to inertial forces. Typically, concussive
injuries are a result of this inertial loading [32]. During this type of loading two types of motion
can happen: translational and rotational motion. Understanding the mechanisms of mTBI is
inherently challenging because direct observation of the brain is difficult. As a result, our
understanding of how the brain responds during injurious events remains limited. An alternative
approach involves measuring the head kinematics during the potentially injurious event and

correlating the measurements to subsequent brain injuries.

One such example is the ground-breaking experiments conducted by Dr. Gurdjian and Professor
Lissner at Wayne State University. They measured the linear accelerations resulting from
dropping human cadavers from different heights to the ground, concurrently investigating head
injuries such as skull fractures and brain contusions. Afterward, their team introduced the Wayne
State tolerance curve (WSTC) (Figure 10). This curve suggests that the risk of head injury depends
on both the duration and magnitude of head linear acceleration. Notably, the curve illustrates
that the head can tolerate higher acceleration magnitudes during short impact durations, but it

withstands lower magnitudes with prolonged impacts [43], [44], [45].
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Figure 10: The Wayne State tolerance curve from Basic Finite Element Method as Applied to
Injury Biomechanics (p. 480), by H. Mao, n.d., Mara E. Conner. Copyright 2018 by Elsevier Inc.
Reprinted with permission.

Researchers have challenged the predominant linear acceleration-based injury mechanisms,
emphasizing the significance of rotational acceleration. In a pioneering study by Holbourn (1943),
he used simple photoelastic materials to highlight regions of a brain surrogate subjected to high
shear strains during rapid rotational motions [46]. This approach shed light on the crucial role of
shear strains resulting from angular acceleration of the skull, particularly in the context of
concussions. Pudenz and Shelden (1946) corroborated Holbourn's observations by visually
examining the surface of animal brains. Their experimental approach involved substituting the
upper portion of a monkey's skull with transparent polymer calvarium to observe the
deformations of the brain in response to linear acceleration. Additionally, a series of animal
experiments demonstrated that head rotation alone, even without linear acceleration, could
result in substantial brain damage, such as axonal injury and subdural hematoma [47], [48]. This
evidence highlighted that both linear and rotational accelerations have the potential to cause

brain damage.

In the 1974 study, Ommaya and Gennarelli introduced the "centripetal theory of concussion”
outlining that the skull rotation transmits to the outer surface of the brain, and the inner regions
lag behind due to inertial effects, inducing shear strain. This, in turn, leads to axonal damage,
resulting in concussion symptoms [48], [49]. In dynamic events where the head rotates about
multiple axes, the shearing forces are expected to be more diffuse. As a result, rotational loading

is known for causing widespread injuries across the brain. The theory also suggests that the
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centripetal progression of axonal disruption is amplified in regions of structural irregularity in the
brain, such as the boundaries between white and grey matter. Other studies have also supported

the theory of axonal damage or disruption [50], [51].

It is worth noting that numerous numerical studies have delved into brain tissue deformation as
a potential indicator of concussion [52], [53], [54], [55]. Changes in intracranial pressure, signaling
catastrophic head injuries, were initially linked to alterations in the linear acceleration of the
head. However, when looking at brain tissue deformation and, consequently, concussion, the key
factor is the rotational motion of the head [56]. This deformation is not solely driven by rotational
motion but depends on distinct brain regions and brain tissue material properties [32], [57].
While inducing unconsciousness, a key indicator of severe concussion, through linear
acceleration alone is challenging, introducing a rotational component significantly heightens the
likelihood of unconsciousness [48]. This can be attributed to the mechanical properties of brain
tissue, particularly its high bulk modulus in relation to its low shear modulus [46], rendering the

brain susceptible to deformation under shear forces.

Studies have revealed that the tolerance to acceleration is closely tied to the anatomical
direction, with coronal rotation causing the most severe injuries [45], [51], [56], [57]. However,
it is important to recognize that similar injuries may arise if higher magnitudes of rotational
acceleration are applied in other planes of motion. For example, in a review of NFL concussions
by Lessley et al., over 50% of concussions during the 2015-2016 NFL season were attributed to
impacts on the side of the helmet, inducing motion in the coronal plane [60]. These studies
highlight the importance of considering both the directional aspects and the magnitude of linear

as well as rotational motion and when assessing mTBI.

2.4 Experimental Data Related to Head Response

Researchers have employed various strategies to understand the response of the brain to
mechanical forces. Initially, experiments involving both human and animal models played a
crucial role in identifying specific types of mechanical loading associated with severe brain
injuries. Over the past decade, computational methods have gained popularity in the study of

head injuries, encompassing traumatic brain injuries including mild traumatic brain injuries.
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However, ensuring the accuracy of these numerical models requires thorough validation.
Researchers commonly employ a combination of experimental and computational tools to
establish a clear link between external mechanical input and brain injury. Given the complex
structure of the brain, it is not surprising that early efforts to understand its mechanical response
and address injuries heavily leaned towards experimental approaches. This section will provide
a summary of key experimental work, particularly those instrumental in validating current finite

element models.

2.4.1 Nahum et al.’s Linear Impact Experiment

The initial experiments conducted by Nauhm et al. are now widely recognized. In these
experiments, a seated cadaver was subjected to an impact from a 5.59 kg cylindrical object
moving at a constant velocity of 9.94 m/s. The impact was directed along the mid-sagittal plane
of the specimen in an anterior-posterior direction, with the skull rotated 45° to the horizontal in
the Frankfort anatomical plane. Intracranial pressure during the impact was measured at five
locations using pressure transducers. This pressure data is widely used to validate numerical
models. While many models use these results for validation, it is essential to note that validating
solely against pressure is insufficient due to the potential extensive range of deformation that
can occur without significantly impacting pressure distribution [59]. Therefore, it is prudent to
consider Nahum's findings as an initial validation step in the model development process,

followed by additional validation against a displacement-based method [28].

2.4.2 Hardy et al.”s NDT Experiment

Hardy et al. conducted pioneering studies, one in 2001 and one in 2007. Both used high-speed
biplane X-ray technology and Neutral Density Targets (NDTs) implanted in the brain to quantify
PMHS brain motion relative to the skull during various impacts. The experiments involved 45
impacts with velocities ranging from 2.5 to 3.9 m/s. The NDTs, tin granules encased in polystyrene
capsules, were tracked using X-ray technology. The arrangement of NDTs differed between the
studies: the 2001 investigation employed a columnar arrangement, while the 2007 study used
clusters. Both studies assessed responses to impacts inducing linear or combined linear and

angular kinematics. The localized motions of the NDTs during impacts in both experiments
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generally exhibited loop or figure-of-eight patterns with peak displacements of approximately 5
mm. Results indicated a correlation between brain motion, strain, and the angular speed of the
head. Intracranial pressure (ICP) in the parenchyma was measured, revealing a direct correlation
between coup pressure and resultant linear acceleration at the center of gravity of the head.
Despite conducting tests under varying impact conditions, angular kinematics were not

controlled. [60], [61]
2.4.3 Alshareef et al.”’s Sonomicrometry Experiment

Hardy et al.’s experiment, although widely recognized, had some limitations. For example, they
somewhat neglected the role of rotational motion, which is crucial in understanding concussion.
To address this limitation, Alshareef et al. conducted experiments focusing on pure rotational
loading of the head using sonomicrometry. This technique, employing ultrasonic pulses to
measure dynamic distances between implanted crystals, allowed for the recording of brain
motion and represented relative displacement along all three anatomical axes. Unlike
sonomicrometry, the biplanar X-ray technique used by Hardy et al. is constrained to two
directions due to the inability to place targets at multiple depths, limiting NDT placement to
planar columns or regional clusters. In their 2018 study, Alshareef et al. conducted initial testing
of crystals in situ with porcine brain tissue [64]. Building on this groundwork, their 2020
investigation replicated the methodology, with 30 sonomicrometry transmitters inserted in the
brain and six receivers attached to the skulls of six cadavers [65]. The innovative approach of
Alshareef et al. (2018,2020) holds promise for the validation of Finite Element Head models
[64],[65].

2.5 Impact Sensing Devices

In the last decade, a novel approach to studying mTBI has emerged, treating injury exposure
sources, such as sports fields, as 'passive' biomechanics laboratories [66]. This method involves
directly collecting field data to estimate human tolerance to mTBI, facilitated by multiple
monitoring technologies. By bypassing approximations in laboratories, this approach provides a
direct measure of human tolerance over time. Researchers, particularly in sports, have adopted

this strategy, focusing on studying head impacts to ethically gather real-world injury data. The
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majority of advances and studies focusing on the understanding of mTBI have been conducted in
the sports and automotive fields. Consequently, a significant portion of the forthcoming
information and examples will be drawn from these fields. The methodologies, injury criteria,
and established findings will be extrapolated to the military context, which is the population

under examination in this thesis.

Note that American football is the most commonly studied sport [67]. The rise in this approach
is attributed to increasing public awareness of the long-term effects of both concussive and
subconcussive injuries. By quantifying the biomechanics of head impacts in athletes, even though
these are considered minor injuries compared to earlier experimental work, valuable data is
obtained to establish the lower limits for head injury tolerance. An integral component in
evaluating the risk of brain injury involves the measurement of in-field kinematics. The primary
objective here is to establish a meaningful relationship between external forces, including factors
such as acceleration, impact force, and duration, experienced in situations that may pose a risk
of injury, and the subsequent mechanical responses exhibited by the brain, which includes

factors like stress and strain.

The earlier techniques employed to investigate the mechanical loading of the head during
potentially injurious events include video analysis and anthropometric testing device (ATD)
reconstructions. An anthropomorphic test device, commonly referred to as a dummy, serves as
a precise testing instrument to assess the potential for human injury [29]. These dummies are
often used as substitutes for Post-mortem Human Surrogate (PMHS) testing, replicating human
responses to impacts, accelerations, deflections, and the forces and moments of inertia
associated with injury-causing scenarios. Each dummy is designed to mimic the shape, weight,
and movement characteristics of the human body. Equipped with an array of sensors and
transducers, the dummy provides crucial measurements of the physical forces exerted on each
body part during events that may lead to injury. “Sierra Sam” was the first ATD developed in 1949
for aviation safety testing. Subsequently, in 1977, General Motors introduced the Hybrid 11l ATD,

a model that remains widely used in impact testing.
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Some exemplar cases are the studies conducted by Newman et al. and Pellman et al. in the
National Football League (NFL) to examine concussions in professional football [68], [69], [70],
[71]. They examined recorded concussive impacts from various camera angles, using the video
data to reconstruct impact angles, speeds, and player kinematics. This information was then used
to replicate impact conditions in the lab with instrumented Hybrid Il dummies. However, the
findings, including linear and rotational risk curves, were specific to NFL players and not broadly

applicable.

Another example is a study by Withnall that used video analysis to examine head impacts in
soccer [72]. They looked at 62 cases from FIFA-sanctioned matches, analyzing video footage
provided by the FIFA Medical Assessment and Research Centre (F-MARC). The aim was to
recognize the diverse body parts involved in striking (such as elbow-to-head) and the
corresponding range of speeds. Findings from the research indicated that the upper extremity,

followed by the head, were the predominant striking body parts.

While NFL reconstructions offered valuable estimates of concussion biomechanics, their time-
consuming nature limits the sample size. Error propagation from translating head kinematics in
game videos to laboratory reconstructions has led researchers to turn to head impact sensors in
athletes [66]. Despite its extensive application, using ATDs to reconstruct head impacts faces

limitations such as lack of bio fidelity, time consuming set ups and high maintenance costs.

The progress in microelectromechanical system (MEMS) inertial sensors have improved the
overall capabilities (including accuracy and sensitivity) of the wearable sensor used in sports,
making them more valuable tools for studying and understanding head impacts in sports [73].
The wearable sensors typically include accelerometers, measuring linear accelerations, and
gyroscopes, measuring rotational kinematics. By instrumenting a large group of participants,
researchers could obtain comprehensive data to study situations with and without injuries and

understand the occurrence of concussions in various scenarios.

A practical approach for incorporating these sensors involved attaching them to existing athletic
headgear, like helmets. As a matter of fact, the head impact telemetry system (HITS) is the most

predominant head impact sensor to date [66]. Developed in the early 2000s, over 1.5 million
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head impacts were recorded among high school and collegiate football players with this device
[74]. Research using HITS has resulted in the creation of concussion risk curves for adult male
athletes [75], [76], [77], leading to changes in regulations in different football leagues, such as
the NFL [78], in an attempt to reduce injurious impacts. Despite its effectiveness, the HITS system
has limitations, including a per-sensor cost exceeding $2000, limiting widespread use and
applicability beyond football. Additionally, significant errors may be introduced in the
measurements from helmet sensors as they may be displaced during impact [79], [80]. It is worth
noting that while much research has centered on football, substantial concussion rates also occur

in other sports like ice hockey, lacrosse, and soccer for both men and women.

Recent technological strides have led to various head impact sensors, including instrumented
helmets [81], [82], [83], headbands [84], [85], [86], skin patches [87], [88], ear plugs [89], [90]
and mouthguards [91], [92], [93], [94]. Using these instrumented equipment allow for the
capture of in vivo head impact kinematics, facilitating the differentiation between injurious and

non-injurious scenarios.

Apart from HITS, the gForce Tracker (GFT) is another device designed for measuring 6DOF head
impact kinematics. This device offers the advantage of easily attaching to the interior of various
football helmet styles compared to HITS, providing real-time outputs for linear acceleration,
rotational velocity, and impact location for each helmet impact. In a study by Campbell et al.
(2016), they assessed the GFT's accuracy by impacting a football helmet attached to a Hybrid Il
ATD head-neck system using a linear impactor [95]. The study revealed a strong correlation
between GFT and Hybrid Il ATD peak linear accelerations and rotational velocity measurements.
The correction algorithm to predict kinematics at the head CoG was proposed to be tailored to

the specific brand of the helmet [93] supported [78].

Another example of a device measuring head kinematics is the X2 X-Patch, a compact
microelectromechanical system equipped with a triaxial accelerometer and gyroscope. Worn just
behind the ear, either on the right or left mastoid process, the X-Patch has been used in
numerous studies to capture kinematic data in various sports, such as male American football

[96], [97], [98], female soccer [99], [100], and youth rugby [101]. It samples linear acceleration at

24



a rate of 1 kHz and angular velocity at 800 Hz. The primary challenge posed by devices like skin
patches and even skull caps lie in their limited coupling with the head, caused by the inherent
relative motion between the device and the skull, attributed to skin dynamics. Consequently,

these devices may not accurately measure head kinematics [88].

In contrast, sensors like the MV1 (MVTrak), in-ear sensors, have been developed specifically to
enhance skull coupling. This is achieved through a tailor-made placement within the external ear
canal. However, an accuracy assessment conducted by Sandmo et al. (2019) revealed significant
random errors in the in-ear sensor when compared to Hybrid Il head form measurements [102].
While the sensor effectively distinguished head impacts from other accelerative events in youth
soccer, the author cautioned against interpreting absolute values without due care and
recommended employing additional verification methods, such as video analysis, to enhance

reliability in real-life settings.

Wou et al. (2016) investigated the accuracy of three different sensors under sagittal soccer head
impacts ranging from 6 to 13 g [88]. The study involved monitoring fiducial grids using dual high-
speed video recording. The participant, a 26-year-old male, wore a custom-fit instrumented
mouthguard, a skin patch (specifically, the xPatch Gen2 from X2Biosystems, Inc.) attached to the
mastoid process, and an elastic Reebok skull cap. To simulate soccer head impacts, the study
used a ball launcher was used to replicate the force of a kicked ball. The sensor-skull coupling
was evaluated by measuring the displacement from an ear-canal reference point. The
mouthguard, skin patch, and skull cap exhibited displacements around <1mm, 4mm, and 14 mm

from the reference point, respectively.

Mouthguard-based sensors, in particular, show promise in providing tighter skull coupling
compared to alternative sensor mounting approaches. The ongoing development of recording
technologies aims to make these sensors smaller, more affordable, and widely accessible.
Instrumented mouthguards offer a practical solution for measuring head impact and
understanding concussion biomechanics, prompting numerous companies and institutions to
advance their development. This has resulted in various validation studies of the different

mouthguards.
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For instance, Liu et al. conducted a study using a pneumatic impactor on an Hlll test dummy head
form replicating American football head impacts [93]. A range of mouthguards were assessed,
including Stanford’s customized and boil-and-bite versions, Prevent Biometrics’ customized and
boil-and-bite models, and Sports & Wellbeing Analytics’ customized mouthguard (Figure 11).
They found that all three mouthguards provided accurate measurements for peak angular
acceleration, peak angular velocity, and brain injury criteria values, with mean average errors
below 13%, 8%, and 13%, respectively. Specifically, the Prevent Biometrics custom-fit
instrumented mouthguard demonstrated mean relative errors of 4.9%, 4.6%, and 2.5% for
angular acceleration, angular velocity, and linear acceleration at the HIIl head center of gravity.
In another study evaluating eight different sensors, Kieffer et al. reported that the Prevent
Biometrics instrumented mouthguard outperformed all others in the study [103]. Note that the
experiments mentioned in the methods section of this thesis used a customized version of the

Prevent Biometrics mouthguard.

(i) (ii) (iii) (iv) (v)

Figure 11: The (i) Stanford’s customized mouthguard, (ii) Stanford’s boil-and-bite mouthguard,
(iii) Prevent Biometrics’ customized mouthguard, (iv) Prevent Biometrics’ boil-and-bite
mouthguard, and (v) Sports & Wellbeing Analytics’ customized mouthguard. Adapted from
“Validation and Comparison of Instrumented Mouthguards for Measuring Head Kinematics and
Assessing Brain Deformation in Football Impacts” by Liu, Y., Domel, A.G., Yousefsani, S.A. et
al.,2020, Ann Biomed Eng., Volume 48, pages 2580-2598 (https://doi.org/10.1007/s10439-
020-02629-3). Copyright 2020 by Biomedical Engineering Society. Adapted with permission.

With the progression of wearable sensors, ongoing research prioritizes collecting actual human
head motion in real-life settings from environments with frequent injury occurrences. An
important next step involved integrating these sensor data with computational modeling tools

to attain a more holistic understanding of brain injury biomechanics.

26


https://doi.org/10.1007/s10439-020-02629-3
https://doi.org/10.1007/s10439-020-02629-3

2.6 Head Injury Metrics

Accurate injury prediction plays a key role in driving advancements in preventive technologies.
When researchers can identify the specific circumstances or conditions that lead to injuries, they
can develop targeted technologies and interventions to prevent or minimize their impact. This,
in turn, fosters progress in protective gear, safety regulations, and innovative technologies

designed to reduce injury risks across various scenarios.

Research has focused on identifying biomechanical metrics, also known as injury criteria, to
create injury risk functions. These metrics aim to estimate the probability of injury in distinct
loading scenarios, illustrating the connection between physical parameters and resulting injuries.
Typically expressed as mathematical expressions or force and/or acceleration thresholds derived
from experiments, they represent the maximum load that the body can undergo without
experiencing severe injury. For example, an injury risk function could be devised using the peak
linear acceleration of the head and establishing a correlation between the acceleration level with
the percentage of concussion risk derived from empirical data. Subsequently, an injury risk
threshold can be set; for instance, exceeding a particular head acceleration level is associated

with a 50% probability of sustaining an mTBI.

The effectiveness of injury metrics becomes evident when we observe a significant reduction in
fatal injuries in both sports and automotive contexts. As an example, Cantu et al. conducted a
study examining the occurrence and causes of brain injury-related deaths in American football
from 1945 to 1999 [104]. During this time frame, 69% of all football-related fatalities occurred as
a result of brain injuries. Most of these brain injury-related deaths involved high school football
players who sustained a specific type of head injury known as a subdural hematoma while either
making a tackle or being tackled during a game [104]. The highest number of brain injury-related
deaths happened between 1965 to 1969, but there was a significant decrease in these numbers
from 1975 to 1994. This reduction can be attributed to two key safety measures. First, in 1976, a
rule change was implemented to prevent initial contact with the head and face during blocking
and tackling. Second, the introduction of the National Operating Committee on Standards for

Athletic Equipment (NOCSAE) helmet standard played a crucial role. This standard was adopted
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by colleges in 1978 and by high schools in 1980. Shortly after NOCSAE's safety standards were

implemented, a substantial 74% decrease in fatal head injuries was observed [104].

The safety standards for motor vehicles, referred to as Federal Motor Vehicle Safety Standards
(FMVSS), have achieved a remarkable 81% reduction in the fatality rate among motor vehicle
occupants [105]. Although these fatalities are not exclusively related to head injuries, they
underscore the effectiveness of safety standards in diminishing severe and fatal injuries. It is
important to note that a significant proportion of motor vehicle occupant fatalities are attributed
to head injuries, which have been mitigated through specific head injury prevention measures
outlined in safety standards [106]. As the initial head injury metrics have effectively reduced
severe head injuries and fatalities when incorporated into safety standards, current safety efforts
are now focused on preventing and minimizing less severe but still significant head injuries such

as mTBI.

Head injury metrics are based either on the observed head kinematics during the injurious
scenario or on intracranial factors, such as stress and strain in brain tissues. Kinematic metrics
are determined from translational, rotational, or a combination of both motions. Tissue-based
metrics are developed using finite element models to quantify brain deformation through the
intracranial factors [66]. The following section lists examples of kinematic and tissue-based

metrics mentioned in literature.

2.6.1 Kinematic-Based Injury Metrics
2.6.1.1 Wayne State Tolerance (WST) Curve

The Wayne State Tolerance (WST) curve is a graph where acceleration is plotted on the y-axis
and time on the x-axis. It was derived from just six data points, each representing instances of
skull fractures resulting from sagittal impacts on cadavers. This curve suggests a threshold for
survivable impacts and indicates that high accelerations are tolerable for short durations,
whereas lower accelerations can be endured for longer periods [43], [44], [45]. Criticisms about
the WST curve, as summarized by Newman, include the limited number of data points, the

definition of acceleration levels, types of instruments, and experimental methods [107].
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Moreover, the WST curve did not differentiate between skull fracture and brain damage, and did

not consider the impact location as well as impact direction.

2.6.1.2 Severity Index (SI)

Gadd transformed the WSTC into a severity index known as the Gadd Severity Index (GSI) [106].

t
GSI' = f a(t)**dt Equation 1
0
where
At = linear acceleration at head CoG given in multiples of g (gravitational acceleration)
t = duration of impact event in ms

The exponent of 2.5 in the equation corresponds to the slope of the WSTC when graphed on a
log-log scale. Subsequently, Versace [109] adapted the Sl to create the Head Injury Criterion
(HIC).

2.6.1.3 Head Injury Criterion (HIC)

NHTSA further adapted HIC to its present version (Equation 2). HIC is the maximum area under

the resultant linear acceleration-time plot within a specified time frame.

HIC = max{(t, — t;) [tz —y —];1 a(t)dt] Equation 2
where
a(t) = the resultant linear acceleration (in g)
t, andt, = timepoints during the acceleration pulse selected such that the value of HIC

(in seconds) is maximized. Note that the term (t, -t;)is 15 ms for HICisand 36 ms for HICze

NHTSA integrated HIC into FMVSS 208 (a motor vehicle standard) as a criterion, specifying that
the time interval (t2-t1) should be 36 ms, commonly known as HICsg, with a tolerance level of 1000

for the average stature male. Then, NHTSA also introduced another version of HIC, referred to as
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HICis5, where the time interval (t2-t1) was shortened to 15 ms, with an adjusted tolerance level of
700 for the 50t™ percentile male. This was because the injurious points on the WST curve had
durations in the range of 13 to 17 ms [64]. Hence, a shorter time limit (15 ms) was suggested.
Note that the HICi5s value of 700 and the HICss value of 1000 represented a 31% and 48%

probability of an AIS2+ injury [29].

Translational metrics, like HIC, have successfully predicted severe brain injuries [110], yet they
display uncertainty and varied thresholds when predicting the risk of milder injuries, such as
concussions [73]. The traditional metrics mentioned above have been criticized for only
considering translational kinematics and not being injury-specific. Both theoretical and
experimental studies have emphasized the importance of rotational head kinematics. Despite
the early recognition of the role of rotational kinematics in concussion, the metrics initially
formulated and incorporated into standards were solely based on linear acceleration. This
limitation stemmed from the small dataset available in the metric development process as well

as the challenges associated with measuring rotational kinematics accurately [66], [111].

2.6.1.4 Rotational Velocity and Angular Velocity Threshold

Considering the importance of rotational kinematics, Ommaya proposed concussion thresholds
for humans. He suggested an angular velocity threshold of 50 rad/s for short durations impulses
(typically less than 20 ms) and a rotational acceleration threshold of 1800 rad/s? for longer
durations impulses (typically lasting more than 20 ms), based on primate experiments. In the late
1980s, Margulies et al. further advanced our understanding by establishing a tolerance curve for
diffuse axonal injury. Note that concussion can be considered as a milder form of axonal injury.
The determined tolerance thresholds for rotational velocity and acceleration ranged from 46.5
to 100 rad/s for short-duration impulses and 7000-16,000 rad/s? for long-duration impulses
[112].

2.6.1.5 GAMBIT

In 1986, Newman introduced the “generalized acceleration model for brain injury threshold”
(GAMBIT), the first metric to integrate translational and rotational kinematics to assess the risk

of brain injury [113]. It draws a parallel to engineering design, where, similar to the relationship
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between normal and shear stresses in maximum in-plane shear, GAMBIT connects linear and

angular acceleration [114].

GAMBIT = [(“(t)>" N (a(t))mr/ s

a, a, Equation 3
where
a; = linear acceleration
a, = rotational acceleration
ac = critical linear acceleration above which severe head injury would occur (set to 250 g
based on analysis of automotive accident database) [66]
a; = critical rotational acceleration above which severe head injury would occur (set to

25 000 rad/s? based on analysis of automotive accident database) [66]

nm,s = empirical constants selected to fit available data

Through an examination of automotive accident data and simulations, it was determined that
recommended critical values are 250 g and 25,000 rad/s? for linear acceleration and rotational
acceleration respectively [66], [115]. Two options were mentioned for the exponent n,m and s:
When all empirical constants are set to 1, translational and rotational components are correlated
linearly. When all empirical constants are set to 2, translational and rotational components are
correlated with an elliptical function. When the empirical constants are set to 2, a threshold of G

= 1 signifies a 50% likelihood of AIS 3+ head injury [66], [70].

2.6.1.6 Head Impact Power (HIP)

Head Impact Power (HIP), another metric integrating both linear and rotational acceleration, was
introduced in year 2000 [71]. The underlying premise of HIP is that a particular level of kinetic
energy transferred to the head signifies a critical threshold for head injury. The derivation of HIP

involved expressing the WSTC in the form of rate of change in kinetic energy.
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HIP = 4.5axfaxdt + 4.5ayfaydt + 4.5azfazdt+ 0.016axf a,dt )
Equation 4

+ 0.024ayfaydt + 0.022azfazdt

where
a = linear acceleration of head about x, y and z axes
a = rotational acceleration of head about x, y and z axes

Note that the coefficients, equivalent to the mass and moment of inertia for each head axis, are

adjustable based on the head's directional sensitivity to impact.

2.6.1.7 Kleiven’s Linear Combination (KLC)

Kleiven's linear combination (KLC) was introduced in 2007, a metric that linearly combines HIC
and the maximum change in rotational velocity [116]. KLC was one of the proposed injury
predictors as it exhibited a high correlation with brain tissue strain observed in finite element

simulations of head impacts in American football players [66], [116].

KLC = 0.004718Aw, + 0.000224HIC Equation 5
where
Awr = maximum change in rotational velocity
HIC = Head Injury Criterion injury metric

2.6.1.8 Principal Component Score (PCS)

In 2008, Greenwald et al. introduced the Principal Component Score (PCS), a metric that
integrates four distinct parameters: linear acceleration, rotational acceleration, HIC, and SI [117].
This metric was empirically derived using an extensive dataset obtained from helmet-mounted
accelerometers worn by American high school and college football athletes. Over three football

seasons, a thorough examination of 289,916 head impacts revealed 17 diagnosed concussions.
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PCS was applied to establish relationships between each parameter and the identified

concussions.

PCS =10 x ([0.4718 x sSI + 0.4742 x sHIC + 0.4336 x sa + 0.2164 x sa | +2) Equation 6

X —mean|[X]
~ Standard deviation [X] Equation 7
where
SI = severity index metric
HIC = head injury criterion metric
a = linear acceleration
a = rotational acceleration

Subsequently, the weighted form of PCS (wPCS) was suggested to account for severity of impacts
based on location of impact. The weighting coefficients for each impact location are 1.00 for side,

0.95 for front, 0.62 for back, and 0.48 for top.

2.6.1.9 Combined Probability of Concussion (CP)

Rowson et al. formulated a concussion risk function by examining helmeted impacts in football
players. This metric, CP, was derived through the application of multivariate logistic regression,

using recorded data to model risk with a combination of linear and rotational accelerations [118].

1
Cp = 1 + e—(-10.2+4.33x1072a+8.73x10~*2—9.20x10~7 a) Equation 8
where
a = peak linear acceleration during impact
a = peak rotational acceleration during impact

This risk function has been used to assess variations in the protective effectiveness of football

helmets, hockey helmets, soccer headgear [119], [120], [121].
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2.6.1.10 Power Rotational Head Injury Criterion (PRHIC)

As awareness of the importance of rotation in understanding concussions increased, studies
began to focus on rotational metrics as well. For instance, in 2011, Kimpara et al. introduced two
rotational-only techniques by modifying HIC. The first, referred to as PRHIC, involves substituting
the linear acceleration term of the HIC injury metric with the rotational component of the HIP

injury metric [122].

PRHIC = max[

t, 2.5
tz _ tl J;l HIPTOtdt] (tz - tl) Equahon 9

2.6.1.11 Rotational Head Injury Criterion (RIC)

The second rotation metric introduced by Kimpara et al. is RIC. Similar to PRHIC, RIC is obtained
by replacing the linear acceleration term in the HIC injury metric with rotational acceleration

[122].

1 t, 2.5
RIC = max [tz s ft a(t)dt] (t2 — t1) Equation 10

1

2.6.1.12 Brain Injury Criterion (BrIC)

The first iteration of BrIC, introduced by Takhounts et al., incorporated both angular velocity and
angular acceleration [123]. This metric was designed with the aim of evaluating the risk of brain
injuries, specifically diffuse axonal injury (DAI), in occupant crash tests that might not be detected

by the conventional Head Injury Criterion (HIC).

wm am
BriC = —+— Equation 11
Wer ey q
where
W, = maximum resultant angular velocity
ay, = maximum resultant angular acceleration
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w. = critical angular velocity

a. = critical angular acceleration

In 2013, Takhounts et al. proposed a revision to the original BrIC formula, modifying it to include
angular velocity solely. Their investigations indicated that relying on angular velocity alone
proved sufficient in predicting FE model strains in both pendulum and occupant crash tests [124].
This updated criterion, denoted by Equation 12, is formulated by assessing the maximum

magnitudes of the three orthogonal components of head angular velocity.

_ j(wx)z (%)2 (wz>2
BriC = + + .
Wxcr Wycr Wycr Equation 12
where
Wy = maximum angular velocity in x axis (rad/s)
wy  =maximum angular velocity in y axis (rad/s)
w,  =maximum angular velocity in z axis (rad/s)
wyc = critical angular velocity in x axis (rad/s) set at 66.30 rad/s
wyc = critical angular velocity in x axis (rad/s) set at 53.80 rad/s
w,c = critical angular velocity in x axis (rad/s) set at 41.50 rad/s

In contrast to earlier rotational criteria, BrIC dissects angular velocity into distinct directional
components, thereby accounting for variations in injury tolerance based on direction. Note that
Gabler et al. demonstrated that BrIC is among the most closely correlated kinematic response
metrics with brain deformation [114]. In their study, they established correlations between 15
distinct kinematic response metrics and two tissue-based metrics MPS and CSDM obtained from
simulating those impacts using FE head models. The objective was to identify the kinematic

response metrics that are most suitable to predict brain response.

2.6.1.13 UBrIC and DAMAGE

Gabler et al. have introduced two kinematic-based metrics, UBrIC and DAMAGE, which aim to

predict brain injury severity [125], [126]. They argue that existing metrics have been mostly
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derived empirically, and that computational modeling offers potential but often demands
significant time and expertise with solvers to provide a quick injury severity assessment. Both
metrics are based on the assumption that maximum brain deformation under rotational head
motion is similar to deformation from a second-order system under excitation [125]. UBrIC
predicts strain-based responses from finite element brain models, using directionally dependent
magnitudes of angular velocity and acceleration [125]. On the other hand, DAMAGE predicts
maximum brain strain based on three-degree-of-freedom, coupled second-order system
equations, using directionally dependent angular acceleration time-histories [126]. In other
words, DAMAGE predicts maximum brain strain from triaxial rotational acceleration time
histories rather than peak rotational head kinematics. However, the efficacy of UBrIC and
DAMAGE hinges on the accuracy of the FE model. Additionally, these metrics predict global MPS,
which has historically been correlated with diffuse brain injury. However, the evolving focus of

computational mTBI studies now leans towards regional brain strain responses.

2.6.1.14 Examples of Kinematic Metrics Thresholds

Table 2: Examples of Kinematic Metric Thresholds

Metric Injury Threshold References
Diagnosed concussion in female ice
43.0g+11.5 128
Average peak linear | hockey athletes 8 g [128]
lerati ; . -
acceleration Diagnosed concussion in American 112.1g + 35.4g (129]
football male athletes
Diagnosed concussion in American
+
GSI football male athletes 439.3£315.2 [129]
Life-threatening head injury 1000 [66]
31% of AlS2+ injury 700 [29]
Di o in Ameri
HIC1s iagnosed concussion in American 3915+ 2394 (129]

football male athletes

10% risk of concussion 400 [130]

Diagnosed concussion in female ice

+ 2
hockey athletes 4030%1435 rad/s® | [128]

Average peak

rotational

. Diagnosed concussion in American
acceleration

+ 2
football male athletes 4253 + 2287 rad/s* | [129]

o - ;
HIP 50% risk of-concussmn d.erlved 12.79 kW (71]
from American football impacts
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2.6.1.15 Shortcomings of Kinematic Metrics

The effectiveness of kinematic-based metrics, such as HIC, in predicting traumatic brain injuries
is well-established for severe cases but remains uncertain for milder injuries like concussions
[110]. Studies attempting to establish injury risk functions based on head impact data reveal
significant variations in concussion risk thresholds. For instance, one study suggests a mere 10%
concussion risk at an HIC value of 47 [68], while another identifies an HIC value of 400 for a 10%

risk of concussion [130].

Furthermore, kinematic-based metrics, derived from correlations between head kinematics
measurements and surrogate outcomes, such as cadaver skull fractures, introduce inherent
limitations. These metrics not only oversimplify the complex mechanics of the human brain's
response to inertial loads but also rely on assumptions that may not accurately capture real-
world scenarios [73]. Additionally, consider controlled cortical impact (CCl) experiments, a classic
example of inducing brain damage in a laboratory setting with minimized linear and rotational
accelerations. This emphasized a fundamental limitation of using kinematic-based injury metrics
in predicting injuries. In scenarios like CCl, where brain damage is induced without substantial

accelerations, traditional metrics fail to accurately predict the injuries [37].

2.6.2 FE Models

To address these limitations, recent metrics have been developed using FE models for a more
comprehensive understanding, especially in situations where conventional kinematic metrics
may fall short. FE models prove invaluable for studying the mechanical response of the brain
during impacts. Linear and rotational head movements, along with direct impacts, induce
responses at the tissue level in the brain. Even in mild forms, these responses, characterized by
strain and stress, can adversely affect brain cells and function. The advantage of FE models lies
in their ability to describe these strain/stress reactions. When coupled with tissue-level injury

tolerances, these models are valuable for better understanding brain injuries [37].

Additionally, since FE models offer a means to predict tissue strain, they contribute to bypassing
the ongoing debate about the relative importance of rotational versus translational acceleration

[29] as both kinematic components can be used as inputs to the model. Various institutions
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worldwide have developed FE models, and the extensive experimental work, involving physical
models and studies with human surrogates and volunteers, generates valuable information

essential for validating the accuracy and reliability of these computational models.

Some examples of current state of art finite element head models include KTH, SIMon, THUMS

and GHBMC.

2.6.2.1 KTH Head Model

The Kungliga Tekniska Hogskolan (KTH) head model was first developed by Kleiven et al. in 2002
[131], [132]. The most recent version comprises 21,345 elements and includes the skull, facial
bones, scalp, cerebrum, cerebellum, dura matter, falx, and a simplified brainstem [52].
Recognizing the inherent nonlinear and viscoelastic properties of biological tissues [133], the KTH
head model employs a second-order viscoelastic Ogden model to characterize brain tissue.
Furthermore, the latest versions of the model [52], [134] incorporate the anisotropy of white
matter. A comparative analysis revealed that the anisotropic version better aligns with
experimental data, enhancing the model's fidelity [135]. Validation of the model includes
assessments against pressure experiments by Nahum et al. (1977) [136], PMHS tests by Trosseille
et al. (1992) [137], and relative motion tests conducted by Hardy et al. (2001) [63]. Numerous
studies have used this model [52], [59], [138]. For example, through the application of the KTH
model, predictions have been made regarding the maximum axonal strain for reversible injury,

estimating it to be 0.07 in the corpus callosum and 0.15 in the brainstem [52].

2.6.2.2 SIMon Head Model

In 2003, Takhounts et al. introduced the Simulated Injury Monitor (SIMon) Finite Element Head
Model, designed with relatively simple geometry to adhere to a two-hour runtime constraint
[139]. The SIMon FEHM featured a rigid skull, a combined dura-and-cerebrospinal fluid (CSF)
layer, a brain, falx cerebri, and bridging veins. However, it did not account for the cerebellum and
midbrain. This simplified model, representative of a 50 percentile male, comprised 7852
elements. In 2008, Takhounts et al. subsequently enhanced the SIMon FEHM to focus on studying
traumatic brain injuries [140]. This upgraded model incorporated detailed surfaces of the

cerebrum, cerebellum, and brainstem, derived from CT scans approximating 50" percentile male
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geometries. The mesh expanded to 45,875 elements. The model included key components of the
brain such as the cerebrum, cerebellum, brainstem, ventricles, combined CSF and pia arachnoid
complex layer, falx, tentorium, and parasagittal blood vessels. The SIMon head model employs a
Kelvin-Maxwell linear viscoelastic model characterize brain tissue. Validation of the model
includes assessments against pressure experiments by Nahum et al. [136], PMHS tests by
Trosseille et al. [137], and relative motion tests conducted by Hardy et al. [63]. This advanced
SIMon FEHM demonstrated that a side curtain airbag reduced the potential for brain injury in
side impact crashes. The results strongly suggested that angular injury criteria were more

predictive of TBI than linear acceleration-based injury criteria.
2.6.2.3 THUMS Head Model

The Total Human Model for Safety (THUMS), a complete human body model, was developed by
the Toyota Motor Corporation and Toyota Central Research & Development Laboratories to
study detailed injury mechanisms rather than relying on the traditional crash test dummies [141].
Kimpara et al. modified THUMS by isolating the head and neck parts to investigate their
biomechanical response during severe frontal impacts [142]. The brain geometry, consisting of
the cerebrum, cerebellum, brainstem sagittal sinus, meninges, falx cerebri, tentorium cerebelli
and cerebrospinal fluid, was obtained from the NLM Visible Human Project [143]. The resulting
model, excluding the neck, comprised 49,579 elements, with a minimum mesh size of 2 mm.
THUMS used a linear viscoelastic model to characterize brain tissue and was validated against

three sets of brain test data [63], [136], [137].

2.6.2.4 GHBMC Head Model

The GHBMC M50 HBM was developed based on the anatomy of a 26-year-old male subject using
computed tomography and magnetic resonance imaging techniques [26]. The development
process involved the creation of distinct body region models for the head, neck, upper
extremities, thorax, abdomen, and lower extremities, each undergoing independent
development and validation before seamless integration into the comprehensive full-body
model. The GHBMC head model comprises of 270,552 elements and includes the cerebrum,

cerebellum, brainstem, ventricles, bridging veins, cerebrospinal fluid (CSF), skull, facial bones,
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meninges, falx, and tentorium. A tied contact algorithm was used between the dura and
arachnoid layers, with a linear viscoelastic constitutive model chosen for the brain tissues, CSF
and face while other tissues were modeled as linear elastic. Rigorous validation against an array
of experimental studies, including assessments by [62], [63], [136], [137], confirms the predictive

capabilities of the GHBMC M50 HBM.

(i) (ii)

Figure 12: (i) The GHBMC M50 full human body model and (ii) the GHBMC M50 head and
neck model.

2.6.2.5 GHBMC Isolated Head Model Validation

In this investigation, the isolated head and brain model was used, extracted from the GHBMC
model (v5.0), to examine brain strains efficiently without the added computational time of
modeling the entire body. This approach aligns with previous studies, such as David Bruneau's

work on investigating brain response in football helmet impacts.
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Isolated Head Model Sagittal Plane View

Figure 13: The isolated GHBMC M50 head model (without neck region).

The brain region in the model had a total of 22 components, including the brain tissues,
arachnoid, pia matter, falx, tentorium and CSF. The brain tissues had a total mass of 1.16kg and
was divided into 8 brain regions (cerebellum, cerebrum gray matter, corpus callosum, thalamus,
brainstem midbrain, brainstem, basal ganglia, cerebrum white matter) as listed in Table 3. There
were four types of brain material (grey matter, white matter, brain stem and CSF), each with
different material properties, assigned to each brain region. The material properties of the brain
tissue (listed in Table 4) were determined using values from the literature, as well as testing data
from Wayne State University [26]. The corpus callosum of the GHBMC head model was assigned
white matter material properties. The following regions: the cerebellum, thalamus, brainstem
and basal ganglia on the other hand, were assigned grey matter material properties. Additionally,
the outer cerebrum region was assigned grey matter material properties while the inner region
was assigned white matter material properties. A Maxwell viscoelastic model (Equation 13) was
used to represent the brain tissues and CSF [144]. The meninges, falx and tentorium on the other

hand were modelled using an elastic material model [26].
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Table 3: List of brain tissues

Brain region Material Number of elements | Mass (kg)
Cerebellum Grey matter 14280 0.123
Cerebrum grey matter Grey matter 22700 0.491
Thalamus Grey matter 260 0.012
Basal ganglia Grey matter 1284 0.026
Brainstem midbrain Grey matter 504 0.010
Brainstem Grey matter 2280 0.022
(pons and medulla)
Corpus callosum White matter | 980 0.021
Cerebrum white matter White matter | 23340 0.455
Table 4: Brain tissue material properties [26]
Brain Density Bulk Short-time Long-time Decay
Material (kg/m3) Modulus Shear Shear Constant (B)
(GPa) Modulus Modulus
(kPa) (kPa)
Grey matter | 1060 2.19 6 1.2 80
White matter | 1060 2.19 7.5 1.5 80
CSF 1040 2.19 5 1 80
G(t) = Go, + (Gy — Goo)e—[?t Equation 13

where
Go = Long-time shear modulus
Go = Short-time shear modulus
B

= Decay constant

2.6.3 Tissue-Based Metrics

In computational models, it is important to establish measurable metrics associated with brain

injuries. Early research primarily focused on tissue strain as a key indicator, with initial

experimental work demonstrating that overstretching could induce significant physiological

changes in the tissue. For example, tests on squid giant axons revealed altered depolarization

responses during stretching, with neurons failing to fully revert to normal function above a 20%
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strain level [145]. These findings, along with additional studies [146], highlighted the potential
for physiological dysfunction due to tissue strains, establishing peak tissue strain as a

foundational measure for assessing the risk of brain injury.

Researchers are actively working on identifying specific thresholds in brain tissue for concussive
injuries using FE modeling, considering them more predictive for concussions than kinematic
measures alone [52], [59], [66], [147], [148]. Various finite element-based metrics, such as MPS,
CSDM, pressure, stress, and the product of strain and strain rate, have been explored to predict
tissue injuries. Typically, kinematic data obtained from in vivo measurements or video

reconstructions are used as the boundary conditions for simulation models.

While some studies suggest a link between elevated strain in any brain region and a potential
indication of concussion, others argue that specific areas, such as the corpus callosum, may serve
as more reliable predictors [53], [54], [59], [149]. However, a consensus is currently lacking
regarding the brain region most predictive of concussion. The broader decision on the most
effective metric for predicting concussions also remains unresolved, with numerous metrics in

the literature, each associated with multiple reported thresholds.

One widely used metric, Maximum Principal Strain (MPS), has consistently been associated with
observed concussions [54], [56], [59], [150], [151], [152], [153]. Yet, there is significant variability
in proposed thresholds. For example, one study simulated impacts in American football and ice
hockey, reporting a mean strain value of 0.28 in the corpus callosum, which aligned with changes
in white matter integrity observed through fractional anisotropy in MRI scans [153]. Another
study by Hernandez et al. highlighted MPS in the corpus callosum as the most reliable indicator
of concussion, with an average strain of 0.3 [59], surpassing findings from [116], who reported a
mean strain value of 0.21 in concussed athletes. Patton et al. examined brain tissue deformation
in unhelmeted sports, simulating reconstructions of unhelmeted concussion, finding a mean
strain value of 0.31 in the corpus callosum in concussion cases and determining a 50% likelihood

of concussion above a strain level of 0.15 [53].

In later studies, MPS has been reported as the 95 percentile Maximum Principal Strain (MPS)

[127], [154]. This represents the MPS value exceeded by 5% of the elements within a specific
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region instead of reporting the maximum (100™" percentile) principal strain value. The 95t
percentile helps prevent simulation results from being influenced by the response of a single
element [127], [154], excluding elements with artificially high strains due to numerical artifacts

[154], [155], [156].

Another widely used metric for brain injury assessment is the Cumulative Strain Damage Measure
(CSDM) [52], [54], [59], [116], [124], [151], [157]. CSDM calculates the total volume of the region
experiencing strain levels beyond a predefined threshold. This threshold is typically set at 0.15 or
0.25 [73]. However, the correlation between CSDM and concussion is not as robust as that
observed with MPS [54], [59], [116], [139]. Moreover, CSDM demonstrates high sensitivity to the

chosen threshold, with a lack of consensus regarding the specific threshold for strain.

Various studies have explored pressure as an injury predictor. Ward et al. found that intracranial
pressures above 235kPa lead to serious brain damage, while pressures below 173kPa are
considered non-injurious [136]. In a related study, Zhang et al. used the WSUHIM model to
reconstruct 12 head impacts in American football [148]. They observed coup-contre coup
behavior and, in cases of concussion, noted an average intracranial coup pressure of 90kPa,
correlating strongly with linear acceleration. Zhang et al. also highlighted that higher pressures,
as reported by Ward et al., correlate to more severe injuries such as contusions or cerebral cortex

hemorrhages, underscoring that pressure alone is not a reliable indicator of concussion.

While less commonly used, other metrics have been explored for predicting concussions. Some
studies found a connection between concussion and strain rate, as well as the combination of
strain and strain rate [153]. However, these metrics are generally considered less effective
predictors compared to Maximum Principal Strain (MPS) [54]. Von-Mises Stress also exhibits
promise as a concussion indicator, but exploration remains relatively limited compared to other
measures [54]. However, available studies indicate a correlation between Von Mises Stress levels
and neurological lesions. In a study by Baumgartner et al., instances of moderate neurological
lesions were associated with Von-Mises stresses exceeding 18kPa, posing a 50% risk, while severe

brain injury was linked to stresses surpassing 38kPa. These values align closely with the stress

44



observed in an experiment on head impacts in sheep. A stress of 27kPa was correlated with brain

injury [158].

2.6.3.1 Summary

In summary, MPSgs is a frequently used metric for assessing deformation-based injury risk, as
highlighted by studies such as McAllister et al [14] and Patton et al. [53,54]. This metric
demonstrates a stronger association with concussion compared to kinematic metrics, as
indicated by research by Hernandez et al. [59]. Nevertheless, there is a lack of consensus
regarding the threshold values for MPSgs in predicting mTBI/concussions. The current body of
literature presents a broad range of reported strains for a concussive head injury, spanning from

0.06 to 0.48 [159], with some examples listed in Table 5.

Table 5: MPS values from literature

Brain Region Injury Probability Threshold | References
Whole brain Median MPS concussed value 0.16 [149]
Grey matter 50% risk 0.26 [116]
Thalamus 50% risk 0.13 [54]
White matter 50% risk 0.26 [54]
Midbrain Mean concussed value 0.108 [55]
Cerebrum Median MPS concussed value 0.18 [149]
Cerebellum Median MPS concussed value 0.09 [149]
Brainstem Median MPS concussed value 0.14 [149]
Corpus callosum | Median MPS concussed value 0.13 [149]
Corpus callosum 50% risk 0.15 [54]
Corpus callosum 50% risk 0.21 [116]

One limitation of MPSgs is that it only represents one maximum strain value, which often can be
confined to a specific location or a small volume within the brain. Consequently, this singular
metric fails to capture the overall strain distribution throughout the entire brain volume. In this

thesis, we use the Cumulative Strain Volume (CSV) metric, a new metric introduced by Rycman
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et al. [159], and its step-by-step derivation is outlined in the methods section. The CSV metric is
a graph rather than a single value metric and presents an alternative, more comprehensive
approach that considers the strain distribution across the entire brain volume without reliance
on a predetermined threshold. As such, it offers a more representative measure of brain tissue

response.

2.6.3.2 Metric Sensitivity to Brain Region and Impact Direction

Table 5 illustrates the variations in mTBI thresholds across different brain regions. Numerous
studies suggest that certain deep inner structures, such as the corpus callosum, thalamus,
brainstem, and midbrain, exhibit a higher predictability for concussions compared to other brain
regions [53], [54], [55], [59]. Previous research has also emphasized that injuries are more severe
when rotation is combined with translational kinematics. Additionally, both animal and
computational studies have demonstrated that tolerance to acceleration varies significantly
based on the anatomical direction, with coronal rotation being associated with more severe
injuries in primates [59]. These studies highlight the significance of directly measuring directional
components of rotational acceleration, not solely its magnitude. It is important to bear in mind
that these conclusions were drawn from diverse populations and multiple finite element (FE)
models. Specifically, Ji et al. highlighted that the anticipated strain for identical kinematic inputs

could differ among various FE models [160].

Several studies have investigated strains in the corpus callosum, particularly in the context of
mTBI [52], [59]. The corpus callosum plays a pivotal role in various cognitive functions, including
perception, speech, orientation, and reaction [161]. Consequently, these cognitive functions are
susceptible to impairment in the event of injury. One factor believed to influence the corpus
callosum during skull rotation is the falx cerebri. For example, studies using 2D computational
models have demonstrated that a softer falx or the absence of a falx may potentially maintain or

decrease strains in the corpus callosum [162].

Research conducted by Bayly et al., Feng et al., and Sabet et al. offer further insights into the
potential impact of the falx on inducing greater deformation in deep brain structures [163], [164],

[165]. These studies used tagged MRI to measure displacements of brain tissues resulting from
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both linear and rotational kinematics. Sabet et al. observed the symmetrical and asymmetrical
distribution patterns in brain shear strain fields, especially in the case of mild impacts in the
coronal plane [164]. This observation suggests that the falx influences neighboring brain tissue

during such impacts, leading to strain at those specific locations within the brain.

In their study, Hernandez et al. investigated whether rotations in the coronal and horizontal
planes displaces the falx cerebri potentially leading to significant deformation of the corpus
callosum [166] . The analysis involved using an FE model to simulate head kinematics of 115
impacts recorded in a sports setting using instrumented mouthguards. The falx cerebri
displacement was then correlated with deformation of the corpus callosum. The findings
revealed higher mean peak coronal accelerations (8592 rad/s?) in impacts with mTBI than those
without (1412 rad/s?). Additional findings indicated a strong correlation between coronal
acceleration and movement at the center of the falx cerebri, while horizontal acceleration was
strongly associated with motion around the periphery of the falx cerebri. The correlation
between the corpus callosum and the falx cerebri was further highlighted by the observation that
the running the model without the falx cerebri reduced the peak strains in the corpus callosum

by half, decreasing from 35% to 17%.

The thalamus, another critical brain region, consistently appears as a key player in concussions,
frequently identified in studies as a reliable predictor with the lowest strain threshold [54], [55].
In contrast, strains in the cerebrum grey matter [116] and cerebellum [52], [153], while linked to
concussions, do not consistently exhibit the same robust predictive capability as strains in other
regions. The brainstem, including the midbrain, also consistently emerges in literature as a factor
associated with concussions [52], [160]. It is important to emphasize that relying solely on the
head model to predict strains in the lower brainstem may impact the resulting strain values. This
is because, in such cases, the brainstem is not integrated with the remainder of the full-body
model. However, the use of isolated head models still remains a popular computational

approach.

Investigating the direction dependence of injury, a study demonstrated that primate head

rotation in the coronal plane, equivalent to human coronal head motion, led to more severe
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diffuse axonal injury (DAI) than other planes of head rotation [47]. Finite element (FE) models
align with such findings, showing a dependence on impact orientation. In an early brain model
(WSUHIM), Zhang et al. observed higher positive pressures in a lateral impact than in a sagittal
plane impact [167]. Correspondingly, studies by Patton et al. and Hernandez et al. analyzing
kinematics and concussion occurrences in football found that high strains in the corpus callosum
and thalamus, as well as coronal angular acceleration, correlated the most with concussion

[53,54,59].

Studies consistently indicate that lateral translational impacts to the temporal region are more
likely to cause mTBI than anterior or posterior impacts [118], [168]. For example, Rowson et al.
noted that 57.9% of concussions in American football occurred on the side of the head (sagittal
direction) [118]. Elkin et al.'s investigation of head impacts in helmeted sports also reported a
significant increase in strain from lateral impacts [155]. McIntosh et al.'s study on head impacts
in rugby suggested that impacts with angular accelerations as low as 1747 rad/s? in the coronal

plane may lead to concussion [169].

In summary, the corpus callosum, thalamus, and brainstem midbrain regions appear to have the
strongest correlation with concussions. Therefore, it is essential to analyze regional strains when
studying mTBI. While MPS is the most commonly used strain metric, there is no consensus on the
optimal metric or threshold for mTBI in the modeling approach. Additionally, impact direction,
specifically coronal rotation, also correlates with concussion, highlighting the importance of

considering this factor in the analysis.

2.6.4 Boundary Condition for Isolated Head Model

Isolated head models are a popular computational approach. For example, in a study by D.
Bruneau, the isolated head model was employed to "investigate the biofidelity of the linear
impactor helmet test using a contemporary human body model" [170]. This investigation

consisted of three studies.

In the first study, D. Bruneau compared head kinematics between the Hybrid lll and GHBMC head
and neck models (HNM), including an examination of the effect of muscle activation. He reported

that the ratings from both the ATD and HNM showed a stronger correlation in the lateral
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orientation than in the frontal and rear orientations. All CORA ratings exceeded 0.82 (except Z
acceleration) for both bare head and helmeted cases in the lateral orientation. Additionally, the

response of the HNM was minimally affected by muscle activation schemes investigated.

In his second study, he explored two approaches to brain deformation: (1) replicating the
experimental setup using a helmeted head and neck model and (2) applying the experimental
kinematics measured from the ATD experiments to an isolated unhelmeted head model. He then
compared whole-brain and regional brain deformation between these two approaches. He
reported that in both approaches, the patterns of brain deformation were alike but approach (1)
showed consistently higher values of whole brain MPS (averaging 23%) compared to the
prescribed kinematics approach. This difference was most pronounced in frontal impacts, where

higher angular velocity values were noted.

In a third study, he compared the head and neck model constrained at the First Thoracic (T1)
vertebra with an unconstrained Full Human Body Model (FBM). He reported the MPS exhibited
a consistent bimodal pattern in both the unconstrained full body and the constrained head and
neck. The strain response was similar in the early stages, diverging slightly later, particularly after
the occurrence of the two peaks. The predictions for the initial peak of MPS closely resembled
those of the constrained HNM, but there was a slight difference in the second peak. The study
revealed considerable differences in spine motion, particularly the curvature and T1 motion,
between the constrained HNM and unconstrained FBM. The spine of the constrained HNM
exhibited significantly more curvature than the FBM, indicating a higher degree of compression.
The T1 motion showed substantial differences, with considerably more motion observed in the

unconstrained FBM.

Given that the isolated head model has been validated against a head and neck and full body
model before, the consistent preservation of the brain deformation pattern observed in study 2,
and the significantly reduced computational time, the isolated head model was deemed
appropriate for the investigation in this thesis, especially considering the large number of

simulations run.
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2.7 Subconcussive Head Exposures

Multiple studies have been conducted to understand the biomechanical force of mTBI and reduce
its occurrence. Emerging research is now also looking into the potential link between mTBI

symptoms and repetitive subconcussive incidents [19], [171], [172].

2.7.1 Subconcussive Head Exposures in Sports

Subconcussion, which can occur as a result of a head impact or rapid head motion that does not
immediately lead to a diagnosed concussion [173], is a common occurrence in sports such as
hockey and American football. Players often experience multiple impacts during play without
immediate symptoms [174]. While individual subconcussive impacts may appear minor, their
cumulative effect on an athlete's career could potentially lead to significant implications for

neurological health [173].

Neuroimaging studies have played a crucial role in understanding the effects of repetitive sub-
concussive head impacts on brain structure and function. Findings from these studies raise
concerns about the potential long-term neurological consequences, emphasizing the importance
of further research in this area. For example, a longitudinal study by Talavage et al. involved a
comprehensive examination of high school football players, incorporating MRI, fMRI, and
neurocognitive evaluations at three distinct time points, including pre-season, during the season,
and post-season [175]. Remarkably, despite lacking evident signs of concussion, the players
exhibited measurable neurophysiological alterations on fMRI studies and cognitive assessments.
Notably, those demonstrating functional observed impairment (FOI+) displayed notable changes
in fMRI activation during a working memory task, comparable to those diagnosed with a
concussion (clinically observed impairment [COI+]). Similarly, a study by Bazarian et al. using
diffusion tensor imaging involving nine high school athletes participating in hockey or football
alongside six controls found that asymptomatic athletes with multiple subconcussive head
impacts exhibited abnormalities in white matter, surpassing that of controls by more than

threefold [176].
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Autopsy data have revealed that athletes with no history of diagnosed concussions may still have
neurodegenerative pathology consistent with chronic traumatic encephalopathy (CTE). This
underscores the potential long-term consequences of subconcussive impacts. In 2005, Omalu et
al. conducted one of the first studies that linked CTE with repeated mTBI [177]. It is now believed
that CTE affects not only American football players but also athletes in other sports like boxing,
wrestling, and hockey [173]. Military personnel are also at risk of developing CTE [178]. CTE is a
progressive degenerative condition that affects the brain. Patients typically exhibit mood
disorders, neuropsychiatric disturbances, and cognitive impairments after a latent period. While
conventional brain examination may appear standard, detailed analysis reveals abnormal tau
protein deposits indicative of neuronal damage, especially in regions like the neocortex,
subcortical areas, and brainstem. Interestingly, a study involving several former professional
football players who had no documented history of concussions demonstrated similar
neuropathological features consistent with CTE [177], [178]. Such studies show the possibility of
subconcussion, where repetitive head impacts may lead to tauopathy and subsequent brain

injury, even in the absence of diagnosed concussions.

The emerging understanding of subconcussion highlights the need for comprehensive preventive
strategies in sports and other activities prone to repetitive head impacts. Efforts to minimize
exposure to subconcussive events are essential to safeguarding the neurological health of

athletes and individuals at risk of cumulative head trauma.

2.7.2 Subconcussive Head Exposures in Military

The surge in brain injury studies followed the ground-breaking research by Omalu et al., who
identified CTE in professional American football athletes [177]. Subsequent studies corroborated
his findings [179], [180], [181], raising concerns about repetitive sub-concussive leading to the
increased potential of incurring chronic brain injuries. These injuries can significantly impact an
individual's well-being, placing a significant strain on society. In the later stages of CTE, those
affected may experience symptoms like depression, cognitive decline, speech impairments, and

an increased risk of suicide [182]. This concern also led to an increase in medical research within
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the military, initially focusing on blast exposure from improvised explosive devices (IEDs) [183],

[184], [185].

The term 'overpressure' describes the pressure exceeding normal atmospheric levels, typically
observed in explosive events [186]. Studies have investigated the experiences of 'breachers,' a
specific military group regularly exposed to low-level blasts as part of their duties [187]. These
exposures, often below the 4-psi threshold for incident overpressure exposure intended to
prevent eardrum injury, have been linked to various symptoms, collectively termed 'breacher's
brain.'" These symptoms, including altered reaction time and headaches, resemble those of
clinically diagnosed mTBI. However, current regulations overlook the impact of non-incident
components of primary blast exposure on individuals below this threshold [187], [188].

Therefore, further studies are warranted to better understand and address these effects.

Additionally, beyond blast exposure, operational training involving .50 caliber rifle systems has
emerged as another source of overpressure exposure for military personnel [189]. Firing such
rifles produces consistent overpressure levels exceeding the safety threshold of 4 psi, with
variations based on rifle configuration and environmental factors [190]. Innovative solutions like
suppressors have been developed to mitigate overpressure, redirecting gases and reducing

sound levels [191].

However, it essential to acknowledge that firing .50 caliber rifles also imparts significant
movement to the operator’s head due to recoil forces transmitted through the shoulder and neck
[192]. The hypothesis is that repeated exposure to these recoil forces during training and active
duty poses a potential source of chronic injuries [24], [193]. Such injuries can substantially
compromise an individual's quality of life, imposing a considerable burden on society. Despite
the extensive exploration of the long-term effects of mTBI in athletes, military personnel still
remain an understudied population in this context. Hence, the aim of this thesis is to quantify the

impact of recoil forces during the firing of long-range rifles.

52



3 Methods

The GHBMC 50" percentile male FE model, a contemporary and validated HBM, was used in this
study to investigate both the kinematic and tissue-level responses of the brain to rifle recoil. The
head kinematics of several volunteers from the Canadian Armed Forces (CAF) as they fired
different rifle configurations (Figure 14(a)) were collected using custom instrumented
mouthguards (Figure 14(b)). The head model was extracted from the full HBM, referred to as the
isolated head model hereafter. The measured head kinematics then served as inputs to an
isolated head model (Figure 14(c)). Subsequently, the brain response due to the measured head
kinematics resulting from the recoil forces was then quantified using a set of four metrics: Head
Injury Criterion (HICis), Brain Injury Criterion (BrIC), 95t percentile Maximum Principal Strain
(MPSgs) and Cumulative Strain Volume (CSV) curves (Figure 14(d)). Two of these metrics, HIC1s
and BrIC, were directly calculated from kinematic measurements, while MPSgs and CSV were

calculated from the head model simulations. The analysis comprised of three main parts:

1. Evaluating similarities and differences between different rifle configurations fired by
volunteers (referred to as 'inter rifle' in the Results section) and between different
volunteers firing the same rifle (referred to as 'inter volunteer' in the Results section).
This comparison involved analyzing head kinematics graphs and evaluating the mean and
coefficient of variation of the four metrics: HIC1s, BrIlC, MPSgs, and CSV.

2. Investigating the response of eight distinct brain regions (cerebellum, cerebrum gray
matter, cerebrum white matter, corpus callosum, thalamus, midbrain brainstem,
brainstem, and basal ganglia) using the CSV metric to identify any specific brain region
experiencing higher strain.

3. Analyzing the area under the CSV curves (Acsv) to explore the influence of angular velocity

and linear acceleration on strain outputs.
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Figure 14: (a) The volunteer fired the long-range rifle. (b) Head kinematics data, including linear acceleration and angular velocity, were collected
using instrumented mouthguards. (c) The head kinematics were then used as inputs to an isolated GHBMC 50" percentile head model. (c) Strains

were extracted from the head model to quantify brain deformation.
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3.1 Experimental Data Collection
3.1.1 Datasets Overview

The researchers at the Valcartier Research Centre, a division of Defense Research and
Development Canada (DRDC), conducted all the human volunteer experiments and
measurements under the ethics approval granted by the DRDC Human Research Ethics
Committee (HREC-2021-009). Ethics approval for secondary analysis of anonymized data from
the human volunteer tests was obtained from the University of Waterloo Office of Research
Ethics (ORE #44306). Two primary datasets, labeled “Dataset 1: May 2021” and “Dataset 2: May
2022”, were used in this study (Figure 15). Dataset 1: May 2021 involved three volunteers
(referred to as Volunteers 1 — 3) from the CAF, while Dataset 2: May 2022 included five volunteers
(referred to as Volunteers 4 — 8). It is important to note that the volunteers exhibited varying
anthropometrics; however, due to the small sample size and adherence to ethical guidelines

preventing subject identification, the specific anthropometrics were not disclosed.

Dataset 1: May 2021 focused on three weapon platforms, Rifles A, B, and C, all of which were .50
caliber, suppressed rifles. Rifles A and B shared the same chassis manufacturer, and Rifle B was
additionally equipped with a recoil mitigation system (RMS). In contrast, Rifle C featured a
different chassis manufacturer and no RMS. In Dataset 2: May 2022, two weapon platforms,
Rifles D and E, were investigated. The chassis manufacturer for these platforms was not provided.
Rifles D and E were .338 and .50 caliber rifles, respectively, both suppressed. Note that Rifle E
from Dataset 2: May 2022 was the same caliber rifle as the ones in Dataset 1: May 2021. The

same type of ammunition was used for all rifles within each dataset.
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Rifle label:

Chassis manufacturer:

Caliber:

Special features:

Number of volunteers:

Volunteer label:

Comparisons possible:

Dataset 1: May 2021

|

Rifle A
Chassis X
0.50 Cal

Suppressed

}

3
Volunteer 1
Volunteer 2

Volunteer 3

* rifle AvsrifleBvsrifleC

Rifle B
Chassis X
0.50 Cal

Suppressed
w/ RMS

3
Volunteer 1
Volunteer 2

Volunteer 3

}

Rifle C
Chassis Y
0.50 Cal

Suppressed

}

3
Volunteer 1
Volunteer 2

Volunteer 3

* rifle A (chassis X) vsrifle C (chassis Y)
» Effect of suppressor:rifle Avsrifle B
* Volunteer 1vs 2 vs 3for eachrifle

Dataset 2: May 2022

Rifle D
Chassis --

0.338 Cal

Suppressed

|

5
Volunteer4
Volunteer 5
Volunteer 6
Volunteer 7

Volunteer 8

Rifle E
Chassis --

0.50 Cal

Suppressed

|

5
Volunteer 4
Volunteer 5
Volunteer 6
Volunteer7

Volunteer 8

rifle D vsrifle E
Volunteer4vs5vs6vs7
vs 8 for eachrifle

Figure 15: Overview of datasets collected during experimental trials at DRDC

3.1.2 Experimental Set Up

The volunteers, all trained and experienced snipers, fired every round from the prone position

and were instructed to maintain their usual posture and routine. The front-end of the rifle was

supported on a bipod, with an additional flexible support beneath the buttstock. In the prone

position, the volunteers lay on their stomachs behind the rifle, with their cheek placed against

the buttstock to facilitate the use of the telescopic sight mounted atop the rifle (Figure 16).
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Prone Position Telescopic sight Suppressor

Buttstock Chassis

Figure 16: Volunteer in prone position

High-speed videos were acquired at 3000 fps using a high-speed camera (FASTCAN SA-Z, Photron,
San Diego). The number of shots per rifle for each volunteer are shown in Tables Table 6 and

Table 7. To minimize the exposure of volunteers, the number of repetitions was kept to a

minimum.

Table 6: Weapon platforms and number of shots per volunteer in Dataset 1: May 2021.

Dataset 1: May 2021

Number of shots per volunteer per rifle
Rifle Configuration

Volunteer 1 | Volunteer 2 | Volunteer 3
Rifle A (chassis X, 0.50Cal, Suppressed) 4 2 3
Rifle B (chassis X, 0.50Cal, Suppressed, w/ RMS) 4 4 3
Rifle C (chassis Y, 0.50Cal, Suppressed) 4 4 3
Total number of shots per volunteer 12 10 9
Total number of shots 31
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Two of the four shots fired by Volunteer 2 using Rifle A were considered for the analysis. The
remaining two were excluded due to ‘scope bites’, incidents where the volunteer's head

unintentionally contacts the telescopic sight, resulting in undesired head accelerations.

Table 7: Weapon platforms and number of shots per volunteer in Dataset 2: May 2022.

Dataset 2: May 2022

Number of shots per volunteer per rifle
Rifle Configuration
Volunteer 4 | Volunteer 5 | Volunteer 6 | Volunteer 7 | Volunteer 8

Rifle D (0.338Cal, Suppressed) 36 2 33 8 5

Rifle E (0.50Cal, Suppressed) 11 15 6 18 10
Total number of shots per 47 17 39 26 15
volunteer

Total number of shots 144

3.1.3 Mouthguard Data Collection

Head kinematics resulting from recoil forces were recorded using custom-designed instrumented
monitoring mouthguards (IMM), v1.5, developed by Prevent Biometrics (USA). The tri-axial linear
accelerometer and gyroscope, embedded in the mouthguards, captured linear accelerations and
angular velocities across three axes at 1600Hz. Interaction with the mouthguards was facilitated
by connecting to an iOS application developed by Prevent Biometrics via Bluetooth. This iOS app
granted users the ability to adjust certain experiment parameters, including the trigger threshold
for initiating recording and the ability to record using either a low-range accelerometer (0-16g)
or a high-range accelerometer (0-200g). For this study, the low-range accelerometer was used to
record head kinematics induced by recoil forces. Additionally, a trigger threshold of 2.5 g was

applied, capturing 500 ms of data, which included 7.5 ms of pre-trigger data.
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When processing the raw mouthguard data, several important factors needed consideration.
Firstly, recording commenced once any axis exceeded the user-defined threshold (2.5g),
potentially leading to variations in how and when the recordings were triggered depending on
the volunteer's initial head position. Secondly, the acceleration detected the influence of gravity

that is it consistently measured 1g.

As mentioned above, the mouthguard measured a brief 7.5 ms of pre-trigger data, equivalent to
10-12 data points. This pre-trigger data, representing stationary data, is crucial for post-
processing the raw mouthguard data as it enables the computation of the volunteer's head's
initial orientation. This orientation, in turn, represents the gravitational components when the

head is stationary.

Consequently, the mouthguard data was categorized into shots with stationary pre-trigger data
(considered "good captures") and those without (deemed "late captures"). While most
processing methods outlined below were similar for both categories, "late captures" required
additional data augmentation. Raw mouthguard data was retrieved via the Prevent Biometrics
iOS app and transferred to a workstation running MATLAB R2022b or later. Data processing was
then conducted using in-house MATLAB scripts developed by DC Hartlen, a doctoral candidate in
the IMMC group. Ethics approval for analyzing human volunteer data was obtained from the

University of Waterloo Office of Research Ethics (ORE #44306).

3.2 Post-processing

3.2.1 Post-Processing for “Good Captures”

The key steps of raw data processing such that it can be used as inputs into the head model are

outlined below.

Step 1: The raw data was converted from bits to physical measurements. The low-range
accelerometer had a sensitivity of 208.7 bits/(m/s?), and the gyroscope had a sensitivity of 16.4
bits/(°/s).

Step 2: The measured data was then transformed from the mouthguard sensor frame of

reference (Figure 17 (a)) to the SAE J211 frame of reference (Figure 17 (b)) through a set of three
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rotations: a 15° rotation around the x-axis, a 105° rotation around the y-axis, and a 180° rotation
around the z-axis, following the right-hand rule and counter clockwise positive conventions for
orientation. These rotations adjust for the sensor positions within the mouthguard, the
mouthguard's curved shape, and alignment with the volunteer's dental occlusal plane.

(a) (b)
Mouthguard local SAE J211

co-ordinate system co-ordinate system

Figure 17: The data is collected in the (a) mouthguard coordinate system and transformed to

the (b) SAE J211 coordinate system

Step 3: The acceleration components recorded when the volunteer’s head was stationary prior
to the recoil event represented the initial orientation of the volunteer’s head. Hence, the initial

head position for each signal was determined by averaging the pre-trigger data points.

Step 4: Then, the acceleration data was zeroed by subtracting the initial head position

determined in step 3 from the signal.

Step 5: Following this adjustment, the linear acceleration and angular velocity measurements
were filtered. A fourth-order bandpass Butterworth filter with an upper corner frequency of 500
Hz and a lower corner frequency of 1 Hz was applied to the linear acceleration signals. According
to Gellner et al., a 300-500 Hz frequency range effectively eliminates most high-frequency noise
while preserving the important linear acceleration and angular velocity signal features when

taking measurements at locations other than the center of gravity (CoG) [194].
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Summary of Gellner et al. study [194]:

While the SAE J211 recommendations are commonly used to filter kinematic
measurements taken at the head CoG, there is a lack of guidance for other locations.
Geller et al. introduced a novel methodology for determining the optimal kinematic
filtering approach for measurements obtained at locations different from head CoG. Their
study involved laboratory head impact tests using a pendulum impactor to replicate on-
field scenarios. They collected triaxial linear accelerations at the headform's CoG and both
triaxial linear accelerations and angular velocities at the headform’s teeth location.
Subsequently, they used rigid body motion equations to transform the linear acceleration

measured at the teeth location to the headform's CoG.

Various filter combinations were applied to the linear acceleration and angular velocity
signals obtained at the teeth location, ranging from 5 Hz to 1650 Hz with 5 Hz increments.
Each combination was then compared to the linear acceleration measured at the CoG.
Note that the linear acceleration signals at the CoG were filtered using the SAE J211

recommended CFC1000 filter, i.e. with a cut-off frequency of 1650 Hz.

The concept of the novel methodology is that by leveraging the equations of rigid body
motion, it becomes possible to transform linear acceleration from one point (e.g. point
A on arigid body) to another point (e.g. the CoG of that body), provided that the body's
angular velocity and angular acceleration are known. Thus, the goal in selecting optimal
cut-off frequencies for linear acceleration and angular velocity measurements at point A
is to minimize the error in the transformation equation output when compared to directly
measured linear acceleration at the CoG. They used the peak values of the transformed
linear acceleration signals to characterize the transformation error. Through this
approach, they identified a cut-off frequency range of 300-500 Hz for linear acceleration
and angular velocity signals when conducting measurements at locations other than the

CoG.

As previously indicated, the accelerometer registers gravitational force, resulting in a consistent

acceleration measurement of 1g, alongside capturing head kinematics. To address this, a lower
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corner frequency of 1 Hz was applied to the linear acceleration signals. This adjustment aims to
remove the accelerometer drift when the volunteer's head orientation changes during the recoil
event, which leads to changes in the measured gravity components. Not filtering out the
gravitational component from the acceleration data could lead to non-physical derived
guantities. Angular velocity measurements were filtered using a fourth-order low-pass
Butterworth filter with a corner frequency of 500Hz to eliminate high-frequency noise. Gellner
et al. recommended that linear accelerometer and angular velocity measurements share the

same upper corner frequency.

Step 6: After filtering, a rigid body kinematic transformation (Equations Equation 14 and
Equation 15) was used to compute the linear acceleration and angular velocity at the CoG of the
head for integration into the numerical head model. Angular acceleration alpha was computed
by taking the derivative of the measured angular velocity [195]. The parameters of the SG filter
were a first-order polynomial and a window size of 7. Angular velocity, the other input to the

head model, did not require a kinematic transform.

Vg =VUyeg T XT Equation 14

agy=aye+ aXr+ wX (wXr) Equation15

where
YH  =linear velocity at head CoG
vye = measured linear velocity
ay = linear acceleration at head CoG
aye = measured linear acceleration
a = angular acceleration
) = measured angular velocity
r = distance from mouthguard to head CoG of a 50t percentile male head

r=1[0.081 -0.013 -0.063] m
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Transform to head CoG

Vy=Vyg+wXTr

ag=ayc+ axXr+ o X (wXr)

Figure 18: Head kinematics data transformed from mouthguard to head CoG

3.2.2 Post-Processing for “Late Captures”

A methodology similar to that outlined in Section 3.2.1 was employed to process late captures,
with only one difference. Given that the pre-trigger data recorded for late captures did not
accurately represent the volunteer's stationary head position prior to the recoil event, the
stationary head position was inferred based on the average head position from signals
considered to be “good captures.” Consequently, in step 3 for late captures, the average head

position from good captures of the same volunteer was used. All other steps remain the same.

3.3 Head Model Set Up

Following a previously documented approach [156], the processed head kinematics from each
round were used as inputs to an isolated GHBMC 50t percentile male head model (version 5)
[26]. The head model used in this study (Figure 19) was extracted from the GHBMC 50 percentile
male whole-body model at the foramen magnum. The isolated head model also included a small
length (34 mm) of the spinal cord. No boundary conditions were imposed on the free end of the

spinal cord, allowing for unrestricted movement.
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Figure 19: Mid-sectioned view of the isolated GHBMC 50" percentile male head model

The filtered head kinematics, comprising X, Y, Z acceleration signals, and X, Y, Z angular velocity
signals, served as inputs for the head model at the head CoG. The CONSTRAINED NODAL RIGID
BODIES (CNRB) Dyna command enables the definition of a nodal rigid body by specifying a set of
nodes. A CNRB set was created coincident with the nodes of the cranium, along with a node
positioned at the CoG of the whole head. Then the prescribed head kinematics were applied
using the PRESCRIBED_RIGID_MOTION_ID option in LS-DYNA to the CoG node. Given that the
CNRB nodes were coincident with the cranium nodes, hence the cranium effectively mirrored the
motion of the CNRB nodes during the prescribed head kinematics. The use of CNRB ensured that
the nodes of the skull followed the prescribed motion while maintaining the material properties
assigned to the skull in version 5 of the GHBMC head model. The method of prescribing
kinematics to a rigid skull has also been employed in previous studies [148], [156], [195]. The
kinematics from each individual shot were modeled separately. All models were run on a high-
performance computing cluster and solved using LS-DYNA (R9.2 single-precision, ANSYS,
Canonsburg). Strain measurements were extracted for both the whole brain and its constituent
eight regions (Figure 20). These regions comprise the cerebellum, cerebrum gray matter,
cerebrum white matter, corpus callosum, thalamus, midbrain brainstem, brainstem, and basal

ganglia.
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Figure 20: The 8 regions (referred to as the whole brain when grouped together) in the GHBMC

50t percentile male head model

3.4 Metrics for Brain Response Comparison

In analyzing trends among rifles and volunteers, an essential initial step involves establishing a
sensitive metric to gauge loading severity accurately. Consequently, four distinct metrics were
investigated: HICis (a linear kinematic-based metric), BrIC (a rotational kinematic-based metric),

MPSgs (a strain-based metric), and the CSV curve (a recent strain-based metric).

1. The maximum area under the resultant linear acceleration-time plot within a specified 15

ms time frame was determined to compute HICi5 as shown by Equation 16.

1 t 2.5
HIC,s = max {(tz —t1) It - j a(t)dtl } Equation 16 [29]
2 17t

where,
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a(t) = the resultant linear acceleration (in g)

t, andt, = timepoints during the acceleration pulse selected such that the value of HICis is

(in seconds)  \ayimized. Note that the term (t, - t;) is 15 ms for HICis

An example of how HICis was calculated for a signal is shown in Appendix B.

2. Equation 17 was used to compute BrIC. wy, w,, and w, and wy¢, w,¢ and w, refers to
the maximum angular velocities (in rad/s) and the critical angular velocities (in rad/s)
about the X, Y, Z axes respectively. The following critical values (w, = 66.30 rad/s, wyc =

53.80 rad/s and w, = 41.50 rad/s) were used in this study.

2 2 2
BriIC = (ﬂ) + & + ( Wz ) Equation 17 [124]
Wxc Wyc Wyzc

3. The 95" percentile maximum principal strain (MPSgs) was used as opposed to the
maximum principal strain (i.e. 100™ percentile maximum principal strain) to remove
elements with artificially high strains as a result of numerical artifacts [154], [155], [156].
MPSqs was calculated by first extracting the maximum principal strain measured by each
element of the whole brain region during the entire simulation time. MPSgs then
corresponds to the value remaining after the top 5% of that strain range was removed.
Although, MPSgs has been widely used to assess brain response, this single value metric
is limited as it only represents the maximum strain potentially occurring at one location

of the brain.

4. The cumulative strain-volume (CSV) method, on the other hand, primarily functions as an
indicator quantifying the amount of strain within specific regions of the brain. A key
advantage of CSV is that it does not require a cut-off value (e.g. 95 percentile) and offers
a clear representation of the percentage volume of the brain region experiencing a
specific magnitude of maximum principal strain (MPS). CSV curves have the cumulative

percentage volume of a region on the y-axis and MPS on the x-axis.
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To create CSV plots, the procedure involved the extraction of both the maximum principal strain
(MPS) and initial volume for every element within a specified brain region throughout the
simulation duration (Figure 21(a)). Following this, the volume fraction for each element within
the region was computed, by dividing its initial volume with the total region volume (Figure
21(b)). Elements were subsequently arranged in ascending order based on their MPS values
(Figure 21(c)). Calculating the percentage volume involved subtracting the volume fraction of
each element from that of the volume of the region in the preceding row, starting with 100% as
the initial volume (Figure 21(d)). Finally, using the MPS values (Figure 21(a)) and cumulative

percentage volume (Figure 21(d)), the CSV curves were constructed.

(a) (b) (c) (d)
Hog e yps Demen vohme  Hement g Voume Cuitie
"\ \ 1 MPS, VOL, *VF, 3 MPS, VF, %V,=100%-VF,
\ 2 MPSs, VOL, VF, -l 5  MPS; VFs  %V,=%V,-VFs
3 MPs, VOL, VF, 2 MPS, VF, %Vi=%V,-VF,
4  MPs, VOL, VF, 1 MPS, VF, %V,=%V,-VF,
5  MPS; VOLs VF; 4 MPS, VF, %Vs=%V,-VF,
VF, = ( Yol ) x 100

total volume of region

Figure 21: The process to generate the cumulative-strain curve. Note that in this exemplar case,
we are assuming that the region consists of 5 elements with Element ID 1 to 5. (a) First, the
maximum principal strain (MPS; to MPSs) and initial volume (VOL1 to VOLs) of every element in
the specified region are extracted. (b) The volume fraction for each element (VF;1 to VFs) within
the region is computed. (c) The elements are then arranged in ascending order based on their
MPS values. (d) The percentage volume is calculated by subtracting the volume fraction of each
element from that of the volume of the region in the preceding row, starting with 100% as the

initial volume.
An exemplar CSV curve for a brain region is shown in Figure 22. The CSV curve (Figure 22(a)) can

be interpreted as: 40% of the region experiences an MPS of at least 0.035. Essentially, the CSV

curve analyzes how much of the region’s volume is subjected to strains beyond a specified level.
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For example, 100% of a volume would experience a strain greater than 0 MPS. However, the plot

decreases as less and less of the brain volume experiences high strains (Figure 22(b)).
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Figure 22: An exemplar CSV curve with Maximum Principal Strain (MPS) on the x-axis and
Cumulative % Volume of a region on the y-axis. (a) As an example, the CSV curve can be
interpreted as 40% of the region's volume experiencing an MPS of at least 0.035. (b) The curve

decreases as less and less of the region’s volume experiences high strains.

To generate a single summary value for statistical analysis, CSV plots were integrated with respect
to percentage volume(Figure 23). Essentially, this involved calculating the area under the CSV

curves bounded by the y-axis (Acsv).
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Figure 23: The area under a CSV curve referred to as Acsy

3.5 Comparison of Metrics

Several statistical measures were used to understand the trends between rifles and volunteers,
all calculated within Excel. Specifically, the mean, standard deviation, and coefficient of variation

(CV) were computed for each group under comparison.

The mean, i.e. the average value of a group, was determined using the “=AVERAGE()” function in

Excel.

The standard deviation illustrates the spread of data points around the mean. It indicates the
extent of variability within the dataset. A higher standard deviation suggests greater variability,
while a lower standard deviation indicates more consistency among the datapoints. The standard

deviation of a group was calculated using the “=STDEV.S()” function in Excel.

The CV serves as a normalized measure of dispersion, calculated by dividing the standard
deviation by the mean and expressed as a percentage. A lower CV suggests less variability relative
to the mean, while a higher CV indicates greater variability. This metric is particularly useful for
assessing the relative variability between different groups with either distinct units or

significantly different means.
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Additionally, a one-way ANOVA was conducted for comparing means across multiple groups,
while the t-test was used for comparing means between two groups. All statistical analyses were
performed in Excel as well. For instance, a one-way ANOVA with a significance level of a=0.05
was conducted for all four metrics to evaluate differences in brain response among the three rifle
configurations (A, B, C) in Dataset 1. Similarly, a t-test (assuming unequal variances) with a
significance level of a=0.05 was applied for all four metrics to analyze differences in brain
response between the two rifle configurations (D, E) in Dataset 2. If the p-value obtained from
the ANOVA or t-Test is below the significance level (a=0.05), it suggests significant differences
between at least two of the group means. The functions “t-Test: Two-Sample Assuming Unequal

Variances” and “ANOVA: Single Factor” functions in Excel were used for the statistical analysis.

For the ANOVA analysis, if the p-value was below the significance level (a=0.05), it suggested
significant differences between at least two of the group means. To find out which group means
were statistically different, the Tukey-Kramer post hoc test was manually conducted in Excel

following the steps outlined below:

1. The absolute mean difference between each group was calculated

2. The Qcritical value was calculated using Equation 18

SZ
. _ pooled
Q critical value = Q * E— Equation 18
where
Q = value from Studentized Range Q Table

Sgoozed = pooled variance across all groups

n = sample size for a given group

a. The value of Q was obtained from the Studentized Range Q Table based on the
number of groups (k) and the degree of freedom (df). Note that df is calculated by
subtracting the number of groups (k) from the total number of samples for all

groups.
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3. To determine which group means were statistically different, the absolute mean
difference value between each group was compared to the calculated Q critical value. If
the absolute mean difference value was greater than the Q critical value, the difference

between the group means was considered statistically significant.
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4 Results

Two primary datasets, labeled “Dataset 1: May 2021” and “Dataset 2: May 2022”, were used in
this study. Dataset 1: May 2021 involved three volunteers (referred to as Volunteers 1 — 3) and
three rifle configurations (Rifles A, B, C), while Dataset 2: May 2022 included five volunteers
(referred to as Volunteers 4 — 8) and two rifle configurations (Rifles D, E). Each dataset was
collected at different points in time of the project. The study results are presented in the
following manner: Section 4.1 compares head kinematic signals for all rifles and volunteers in
Datasets 1 and 2. Section 4.2 shows trends in both datasets using kinematic-based metrics, HIC1s
and BrIC, calculated for all shots in both datasets. The comparison includes observations between
rifles (inter-rifle) and between volunteers (inter-volunteer). Section 4.3 shows trends in Datasets
1 and 2 using two strain-based metrics, MPSgs and Cumulative Strain Volume (CSV) curves of the
whole brain, calculated for all shots in both datasets. The comparison also includes observations
between rifles (inter-rifle) and between volunteers (inter-volunteer). CSV curves are also plotted
for the eight individual brain regions of the model to investigate if a specific region experiences
higher strains. Finally, Section 4.4 examines the relative contributions of linear acceleration and

angular velocity on strain outputs using the CSV curves.

4.1 Comparison of Head Kinematics Between Different Rifles and Volunteers
4.1.1 Head Kinematic Results for Dataset 1: May 2021
4.1.1.1 Inter-Rifle Head Kinematic Comparison for Three Rifle Configurations

The recoil forces transferred through the shoulder and neck, resulting from the impact of the
rifle's buttstock on the volunteer's shoulder, induced accelerations in the head. The measured
head kinematics were filtered, transformed to the head CoG, and then plotted for comparison.
Grouping the kinematic traces by rifle (Figure 24 and Appendix Figure 55,Appendix Figure 56) for
each volunteer revealed broadly similar features in head linear accelerations and angular
velocities. The peak accelerations occurred within the initial 50 ms (0.05 s). While the timing of
the initial peak aligned across all three rifles, variations in the magnitudes of linear accelerations

and angular velocities were observed, with Rifle C usually exhibiting higher magnitudes, followed
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by Rifles A and B. Similar observations were made between rifles for Volunteers 2 and 3

(Appendix Figures 1,2).
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Figure 24: The r\ee(sa)\d kinematics for Vqunteer'mle(s()from Dataset 1: May 2021),Imier(1$)cluding (i)
linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z, (iv) angular
velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots fired using
Rifles A, B, and C. Note that the designation in brackets represents the features of each rifle;

for example Rifle A (X .50) indicates that Rifle A has Chassis X and is a .50 caliber rifle.

4.1.1.2 Inter-Volunteer Head Kinematic Comparison for Three Volunteers

Slight differences between volunteers were noticed, mainly when grouping the angular velocity
curves of each volunteer for every rifle in Dataset 1 (Figure 25 and Appendix Figure 57,Appendix
Figure 58). All volunteers in Dataset 1 exhibited coronal rotation (x angular velocity) when firing
Rifle C (Figure 25(iv)). This rotation predominantly occurred in the negative direction for

Volunteer 1. In contrast, Volunteers 2 and 3 displayed an additional positive peak, indicating

increased motion in the coronal plane.
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Sagittal rotation (y angular velocity) in both directions was observed (Figure 25(v)) when firing
Rifle C. This suggests that the head moves forward and backward during the firing process. The
magnitude of the first trough was similar for all three volunteers (Figure 25(v)). However,
Volunteer 1 demonstrated a higher second peak, indicating higher sagittal plane motion than

Volunteers 2 and 3.

A relatively symmetrical motion can be observed in the axial plane (z angular velocity) for all three
volunteers when firing Rifle C, characterized by a positive peak followed by a negative trough
(Figure 25(vi)). This peak refers to the rotation of the head towards the shoulder impacted by the
rifle's buttstock. Subsequently, the trough indicated the volunteer's head returning to its initial
position. Higher magnitudes of angular velocity were observed for Volunteer 2 in this direction.
Similar patterns were also observed when the volunteers fired Rifles A and B (Appendix Figure

57,Appendix Figure 58).
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Figure 25: The head kinematics of Volunteers 1, 2, and 3 (from Dataset 1: May 2021) firing
Rifle C, including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration

in Z, (iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z.
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4.1.2 Head Kinematic Results for Dataset 2: May 2022
4.1.2.1 Inter-Rifle Head Kinematic Comparison for Two Rifle Configurations

In Dataset 2, the head kinematics of the volunteers displayed similar characteristics between
rifles, with peak accelerations consistently occurring within the initial 0.05 seconds. Firing Rifle E

resulted in higher kinematics than Rifle D (Figure 26, Appendix Figure 59-Appendix Figure 61).
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Figure 26: The head kinematics for Volunteer 8 (from Dataset 2: May 2022), including (i)
linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z, (iv) angular
velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots fired using
Rifles D and E. Note that the designation in brackets represents the features of each rifle; for

example Rifle D (.338) indicates that Rifle D is a .338 caliber rifle.

4.1.2.2 Inter-Volunteer Head Kinematic Comparison for Five Volunteers

Minor variations were observed between volunteers firing the same rifle in Dataset 2. For
example, pronounced peaks were observed in the linear acceleration signals of Volunteers 4, 5,
and 6 exclusively when firing Rifle E (Figure 27 and Appendix Figure 59-Appendix Figure 61).

These pronounced peaks had very high magnitudes and occurred over a very short time frame.
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For instance, there was a rapid transition from -265 m/s? to +800 m/s? at 0.03 s, followed by a

subsequent drop to -600 m/s? occurring within a timeframe of less than 0.006 s (Figure 27(i)).

These high peaks in the signals may not represent gross kinematics and may produce values

greater than the recoil loading condition investigated. These pronounced peaks were observed

in 9 out of 11 shots for Volunteer 4, 5 out of 15 shots for Volunteer 5, and 1 out of 6 shots for

Volunteer 6. They occurred in regions that deviated from the typical signal patterns observed in

other shots by the same volunteers, as well as from Volunteers 7 and 8 in Dataset 2.
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Figure 27: The head kinematics for Volunteer 4 (from Dataset 2: May 2022), including (i)

linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z, (iv) angular

velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots fired using

Rifles D and E. Note that the designation in brackets represents the features of each rifle; for

example Rifle D (.338) indicates that Rifle D is .338 caliber rifle.

In Dataset 2, differences in angular motion between volunteers were more apparent when firing

Rifle D compared to Rifle E (Figure 28). When firing Rifle D, Volunteers 7 and 8 displayed the

lowest first trough in angular velocity along the x-axis (coronal plane) (Figure 28 (i)). Volunteer 6
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exhibited the highest first trough as well as the highest peak following the first trough in angular
velocity along the x-axis (coronal plane) (Figure 28 (i)). Volunteer 8 maintained the lowest first
trough in angular velocity along the y-axis (sagittal plane) (Figure 28 (ii)). Additionally, Volunteer
6 maintained the highest peak after the first trough in angular velocity along the y-axis (sagittal
plane) (Figure 28 (ii)). All volunteers displayed similar signal shapes and magnitudes in angular
velocity along the z-axis (axial plane) (Figure 28 (iii)). While most volunteers exhibited similar
shapes and magnitudes of signals in all three directions when firing Rifle E, Volunteer 5 stood out,

showing slightly higher magnitudes in angular velocity along the x and y axes Figure 28 (iv-vi).
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Figure 28: The (i) X, (ii) Y, (iii) Z angular velocity signals of all volunteers from Dataset 2 firing
Rifle D. The (iv) X, (v) Y, (vi) Z angular velocity signals of all volunteers from Dataset 2 firing Rifle

E.

77



4.1.3 Summary of Head Kinematic Results from Datasets 1 and 2

e The kinematic signals, when grouped by rifle, displayed consistent features such as the
number and timing of peaks.

e Variations in magnitude across rifles were observed, with Rifle C consistently exhibiting
higher magnitudes than Rifles A and B across all volunteers in Dataset 1 and Rifle E
exhibiting higher magnitudes than Rifle D across all volunteers in Dataset 2.

o Peak linear accelerations were consistently observed within the first 0.05 seconds in
Datasets 1 and 2.

¢ Volunteers 4, 5, and 6 from Dataset 2 displayed pronounced peaks in certain acceleration
signals, with peaks reaching up to 800 m/s%. These peaks may not be representative of
head motion during firing.

¢« When grouping by volunteers, more apparent variations emerged, particularly in angular
velocity signals.

¢ Volunteer 2 from Dataset 1 typically demonstrated the highest magnitudes in the angular
velocity signals.

o Differencesin angular motion between volunteers in Dataset 2 were more apparent when
firing Rifle D compared to Rifle E, with Volunteers 5 and 6 typically exhibiting higher peaks

when firing Rifles E and D, respectively.
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4.2 Kinematic-based Metric Results

Two kinematic-based metrics, HIC1s and BrIC, were calculated for all shots in Datasets 1 and 2,

and a comprehensive listing of these values is provided in Appendix B and C, respectively.

4.2.1 Comparison of HICis Between Different Rifles and Volunteers

The HICis values computed for all shots from every volunteer are provided in Appendix B. The
mean HICis values of each rifle were calculated across all volunteers (Figure 29-Figure 32). The

detailed methodology for calculating HIC;s is explained in Appendix B.

4.2.1.1 HICys Results for Dataset 1: May 2021
4.2.1.1.1 Inter-Rifle HIC;s Comparison for Three Rifle Configurations

Volunteer 1 exhibited higher mean HICis when firing Rifle C compared to A. Volunteers 2 and 3
displayed an opposite trend, with higher HICis values when firing Rifle A compared to C. Rifle B
consistently showcased the lowest HICis values across all three volunteers (Figure 29). It can be
observed that the standard deviation is substantially higher for Volunteer 2 when firing Rifle A
(Figure 29(ii)), where only two shots were considered. As outlined in the methods section, only
two of the four shots were included in this case, while the remaining two were excluded due to
being identified as scope bites. The increased HICis value resulted from the prominent high-
magnitude peaks at t=100 ms in the linear acceleration data (Appendix Figure 55 (i)-(iii)). Given
that the calculation of HICys relies on determining the maximum area under the resultant linear
acceleration-time curve, the higher standard deviation, in this case, is due to the short-duration
high magnitude in the linear acceleration signals for one of the two shots fired by Volunteer 2

using Rifle A. This resulted in an uncharacteristic HIC1s value.

In addition to calculating the standard deviation, the coefficient of variation (CV) was also
computed. This metric is valuable for comparing variability among datasets with differing means,
as it standardizes dispersion relative to each dataset's mean. The CV for each rifle was
determined for every volunteer in Dataset 1. The CV values followed a descending order when
firing Rifles C, A, B for Volunteer 1; Rifles A, C, B for Volunteer 2; and Rifles B, A, C for Volunteer

3. Hence, no trend between rifles was observed regarding variability for HIC15. Note that a low
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CV value signifies low variability, while a high CV value indicates high variability within the

dataset.

A one-way ANOVA analysis (detailed in Appendix B) was conducted at a significance level of
a=0.05 to explore differences between rifles for each volunteer. Significant differences in HIC1s
values between rifles were observed for Volunteers 1 and 3, with p-values of 4.00E-3 and 2.75E-
2, respectively. However, no statistically significant difference was identified between the rifles
for Volunteer 2, with a p-value of 1.39E-1. The Tukey-Kramer test (detailed in Appendix B)
identified a statistical difference between Rifles B and C for Volunteer 1 and between Rifles A and

B for Volunteer 3.
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Std. Dev. 0.0235 0.0095 0.0488 Std. Dev. 0.1452 0.0203 0.0392 Std. Dev. 0.0248 0.0362 0.0087
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Figure 29: Mean HIC1s and variation of the three rifles for (i) Volunteer 1, (ii) Volunteer 2, and (iii) Volunteer 3 (Dataset 1: May 2021). * = statistically
significant difference detected between rifles. CV = coefficient of variation. Number of shots for Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles
A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.2.1.1.2 Inter-Volunteer HICis Comparison for Three Volunteers

The mean HICys ranges for Rifles A, B, and C were 0.1371 to0 0.2512, 0.0878 to 0.1374, and 0.1320
to 0.2116, respectively. Rifle A exhibited the widest range, followed by Rifle C and B (Figure 30).
When firing Rifles A and B, the mean HIC;s values followed a descending order, with Volunteers
2, 3, and 1 showing progressively higher to lower values. Conversely, when firing Rifle C, this
order shifted to Volunteers 2, 1, and 3. As a result, Volunteer 2 displayed the highest HIC1s values
when firing all three rifles. In contrast, Volunteer 1 demonstrated the lowest HIC1s values when
firing Rifles A and B, whereas Volunteer 3 exhibited the lowest HICis value when firing Rifle C.
The CV range was between 13% to 58% for Rifle A, 10% to 35% for Rifle B, and 6% to 25% for

Rifle C, with the widest range being for Rifle A, followed by B, then C.

A one-way ANOVA analysis (detailed in Appendix B) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. Significant differences in HIC1s
values between volunteers were only observed for Rifle B, with p-values of 0.04. However, the
Tukey-Kramer test (detailed in Appendix B) identified no statistical difference between
volunteers for Rifle B. This may be a consequence of the small sample sizes in this dataset. No
statistically significant difference was identified between the volunteers for Rifles A and C, with

p-values of 0.195 and 0.0679, respectively.
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Figure 30: Mean HIC;s and variation of the three volunteers for (i) Rifle A, (ii) Rifle B, and (iii) Rifle C (Dataset 1: May 2021). CV = coefficient of variation.
Number of shots for Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.2.1.2 HICys Results for Dataset 2: May 2022
4.2.1.2.1 Inter-Rifle HIC:s Comparison for Two Rifle Configurations

It can be noted that all volunteers in Dataset 2 had higher mean HICy5 values while firing Rifle E
compared to Rifle D (Figure 31). Volunteer 4 notably exhibited substantially higher mean HIC;s
values when firing both rifles, while Volunteers 5 and 6 demonstrated comparatively elevated
values compared to Volunteers 7 and 8. These increased HICis values corresponded with high-
magnitude peaks in the linear acceleration data within this dataset. Additionally, the standard
deviation was consistently higher for Rifle E compared to D, indicating lower variability when
firing Rifle D. It's important to note that high mean HICis values in certain signals may bias the

standard deviation range of values.

The mean HICis values for Volunteers 7 and 8, who did not exhibit uncharacteristically high
magnitude peaks in their head kinematics when firing Rifle E, were in a similar range to HICis
values of Rifles A and C from Dataset 1. Note that all three rifles are of the same caliber (.50 cal).
Additionally, the CV values for these two volunteers in Dataset 2 mirrored those of Rifle C in
Dataset 1, except for Volunteer 3, which had a CV value of 6.63 when firing Rifle C, signifying

lower variability.

A t-test (detailed in Appendix B) was conducted at a significance level of a=0.05 to explore
differences between rifles for each volunteer. Significant differences in HICis values between
rifles were observed for Volunteers 4, 5, 7, and 8, with p-values of 1.72E-2, 1.28E-3, 1.73E-13,
and 7.66E-06 respectively. However, no statistically significant difference was identified between

the rifles for Volunteer 6, with a p-value of 6.68E-2.
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Figure 31: Mean HICis and variation of the two rifles for (i) Volunteer 4, (ii) Volunteer 5, (iii) Volunteer 6, (iv) Volunteer 7, (v) Volunteer 8 (Dataset 2:
May 2022). *= statistically significant difference detected between rifles. CV = coefficient of variation. Number of shots for Volunteer 4 (Rifles D:36,
E:11), Volunteer 5 (Rifles D:2, E:15), Volunteer 6 (Rifles D:33, E:6), Volunteer 7 (Rifles D:8, E:18) and Volunteer 8 (Rifles D:5, E:10).
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4.2.1.2.2 Inter-Volunteer HICis Comparison for Five Volunteers

As mentioned above, volunteers in Dataset 2 generally had higher mean HICis values while firing
Rifle E compared to Rifle D. The mean HICis ranges for Rifles D and E were 0.0125 to 0.2992 and
0.0922 to 116.19, respectively, with Rifle E exhibiting the widest range. Volunteers 4 and 5 clearly
exhibited high HICis values when firing both Rifles D and E, biasing the overall trend between
volunteers. When examining the CV, Volunteers 7 and 8 exhibited a lower CV, indicating low
variability when firing both rifles. A one-way ANOVA was not conducted for this dataset as it
would inherently detect a difference between volunteers given the substantially higher HIC1s

values of Volunteers 4 and 5.
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Figure 32: Mean HICis and variation of the five volunteers for (i) Rifle D and (ii) Rifle E (Dataset 2: May 2022).
Number of shots for Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4) and Volunteer 3 (Rifles A:3,
B:3, C:3).
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4.2.2 Summary of HIC;5 Results from Datasets 1 and 2

Table 8: Summary of HIC;s results from Dataset 1

Dataset 1

Comparisons Notes

Rifle order for each volunteer based on mean HIC .
1 e All volunteers exhibited the lowest

Vol 1 C>A>B HICs values with Rifle B
Vol 2 A>C>B e Volunteers exhibited the highest
Vol 3 A>C>B HIC1s values with either Rifle A or C
Range of mean HIC;s values
Rifle A 0.1371to0 0.2512
Rifle B 0.0878 t0 0.1374 e Rifle A has the widest range of mean

- HICys, followed by Rifle C, then Rifle B
Rifle C 0.1320to 0.2116
Order of CV between rifles for each volunteer . . .

e Notrendin CV between rifles, i.e.,

Vol 1 C>A>B no common rifle where volunteers
Vol 2 A>C>B always exhibit higher or lower
Vol 3 B>A>C variability

Volunteer order for each rifle based on mean HIC o
15 e Volunteer 2 always exhibits the

Rifle A Vol2>3>1 highest HIC1s
Rifle B Vol2>3>1 e Either Volunteer 1 or 3 exhibits the
Rifle C Vol2>1>3 lowest HIC1s

Order of CV between volunteers for each rifle

e Volunteer 2 usually has a higher CV

Rifle A Vol2>1>3 apart from Rifle B
Rifle B Vol3>2>1 e Volunteer 3 usually has a lower CV
Rifle C Vol2>1>3 apart from Rifle B
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Table 9: Summary of HIC;s results from Dataset 2

Dataset 2

Comparisons

Notes

Rifle order for each volunteer based on mean HIC;s

Vol 4 E>D
Vol 5 E>D
Vol 6 E>D
Vol 7 E>D
Vol 8 E>D

o All volunteers had higher mean HICss
with Rifle E compared to D

Range of mean HIC;s values

Rifle D

0.125 to 0.2992

Rifle E

0.0922 to 116.19

e Rifle E has the widest range of mean
HICis

e Volunteers 4,5 and 6 exhibited
uncharacteristically high mean HICis
values

Order of CV between rifles for e

ach volunteer

Vol 4 E>D
Vol 5 E>D
Vol 6 E>D
Vol 7 D>E
Vol 8 E>D

e Usually, volunteers exhibited higher CV,
hence variability when firing Rifle E
compared to Rifle D apart from
Volunteer 6

Volunteer order for each rifle based on mean HIC;s

Rifle D

Vold>5>6>8>7

Rifle E

Vold>5>8>6>7

e Volunteers 4 and 5 exhibited the
highest mean HICis irrespective of rifle

e Volunteer 7 exhibited the lowest mean
HICis irrespective of the rifle

Order of CV between volunteers for each rifle

Rifle D

Vol5>4>6>7>8

Rifle E

Vold>6>5>8>7

e Volunteers 7 and 8 exhibited a lower
CV, indicating low variability when firing
both rifles
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4.2.3 Comparison of BriC Between Different Rifles and Volunteers

The BrIC values computed for all shots from every volunteer are provided in Appendix C. The
mean BrlIC values were calculated for each rifle across all volunteers of datasets 1 and 2 ( Figure

33-Figure 36).

4.2.3.1 BriC Results for Dataset 1: May 2021
4.2.3.1.1 Inter-Rifle BriC Comparison for Three Rifle Configurations

Volunteers 1 and 2 exhibited higher mean BrIC when firing Rifle C in contrast to Rifle A.
Conversely, Volunteer 3 exhibited higher mean BrIC when firing Rifle A compared to Rifle C.
Volunteers 1 and 2 displayed the lowest BrIiC value when using Rifle B, while Volunteer 3
maintained relatively consistent BriIC values across Rifles B and C. The CV followed a descending
pattern for Volunteers 1 and 2, firing Rifles B, C, and A, whereas for Volunteer 3, the order was
A, B, and C. This suggests that Volunteers 1 and 2 experienced increased variability when using
Rifle B. In contrast, Volunteer 3 exhibited consistently low variability (0.5-3%) across all three

rifles compared to Volunteers 1 and 2.

A one-way ANOVA analysis (detailed in Appendix C) was conducted at a significance level of
a=0.05 to explore differences between rifles for each volunteer. Significant differences in BrIC
values between rifles were observed for Volunteers 2 and 3, with p-values of 3.78E-2 and 2.24E-
2, respectively. However, no statistically significant difference was identified between the rifles
for Volunteer 1, with a p-value of 5.78E-2. The Tukey-Kramer test (detailed in Appendix C)
identified a statistical difference between Rifles B and C for Volunteer 2, and between Rifles A

and B as well as A and C for Volunteer 3.
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Figure 33: Mean BrIC and variation of the three rifles for (i) Volunteer 1, (ii) Volunteer 2, and (iii) Volunteer 3 (Dataset 1: May 2021). * = statistically
significant difference detected between rifles. CV = coefficient of variation. Number of shots for Volunteer 1 (Rifle s A:4, B:4, C:4), Volunteer 2 (Rifles

A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.2.3.1.2 Inter-Volunteer BriIC Comparison for Three Volunteers

The mean BrIC ranges for Rifles A, B, and C were 0.1162 to 0.1858, 0.1008 to 0.1523, and 0.1193
t0 0.1963, respectively. Rifle C exhibited the widest range, followed by Rifles A and B. When firing
Rifles A and C, the BrIC values followed a descending order, with Volunteers 2, 3, and 1 showing
progressively higher to lower values. Conversely, when firing Rifle B, this order shifted to
Volunteers 3, 2, and 1. As a result, Volunteer 1 consistently displayed the lowest BrIC values
across all three rifles, while Volunteer 2 exhibited higher BrIC values when firing Rifles A and C

but not B.

The CV range for firing Rifle A remained consistent across all volunteers, fluctuating between 3
and 4%, indicating uniform variability among them. However, the CV range widened for Rifle C,
spanning from 0.5 to 9%. Volunteer 3 demonstrated minimal variability when firing Rifle C,
followed by Volunteer 2 and then Volunteer 1. All volunteers showed an increase in CV when
firing Rifle B, ranging from 2% to 12%. Volunteer 2 experienced the most significant increase in

variability, transitioning from approximately 3% for Rifle s A and C to around 21% for Rifle B.

A one-way ANOVA analysis (detailed in Appendix C) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. Significant differences in BriC
values between volunteers were identified for all three rifles, with a p-value of 1.04E-05, 1.92E-
02, and 2.55E-06 for Rifles A, B, and C, respectively. The Tukey-Kramer test (detailed in Appendix
C) identified a statistical difference between all groups for Rifles A and C, and between Volunteers

1 and 2, as well as between Volunteers 1 and 3, for Rifle B.
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Figure 34: Mean BrlIC and variation of the three volunteers for (i) Rifle A, (ii) Rifle B, and (iii) Rifle C (Dataset 1: May 2021). *= statistically significant
difference detected between volunteers. CV=coefficient of variation. Number of shots for Volunteer 1 (Rifle s A:4, B:4, C:4), Volunteer 2 (Rifles A:2,
B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.2.3.2 BriC Results for Dataset 2: May 2022
4.2.3.2.1 Inter-Rifle BriIC Comparison for Two Rifle Configurations

In Dataset 2, all volunteers demonstrated higher mean BrIC values when firing Rifle E compared
to Rifle D. Notably, Volunteers 4, 5, and 6 exhibited significantly elevated CV (ranging between
20-50%) when using Rifle E, suggesting high variability for these individuals with this rifle.
Conversely, Volunteers 7 and 8 showed only slightly higher CV when firing Rifle D, with the
difference in CV between Rifles D and E being minimal, less than a delta of 2. This indicates that

Volunteers 7 and 8 maintained consistent variability regardless of the rifle used.

Furthermore, the mean BrlIC values for Volunteers 5, 6, 7, and 8 when firing Rifle E in Dataset 2
fell within the range of BrIC values for Rifles A and C in Dataset 1. Note that all three rifles were
of the same caliber (.50 cal). Although the mean values closely mirrored those of Dataset 1,
Volunteers 4, 5, and 6 displayed higher CV values when using Rifle E. In contrast, Volunteers 7
and 8 CV values while using Rifle E were within the range of CV values exhibited by Volunteers 1,

2, and 3 from Dataset 1.

A t-test (detailed in Appendix C) was conducted at a significance level of a=0.05 to explore
differences between rifles for each volunteer. Significant differences in BrIC values between rifles
were observed for all volunteers, with p-values of 1.34E-4, 5.92E-5, 5.21E-4, 4.78E-19, and 7.50E-

12 for Volunteers 4, 5, 6, 7, and 8 respectively.
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Figure 35: Mean BrlIC and variation of the two rifles for (i) Volunteer 4, (ii) Volunteer 5, (iii) Volunteer 6, (iv) Volunteer 7, (v) Volunteer 8 (Dataset
2: May 2022). *= statistically significant difference detected between rifles. CV = coefficient of variation. Number of shots for Volunteer 4 (Rifles

D:36, E:11), Volunteer 5 (Rifles D:2, E:15), Volunteer 6 (Rifles D:33, E:6), Volunteer 7 (Rifles D:8, E:18) and Volunteer 8(Rifles D:5, E:10).
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4.2.3.2.2 Inter-Volunteer BrlIC Comparison for Five Volunteers

The mean BrIC ranges for Rifles D and E were 0.0468 to 0.0592 and 0.1092 to 0.3788, respectively,
with Rifle E exhibiting the widest range. When firing Rifle D, the BrIC values followed a descending
order, with Volunteers 4,5,7,6, and 8 showing progressively higher to lower values. This order
shifted to Volunteers 4,6,5,8, and 7 when firing Rifle E. The CV range for firing Rifle D was between
3% and 19%, with Volunteers 4 and 6 having the higher CV values. The CV range widened for Rifle
E, spanning from 5% to 51%. Specifically, Volunteer 4 demonstrated a really high CV at 51% when
firing Rifle E.

A one-way ANOVA analysis (detailed in Appendix C) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. No statistically significant
difference was identified between the volunteers for Rifle D, with a p-value of 5.67E-2. A
statistically significant difference was identified between the volunteers for Rifle E with a p-value
of 2.7E-9. The Tukey-Kramer test (detailed in Appendix C) identified a statistical difference

between the following groups for Rifle E: Volunteers 4 and 5,4 and 6, 4 and 7 ,and 4 and 8.
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Figure 36: Mean BrIC and variation of the five volunteers for (i) Rifle D and (ii) Rifle E (Dataset 2: May 2022). *=
statistically significant difference detected between rifles. CV = coefficient of variation. Number of shots for
Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.2.4 Summary of BriC Results from Datasets 1 and 2

Table 10: Summary of BrIC Results from Dataset 1

Dataset 1

Comparisons

Notes

Rifle order for each volunteer based on mean BriIC

Vol 1 C>A>B
Vol 2 C>A>B
Vol 3 A>B>C

e Volunteers usually exhibited higher BrIC
values when firing Rifle C apart from Vol 3

e Volunteers usually exhibited lower BrIC
values when firing Rifle B apart from Vol 3

Range of mean BrIC values

Rifle A

0.1162 to 0.1858

Rifle B

0.1008 to 0.1523

Rifle C

0.1193 to 0.1963

e Rifle C exhibited the widest range, followed
by Rifle A and then Rifle B

Order of CV between rifles for e

ach volunteer

Vol 1 B>C>A
Vol 2 B>C>A
Vol 3 A>B>C

e Volunteers usually exhibited higher
variability with Rifle B apart from Volunteer
3

Volunteer order for each rifle based on mean BrIC

Rifle A Vol2>3>1
Rifle B Vol3>2>1
Rifle C Vol2>3>1

e Volunteer 2 usually exhibited the highest
BrIC apart from Rifle B

e Volunteer 1 exhibited the lowest BrIC
irrespective of the rifle

Order of CV between volunteers for each rifle

Rifle A Voll>2>3
Rifle B Vol2>1>3
Rifle C Voll>2>3

e Volunteer 1 usually exhibited higher
variability apart from Rifle B

e Volunteer 3 usually exhibited lower
variability apart from Rifle B
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Table 11: Summary of BrIC Results from Dataset 2

Dataset 2

Comparisons Notes

Rifle order for each volunteer based on mean BriIC

Vol 4 E>D

Vol'5 E>D e All volunteers had higher mean BrIC with
Vol 6 E>D Rifle E compared to D

Vol 7 E>D

Vol 8 E>D

Range of mean BrIC values

Rifle D 0.0468 to 0.0592

- Rifle E has the widest range of mean BrIC
Rifle E 0.1092 t0 0.3788 | &
Order of CV between rifles for each volunteer
Vol 4 E>D

e Usually, volunteers exhibited higher CV,

Vol 5 E>D hence variability when firing Rifle E
Vol 6 E>D compared to Rifle D apart from Volunteers
Vol 7 D>E 7and8
Vol 8 D>E

Volunteer order for each rifle based on mean BrIC

Rifle D Vol5>4>7>6>8 | ® Thevolunteers exhibiting the highest and
lowest BrIC values differed for each rifle

Rifle E Vold>6>5>8>7

Order of CV between volunteers for each rifle

Rifle D Vol6>4>8>7>5 | ® The order of CV between volunteers
differed between rifles

Rifle E Vold>5>6>8>7
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4.3 Strain-based Metrics Results

Two strain-based metrics, MPSgs and CSV, were calculated using the finite element head model
for all shots in Datasets 1 and 2, and a comprehensive listing of these values is provided in
Appendix D, E, and F. Hereafter, when comparing the FE outcomes for Volunteers 1, 2, and 3, the
reference is to the accelerative inputs measured for each individual shot, applied to the GHBMC

FE model.

4.3.1 Comparison of MPSqs Between Different Rifles and Volunteers

Each shot in both datasets was individually simulated, with MPSgs values computed for the whole
brain region of every shot from each volunteer, as outlined in Appendix D. Mean MPSgs values

were then calculated for each rifle across all volunteers in Datasets 1 and 2 (Figure 37-Figure 40).

4.3.1.1 MPSgs Results for Dataset 1: May 2021
4.3.1.1.1 Inter-Rifle MPSes Comparison for Three Rifle Configurations

Volunteers 1 and 2 exhibited higher mean MPSgs when firing Rifle C compared to Rifle A.
Conversely, Volunteer 3 exhibited a higher mean MPSgs when firing Rifle A than Rifle C. Across all
volunteers, the MPSgs values were consistently lowest when using Rifle B compared to Rifles A
and C. The CV values exhibited a descending order when firing Rifles B, A, and C for Volunteer 1;
Rifles B, C, and A for Volunteer 2; and Rifles A, C, and B for Volunteer 3. Consequently, no
apparent trend in variability for MPSgs was observed between rifles. However, Volunteers 1 and
2 showed a significant increase in variability, nearly doubling, when firing Rifle B compared to the
other two rifles. Volunteer 3 displayed the opposite trend, with a decrease in CV when firing Rifle

B in contrast with the other two rifles.

A one-way ANOVA analysis (detailed in Appendix D) was conducted at a significance level of
a=0.05 to explore differences between rifles for each volunteer. Significant differences in MPSgs
values between rifles were observed for Volunteers 1 and 2, with p-values of 7.41E-3 and 1.91E-
3, respectively. However, no statistically significant difference was identified between the rifles

for Volunteer 3, with a p-value of 1.14E-1. The Tukey-Kramer test (detailed in Appendix D)
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identified a statistical difference between Rifles B and C for Volunteer 1 and between Rifles A and

B as well as B and C for Volunteer 2.
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CV (%) 3.61 11.39 3.54 CV (%) 9.70 26.56 10.25 CV (%) 6.93 3.33 5.76

Figure 37: Mean MPSgs and variation of the three rifles for (i) Volunteer 1, (ii) Volunteer 2, and (iii) Volunteer 3 (Dataset 1: May 2021). * = statistically
significant difference detected between rifles. CV = coefficient of variation. Number of shots for Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles
A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.3.1.1.2 Inter-Volunteer MPSos Comparison for Three Volunteers

The mean MPSges ranges for Rifles A, B, and C were 0.0367 to 0.0702, 0.0327 to 0.0516, and 0.0399
to 0.0771, respectively. Rifle C exhibited the widest range, followed by Rifles A and B. When firing
Rifles A and C, the MPSqs values followed a descending order, with Volunteers 2, 3, and 1 showing
progressively higher to lower values. Conversely, when firing Rifle B, this order shifted to
Volunteers 3, 2, and 1. As a result, Volunteer 1 consistently displayed the lowest MPSgs values
across all three rifles, while Volunteer 2 exhibited higher MPSgs values when firing Rifles A and C

but not B.

The CV range for firing Rifle A and C were similar, ranging between 3% and 10%. However, the
CV range widened for Rifle C, spanning from 3 to 26%. Volunteer 2 demonstrated the highest
variability when firing Rifle B, with a CV of 26%.

A one-way ANOVA analysis (detailed in Appendix D) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. Significant differences in MPSgs
values between volunteers were identified for all three rifles, with a p-value of 1.05E-4, 2.73E-2,
and 2.415E-5 for Rifles A, B, and C, respectively. The Tukey-Kramer test (detailed in Appendix D)
identified a statistical difference between Volunteers 1 and 2, as well as between 1 and 3 for Rifle

A; between Volunteers 1 and 3 for Rifle B; and between all volunteers for Rifle C.
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Figure 38: Mean MPSgs and variation of the three volunteers for (i) Rifle A, (ii) Rifle B, and (iii) Rifle C (Dataset 1: May 2021). * = statistically significant
difference detected between volunteers. CV = coefficient of variation. Number of shots for Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2,
B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.3.1.2 MPSgs Results for Dataset 2: May 2022
4.3.1.2.1 Inter-Rifle MPSgs Comparison for Two Rifle Configurations

In Dataset 2, all volunteers consistently showed higher mean MPSgs values when firing Rifle E
compared to Rifle D. Echoing the trends observed with BrIC values, Volunteers 4, 5, and 6
exhibited significantly elevated CV (ranging between 30% and 50%) when using Rifle E, indicating
considerable variability among these individuals with this rifle. Conversely, the difference in CV
between Rifles D and E for Volunteers 7 and 8 was minimal, less than a delta of 2, suggesting low

variability irrespective of the rifle used.

Similar to the findings with BrIC values, the mean MPSqs values for Volunteers 5, 6, 7, and 8 in
Dataset 2 fell within the range of BrIC values for Rifles A and C in Dataset 1, with all three rifles
being of the same caliber. While the mean values closely aligned with Dataset 1, Volunteers 4, 5,
and 6 exhibited higher CV values when using Rifle E. In contrast, Volunteers 7 and 8 CV values
while using Rifle E were within the range of CV values exhibited by Volunteers 1, 2, and 3 from

Dataset 1.

A t-test (detailed in Appendix D) was conducted at a significance level of a=0.05 to explore
differences between rifles for each volunteer. Significant differences in MPSgs values between
rifles were observed for all volunteers, with p-values 4.92E-5, 2.59E-3, 2.26E-22, and 1.12E-9 for

Volunteers 4,5, 6,7, and 8, respectively.
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Figure 39: Mean MPSgs and variation of the two rifles for (i) Volunteer 4, (ii) Volunteer 5, (iii) Volunteer 6, (iv) Volunteer 7, (v) Volunteer 8 (Dataset 2: May
2022). *=statistically significant difference detected between rifles. CV=coefficient of variation. Number of shots for Volunteer 4 (Rifles D:36, E:11), Volunteer

5 (Rifles D:2, E:15), Volunteer 6 (Rifles D:33, E:6), Volunteer 7 (Rifles D:8, E:18) and Volunteer 8 (Rifles D:5, E:10).
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4.3.1.2.2 Inter-Volunteer MPSgs Comparison for Five Volunteers

The mean MPSgs ranges for Rifles D and E were 0.0181 to 0.0238 and 0.0382 to 0.1466,

respectively, with Rifle E exhibiting the widest range.

When firing Rifle D, the MPSgs values followed a descending order, with Volunteers 4,6,7,5 and
8 showing progressively higher to lower values. This order shifted to Volunteers 4,5,6,7 and 8
when firing Rifle E. The CV range for firing Rifle D was between 2% and 10%, with Volunteers 4
and 8 having the higher CV values. The CV range widened for Rifle E, spanning from 5% to 53%.
Specifically, Volunteer 4 demonstrated a really high CV at 53% when firing Rifle E.

A one-way ANOVA analysis (detailed in Appendix D) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. A statistically significant
difference was identified between the volunteers for both rifles, with a p-value of 1.44E-6 and
2.01E-8 for Rifles D and E, respectively. The Tukey-Kramer test (detailed in Appendix D) identified
a statistical difference for Rifle D between the following volunteers: 4 and 5, 4 and 6, 4 and 7,4
and 8, 6 and 8, and 7 and 8. It also identified a statistical difference for Rifle E between Volunteers

4 and 5,4 and 6,4 and 7, and 4 and 8.
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Figure 40: Mean MPSgs and variation of the five volunteers for (i) Rifle D and (ii) Rifle E (Dataset 2: May 2022). *=
statistically significant difference detected between rifles. CV=coefficient of variation. Number of shots for
Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.3.2 Summary of MPSgs Results from Datasets 1 and 2

Table 12: Summary of MPSgs Results from Dataset 1

Comparisons

Notes

Dataset 1

Rifle order for each volunteer based on mean MPSgs

Vol 1 C>A>B
Vol 2 C>A>B
Vol 3 A>C>B

Volunteers usually exhibited higher MPSgs
values when firing Rifle C apart from Vol 3
All volunteers usually exhibited lower
MPSss values when firing Rifle B

Range of mean MPSg; values

Rifle A

0.0367 to 0.0702

Rifle B

0.0327 to 0.0516

Rifle C

0.0399 t0 0.0771

Rifle C exhibited the widest range,
followed by Rifle A and then Rifle B

Order of CV between rifles for e

ach volunteer

Vol 1 B>A>C
Vol 2 B>C>A
Vol 3 A>C>B

No apparent trend in variability for MPSes
was observed between rifles

Volunteers 1 and 2 showed a significant
increase in variability, nearly doubling
Volunteer 3 displayed the opposite trend,
with a decrease in CV when firing Rifle Bin
contrast with the other two rifles.

Volunteer order for each rifle based on mean MPSgs

Rifle A Vol2>3>1
Rifle B Vol3>2>1
Rifle C Vol2>3>1

Volunteer 1 consistently displayed the
lowest MPSgs values across all three rifles
Volunteer 2 exhibited higher MPSqs values
when firing Rifles A and C but not B

Order of CV between volunteers for each rifle

Rifle A Vol2>3>1
Rifle B Vol2>1>3
Rifle C Vol2>3>1

Volunteer 2 exhibited the highest CV, i.e.
variability across all three rifles
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Table 13: Summary of MPSgs Results from Dataset 2

Dataset 2

Comparisons

Notes

Rifle order for each volunteer based on mean MPSgs

Vol 4 E>D
Vol 5 E>D
Vol 6 E>D
Vol 7 E>D
Vol 8 E>D

e All volunteers had higher mean MPSgs with
Rifle E compared to D

Range of mean HIC;s values

Rifle D

0.0181 to 0.0238

Rifle E

0.0382 to 0.1466

e Rifle E has the widest range of mean
MPSgs

Order of CV between rifles for e

ach volunteer

Vol 4 E>D
Vol 5 E>D
Vol 6 E>D
Vol 7 E>D
Vol 8 E>D

e All volunteers exhibited higher CV, i.e.,
variability when firing Rifle E compared to
Rifle D

Volunteer order for each rifle based on mean MPSgs

Rifle D

Vold>6>7>5>8

Rifle E

Vold>5>6>7>8

e Volunteer 4 always had the highest mean
MPSss value for both Rifles D and E

e Volunteer 8 always had the lowest mean
MPSss value for both Rifles D and E

Order of CV between volunteers for each rifle

Rifle D

Vold>6>8>7>5

Rifle E

Vold>5>6>8>7

e Volunteer 4 exhibited the highest CV, i.e.,
variability irrespective of the rifle used
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4.3.3 Comparison of CSV Curves of the Whole Brain Between Different Rifles
and Volunteers

Mean Acsy values were computed for all rifle configurations and each volunteer, with the
complete list of Acsy values computed outlined in Appendix E. The CSV curves for every shot

from all volunteers were plotted individually (Figure 41-Figure 45).

4.3.3.1 CSV Curves of the Whole Brain for Dataset 1: May 2021
4.3.3.1.1 Inter-Rifle CSV Curve Comparison for Three Rifle Configurations

The CSV curves for Volunteers 1 and 2 visually revealed a decrease in MPS levels in the
descending order of Rifles C, A, and B. Volunteer 3 exhibited small differences in CSV curves
across all three rifles, with curves nearly overlapping. When examining the Acsy box plots,
Volunteers 1 and 2 exhibited higher mean Acsy when firing Rifle C in contrast to Rifle A. The range
of Acsy for Volunteer 3 was between 0.0326 and 0.0357, indicating small differences between the
rifles. Across all volunteers, the mean Acsy values were consistently lowest when using Rifle B in

comparison to Rifles A and C.

There was a difference in variability among rifles and volunteers. Volunteer 2 consistently
displayed higher CV, i.e., variability, compared to Volunteers 1 and 3, irrespective of the rifle
used. No consistent trend emerged among volunteers regarding CV when comparing different
rifles; the descending order of CV values varied: Rifles B, C, A for Volunteer 1, Rifles B, A, C for
Volunteer 2, and Rifles C, A, B for Volunteer 3. However, a notable increase in variability was
observed for Volunteers 1 and 2 when using Rifle B compared to Rifles A and C. In contrast,

Volunteer 3 maintained consistently low variability across all rifles.

A one-way ANOVA analysis (detailed in Appendix E) was conducted at a significance level of
a=0.05 to explore differences between rifles for each volunteer. Significant differences in Acsv
values between rifles were observed for Volunteers 1 and 2, with p-values of 6.90E-03 and 2.04E-
03, respectively. However, no statistically significant difference was identified between the rifles
for Volunteer 3, with a p-value of 2.42E-01. The Tukey-Kramer test (detailed in Appendix E)
identified a statistical difference between Rifles B and C for Volunteer 1, Rifles A and B, and Rifles

B and C for Volunteer 2.
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Figure 41: Cumulative strain-volume curves, mean Acsv and variation of the three rifles for (i,iv) Volunteer 1, (ii,v) Volunteer 2, (iii,vi) Volunteer 3
(Dataset 1: May 2021). * = statistically significant difference detected between rifles. CV = coefficient of variation. Number of shots for Volunteer 1
(Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.3.3.1.2 Inter-Volunteer CSV Curve Comparison for Three Volunteers

Volunteer 1 clearly displayed lower strains compared to Volunteers 2 and 3 across all rifles, which
was evident upon visually inspecting the CSV plots (Figure 42). Conversely, Volunteer 2 exhibited
higher strains when using Rifles A and C, while Volunteer 3 experienced the highest strain when
firing Rifle B compared to the other volunteers. The mean Acsv ranges for Rifles A, B, and C were
0.0418 to 0.0231, 0.0326 to 0.0203, and 0.0246 to 0.0452, respectively. Rifle C exhibited the
widest range, followed by Rifle A and then Rifle B.

Besides experiencing lower strains, Volunteer 1 demonstrated the lowest CV when firing Rifles A
and C, indicating minimal variability. However, Volunteer 1 witnessed an increase in variability
when firing Rifle B, with the CV value rising from 2-3% for Rifles A and C to 11% when using Rifle
B. Similarly, Volunteer 2 saw a significant increase in variability, escalating from 8-10% with rifles
A and C to 25% when firing Rifle B. Volunteer 3 maintained low variability when firing Rifle B,
even as the other volunteers saw an increase in CV. Volunteer 2 consistently had the highest CV

and, thus, the highest variability, irrespective of the rifle being fired.

A one-way ANOVA analysis (detailed in Appendix E) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. Significant differences in Acsy
values between volunteers were identified for all three rifles, with p-values of 1.09E-04, 1.50E-
02, and 1.88E-05 for Rifles A, B, and C, respectively. The Tukey-Kramer test (detailed in Appendix
E) identified a statistical difference between Volunteers 1 and 2, as well as between Volunteers
1 and 3 for Rifle A; between Volunteers 1 and 3 for Rifle B, and between all volunteers for Rifle

C.
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Figure 42: Cumulative strain-volume curves, mean Acsv and variation for each shot across the three volunteers for (i,iv) Rifle A, (ii,v) Rifle B, (iii,vi) Rifle
C (Dataset 1: May 2021). * = statistically significant difference detected between volunteers. CV = coefficient of variation. Number of shots for Volunteer
1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4) and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.3.3.2 CSV Curves of the Whole Brain for Dataset 2: May 2022
4.3.3.2.1 Inter-Rifle CSV Curve Comparison for Two Rifle Configurations

The CSV curves from Dataset 2 revealed a consistent trend across all volunteers with a rise in
MPS levels when firing Rifle E compared to Rifle D. However, it isimportant to note that variability
in responses differed among volunteers. Specifically, Volunteers 4, 5, and 6 exhibited significantly
higher variability when using Rifle E compared to Rifle D. In contrast, the variability observed in
Rifle D firing remained low (within 2-11%) across all volunteers. Volunteers 7 and 8 displayed low
variability when using Rifle E, in contrast to the higher variability observed in Volunteers 4, 5, and

6.

As observed with previous metrics, the mean Acsy values for Volunteers 5, 6, 7, and 8 when firing
Rifle E fell within the range of Acsy values for Rifles A and C in Dataset 1. Interestingly, when
considering this metric, the difference between Volunteer 4’s mean Acsv was not significantly
different from the range of mean Acsy values from Dataset 1, unlike the notable disparities
observed in other metrics. However, Volunteers 4, 5, and 6 still exhibited higher CV values when

using Rifle E compared to Volunteers 7 and 8.

A t-test (detailed in Appendix E) was conducted at a significance level of a=0.05 to explore
differences between rifles for each volunteer. Significant differences in Acsy values between rifles
were observed for all volunteers, with p-values 1.27E-4, 5.53E-5, 3.29E-3, 1.63E-21, and 7.88E-

11 for Volunteers 4,5, 6,7, and 8, respectively.

114



(i) Volunteer 4

(ii) Volunteer 5

(iii) Volunteer 6

100 100 100
Rifle D (.338)
= Rifle E (.50) = =
<] S
2 80 2 80} 2 80-
e o e
c = c
& & £
o B80F a 60r o 60F
< o o
[=] o [=]
= Lz £
= E =
S 40r S 40t G 40+
© @© o
£ E £
= =1 =]
[=] ° 35
= 20f > 201 = 20}
X R R
0 , ‘ ‘ ‘ s P 0 ; ‘ ; ! s \ 0 e , . s |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Maximum Principal Strain Maximum Principal Strain Maximum Principal Strain
(iv) Volunteer 7 (v) Volunteer 8

100 -‘ 100
5 5
2 80 ‘& 80
o 2
£ £
© o
S 60+ o 60+
@ Q2
[=] o]
£ e
2 E
S 40+ G 40+
@ @©
£ 1S
= =
3 S
2 20 R 20

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Maximum Principal Strain

Maximum Principal Strain

Figure 43: Cumulative strain-volume curves for each shot across the two rifles for (i) Volunteer 4, (ii) Volunteer 5, (iii) Volunteer 6, (iv) Volunteer 7, (v)
Volunteer 8 (Dataset 2: May 2022). *= statistically significant difference detected between rifles. CV=coefficient of variation. Number of shots for
Volunteer 4 (Rifles D:36, E:11), Volunteer 5 (Rifles D:2, E:15), Volunteer 6 (Rifles D:33, E:6), Volunteer 7 (Rifles D:8, E:18) and Volunteer 8(Rifles D:5,

E:10).
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Figure 44: Mean Acsv and variation across the two rifles for (i) Volunteer 4, (ii) Volunteer 5, (iii) Volunteer 6, (iv) Volunteer 7, (v) Volunteer 8 (Dataset
2: May 2022). *= statistically significant difference detected between rifles. CV=coefficient of variation. Number of shots for Volunteer 4 (Rifles D:36,
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4.3.3.2.2 Inter-Volunteer CSV Curve Comparison for Five Volunteers

The volunteers in Dataset 2 exhibited slight differences in the magnitude of strains, with
Volunteer 8 experiencing the lowest strain and Volunteer 4 experiencing the highest strain values
for both Rifles D and E. The mean Acsy for all volunteers ranged between 0.0109 and 0.0150 when
firing Rifle D. While the mean Acsv values were relatively close when firing Rifle D, variations in
CV, i.e., variability, were evident. The descending order of CV was as follows: Volunteer 6, 4, 8, 7,

and 5.

The range of Acsv for the volunteers was higher for Rifle E compared to Rifle D. Notably, a higher
CV was noted for Volunteers 4, 5, and 6 when firing Rifle E, in contrast to Volunteers 7 and 8,
who maintained CV levels of 5% and 8% respectively. Furthermore, when comparing Rifle E to
Rifles A and C from Dataset 1, considering they were all rifles of the same caliber, it was observed
that all volunteers from Dataset 2, except Volunteer 4, fell within the range of mean Acsy values
from Dataset 1. This suggests some degree of consistency in mean Acsv when firing the same

caliber rifle.

A one-way ANOVA analysis (detailed in Appendix E) was conducted at a significance level of
a=0.05 to explore differences between volunteers for each rifle. Significant differences in Acsy
values between volunteers were identified for both rifles, with p-values of 6.13E-08 and 1.36E-
08 for Rifles D and E, respectively. The Tukey-Kramer test (detailed in Appendix E) identified a
statistical difference for Rifle D between the following volunteers: 4 and 6, 4 and 7, 4 and 8, 5
and 8, 6 and 8, and 7 and 8. It also identified a statistical difference for Rifle E between Volunteers

4 and 5,4 and 6,4 and 7, and 4 and 8.
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Figure 45: Cumulative strain-volume curves, mean Acsv and variation for each shot across all volunteers for (i, iii)
Rifle D and (ii,iv) Rifle E (Dataset 2: May 2022). *= statistically significant difference detected between rifles.
CV=coefficient of variation. Number of shots for Volunteer 1 (Rifles A:4, B:4, C:4), Volunteer 2 (Rifles A:2, B:4, C:4)
and Volunteer 3 (Rifles A:3, B:3, C:3).
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4.3.4 Summary of CSV Results for the Whole Brain from Datasets 1 and 2

For Dataset 1:
When grouped by volunteers (Inter-rifle comparison)

e The CSV curves for Volunteers 1 and 2 visually revealed a decrease in MPS levels in the
descending order of Rifles C, A, and B.

e Volunteer 3 exhibited small differences in CSV curves across all three rifles, with curves
nearly overlapping.

e Volunteers 1 and 2 exhibited higher mean Acsv when firing Rifle C in contrast to Rifle A,
while Volunteer 3 exhibited minimal difference in Acsv between rifles.

e For all volunteers, the mean Acsv values were consistently lowest when using Rifle B
compared to Rifles A and C.

e Volunteer 2 consistently displayed higher CV, i.e., variability, compared to Volunteers 1
and 3, irrespective of the rifle used.

e Volunteers 1 and 2 experienced an increase in variability when using Rifle B compared to
Rifles A and C. In contrast, Volunteer 3 maintained consistently low variability across all

rifles.

e There was a statistical difference in Acsv values between rifles for Volunteers 1 and 2.
When grouped by rifles (Inter-volunteer comparison)

e Volunteer 1 clearly displayed lower strains than Volunteers 2 and 3 across all rifles.

e Volunteer 2 exhibited the highest strains when using Rifles A and C, while Volunteer 3
experienced the highest strain when firing Rifle B.

e Rifle C exhibited the widest range in Acsy, followed by Rifle A and then Rifle B.

e There was a statistical difference in Acsy between volunteers for all three rifles.
For Dataset 2:
When grouped by volunteers (Inter-rifle comparison)

e All volunteers experienced higher strains when using Rifle E compared to Rifle D.
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e Volunteers 4, 5, and 6 exhibited significantly higher variability when using Rifle E
compared to Rifle D.

e A statistical difference in Acsy values between rifles was observed for all volunteers.
When grouped by rifles (Inter-volunteer comparison)

e Volunteer 8 experienced the lowest strain for both Rifles D and E.
e Volunteer 4 experienced the highest strain values for both Rifles D and E.

e There was a statistical difference in Acsy between volunteers for both rifles.

4.3.5 Comparison of CSV Curves of Eight Brain Regions Between Different Rifles
and Volunteers

The CSV curves for the shots fired by all volunteers in both datasets were plotted for the eight
primary brain regions of the GHBMC M50 head model. The goal was to calculate and use the Acsv
to compare the magnitude of strain experienced by these different brain regions, aiming to
identify any regions particularly prone to higher strains. All Acsy values are tabulated in Appendix

F.

4.3.5.1 CSV Curves of the Eight Brain Regions for Dataset 1: May 2021
4.3.5.1.1 Inter-Rifle CSV Curve Comparison for Three Rifle Configurations

The observation between rifles remains consistent with prior findings: Volunteers 1 and 2
consistently experience higher strains when firing Rifle C compared to A, while Volunteer 3
exhibits slightly reduced strains with Rifle C compared to A. All volunteers experienced the least
strain when firing Rifle B. Across all volunteers, regardless of the rifle used, the cerebellum and
brainstem consistently displayed the lowest strains (Figure 46). Conversely, the brainstem
midbrain and corpus callosum consistently exhibited the highest strains for Volunteers 1 and 3,
regardless of the rifle, and for Volunteer 2 when using Rifle B. When firing Rifles A and C,
Volunteer 2 displayed higher strains in either the corpus callosum or the thalamus instead of the
brainstem midbrain. Furthermore, the basal ganglia consistently ranked third in strain

magnitude, irrespective of the rifle or volunteer. However, no consistent trend emerged for the
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remaining three regions—the cerebrum gray, cerebrum white, and thalamus—as their rankings

varied across volunteers and rifles when the Acsy was ordered in descending order (Figure 46).

When calculating the percentage difference in Acsv between Rifles A and C (both being the same
caliber rifles but from different chassis manufacturers) and A and B (both being of the same
caliber and chassis manufacturer but B has the RMS system mounted), the aim was to identify

which brain regions experienced the most changes in strain levels (Table 14).

It is evident that all volunteers experienced a reduction in strain when comparing the percentage
difference in Acsv between Rifles A and B. However, the extent of this reduction varied among
volunteers. For instance, the percentage difference ranged from 8 to 17% (a difference of 9%) for
Volunteer 1, 21 to 44% (a difference of 23%) for Volunteer 2, and 5 to 20% (a difference of 15%)
for Volunteer 3. Furthermore, the brain region with the most substantial decrease in strain
differed for each volunteer: the basal ganglia for Volunteer 1, the cerebellum for Volunteer 2,
and the brainstem for Volunteer 3. Note that none of these regions ranked highest when ordering

the Acsy of all regions in descending order for a particular rifle or volunteer.

Comparing Rifles A to C, Volunteers 1 and 2 exhibited clear increases in Acsy, except for the
brainstem of Volunteer 2 and all regions in Volunteer 3. When focusing solely on the CSVs for
Volunteer 3, the curves overlapped. However, upon examining individual brain region strain, it
becomes apparent that firing Rifle C results in lower strain compared to Rifle A for Volunteer 3.
The brain region with the most substantial change in strain was the thalamus for Volunteers 1
and 2 and the brainstem for Volunteer 3. When comparing Rifles A to C, the range of percentage
differences is narrower than when comparing A to B. Volunteer 1's percentage difference ranges
from 3 to 18%, Volunteer 2's percentage difference ranges from 3 to 13%, and Volunteer 3's

percentage difference ranges from 2 to 11% across all regions.
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Figure 46: Mean Acsy of the eight brain regions for (i) Volunteer 1, (ii) Volunteer 2, and (iii) Volunteer 3 (Dataset 1: May 2021), arranged in descending
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Table 14: Percentage difference between Rifles A and B and A and C for each
brain region in descending order. A more detailed table can be found in
Appendix F.
RMS effect chassis effect
0, 1 o, H
Brain Region A)Ad;frf‘:{sw Brain Region AAd;f::éw
Volunteer 1
Basal Ganglia -17.4 Thalamus 18.8
Brainstem Midbrain -16.2 Cerebellum 18.6
Brainstem -16.0 Corpus Callosum 15.0
Cerebrum Gray -14.5 Brainstem 111
Corpus Callosum -11.2 Basal Ganglia 9.8
Cerebrum White -10.6 Brainstem Midbrain 8.6
Thalamus -8.5 Cerebrum White 6.5
Cerebellum -8.3 Cerebrum Gray 3.0
Volunteer 2
Cerebellum -44.3 Thalamus 13.1
Cerebrum White -43.4 Cerebrum White 9.2
Basal Ganglia -38.6 Corpus Callosum 9.0
Thalamus -38.3 Cerebrum Gray 8.6
Cerebrum Gray -38.2 Brainstem Midbrain 7.9
Brainstem -37.4 Basal Ganglia 6.3
Corpus Callosum -37.0 Brainstem -5.1
Brainstem Midbrain -21.6 Cerebellum 3.7
Volunteer 3
Brainstem -20.4 Brainstem -11.5
Cerebellum -14.1 Brainstem Midbrain -8.3
Brainstem Midbrain -10.5 Basal Ganglia -7.2
Cerebrum Gray -10.0 Cerebellum -6.3
Basal Ganglia -8.5 Cerebrum Gray -6.2
Cerebrum White -6.7 Corpus Callosum -5.7
Corpus Callosum -5.7 Thalamus -2.9
Thalamus -5.6 Cerebrum White -2.2

4.3.5.1.2 Inter-Volunteer CSV Curve Comparison for Three Volunteers

When plotting the mean Acsy for all volunteers across each rifle, it is clear that each volunteer

experiences a different range of strains with the same rifle (Figure 47).
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Figure 47: Mean Acsy of the eight brain regions for (i) Rifle A, (ii) Rifle B, and (iii) Rifle C (Dataset 1: May 2021), arranged in descending order of Acsy
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The mean Acsy values varied across rifles, with Rifle A ranging from 0.0112 to 0.0573 (a difference
of 0.0461), Rifle B ranging from 0.0103 to 0.0534 (a difference of 0.0431), and Rifle C ranging
from 0.0133 to 0.0625 (a difference of 0.0492). This indicates that Rifle C exhibited the widest
range, while Rifle B showed the narrowest range when considering all volunteers. Breaking it
down further, within Rifle A, Acsv ranged from 0.0112 to 0.0321 (a difference of 0.0209) for
Volunteer 1, from 0.0243 to 0.0573 (a difference of 0.0331) for Volunteer 2, and from 0.0211 to
0.0571 (a difference of 0.0361) for Volunteer 3. Within Rifle B, Acsv ranged from 0.0103 to 0.0278
(a difference of 0.0175) for Volunteer 1, from 0.0135 to 0.0361 (a difference of 0.0226) for
Volunteer 2, and from 0.0181 to 0.0534 (a difference of 0.0353) for Volunteer 3. Within Rifle C,
Acsy ranged from 0.0133 to 0.0360 (a difference of 0.0227) for Volunteer 1, from 0.0248 to 0.0625
(a difference of 0.0377) for Volunteer 2, and from 0.0197 to 0.0534 (a difference of 0.0337) for
Volunteer 3 (See Appendix F for tabulated format). In summary, Volunteer 3 displayed the widest
range for Acsv between brain regions when firing Rifles A and B, while Volunteer 2 exhibited the

widest range for Acsy between brain regions when firing Rifle C.

When using Rifle A, Volunteer 1 consistently showed the lowest strain across all brain regions
compared to Volunteers 2 and 3. The Acsy of the brainstem midbrain and corpus callosum were
interchangeably the highest for all volunteers when firing Rifle A. In contrast, the Acsy of the
brainstem and cerebellum were interchangeably the lowest for all volunteers with Rifle A. The
basal ganglia maintained its ranking as third for all three volunteers, while the order of the
remaining regions varied among volunteers. It was observed that volunteers with Rifle B had a
more consistent trend in their brain regions. The order of Acsy, from highest to lowest, was as
follows: corpus callosum, brainstem, midbrain, basal ganglia, thalamus, cerebrum white,
cerebrum gray, and cerebellum. However, there was an exception with Volunteer 2, who
exhibited a switch in the position of the thalamus and basal ganglia. The observation for Rifle C
was similar to Rifle A, where the order of regions varied more between volunteers. The corpus
callosum had the highest Acsy, while the cerebellum and brainstem were interchangeably the

lowest.
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4.3.5.2 CSV Curves of the Eight Brain Regions for Dataset 2: May 2022
4.3.5.2.1 Inter-Rifle CSV Curve Comparison for Two Rifle Configurations

It is evident that across all volunteers, there was a consistent pattern of higher strains
experienced in all brain regions when using Rifle E compared to Rifle D. Similar to Dataset 1,
regardless of the rifle used, the cerebellum and brainstem consistently exhibited the lowest
strains, while the brainstem midbrain and corpus callosum consistently showed the highest
strains for all volunteers except Volunteer 4 with Rifle E. However, other regions varied across

volunteers and rifles, indicating no consistent trend (Figure 48).

Analyzing the percentage difference in Acsv between Rifles D and E (outlined in Appendix F), it is
clear that all brain regions in all volunteers experienced a reduction in strain. Nonetheless, the
extent of this reduction varied among volunteers. For instance, the percentage difference ranged
from 365% to 1008% (a difference of 643%) for Volunteer 4, 180% to 343% (a difference of 163%)
for Volunteer 5, 181% to 252% (a difference of 71%) for Volunteer 6, and 114% to 144% (a
difference of 30%) for Volunteer 7, and 103% to 145% (a difference of 42%) for Volunteer 8.
Moreover, the brain region experiencing the most substantial decrease in strain differed for each
volunteer: the cerebellum for Volunteers 4 and 6, the brainstem for Volunteer 5, the corpus

callosum for Volunteer 7, and the brainstem midbrain for Volunteer 8.
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Figure 48: Mean Acsv and variation across the two rifles for (i) Volunteer 4, (ii) Volunteer 5, (iii) Volunteer 6 (Dataset 2: May 2022). *= statistically
significant difference detected between rifles. CV=coefficient of variation. Number of shots for Volunteer 4 (Rifles D:36, E:11), Volunteer 5 (Rifles D:2,
E:15), Volunteer 6 (Rifles D:33, E:6), Volunteer 7 (Rifles D:8, E:18) and Volunteer 8(Rifles D:5, E:10).
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Figure 49: Mean Acsy of the eight brain regions for (i) Volunteer 7, (ii) Volunteer 8 (Dataset 2: May 2022), arranged in descending order of Acsv




4.3.5.2.2 Inter-Volunteer CSV Curve Comparison for Five Volunteers

The mean Acsy values were plotted across each rifle for all volunteers in Dataset 2 (Figure 50). It
is evident that the mean Acsy values varied for each rifle. For instance, the Acsy ranged from 0.068
to 0.0201 for Rifle D, representing a difference of 0.0133, whereas Rifle E displayed a broader
range, spanning from 0.0137 to 0.1526, indicating a higher difference of 0.1389. This observation
highlights that Rifle E not only demonstrated the widest range but also higher Acsv values overall.
When excluding Volunteer 4, whose linear acceleration signals while firing Rifle E exhibited
pronounced peaks, the Acsy range for Rifle E narrowed to 0.0137 to 0.0615, with a difference of
0.0478. Despite this adjustment, Rifle E still had the widest range and higher Acsv values among

the rifles. A breakdown of Acsv ranges for each volunteer is provided in Appendix F.

In summary, Volunteer 6 exhibited the widest range for Acsy between brain regions when firing
Rifle D, while Volunteer 4 displayed the widest range for ACSV between brain regions, followed
by Volunteer 6 when firing Rifle E. Conversely, Volunteer 8 demonstrated the narrowest range of
Acsy for both Rifles D and E. Additionally, Volunteer 8 consistently showed the lowest Acsy values
across all brain regions for both rifles. When comparing the different brain regions, the Acsv of
the brainstem midbrain and corpus callosum consistently emerged as the highest among all
volunteers when firing both Rifles D and E. In contrast, the Acsy of the brainstem and cerebellum
consistently ranked as the lowest across all volunteers and both rifles. An exception to this trend
occurred with Volunteer 4 when firing Rifle D, where the brainstem midbrain and the brainstem

exhibited the highest Acsv values, while the Cerebrum gray and white displayed the lowest Acsy.

When considering Rifle C from Dataset 1 across all volunteers, the Acsy range was similar in terms
of both range and magnitudes to that of Rifle E in Dataset 2 when excluding Volunteer 4. Note
that Rifle C from Dataset 1 and Rifle E from Dataset 2 are both .50 caliber rifles. Specifically, for
Rifle C, the Acsv range spanned from 0.0133 to 0.0625, representing a difference of 0.0492,
closely resembling the range of Acsy for Rifle E, which was 0.0137 to 0.0615, with a difference of

0.0478, when Volunteer 4 was not taken into account.
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Figure 50: Mean Acsy of the eight brain regions for (i) Rifle D and (ii) Rifle E, arranged in descending order of Acsv
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4.3.6 Summary of CSV Results for the Eight Brain Regions from Datasets 1 and 2

e The brainstem midbrain and corpus callosum commonly experienced the highest
strains.
e The brainstem and cerebellum experienced the lowest strains.
e The order of the remaining regions varied across rifles and volunteers.
e When comparing different rifles, the regions experiencing the biggest change in strain
differ for each volunteer.
o Forinstance, when comparing rifles A to B, the basal ganglia experienced the
most substantial decrease in strain for Volunteer 1, the cerebellum for Volunteer
2, and the brainstem for Volunteer 3.
o Additionally, none of these regions ranked highest when ordering the Acsy of all
regions in descending order.
o When comparing rifles A to C, Volunteers 1 and 2 exhibited clear increases in Acsy,
except for the brainstem of Volunteer 2 and all regions in Volunteer 3.
o The brain region with the most substantial change in strain was the thalamus for

Volunteers 1 and 2 and the brainstem for Volunteer 3.

4.4 Rotational vs Linear Head Motion Results

To investigate the importance of rotational kinematics within the context of CAF volunteers
engaged in long-range rifle firing, the CSV and Acsy were used to discern the relative contributions
of linear acceleration and angular velocity on strain outputs. As outlined in the methods section,
6DOF head kinematics (comprising X, Y, Z linear acceleration, and X, Y, Z angular velocity) have
been used as inputs to the GHBMC M50 head model to simulate the head motion during firing.
The following investigation is divided into two parts: Study 1 and Study 2. In Study 1, angular
velocities (x, y, z) and linear accelerations (x, y, z) were simulated separately and compared with
cases where all 6 DOF curves were used as inputs. In Study 2, each axis was simulated individually

to determine if any axis had a greater influence on strain outputs.
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4.4.1 Study 1: Linear Acceleration vs Angular Velocity

Nine cases were simulated from Dataset 1, which includes one signal from Volunteers 1, 2, and 3
firing Rifles A, B, and C. Additionally, six cases were simulated from Dataset 2, involving one signal
from Volunteers 4, 7, and 8 firing Rifles D and E. While both angular velocity and linear
acceleration contribute to the area under the CSV curve (Acsv), it was observed that angular
velocity has a more pronounced effect compared to linear acceleration. This is demonstrated by
the larger areas under the CSV curves when simulated separately. The “angular velocity only”
curves almost entirely overlap with “all included” curves when visually comparing CSV curves.
Additionally, when comparing the Acsv for the “linear acceleration only” curves, it is consistently
found to be only between 1-3% of the Acsy of the “all included” cases. This trend persists across

all volunteers used in this study, regardless of the rifle being fired.
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Figure 51: Cumulative strain-volume curves for one shot across the three rifles in Dataset 1 for (i,ii,iii) Volunteer 1, (iv,v,vi) Volunteer 2 and (vii,viii,ix)
Volunteer 3 showing the difference between angular velocity only inputs, linear acceleration only inputs and 6 DOF inputs to the head model
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Table 15: Acsv values for linear acceleration only and angular velocity only curves

Angular Linear ,
All . ) linear accel
included Velocity | Acceleration (m * 100)
only only

Dataset 1
Rifle A
Vol 1 0.0235 | 0.0235 0.000456 2
Vol 2 0.0449 | 0.0449 0.000689 2
Vol 3 0.0379 | 0.0379 0.000496 1
Rifle B
Vol 1 0.0235 | 0.0236 0.000461 2
Vol 2 0.0329 | 0.0330 0.000595 2
Vol 3 0.0344 | 0.0344 0.000546 2
Rifle C
Vol 1 0.0257 | 0.0257 0.000576 2
Vol 2 0.0492 | 0.0492 0.000524 1
Vol 3 0.0367 | 0.0367 0.000442 1

Dataset 2
Rifle D
Vol4 | 0.0140 | 0.0140 0.000354 3
Vol 8 | 0.0116 | 0.0116 0.000258 2
Vol 7 0.0275 | 0.0251 0.000411 1
Rifle E
Vol4 | 0.0237 | 0.0237 0.000537
Vol8 | 0.0251 | 0.0136 0.000182 1
Vol 7 0.0136 | 0.0275 0.000372 3
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4.4.2 Study 2: Directional Dependence

In the second part of the study, each axis of the cases above was simulated separately to

determine if any axis had a greater influence on strain outputs.

4.4.2.1 Dataset 1: May 2021

Angular velocity in Z had a greater influence on strain outputs in seven out of nine cases, with
the highest Acsv. However, in two cases (i and vii), angular velocity in Y exhibited the highest Acsy.
The percentage of area under AVZ curve relative to “all included” curve ranged from 50% to 80%
for Rifle A, showcasing the widest variability, followed by Rifle C with a range of 73% to 90%,
and Rifle B with a narrower range of 79% to 86%. Additionally, within each rifle, Volunteer 2
consistently exhibited the highest percentage of area under AVZ curve relative to “all included”
curve. For instance, when using Rifle A, Volunteer 2 accounted for 80% of the AVZ area, while

Volunteer 1 and Volunteer 3 represented 69% and 50%, respectively.

4.4.2.2 Dataset 2: May 2022

In Dataset 2, the angular velocity in Z and Y still had the greater influence on strain outputs.
However, the difference between the two different directions was less compared to Dataset 1,
especially when firing Rifle D. For instance, the difference between %AVY and % AVZ for
Volunteers 4,7 and 8 was 1, 2 and 26 % respectively. The percentage of area under AVZ curve
relative to “all included” curve ranged from 70% to 82% for Rifle D and 50% to 73% for Rifle E,
exhibiting the widest range. Within each rifle, Volunteer 8 consistently exhibited the highest
percentage of area under AVZ curve relative to “all included” curve. For instance, Volunteer 8

accounted for 82% when using Rifle D and 73% when using Rifle E.

Overall, these observations suggest that angular velocity has a more substantial influence on

strain outputs.
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Figure 53: Cumulative strain-volume curves for one shot across the three rifles in Dataset 1 for (i,ii,iii) Volunteer 1, (iv,v,vi) Volunteer 2 and (vii,viii,ix)
Volunteer 3 showing the difference between separate angular velocity and linear acceleration inputs to the head model
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Table 16: Acsv values for the separate angular velocity input signal

All AVX AVY AVZ AVX only AVY only AVZ only
included only only only (%) (%) (%)
DATASET 1
Rifle A
Vol 1 0.0235 0.0124 | 0.0178 | 0.0163 53 76 69
Vol 2 0.0449 0.0216 | 0.0187 | 0.0361 48 42 80
Vol 3 0.0379 0.0249 | 0.0261 | 0.0190 66 69 50
Rifle B
Vol 1 0.0235 0.0097 | 0.0163 | 0.0185 41 69 79
Vol 2 0.0329 0.0151 | 0.0179 | 0.0284 46 54 86
Vol 3 0.0344 0.0232 | 0.0184 | 0.0279 67 53 81
Rifle C
Vol 1 0.0257 0.0160 | 0.0146 | 0.0188 62 57 73
Vol 2 0.0492 0.0178 | 0.0168 | 0.0442 36 34 90
Vol 3 0.0367 0.0227 | 0.0179 | 0.0311 62 49 85
DATASET 2
Rifle D
Vol 4 0.0140 0.0052 | 0.0099 | 0.0098 37 71 70
Vol 7 0.0136 0.0053 | 0.0100 | 0.0104 39 73 76
Vol 8 0.0116 0.0045 | 0.0065 | 0.0095 38 56 82
Rifle E
Vol 4 0.0237 0.0156 | 0.0165 | 0.0142 66 69 60
Vol 7 0.0275 0.0138 | 0.0231 | 0.0138 50 84 50
Vol 8 0.0251 0.0124 | 0.0192 | 0.0184 49 77 73
Where

AVXonly  =(——22X . 100)

all included
( AVY

all included
( AVZ

all included

AVY only * 100)

AVZ only

* 100)
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Figure 54: Cumulative strain-volume curves for one shot across the two rifles in Dataset 2 for (i,ii) Volunteer
4, (iii,iv) Volunteer 7 and (v,vi) Volunteer 8 showing the difference between separate angular velocity and
linear acceleration inputs to the head model
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5 Discussion

In this study, the head response and brain deformation of CAF volunteers subjected to recoil
forces when firing long-range rifles were assessed and quantified. The head kinematics of
volunteers exposed to recoil forces from various long-range rifles were recorded using
mouthguards and subsequently analyzed using kinematics-based head response criteria, and a
detailed finite element head model. The objectives of the research were to quantify head
kinematics for volunteers, assess the head response using kinematic-based metrics, and assess
brain response using a detailed finite element head model. Two data collections were analyzed
in this study. Dataset 1 provided the opportunity to explore the effect of different rifle chassis
and a recoil mitigation system. Dataset 2 allowed for comparing head kinematics resulting from

discharging a .338 caliber rifle, and a .50 caliber rifle.

The experiments conducted in this study were unique in several aspects. Firstly, head kinematics
were measured under controlled conditions, including the consistent use of the same
ammunition, rifle type, and impact direction between shots and volunteers. Moreover, the study
investigated head kinematics measured as a result of recoil forces. This differs from many
previous studies, which have primarily examined the effects of blast waves generated by diverse
sources, such as small explosive charges and large-caliber weapons, on brain injury. Instrumented
mouthguards worn by the volunteers during firing recorded rotational and translational motion
in all three axes. Previous research suggests that the combination of such kinematics may
increase injury risk [59]. Additionally, instrumented mouthguards were used, known for their
closer coupling with the skull compared to other wearable head or helmet devices [174].
Specifically, a custom version of the Prevent Biometrics mouthguards was used in this study,
featuring modifications such as a low-g unit accelerometer, extended recording time, and an
adjustable trigger threshold. These changes were necessary because the commercial version of
the mouthguard was designed for impacts with higher accelerations and shorter durations, such

as those experienced in sports settings like American football and rugby.
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5.1 Head Kinematics Resulting from Rifle Discharge

Kinematics were evaluated by comparing processed linear acceleration and angular velocity
signals obtained from the mouthguards. Previous studies in sports, where the bulk of research
on mTBIs has been concentrated, have reported a spectrum of head acceleration values
associated with concussions [69], [82], [196], [197], [198], [199], [200], [201], [202]. These values
range from 73.6 to 151 g for the mean peak resultant linear acceleration observed among male
athletes participating in sports without helmets (soccer, Australian football) and sports with
helmets (hockey, American football). The reported thresholds are lower for female athletes, with
Wilcox et al. documenting a mean peak linear acceleration of 43 g in concussed cases within ice
hockey [128]. Among all athletes, the mean maximum resultant angular acceleration associated

with concussions extends from 5022 to 7951 rad/s>.

The head kinematics measured in the volunteers ranged from 3.4 to 4.5 g for peak resultant linear
acceleration and 0.5 to 0.7 rad/s? for peak angular acceleration. When compared to the head
kinematic ranges in sports-related studies, the measured head kinematics in this study are below
reported injury thresholds. However, CAF members have reported multiple mTBI symptoms after
either exposure to repeated blasts from explosive charges or repeated firing of long-range rifles
[24]. These findings suggest that the effects of rifle recoil exposure may be cumulative,
emphasizing the need to understand exposure limits and introduce measures to reduce long-

term neurological damage from occupational exposures.

Some differences were observed among rifles when plotting the kinematic traces of all rifles for
each volunteer in both datasets. For instance, in Dataset 1, Rifle C usually exhibited higher
magnitudes for linear acceleration and angular velocity, followed by Rifles A and B. This suggests
that each rifle induced different inputs to the shoulders of the volunteers, even though the same
ammunition was used in all rifles of the same caliber. More specifically, in Dataset 1, Rifle B
consistently demonstrated the lowest head kinematics, particularly noticeable among Volunteers
1 and 2. This observation suggests that the RMS mounted on the rifle may have effectively

decreased the amount of kinematics experienced by the volunteers.
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Additionally, Rifle C yielded higher kinematic measurements than Rifle A, specifically for
Volunteers 1 and 2. Rifles A and C share the same caliber but have different chassis
manufacturers. This suggests a potential correlation between the type of chassis and the amount
of recoil experienced by the volunteers. Such a connection may stem from variations in chassis
design elements such as weight and barrel length, all of which can impact the firing technique
employed by the volunteers and subsequently influence the transmission of forces to their
shoulders. For example, a heavier chassis will generally result in less felt recoil for the shooter
compared to a lighter one because the mass of the chassis absorbs and dissipates some of the
recoil energy generated [203], [204]. Osborne et al. reported that most U.S. military personnel
favor conventional rifles over bullpup rifles, known for their shorter length and reduced weight
compared to conventional rifles, for their capacity to decrease recoil because of the rifle’s larger

size and weight [205].

The barrel length may also affect recoil in a couple of ways. For instance, a longer barrel may
result in slightly less felt recoil due to the added weight to the rifle. Additionally, when
gunpowder ignites, it generates gases that propel the bullet forward. A longer barrel provides
more space for these gases to expand and burn, allowing for more complete combustion of the
gunpowder. As a result, the pressure buildup behind the bullet is more gradual. With a smoother,

more gradual release of pressure, the recoil felt by the shooter is typically reduced.

Differences in head kinematics between rifles were smaller for certain volunteers. For instance,
the differences between rifles were less evident when comparing the kinematic traces for
Volunteer 3. This implies that the different rifle configurations, including the RMS, had a minimal
impact on the resulting kinematics experienced by Volunteer 3. It is possible that Volunteer 3
employed a specific posture and firing technique that resulted in lower variations in head
kinematics across different rifle configurations. The consistency in a volunteer’s head kinematics
may also reflect their experience level. It is hypothesized that with prolonged training, a
volunteer might have ample time to develop and refine a firing technique that could be easily
adapted to different rifles, even those with which they may not be familiar. Hence, in addition to

adjusting rifle configurations (including chassis type, setup, and recoil mitigating systems) to

142



minimize head kinematics in volunteers firing long-range rifles potentially, it is also essential to

consider the individualized firing techniques of each volunteer.

In Dataset 2, head kinematics were compared between volunteers firing Rifle D, a .338 caliber
rifle, and Rifle E, a .50 caliber rifle. The .50 caliber Rifle E exhibited a mean peak resultant
acceleration of 138 m/s?, including all volunteers of Dataset 2, while the .338 caliber Rifle D had
51 m/s?, indicating a 63% average decrease in acceleration. Regarding angular velocity, the mean
peak resultant was 8 rad/s for the .50 caliber Rifle E and 3 rad/s for the .338 caliber Rifle D,
indicating an average decrease of 62%. These findings may be related to the differences in kinetic

energy of the projectile for each caliber.

5.2 Kinematic-Based Injury Metrics

In the background section, various kinematic-based metrics were outlined, all of which are
mathematical expressions typically involving translational or rotational components of
acceleration, velocity, or a combination thereof. These metrics typically focus on quantifying the

severity of acute impacts rather than the cumulative burden of repetitive impacts.

HICis was included in this thesis due to its widespread use as a kinematic-based metric for
evaluating head injury risk. It is also the primary metric for assessing occupant crash safety in
motor vehicles under regulations like FMVSS 208. BrIC was included as the rotational kinematic-
based metric due to its strong correlation with strain-based metrics in a study by Gabler et al.
The study evaluated the effectiveness of fifteen kinematic-based metrics, such as maximum
resultant angular velocity, linear acceleration, angular acceleration, GSI, HIC, GAMBIT, HIP, KLC,
PCS, CP, PRHIC, BrIC, and RVCI, in predicting strain-based metrics like MPS and CSDM through
linear regression and ordinary least squares [114]. Among these metrics, BrlC demonstrated the
highest correlation. The analysis in this thesis aimed to identify trends between the different

rifles in both Datasets 1 and 2 and variations between the volunteers.

In Datasets 1 and 2, two kinematic-based measures, HICis and BrIC, were calculated for all the

shots. The HICs5 values in these datasets reached up to 5.3, lower than HIC1s values reported in

143



other sports-related studies, such as 12.5 in hockey, 22.5 in American football, and 48.5 in soccer

[200].

The HICys threshold for head injury in automotive cases, as reported in the FMVSS 208, is 700 for
a 50+, percentile male. Additionally, a study indicated that a HIC15 value of 240 corresponds to a

50% probability of sustaining an mTBI in American football [148].

Regarding BrIC, developed by Takhounts et al., a 50% probability of sustaining an AlS 1 and 4
injury correlates to BrIC values of 0.15 and 1.1, respectively [124]. The calculated BrIC values in
this study were lower than those associated with AIS 1 injuries. Thus, the relatively low HIC1s and
BrIC values obtained in this study suggest that the individual shots, irrespective of the rifle fired,
were unlikely to cause injury. This implies that prolonged exposure to rifle recoil may result in
symptoms associated with concussions, underscoring the critical importance of implementing

measures to mitigate such occupational exposures [24].

All volunteers in Dataset 1 had the lowest HICis values when using Rifle B. This indicated that the
RMS decreased head kinematics for all volunteers. This observation aligns with the comparison
of linear acceleration and angular velocity signals between rifles. Volunteer 1 had the highest
mean HICis value when using Rifle C, followed by Rifles A and B, consistent with the observed
pattern in the measured head kinematic peaks. However, Volunteers 2 and 3 showed higher
mean HICis values when using Rifle A compared to Rifle C. This finding contradicts the observed
head kinematics for Volunteer 2. In Dataset 2, all volunteers had higher HIC1s values when using

Rifle E than D, which aligns with the observed trend between rifles for measured head kinematics.

However, HIC1s may not be the appropriate measure for this study because it may be sensitive to
high-frequency noise, as observed by Simms and Wood in 2009. Pronounced peaks were
observed in specific linear acceleration signals, such as those of Volunteer 1 with Rifle A in
Dataset 1 and Volunteers 4, 5, and 6 with Rifle E in Dataset 2. These peaks exhibited high
magnitudes and occurred within a brief timeframe, suggesting that they may not accurately
reflect the head motion induced by the rifle's recoil force. One potential explanation for these
anomalous peaks could be that volunteers clenched onto the mouthguard while firing, or it could

also be because the volunteer usually rested their cheek on the rifle's buttstock. Depending on
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the pressure between their cheek and the buttstock, high-frequency acceleration could be
introduced in the mouthguard signals. Since the calculation of HIC15 depends on identifying the
maximum area under the resultant linear acceleration-time curve, the presence of these short-
duration, high-magnitude peaks in the linear acceleration signals contributed to elevated HICis
values, thus biasing the trends between rifles and the range of HIC1svalues. These elevated values
emphasize that HICis is sensitive to high signal peaks, which might not accurately reflect overall
kinematics and could result in values exceeding the investigated loading condition. HICs
exclusively uses linear acceleration, neglecting the effect of head rotation. Consequently, it may
not be sufficient for independently assessing the risk of mTBI, which Holbourn identified as a

shear strain injury predominantly resulting from rotational kinematics.

Regarding the trends observed, the order of BrIC values between rifles was consistent with the
measured head kinematics trend for Volunteers 1 and 2, with Rifle B resulting in the lowest BrIC
value and Rifle C yielding higher values than Rifle A. However, the trend in BrIC values for
Volunteer 3 differed from that of the other two volunteers and contradicted their respective
trends using HICis. Volunteer 3 had the lowest BrIC value with Rifle C, followed by Rifles B and A,
suggesting that the RMS system may not have effectively mitigated the kinematic impact on
Volunteer 3's head to a magnitude lower than that induced by Rifles A and C. In Dataset 2, all
volunteers had higher BrIC values when using Rifle E than D, which aligns with the observed trend
between rifles for measured head kinematics and HICis. Nevertheless, BrIC also has some

limitations as it solely relies on angular velocity.

5.3 Strain-Based Metrics for Whole Brain Response

MPSgs, a commonly used strain-based metric used in studies with computational modeling for
injury risk prediction [116], [123], [124], [140], [154], was also included in the analysis in this
thesis. CSV curves, a more recent metric, were introduced, and their sensitivity and effectiveness

were explored in this thesis.

The results indicated that Rifle B consistently had the lowest MPSqs values across all volunteers,
aligning with the observed trends in measured head kinematics and HICis. Additionally, Rifle C

yielded higher MPSgs values than Rifle A for Volunteers 1 and 2, consistent with the findings from
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the measured head kinematics and HIC15 analyses. However, for Volunteer 3, the trend between
Rifles A and B resembled BrlIC rather than the observed head kinematics and HIC1s, with higher
MPSgs values recorded with Rifle A than Rifle C. As for Dataset 2, similar to the findings using the
previously mentioned metrics, all volunteers had higher MPSqs values using Rifle E (mean MPSgs
= 0.0924) than D (mean MPSgs =0.02095), indicating that the volunteers experienced
approximately four times higher MPSgs on average when firing the .50 caliber rifle compared to

the .338 caliber rifle.

Various brain strain thresholds have been reported in sports-related studies. For example,
Kimpara et al. proposed a strain threshold of 0.32 corresponding to a 50% probability of mild
traumatic brain injury but did not specify a specific brain region associated with this threshold
[122]. Takhounts et al. simulated impacts from collegiate American football and reported strains
ranging from 0.08 to 0.96, with a mean of 0.58 [140]. Within the study, no concussive injuries
were diagnosed [140]. However, the MPSgs values in this study, similar to HIC1s5 and BrIC, were at

least an order of magnitude lower than the strain range typically considered injurious.

While MPSgs has been extensively used to evaluate brain response [154], it has some limitations.
It is a single value typically extracted for the whole brain, which does not give insight into how
brain deformation is distributed throughout different brain regions. CSV curves, on the other
hand, provide a comprehensive representation of the strain distribution within each brain region.
Currently, the CSV curve primarily functions as an indicator quantifying the amount of strain
within specific brain regions. A key advantage of CSV is that it does not require a cut-off value
(e.g., 95™ percentile) and clearly represents the percentage volume of the brain region

experiencing a specific magnitude of maximum principal strain (MPS).

When comparing the CSV curves, Volunteer 1 had the highest magnitudes with Rifle C, followed
by A and B (Figure 41 (i)). Additionally, their CSV curves with the same rifle showed minimal
variation. Volunteer 2 also demonstrated a similar pattern across rifles, but there was a greater
spread between CSV curves with each rifle, especially with Rifle B (Figure 41 (ii)). On the other
hand, Volunteer 3 had overlapping CSV curves (Figure 41 (iii)), indicating a similar amount of

strain observed regardless of the rifles being used. These results suggest that the strain
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experienced by each volunteer depended not solely on the type of rifle but also on the individual

volunteers themselves.

It was also observed that having consistent CSV curves (i.e., low variability in CSV curves) did not
necessarily mean that the amount of strain was reduced. For example, in Dataset 1, after
analyzing the CSV curves for each volunteer (Figure 41), it was observed that Volunteers 1, 2, and
3 experienced an MPS range of approximately 0.019 to 0.024, 0.019 to 0.044, and 0.03 to 0.038,
respectively, at 50% volume of the brain. Even though Volunteer 3 had lower variability between
CSV curves, they experienced a higher range of strains for all rifles. Therefore, the effectiveness
of the RMS varied among volunteers. Additionally, using Rifle B, which shared the same chassis
as Rifle A but had an additional RMS, increased the variability of CSV curves for all volunteers.
The lack of familiarity with the RMS of the volunteers potentially affected the variability in CSV

curves between each firing event.

Several potential reasons exist for the differences between volunteers when using a particular
rifle. There may be anthropometric differences between volunteers. Numerous studies in sports
have investigated how neck strength and muscle activation may help reduce the probability of
sports-related concussion (SRC). According to [151], having a larger and stronger neck may
decrease the impact of external forces on the head, which can lower the chances of getting a
concussion. Additionally, a pilot study by Eckner et al. investigated the effects of targeted neck-
strengthening exercises on young athletes, which resulted in an increase in neck strength and
size [208]. The study found that this increased neck strength led to a decrease in head kinematics,
indicating that resistance training exercises could possibly help decrease the risk of SRC among

young athletes.

Another investigation by Tierney et al. explored the timing and muscle activation patterns during
external force application among males and females [209]. It was found that pre-activating neck
muscles, particularly in males, resulted in a 25% reduction in angular acceleration during known
force application trials compared to unknown trials. These findings, along with the research
conducted by Eckner et al., underscore the importance of neck strength and muscle activation in

decreasing head acceleration during impacts, thus suggesting a potential approach for preventing
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SRC. Further studies should investigate the efficacy of incorporating head-neck resistance
training for the sniper population. This may involve strengthening muscles, increasing neck girth,
and activating primary stabilizing muscles in preparation for recoil force. Such training could
potentially enhance the ability of snipers to absorb external forces and utilize dynamic stabilizers,

thus reducing the risk of head injuries.

5.4 Strain-Based Response of Individual Brain Regions

Typically, the brainstem midbrain and corpus callosum exhibited higher strains relative to other
brain regions, whereas the brainstem and cerebellum tended to experience lower strains, as
predicted by the head finite element model for all volunteer simulations. In the majority of cases,
the corpus callosum exhibited the highest strain. A potential reason why the corpus callosum
tends to experience the highest strains, as suggested by Hernandez et al. (2019) in a previous
study, is that a large amount of rotation in the coronal plane might induce stress in the corpus
callosum by initiating a wave falx cerebri. Since this region's central role is to facilitate
information transmission between cerebral hemispheres, impairment in this area could disrupt
communication, resulting in disorientation and impaired vision, aligning with common symptoms

of mTBI.

Following the corpus callosum and brainstem midbrain, the basal ganglia and thalamus are
additional regions with higher Acsy. These findings align with earlier studies indicating that deeper
brain regions are more likely correlated with concussions [53], [54], [55]. However, the ranking
of remaining regions varies across different rifles and volunteers. Additionally, when comparing
the effects of different rifles, the regions experiencing the most significant change in strain differ
for each volunteer. For example, in comparing Rifles A (without RMS) and B (with RMS),
Volunteer 1 experienced the most substantial decrease in Acsv in the basal ganglia, Volunteer 2
in the cerebellum, and Volunteer 3 in the brainstem. Interestingly, none of these regions ranked
highest when ordering the Acsy of all regions in descending order, suggesting that the region
experiencing the highest strain may not undergo the largest change in strain upon recoil

mitigation measures, such as adding a recoil management system (RMS) to the rifle.
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Understanding the primary brain region affected during mTBI is vital for several reasons.
Different brain regions serve distinct functions like movement, language, and memory. For
instance, damage to the temporal lobe may lead to memory problems, while damage to the
occipital lobe could result in visual disturbances. Identifying the most affected region can aid in
diagnosis and symptom management. Additionally, the severity and duration of symptoms vary
depending on the affected brain area, influencing prognosis. This understanding also informs
research efforts to develop better diagnostic tools, treatment strategies, and preventive

measures by pinpointing the mechanisms underlying mTBI.

5.5 Linear Acceleration vs Angular Velocity Contribution to Brain
Response

The linear acceleration and angular velocity curves were applied separately to the FE head model
to assess the relative effect of angular velocity and linear acceleration on brain strain. The results
showed that angular velocity contributed between 97 and 99% of the area under the CSV curve
compared to linear acceleration across all volunteers and rifle types, highlighting the critical role
of angular velocity in brain strain. These results have the potential to guide the improvement of

protection systems.

Specifically, angular velocity in the Z direction was the primary contributor to cumulative strain.
Note that Z direction refers to the “saying no” motion or motion towards and away from the rifle.
Angular velocity in Zis the highest in this population because of the nature of the event. However,
in two cases, angular velocity in Y exhibited the highest Acsv. The Y direction refers to the forward
and backward motion of the head. Additionally, the percentage of area under the angular velocity
in the Z (AVZ) curve relative to the "all included" curve varied across different rifles and
volunteers within Dataset 1, highlighting the importance of considering individual variations
when assessing head injury risk. For instance, Volunteer 2 consistently exhibited a higher
percentage of area under the AVZ curve relative to the "all included" curve compared to other
volunteers, suggesting potential variations in firing technique leading to higher brain strains. In
Dataset 2, similar trends were observed, with angular velocity in the Z and Y directions having
the most significant influence on Acsy. However, the difference between the two directions was

less pronounced compared to Dataset 1, particularly when firing Rifle D.
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The findings suggest that focusing on mitigating angular velocity-induced strains, particularly by
designing protective devices or implementing training protocols to reduce angular velocity in Z,

could potentially mitigate recoil effects.

5.6 Limitations

This study had several limitations. For instance, although the mouthguard effectively detected
differences in kinematics when firing different rifles, the volunteer rested their cheek on the
buttstock of the rifle, which potentially introduced high-frequency acceleration in the
mouthguard signals due to direct coupling with the rifle. The origin of these short duration high
magnitude peaks should be investigated further since they can influence certain head injury

metrics such as HICs.

In this study, the assumption is made that the maxilla is rigidly attached to the skull, allowing the
motion measured at the dentition by the mouthguard to be translated into the head center of
gravity. It is important to note that the firing technique of all volunteers includes resting the
cheek against the buttstock of the rifle. Consequently, the kinematics measured by the
mouthguards represent not only head accelerations occurring from the shoulder to the neck and
head but also loading due to the cheek resting on the buttstock. Although it is possible for loading
to occur to the head directly via the buttstock, the motion of the rifle is parallel to the cheek and
underlying hard tissues, which suggests that direct loading is not the prominent load path to

generate gross head accelerations.

As mentioned in the methods section, the process involved in dealing with signals deemed as late
captures (signals with no pre-trigger data) was to infer the stationary head position based on the
average head position from signals considered “good captures” of the same volunteer. This step
assumes that every volunteer returns to the same head orientation after firing each shot, which

limits the methodology.

While this particular population offered a controlled environment for data collection, it is worth
considering that their threshold for injury may potentially be elevated compared to the general

population, owing to the rigorous intensity of their training regimen. The individual concussion
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histories and cognitive tests of this study cohort was not performed to assess the cumulative
effects. Consequently, the investigation only provides insights into head kinematics for a single

recoil impulse.

The FE model used in this study, despite being validated using cadaveric data, did not consider
anatomical and physiological variations between specific volunteers. Additionally, different types
of head models have been used to estimate injury thresholds, and it is important to note that the

predicted strain for the same kinematic input may vary among different FE models [160].

Despite each group under comparison consisting of only 4 data points (shots), ANOVA analysis
and t-tests were conducted under the assumption of normal distribution. Given the small sample
size, other non-parametric tests were not explored in this study. It should be emphasized that
small dataset sizes are an inherent limitation in studies of this nature. This limitation is driven by
the primary study objective, which aims to gain a comprehensive understanding of the injury
mechanisms to ultimately minimize exposure risk. Striking this balance between comprehending
injury mechanisms and minimizing risk naturally leads to the presence of relatively small
datasets, thereby challenging the conduct of statistical analysis. However, the analysis did

provide valuable insights into the observed trends.
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6 Conclusion

The head motion of CAF volunteers was monitored using instrumented mouthguards as they
fired different long-range rifles, including those from different chassis manufacturers and with
different calibers. The data collected was then used as direct inputs to the CoG of a 50t percentile
male GHBMC head model to analyze the brain deformations from re-creations of the recoil forces
transmitted to the shoulder, neck, head, and mouthguard, causing head accelerations. The goal
of this study was to quantify the magnitude of head kinematics and brain response experienced

by members of the CAF, a population that has previously reported symptoms of mTBI.

The measured kinematic and strain quantities in the population under study were significantly
lower than those typically reported in sports injury studies. Four metrics based on head
kinematics and brain deformation were investigated. It was found that the CSV curves were more
sensitive and offered a better representation of the strain distribution in the brain than MPSgs,
BrIC, and HIC1s. The CSV curves account not only for the degree of tissue deformation in the brain
but also for the degree to which the entire brain is loaded. The other metrics had certain
limitations. For instance, HICis only considered linear acceleration, while BrlC only used angular
velocity. As for MPSgs, it is a single value that is usually extracted for the entire brain, and it
requires a cut-off value (i.e., 95™ percentile for MPSss) without any clear explanation of why the

cut-off is 95™ percentile in literature.

During the study, several differences were noted between the rifles and volunteers. For instance,
Rifle C produced higher kinematic measurements than Rifle A, especially among Volunteers 1 and
2 of Dataset 1. This implies that there might be a correlation between the type of chassis and the
amount of recoil experienced by volunteers. This connection could be due to variations in chassis
design elements like weight and barrel length, which can affect the firing technique used by

volunteers and, consequently, influence the transmission of forces to their shoulders.

The results also revealed individual variability among the volunteers. When comparing the CSV
curves, Volunteer 1 showed a clear difference between rifles with the highest magnitudes with
Rifle C, followed by A and B. Moreover, their shots with the same rifle showed minimal variation.

Volunteer 2 also demonstrated a similar pattern across rifles, but there was a greater spread
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between shots fired with each rifle, especially with Rifle B. On the other hand, Volunteer 3 had
overlapping CSV curves, indicating a similar amount of strain observed regardless of the rifles
used. When comparing the volunteers for specific rifle configurations, Volunteer 1 clearly
displayed lower strains compared to Volunteers 2 and 3 across all rifles. Conversely, Volunteer 2
exhibited the highest strains when using Rifles A and C, while Volunteer 3 experienced the highest
strain when firing rifle B compared to the other volunteers. These results suggest that the amount
and variability of strain experienced by each volunteer depended not solely on the type of rifle

but also on the individual volunteers.

Therefore, while all volunteers experienced a decrease in strains when firing Rifle B with the RMS
system, indicating that the RMS system effectively reduced the recoil force to the shoulder, the
extent to which the RMS reduced head response depended on the volunteer. Additionally,
specific volunteers consistently experienced lower strains. For example, Volunteer 1 from
Dataset 1 always experienced lower strains regardless of the rifle used. This indicates that while
protective equipment can help reduce recoil, training to hone specific firing techniques could also

be helpful.

The comparative analysis in Dataset 2 between different caliber rifles revealed an interesting
finding. The .50 caliber rifle showed a mean peak resultant linear acceleration of 138 m/s?, while
the .338 caliber rifle showed only 51 m/s% This indicates a 63% decrease in resultant linear
acceleration. Similarly, angular velocity showed a similar percentage decrease between the two
calibers, with the .50 caliber rifle showing 8 rad/s for mean peak resultant angular velocity and

the .338 caliber rifle showing only 3 rad/s.

Comparing the CSV curves between the eight brain regions revealed that the corpus callosum
consistently emerged as the primary site of higher strains, followed by the brainstem midbrain,
basal ganglia, and thalamus. This observation suggested that specific regions may serve as more
reliable indicators of mTBI. However, it is important to note that the ranking of strain distribution
across remaining regions varied among different rifles and volunteers. Understanding the
primary brain region affected during mTBI is vital to inform research looking at advancing

diagnostic tools, treatment modalities, and preventive measures.
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Investigating the relative contributions of angular velocity and linear acceleration to the strain

experienced by the volunteers using long-range rifles demonstrated that angular velocity was the

primary contributor to brain strain. Furthermore, angular velocity-induced strains were typically

highest, resulting from rotation in the Z direction. Such information could inform the design of

protective devices and tailoring training regimens to mitigate these effects effectively.

Overall, the findings from this study mark an initial stride towards research aimed at informing

training procedures and establishing exposure limits for CAF members to mitigate any potential

long-term effects stemming from occupational exposures to recoil forces.

The recommendations for future work are as follows:

1.

Individualistic Differences Tracking: It is recommended to conduct more comprehensive
tracking of individual differences among volunteers, including factors such as posture,
cheek-buttstock positioning, and years of experience. Consistent monitoring of time
taken by volunteers from given the “go-ahead” signal to making the shot could be
implemented to help understand individual firing rituals. This could provide insights into
how these variables influence head kinematics and could inform personalized training
regimens.

Measurement of Shoulder Force: Measurements of shoulder force could be taken to
better understand the translation of force to the head during recoil. This could provide
insights into volunteer bracing behaviors, help optimize equipment design, and update
training regimens for mitigating head accelerations.

Evaluation of Adjustable Buttstock: The volunteers usually rest their cheeks against the
cheek rest on the rifle's buttstock. Investigating the effects of adjustable cheek rest
positions on mouthguard measurements could help assess whether high magnitude,
short duration pikes in kinematic signals are linked to the cheek-rest position.

Mouth Guard Sensor Placement Optimization: The sensor placement could be optimized
in mouthguards to minimize the influence of non-representative head motion peaks.
Positioning sensors on the opposite side of the cheek from the buttstock contact point

may allow for more accurate measurement of recoil-induced head motion.
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5. Orientation of Volunteer: When processing mouthguard data, the methodology assumed
that all volunteers returned to the same head orientation when positioning themselves
for the next shot. Hence, additional sensors could be added to the mouthguard to help
track head orientation.

6. Increase Pre-Trigger Data: Currently, the amount of pre-trigger data is only 7.5 ms. The
duration of pre-trigger data acquisition could be extended to avoid data augmentation
from signals deemed as “good captures.”

7. Integration of "Engaged/Disengaged" Mode: Mouthguards could be upgraded to include
an "engaged/disengaged" mode controlled by an accompanying app. This feature would
allow the volunteers to position themselves without triggering sensor data collection

during setup (before taking the shot).

Future research efforts should focus on implementing these recommendations for measuring
more accurate head kinematics during rifle firing. This will contribute to a better
understanding of volunteers' head motion and aid in developing more effective training

procedures and occupational safety measures for military personnel.
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follows: “Used 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 on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) 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.
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10) 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 and in the Order Confirmation, 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.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH 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 the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) 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,

13) 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 the Terms, shall be a material breach of such License. Any breach
not cured within 10 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.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;
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D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
autharizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.
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ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.
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15)

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

¢) The License 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 or any rights granted thereunder; provided, however, that, where
applicable, 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 any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in 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.
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e) The License described in the Order Confirmation 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 License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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Ccc Marketplace

This is a License Agreement between Tanvi Seeburrun/ University of Waterloo (“User”) and Copyright Clearance
Center, Inc. (“CCC") on behalf of the Rightsholder identified in the order details below. The license consists of the
order details, the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and
Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISBN-13

LICENSED CONTENT

Publication Title

Author / Editor

Date

Language

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use

Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

13-Jun-2024
1494368-1
9783030116583

Trauma Biomechanics : An
Introduction to Injury
Biomechanics

Schmitt, Kai-Uwe,
Niederer, Peter F., Cronin,
Duane S., Morrison llI,
Barclay, Muser, Markus H.,
Walz, Felix

03/15/2019
English

Chart/graph/table/figure
2

Electronic

Academic institution
Life of current and all
future editions

Up to 999
Main product
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Type of Use
Publisher

Portion

Country
Rightsholder
Publication Type

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Republishin a
thesis/dissertation
Springer International
Publishing
Chart/graph/table/figure

Switzerland
Springer Nature BV
Book

Worldwide

Original language of
publication

No
Yes
No

CAD



Title

Instructor Name

Investigation of Brain
Response in Canadian
Armed Forces Volunteers
Subjected to Recoil Force
from Firing Long-Range
Rifles Using Instrumented
Mouthguards and Finite
Element Head Model

Professor Duane Cronin

ADDITIONAL DETAILS

The Requesting Person /
Organization to Appear
on the License

Tanvi Seeburrun/
University of Waterloo

REQUESTED CONTENT DETAILS

Title, Description or
Numeric Reference of the
Portion(s)

Editor of Portion(s)

Volume / Edition
Page or Page Range of

Figure 4.1,4.2

Schmitt, Kai-Uwe;
Niederer, Peter F.; Cronin,
Duane S.; Morrison 1,
Barclay; Muser, Markus H.;
Walz, Felix

5th ed. 2019
88-89

Institution Name

Expected Presentation
Date

Title of the Article /
Chapter the Portion Is
From

Author of Portion(s)

Publication Date of
Portion

University of Waterloo
2024-06-22

Head Injuries

Schmitt, Kai-Uwe;
Niederer, Peter F.; Cronin,
Duane S.; Morrison Ill,
Barclay; Muser, Markus H.;
Walz, Felix

2019-03-15

Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions,
govern User’s use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or "you" is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.
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“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, 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. 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 unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate 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. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCCif 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.

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

9) Copyright Notice. 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: “Used with permission of [Rightsholder's namel, 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 on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permissicn, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) 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.
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10) 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 and in the Order Confirmation, 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.

11) 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 OR BOTH 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 the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) 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.

13) 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 the Terms, shall be a material breach of such License. Any breach
not cured within 10 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.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (i) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;
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D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

Q) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.
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ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.
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¢) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

c) The License 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 or any rights granted thereunder; provided, however, that, where
applicable, 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 any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in 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.
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e) The License described in the Order Confirmation 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 License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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Ccc Marketplace

This is a License Agreement between Tanvi Seeburrun/University of Waterloo (“User”) and Copyright Clearance
Center, Inc. ("CCC") on behalf of the Rightsholder identified in the order details below. The license consists of the
order details, the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and

Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date 04-Jun-2024
Order License ID 1491270-1
ISBN-13 9780128098318

LICENSED CONTENT

Publication Title Basic Finite Element

Method as Applied to
Injury Biomechanics

Author / Editor Yang, King-Hay
Date 09/20/2017

Language English

REQUEST DETAILS

Portion Type Chart/graph/table/figure
Number of Charts / 2

Graphs / Tables / Figures

Requested

Format (select all that Electronic

apply)

Who Will Republish the Academic institution
Content?

Life of current edition
Up to 999
Main product

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title Investigation of Brain
Response in Canadian
Armed Forces Volunteers
Subjected to Recoil Force
from Firing Long-Range

Rifles Using Instrumented

Mouthguards and Finite
Element Head Model

Instructor Name Professor Duane Cronin

ADDITIONAL DETAILS

Type of Use

Publisher
Portion

Country
Rightsholder

Publication Type

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Institution Name

Expected Presentation
Date

Republishin a
thesis/dissertation
Elsevier Science
Chart/graph/table/figure

United States of America

Elsevier Science &
Technology Journals

Boak

Worldwide

Original language of
publication

No
No
No

CAD

University of Waterloo
2024-06-22



Order Reference Number

N/A

REQUESTED CONTENT DETAILS

Title, Description or

Figure 12.6,12.13

The Requesting Person /
Organization to Appear
on the License

Title of the Article /

Tanvi
Seeburrun/University of
Waterloo

Madeling the Head for

Numeric Reference of the Chapter the Portion Is Impact Scenarios
Portion(s) From

Editor of Portion(s) Yang, King-Hay Author of Portion(s) Haojie Mao
Volume / Edition 1 Issue, if Republishing an N/A

Page or Page Range of 475-480 Article From a Serial

Portion Publication Date of 2017-09-20

Portion

RIGHTSHOLDER 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.

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. ("CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.
2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance

with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

173



3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, 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. 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 unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate 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. Any unlawful use will render any licenses hereunder null and void. 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.

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

9) Copyright Notice. 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: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition nhumber 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 on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) 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.

10) 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 and in the Order Confirmation, 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.
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11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH 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 the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) 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.

13) 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 the Terms, shall be a material breach of such License. Any breach
not cured within 10 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.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

i) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
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than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days’ prior
natice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.
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iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o a statement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o astatement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

C) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.
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15)

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;
iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

i) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Wark consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.

¢) The License 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 or any rights granted thereunder; provided, however, that, where
applicable, 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 any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in 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.

e) The License described in the Order Confirmation 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 License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New Yark, USA, or in any federal or state court
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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.

Last updated October 2022
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Ccc Marketplace

This is a License Agreement between Tanvi Seeburrun/University of Waterloo ("User”) and Copyright Clearance
Center, Inc. ("CCC") on behalf of the Rightsholder identified in the order details below. The license consists of the
order details, the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and
Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and

Conditions below.

Order Date
Order License ID
ISSN

LICENSED CONTENT

Publication Title

Article Title

Author / Editor

Date
Language

Country

REQUEST DETAILS

Portion Type

Number of Charts /
Graphs / Tables / Figures
Requested

Format (select all that
apply)

Who Will Republish the
Content?

Duration of Use

Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

07-Jun-2024
1492555-1
0090-6964

Annals of biomedical
engineering

Validation and
Comparison of
Instrumented
Mouthguards for
Measuring Head
Kinematics and Assessing
Brain Deformation in
Football Impacts.

BIOMEDICAL
ENGINEERING SOCIETY.

01/01/1972
English
United States of America

Chart/graph/table/figure
1

Electronic
Academic institution

Life of current and all
future editions

Up to 499

Main product and any
product related to main
product
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Type of Use

Publisher
Portion

Rightsholder
Publication Type
Start Page

End Page

Issue

Volume

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?

Incidental Promotional
Use?

Currency

Republishin a
thesis/dissertation
SPRINGER NEW YORK LLC
Chart/graph/table/figure

Springer Nature BV
Journal

2580

2598

1

48

Worldwide

Original language of
publication

No
Yes

No
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Title Investigation of Brain Institution Name University of Waterloo
Response in Canadian

Expected Presentation 2024-06-07
Armed Forces Volunteers Date
Subjected to Recoil Force
from Firing Long-Range
Rifles Using Instrumented
Mouthguards and Finite
Element Head Model
Instructor Name Professor Duane Cronin
ADDITIONAL DETAILS
The Requesting Person / Tanvi
Organization to Appear Seeburrun/University of
on the License Waterloo
REQUESTED CONTENT DETAILS
Title, Description or Figure 2 Title of the Article / Validation and
Numeric Reference of the Chapter the Portion Is Comparison of
Portion(s) From Instrumented

Mouthguards for
Measuring Head
Kinematics and Assessing
Brain Deformation in
Football Impacts.

Editor of Portion(s) Liu, Yuzhe; Domel, August
G.; Yousefsani, Seyed
Abdolmajid; Kondic,
Jovana; Grant, Gerald;
Zeineh, Michael;
Camarillo, David B. Author of Portion(s) Liu, Yuzhe; Domel, August
G.; Yousefsani, Seyed

Volume / Edition 48
Abdolmajid; Kondic,
Page or Page Range of 2580-2598 Jovana; Grant, Gerald;
Portion Zeineh, Michael;
Camarillo, David B.
Publication Date of 2020-11-01

Portion

Marketplace Permissions General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions,
govern User's use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC") on behalf of the
applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a
“Service”).

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set
forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction.
“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General
Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-
specific terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace
platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms
collectively.
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“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the
Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the
User's behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance
with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identified in the relevant
Order Confirmation.

3) Applicability of Terms. The Terms govern User's use of Works in connection with the relevant License. In the event of
any conflict between General Terms and Order Confirmation Terms, the latter shall govern. User acknowledges that
Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any
grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized
by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the
sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User
chooses to be invoiced, the User shall: (i) remit payments in the manner identified on specific invoices, (ii) unless
otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon
receipt of the relevant invoice from CCC, either by delivery or natification of availability of the invoice via the Marketplace
platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of
1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in
the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,
as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, 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. 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 unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate 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. Any unlawful use will render any licenses hereunder null and void. 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.

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

9) Copyright Notice. 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: “Used 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 on a cover page or in another location that any person, upon gaining access to
the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent
to the Work as used (for example, as part of a by-line or footnote) 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
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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.

10) 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 and in the Order Confirmation, 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.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH 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 the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) 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.

13) 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 the Terms, shall be a material breach of such License. Any breach
not cured within 10 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.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;
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C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as
to which any particular permission is granted. In the event that User shall choose to retain materials that are
the subject of a photocopy permission in electronic memory for purposes of producing identical copies more
than one day after such retention (but still within the scope of any permission granted), User must notify CCC
of such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way
modify the Work (except by means of deleting material immediately preceding or following the entire portion
of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies
sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall
bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this License for
any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible anly under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials
for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification
of the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(I)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
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expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)
permit “publishing ventures” where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User
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shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the
date such amount was originally due. The provisions of this paragraph shall survive the termination of this license
for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;
i) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;
iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in
these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any
display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation
(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs
or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution
modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,
be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any
such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
at www.copyright.com/about/privacy-policy/.
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person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,

including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern

186



or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in 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
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e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
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Appendix
Appendix A: Head Kinematics
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Appendix FiguTlrmeE(SS)S: The head kinematics forTl\n}e(;sl)unteer 2 (from Dataset 1: I{/rln:;/) 2021),
including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z,
(iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots
fired using Rifles A, B and C. Note that the designation in brackets represents the features of

each Rifle; for example, Rifle A (X .50) indicates that Rifle A has Chassis X and is a 50 caliber

rifle.
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Appendix Figure 56: The head kinematics for Volunteer 3 (from Dataset 1: May 2021),
including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z,
(iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots
fired using Rifles A, B and C. Note that the designation in brackets represents the features of
each rifle; for example Rifle A (X .50) indicates that Rifle A has Chassis X and is a 50 caliber

rifle.
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Appendix Figure 57: The head kinematics of Volunteers 1,2 and 3 (from Dataset 1: May 2021)
firing Rifle A, including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear

acceleration in Z, (iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in

Z.
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Appendix Figure 58: The head kinematics of Volunteers 1,2 and 3 (from Dataset 1: May 2021)
firing Rifle B, including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear

acceleration in Z, (iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in

Z.
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Appendix Figure 59: The head kinematics for Volunteer 5 (from Dataset 2: May 2022),

including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z,

(iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots

fired using Rifles D and E. Note that the designation in brackets represents the features of

each rifle; for example Rifle A (.338) indicates that Rifle D 338 caliber rifle.
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Appendix Figure 60: The head kinematics for Volunteer 6 (from Dataset 2: May 2022),
including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z,
(iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots
fired using Rifles D, and E. Note that the designation in brackets represents the features of

each rifle; for example Rifle A (.338) indicates that Rifle D 338 caliber rifle.
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Appendix Figure 61: The head kinematics for Volunteer 7 (from Dataset 2: May 2022),
including (i) linear acceleration in X, (ii) linear acceleration in Y, (iii) linear acceleration in Z,

(iv) angular velocity in X, (v) angular velocity in Y and (vi) angular velocity in Z for all the shots
fired using Rifles D and E. Note that the designation in brackets represents the features of

each rifle; for example Rifle A (.338) indicates that Rifle D 338 caliber rifle.
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Appendix B: HICys
Process to calculate HICi5 using MATLAB script

o After filtering using 2023-01-09_UWaterloo_Signal_Processing_Methodology, the

processing script outputs a CSV file with all the kinematics for each shot (Appendix

Figure 62).

A B
1 Time LAX
2 (s) (m/s”2)
3 0 -13.5834
4 0.000626 -6.45508
5 0.001252 -2.40733
798
799 0.497497 0.710035
800 0.498123 1.066963
801 0.498748 1.213736
802 0.499374 1.013963
803 0.5 0.907148

C D E F G
LAY LA.Z LAR LV.X .Yy
(m/sh2) (m/s"2) (m/s"2) (mfs)  (m/s)
-0.77897 7.29604 15.43853 -46.998 45.72794
-1.02616 -3.4768 7.403324 -111.448 -63.4011
-1.24976 -14.3486 14.6027 -175.897 -172.53

-1.40108 0.563235 1.668656 5.939999 2.629391
-1.27478 0.33978 1.696737 5.59885 -0.62301
-0.89478 0.351608 1.548356 5.706091 -0.5245
-0.49366 0.500497 1.233821 5.959798 2.071165
-0.19491 0.613106 1.112118 6.213504 4.666828

H | J
w.z LV.R AAX

K L
AAY AA.Z

M N [e] P
AA.R AV.X AV.Y AV.Z

(m/s) (m/s) (rad/s2) (rad/s”2) (rad/s"2) (rad/s"2) (rad/s) (rad/s) (rad/s)

-121.732 138.2694 0.00048
-124.502 178.7207 -0.00598
-127.273 277.3172 -0.00942

2.24582 6.873208 0.052205
-0.76909 5.685662 0.052777
-4.72992 7.430124 0.053703
-8.44994 10.54564 0.054438

-12.17 14.43935 0.054905

0.000376 -0.00054
-0.00069 0.000792
-9.74E-05 -0.00366

0.066227 -0.06063
0.064812 -0.06049
0.064488 -0.06049
0.064452  -0.0602
0.063657 -0.05981

0.000815 0.105648 -0.02362 0.077523
0.006068 0.076819 -0.0308 0.022805
0.010103 -0.02406 -0.08896 -0.08061

0.10386 -0.02682 -0.3066 0.142986
0.103177 -0.02356 -0.30773 0.150304
0.103449 -0.01996 -0.31067 0.144231
0.103642 -0.01641 -0.30985 0.135097

0.10317 -0.01257 -0.30718 0.135808

Q
AV.R
(rad/s)

0.133152
0.085846
0.122433

0.339363
0.343289
0.343096
0.338418
0.336099

Appendix Figure 62: Example of CSV file after data processing for one shot by Volunteer 1.

The signal has 800 data points, i.e., data is recorded every 0.000625 s.

e The resultant linear acceleration (Appendix Figure 63) graph can be plotted using

columns A and E from the CSV file.

%] w
w =]

h
(=]

=
o

resultant linear acceleration (m/s"2)
» o

0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

0.4 0.45 0.5

Appendix Figure 63: Example of the resultant linear acceleration plot for one shot of

Volunteer 1
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e The area under the curve is computed for each 0.015 s interval across 800 data points
using the trapezoid rule, starting from t=0s up to the final 15 ms interval (Appendix
Figure 64). The interval exhibiting the maximum area is identified as the integration

segment in the HIC15 equation.

interval 1 interval 2 interval 3
Time Time Time
(s) (s) (s)

0 0 0
0.000626 0.000626 0.000626
0.001252 0.001252 0.001252
|0.001877 0.001877 0.001877
0.002502 0.002503 0.002503
0.003129 0.003129 0.003129
0.003755 0.003755 0.003755
0.00438 0.00438 0.00438
0.005006 0.005006 0.005006
0.005632 0.005632 0.005632
0.006258 0.006258 0.006258
0.006884 0.006884 0.006884
0.007509 0.007509 0.007509
0.008135 0.008135 0.008135
0.008761 0.008761 0.008761
0.009387 0.009387 0.009387
0.010013 0.010013 0.010013
0.010638 0.010638 0.010638
0.011264 0.011264 0.011264
0.01189 0.01189 0.01189
0.012516 0.012516 0.012516
0.013141 0.013141 0.013141
0.013767 0.013767 0.013767
0.014393 0.014393 0.014393
0.015019 0.015019 0.015019
0.015645 0.015645 0.015645
0.01627 0.01627 0.01627
0.016896 0.016896 0.016896

Appendix Figure 64: Example of calculating the area for every 15 ms interval

e After calculating the maximum area, it is then substituted into the HIC1s equation to
calculate the corresponding HIC;s value.

e Process 1to4is performed in MATLAB for every shot fired (Appendix Figure 65).
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fclose all;

close all;

clear;

clc;

fileNames = dir( E:\85_VRC_trial V5'\89_checkingHIC\*MG41841%");
for j=1@

M = readmatrix(extractBefore(fileMames(j).name,'.")); %reading excel file with all columns

M1(:,1) = M(:,1); %copy over time column in seconds
M1(:,2) = M(:,5); %copy over res acc column in m/s2
M1(:,3) = M(:,5)*0.10197162; %convert m/s2 to G

%finding t1,t2,area of each interval of 15ms or @.815s

%there are 808 data points i.e data recorded every @.0800625 s
%0.015/0.000625 = 24 i.e there's 24 0.000625 in 9.015s

%so need to calculate area for every 25 cells

%808-24 = 776 should be last i value to capture last set of 0.815s
for i=1:776

M2(i,1)=M1(i,1); %tl

M2(1,2)-M1(i+24,1); %t2

M2(i,3)= M2(i,2) - M2(i,1); #%t2-tl, checking if interval is @.815

M2(i,4) = trapz(M1(i:i+24,1),M1(i:i+24,3)); %area of each interval, x wvar is time, y var is res acc in G

end

areallhole = trapz(ML{:,1),M1{:,3));
[maxIntervalArea, RowmaxIntervalArea] = max(M2(:,4));

Timel_maxIntervallArea = M2(RowmaxIntervalldrea,l);
Time2_maxIntervallrea = M2(RowmaxIntervalhrea,2);

timeinterval = Time2_maxIntervalArea - Timel_maxIntervalArea;
HIC_value = (({(1/timeinterval)*maxIntervalArea)”2.5)*timeinterval;

HIC table{j,1} = extractBefore(fileNames(j).name,'-Processed-HeadCoG'); %filename
HIC_table{j,2} = arealhole; ¥area under whole curve when y axis is in Gs and x axis is in sec
HIC_table{j,3} = maxIntervallrea; %highest area of ©.815s interval

HIC_table{j,4} = Timel_maxIntervalArea; %tl where highest area occurs

HIC table{j,5} = Time2_maxIntervalArea; %t2 where highest area occurs

HIC_table{j,6} = timeinterval; %t2-tl

HIC table{j,7} = HIC_ value; %HIC15 value

end

%Exporting data to file

headers = {"MG ID",...
‘Area under whole curve', 'highest area of 0.@15s interval’,'tl where highest area occurs’,...
"t2 where highest area occurs’, 'time interval’, 'HIC15 value®

T

ToExport = [headers; HIC_table];

%
#
%
%
%
#
%
% writecell(ToExport, 41841 _HIC.x1sx")

Appendix Figure 65: Script used to calculate HICis for each shot
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HIC;s for all shots in Dataset 1: May 2021

Inter Rifle

Table 17: Summary of HICis values in Dataset 1: Volunteers 1,2,3 firing Rifles, A, B, and C

Volunteer 1 Rifle A | Volunteer 1 Rifle B | Volunteer 1 Rifle C

shot 1 0.1430 0.0758 0.2324

shot 2 0.1355 0.0982 0.2254

shot 3 0.1635 0.0858 0.1855

shot 4 0.1067 0.0915 0.1260

mean HICss 0.1372 0.0878 0.1923

Sample standard deviation* 0.0235 0.0095 0.0488
Coefficient of variation (CV) % 17.12 10.82 25.38

Volunteer 2 Rifle A | Volunteer 2 Rifle B | Volunteer 2 Rifle C

shot 1 0.3539 0.1138 0.2153

shot 2 0.1485 0.1275 0.2649

shot 3 X 0.1568 0.1748

shot 4 X 0.1516 0.1913

mean HICss 0.2512 0.1374 0.2116

Sample standard deviation 0.1452 0.0203 0.0392
Coefficient of variation (CV) % 57.82 14.75 18.54

Volunteer 3 Rifle A | Volunteer 3 Rifle B | Volunteer 3 Rifle C

shot 1 0.1678 0.1420 0.1381

shot 2 0.2092 0.0706 0.1220

shot 3 0.1649 0.0961 0.1358

mean HICss 0.1807 0.1029 0.1320

Sample standard deviation 0.0248 0.0362 0.0087
Coefficient of variation (CV) % 13.73 35.17 6.63

Z:l(xl - xmean)z

n—1

*Sample standard deviation =

where
X; = observations in sample
Xmean = Mean of all observations in sample

n = number of observations

216



Inter Volunteer

Table 18: Summary of HICis values in Dataset 1: Volunteers 1,2,3 firing Rifles, A, B, and C

Volunteer 1 Rifle A

Volunteer 2 Rifle A

Volunteer 3 Rifle A

shot 1 0.1430 0.3539 0.1678
shot 2 0.1355 0.1485 0.2092
shot 3 0.1635 X 0.1649
shot 4 0.1067 X X
mean HIC;s 0.1372 0.2512 0.1807
Sample standard deviation* 0.0235 0.1452 0.0248
Coefficient of variation (CV) % 17.12 57.82 13.73

Volunteer 1 Rifle B

Volunteer 2 Rifle B

Volunteer 3 Rifle B

shot 1 0.0758 0.1138 0.1420
shot 2 0.0982 0.1275 0.0706
shot 3 0.0858 0.1568 0.0961
shot 4 0.0915 0.1516 X
mean HIC;s 0.0878 0.1374 0.1029
Sample standard deviation 0.0095 0.0203 0.0362
Coefficient of variation (CV) % 10.82 14.75 35.17

Volunteer 1 Rifle C

Volunteer 2 Rifle C

Volunteer 3 Rifle C

shot 1 0.2324 0.2153 0.1381
shot 2 0.2254 0.2649 0.1220
shot 3 0.1855 0.1748 0.1358
shot 4 0.1260 0.1913 X
mean HIC;s 0.1923 0.2116 0.1320
Sample standard deviation 0.0488 0.0392 0.0087
Coefficient of variation (CV) % 25.38 18.54 6.63
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HIC;s for all shots in Dataset 2: May 2022

Inter Rifle

Table 19: Summary of HIC;is values in Dataset 2: Volunteers 4,5 firing Rifles D, E

Volunteer 4 Rifle D

Volunteer 4 Rifle E

Volunteer 5 Rifle D

Volunteer 5 Rifle E

shot 1 0.2666 198.1482 0.2217 0.5455
shot 2 0.2611 0.4487 0.0640 1.0431
shot 3 0.1458 4.9497 X 0.9478
shot 4 0.5689 72.2785 X 0.4898
shot 5 0.5266 4.7602 X 0.7735
shot 6 0.6388 531.2062 X 0.8572
shot 7 0.6881 81.8463 X 0.3468
shot 8 0.4829 72.8167 X 0.5358
shot 9 0.8794 229.8738 X 0.5270
shot 10 0.3139 38.1664 X 5.2673
shot 11 0.1497 43.5698 X 2.9338
shot 12 0.2493 X X 5.0772
shot 13 0.1912 X X 2.0935
shot 14 0.5523 X X 2.4864
shot 15 0.2716 X X 1.2332
shot 16 0.3250 X X X
shot 17 0.1231 X X X
shot 18 0.1461 X X X
shot 19 0.2199 X X X
shot 20 0.1288 X X X
shot 21 0.3910 X X X
shot 22 0.1439 X X X
shot 23 0.1428 X X X
shot 24 0.1828 X X X
shot 25 0.1202 X X X
shot 26 0.1151 X X X
shot 27 0.0711 X X X
shot 28 0.1990 X X X
shot 29 0.1220 X X X
shot 30 0.1549 X X X
shot 31 0.1406 X X X
shot 32 0.2589 X X X
shot 33 0.1605 X X X
shot 34 0.3469 X X X
shot 35 0.7173 X X X
shot 36 0.3756 X X X
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mean HICys 0.2992 116.1877 0.1428 1.6772
Sample standard deviation 0.2042 156.9768 0.1115 1.6160
CV (%) 68.24 135.11 78.08 96.35

Table 20: Summary of HICss values in Dataset 2: Volunteer 6 firing Rifles D, E

Volunteer 6 Rifle D

Volunteer 6 Rifle E

shot 1 0.0497 0.3386
shot 2 0.0462 0.2846
shot 3 0.0771 0.3354
shot 4 0.0471 0.4633
shot 5 0.0496 2.0729
shot 6 0.0394 4.7863
shot 7 0.0415 X
shot 8 0.0520 X
shot 9 0.0410 X
shot 10 0.0440 X
shot 11 0.0466 X
shot 12 0.0475 X
shot 13 0.0763 X
shot 14 0.0467 X
shot 15 0.0508 X
shot 16 0.0755 X
shot 17 0.0506 X
shot 18 0.0497 X
shot 19 0.0635 X
shot 20 0.0405 X
shot 21 0.0339 X
shot 22 0.0447 X
shot 23 0.0850 X
shot 24 0.0705 X
shot 25 0.0403 X
shot 26 0.0384 X
shot 27 0.1795 X
shot 28 0.0615 X
shot 29 0.0478 X
shot 30 0.1372 X
shot 31 0.0807 X
shot 32 0.1075 X
shot 33 0.0630 X
mean HICys 0.0614 1.3802
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Sample standard deviation

0.0304

1.8055

CV (%)

49.50

130.81

Table 21: Summary of HICss values in Dataset 2: Volunteers 7,8 firing Rifles D, E

Volunteer 7 Rifle D | Volunteer 7 Rifle E | Volunteer 8 Rifle D | Volunteer 8 Rifle E
shot 1 0.0083 0.0926 0.0359 0.1750
shot 2 0.0077 0.0996 0.0370 0.1280
shot 3 0.0156 0.0671 0.0342 0.1145
shot 4 0.0140 0.1119 0.0402 0.1327
shot 5 0.0111 0.0765 0.0355 0.1160
shot 6 0.0164 0.0845 X 0.2172
shot 7 0.0099 0.1065 X 0.1717
shot 8 0.0171 0.0955 X 0.1806
shot 9 X 0.0685 X 0.1549
shot 10 X 0.0782 X 0.1379
shot 11 X 0.0864 X X
shot 12 X 0.0936 X X
shot 13 X 0.0914 X X
shot 14 X 0.0851 X X
shot 15 X 0.1365 X X
shot 16 X 0.0764 X X
shot 17 X 0.1324 X X
shot 18 X 0.0775 X X
mean HICys 0.0125 0.0922 0.0366 0.1528
Sample standard deviation 0.0037 0.0195 0.0023 0.0331
CV (%) 29.74 21.18 6.25 21.64

Inter Volunteer

Table 22: Summary of HICis values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D

Volunteer 4 | Volunteer5 | Volunteer 6 | Volunteer 7 | Volunteer 8
shot 1 0.2666 0.2217 0.0497 0.0083 0.0359
shot 2 0.2611 0.0640 0.0462 0.0077 0.0370
shot 3 0.1458 X 0.0771 0.0156 0.0342
shot 4 0.5689 X 0.0471 0.0140 0.0402
shot 5 0.5266 X 0.0496 0.0111 0.0355
shot 6 0.6388 X 0.0394 0.0164 X
shot 7 0.6881 X 0.0415 0.0099 X
shot 8 0.4829 X 0.0520 0.0171 X
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shot 9 0.8794 X 0.0410 X X
shot 10 0.3139 X 0.0440 X X
shot 11 0.1497 X 0.0466 X X
shot 12 0.2493 X 0.0475 X X
shot 13 0.1912 X 0.0763 X X
shot 14 0.5523 X 0.0467 X X
shot 15 0.2716 X 0.0508 X X
shot 16 0.3250 X 0.0755 X X
shot 17 0.1231 X 0.0506 X X
shot 18 0.1461 X 0.0497 X X
shot 19 0.2199 X 0.0635 X X
shot 20 0.1288 X 0.0405 X X
shot 21 0.3910 X 0.0339 X X
shot 22 0.1439 X 0.0447 X X
shot 23 0.1428 X 0.0850 X X
shot 24 0.1828 X 0.0705 X X
shot 25 0.1202 X 0.0403 X X
shot 26 0.1151 X 0.0384 X X
shot 27 0.0711 X 0.1795 X X
shot 28 0.1990 X 0.0615 X X
shot 29 0.1220 X 0.0478 X X
shot 30 0.1549 X 0.1372 X X
shot 31 0.1406 X 0.0807 X X
shot 32 0.2589 X 0.1075 X X
shot 33 0.1605 X 0.0630 X X
shot 34 0.3469 X X X X
shot 35 0.7173 X X X X
shot 36 0.3756 X X X X
mean HICys 0.2992 0.1428 0.0614 0.0125 0.0366

std dev 0.2042 0.1115 0.0304 0.0037 0.0023
CV (%) 68.24 78.08 49.50 29.74 6.25

Table 23: Summary of HICis values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E

Volunteer 4 | Volunteer5 | Volunteer 6 | Volunteer 7 | Volunteer 8
shot 1 198.1482 198.1482 0.3386 0.0926 0.1750
shot 2 0.4487 0.4487 0.2846 0.0996 0.1280
shot 3 4.9497 4.9497 0.3354 0.0671 0.1145
shot 4 72.2785 72.2785 0.4633 0.1119 0.1327
shot 5 4.7602 4.7602 2.0729 0.0765 0.1160
shot 6 531.2062 531.2062 4.7863 0.0845 0.2172
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shot 7 81.8463 81.8463 X 0.1065 0.1717
shot 8 72.8167 72.8167 X 0.0955 0.1806
shot 9 229.8738 229.8738 X 0.0685 0.1549
shot 10 38.1664 38.1664 X 0.0782 0.1379
shot 11 43.5698 43.5698 X 0.0864 X
shot 12 X 5.0772 X 0.0936 X
shot 13 X 2.0935 X 0.0914 X
shot 14 X 2.4864 X 0.0851 X
shot 15 X 1.2332 X 0.1365 X
shot 16 X X X 0.0764 X
shot 17 X X X 0.1324 X
shot 18 X X X 0.0775 X
mean HIC;s 116.1877 85.9303 1.3802 0.0922 0.1528

std dev 156.9768 142.4755 1.8055 0.0195 0.0331
CV (%) 135.11 165.80 130.81 21.18 21.64

Statistical Analysis for Dataset 1

Inter Rifle (One-way ANOVA)

Table 24: One-Way ANOVA for Volunteer 1
Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance

Volunteer 1 rifle A 4 | 0.548655748 | 0.137164 | 0.000551

Volunteer 1 rifle B 4| 0.351237308 | 0.087809 | 9.03E-05

Volunteer 1 rifle C 4| 0.769304803 | 0.192326 | 0.002382

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.02187004 2| 0.010935 | 10.85113 | 0.003998 | 4.256495

Within Groups 0.009069579 9| 0.001008

Total 0.030939619 11

is p value < 0.05?

Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff
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Tukey Kramer test

compares the mean between each pairwaise combination of groups

step 1 step 4 step 5
Abs. Mean Q critical
Comparison Diff Value Significant?
Avs.B 0.04935461 | 0.062664195 | No
Bvs.C 0.104516874 | 0.062664195 | Yes
Avs. C 0.055162264 | 0.062664195 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups 3
df = n-k 9
Q(3,9,0.05) 3.948

pooled variance

0.001007731

step 3

sample size of each
group

Table 25: One-Way ANOVA for Volunteer 2

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 2 Rifle A 2 | 0.502412 | 0.251206 | 0.021094
Volunteer 2 Rifle B 41 0.549787 | 0.137447 | 0.000411
Volunteer 2 Rifle C 4 | 0.846374 | 0.211594 | 0.001539
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.020405 2 | 0.010202 | 2.650528 | 0.13901 | 4.737414
Within Groups 0.026944 7 | 0.003849
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Total

0.047349

Table 26: One-Way ANOVA for Volunteer 3

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance
Volunteer 3 rifle A 3 0.541951 | 0.18065 | 0.000615
Volunteer 3 rifle B 3 0.308667 | 0.102889 | 0.00131
Volunteer 3 rifle C 3 0.395919 | 0.131973 | 7.65E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.009262 2 | 0.004631 | 6.941717 | 0.02748 | 5.143253
Within Groups 0.004003 6 | 0.000667
Total 0.013265 8
is p value < 0.05? Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff

Tukey Kramer test

compares the mean between each pairwaise combination of groups

step 1 step 4 step 5
Abs. Mean Q critical
Comparison Diff Value Significant?
Avs.B 0.077761 0.064705 | Yes
Bvs.C 0.029084 0.064705 | No
Avs.C 0.048677 0.064705 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table
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q(k,df,alpha)

k = number of groups 3
df = n-k 6
Q(3,6,0.05) 4.339
pooled variance 0.000667
step 3

sample size of each

group 3

Inter Volunteer (One-way ANOVA)

Table 27: One-Way ANOVA for Rifle A

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 Rifle A 4| 0.548656 | 0.137164 | 0.000551
Volunteer 2 Rifle A 2 | 0.502412 | 0.251206 | 0.021094
Volunteer 3 Rifle A 3| 0.541951 | 0.18065 | 0.000615
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.017401 2 0.0087 | 2.177058 | 0.194587 | 5.143253
Within Groups 0.023978 6 | 0.003996
Total 0.041379 8
Table 28: One-Way ANOVA for Rifle B
Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle B 4 0.351237 | 0.087809 | 9.03E-05
Volunteer 2 rifle B 4 0.549787 | 0.137447 | 0.000411
Volunteer 3 rifle B 3 0.308667 | 0.102889 | 0.00131
ANOVA
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Source of Variation SS df MS F P-value F crit
Between Groups 0.005135 2 | 0.002567 | 4.982217 | 0.039328 | 4.45897
Within Groups 0.004122 8 | 0.000515
Total 0.009257 10

is p value < 0.05?

Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff

Tukey Kramer test

compares the mean between each pairwaise combination of groups

step 1 step 4 step 5
Abs. Mean Q critical
Comparison Diff Value Significant?
1vs.2 0.0496 0.0496 | No
2vs.3 0.0346 0.0536 | No
1lvs.3 0.0151 0.0536 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 3
df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 0.000604
step 3 - sample size

harmonic mean 1,2 4
harmonic mean 2,3 3.428571
harmonic mean 1,3 3.428571
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Table 29: One-Way ANOVA for Rifle C

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 Rifle C 4 | 0.769305 | 0.192326 | 0.002382
Volunteer 2 Rifle C 4 | 0.846374 | 0.211594 | 0.001539
Volunteer 3 Rifle C 3 0.395919 | 0.131973 | 7.65E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.011429 2 | 0.005715 | 3.836657 | 0.067876 | 4.45897
Within Groups 0.011916 8 | 0.001489
Total 0.023345 10

Statistical Analysis for Dataset 2

Inter Rifle (t-Test)

Table 30: t-Test for Volunteer 4

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 4 Rifle D

Volunteer 4 Rifle E

Mean 0.299210895 116.1876734
Variance 0.041691963 24641.70058
Observations 36 11
Hypothesized Mean Difference 0
df 10
t Stat -2.448505552
P(T<=t) one-tail 0.01717275
t Critical one-tail 1.812461123
P(T<=t) two-tail 0.0343455

t Critical two-tail

2.228138852

Table 31: t-Test for Volunteer 5

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 5 Rifle D

Volunteer 5 Rifle E

Mean

0.142829652

1.677201505

Variance

0.012435589

2.611604951

Observations

2

15
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Hypothesized Mean Difference 0
df 15
t Stat -3.613290705
P(T<=t) one-tail 0.001277535
t Critical one-tail 1.753050356
P(T<=t) two-tail 0.002555069

t Critical two-tail

2.131449546

Table 32: t-Test for Volunteer 6

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 6 Rifle D

Volunteer 6 Rifle E

Mean 0.061362562 1.380179518
Variance 0.000922584 3.259743184
Observations 33 6
Hypothesized Mean Difference 0
df 5

t Stat

-1.789193373

P(T<=t) one-tail

0.066801853

t Critical one-tail

2.015048373

P(T<=t) two-tail

0.133603705

t Critical two-tail

2.570581836

Table 33: t-Test for Volunteer 7

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Mean 0.012507298 0.092233073
Variance 1.38359E-05 0.000381603
Observations 8 18
Hypothesized Mean Difference 0
df 20
t Stat -16.64945116
P(T<=t) one-tail 1.73154E-13
t Critical one-tail 1.724718243
P(T<=t) two-tail 3.46308E-13

t Critical two-tail

2.085963447
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Table 34: t-Test for Volunteer 8

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 8 Rifle D

Volunteer 8 Rifle E

Mean 0.036573081 0.152838953
Variance 5.2211E-06 0.001093663
Observations 5 10
Hypothesized Mean Difference 0
df 9
t Stat -11.06488936
P(T<=t) one-tail 7.66E-07
t Critical one-tail 1.833112933
P(T<=t) two-tail 1.532E-06

t Critical two-tail

2.262157163
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Appendix C: BriIC

BriIC for all shots in Dataset 1: May 2021

Inter Rifle

Table 35: Summary of BriCvalues in Dataset 1: Volunteers 1,2,3 firing Rifles A, B, and C

Volunteer 1 Rifle A

Volunteer 1 Rifle B

Volunteer 1 Rifle C

shot 1 0.1138 0.0940 0.1062

shot 2 0.1233 0.0914 0.1170

shot 3 0.1123 0.1192 0.1315

shot 4 0.1153 0.0984 0.1225

mean BrlIC 0.1162 0.1008 0.1193

Sample standard deviation 0.0049 0.0126 0.0106

Volunteer 2 Rifle A

Volunteer 2 Rifle B

Volunteer 2 Rifle C

shot 1 0.1815 0.1088 0.1887

shot 2 0.1902 0.1395 0.1915

shot 3 X 0.1860 0.2013

shot 4 X 0.1550 0.2038

mean BrIC 0.1858 0.1474 0.1963

Sample standard deviation 0.0062 0.0321 0.0073

Volunteer 3 Rifle A

Volunteer 3 Rifle B

Volunteer 3 Rifle C

shot 1 0.1608 0.1561 0.1516

shot 2 0.1673 0.1497 0.1500

shot 3 0.1568 0.1510 0.1511

mean BrIC 0.1616 0.1523 0.1509

Sample standard deviation 0.0053 0.0034 0.0008

Inter volunteer

Table 36: Summary of BriCvalues in Dataset 1: Volunteers 1,2,3 firing Rifles A, B, and C

Volunteer 1 Rifle A | Volunteer 2 Rifle A | Volunteer 3 Rifle A

shot 1 0.1138 0.1815 0.1608

shot 2 0.1233 0.1902 0.1673

shot 3 0.1123 X 0.1568
shot 4 0.1153 X X

mean BrIC 0.1162 0.1858 0.1616

Sample STD Dev 0.0049 0.0062 0.0053

cv 4.22 3.32 3.28
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Volunteer 1 Rifle B

Volunteer 2 Rifle B

Volunteer 3 Rifle B

shot 1 0.0940 0.1088 0.1561
shot 2 0.0914 0.1395 0.1497
shot 3 0.1192 0.1860 0.1510
shot 4 0.0984 0.1550 X
mean BrIC 0.1008 0.1474 0.1523
Sample STD Dev 0.0126 0.0321 0.0034
cv 12.54 21.81 2.21
Volunteer 1 Rifle C | Volunteer 2 Rifle C | Volunteer 3 Rifle C
shot 1 0.1062 0.1887 0.1516
shot 2 0.1170 0.1915 0.1500
shot 3 0.1315 0.2013 0.1511
shot 4 0.1225 0.2038 X
mean BrIC 0.1193 0.1963 0.1509
Sample STD Dev 0.0106 0.0073 0.0008
cv 8.88 3.73 0.54

BrIC for all shots in Dataset 2: May 2022

Inter Rifle

Table 37: Summary of BrlICvalues in Dataset 2: Volunteers 4,5 firing Rifles D and E

Volunteer 4 Rifle D

Volunteer 4 Rifle E

Volunteer 5 Rifle D

Volunteer 5 Rifle E

shot 1 0.0538 0.6963 0.0609 0.0990
shot 2 0.0541 0.1002 0.0576 0.1942
shot 3 0.0528 0.1486 X 0.1659
shot 4 0.0618 0.4345 X 0.1071
shot 5 0.0652 0.1161 X 0.1018
shot 6 0.0676 0.6015 X 0.0998
shot 7 0.0716 0.4735 X 0.0943
shot 8 0.0587 0.3833 X 0.0966
shot 9 0.0626 0.4801 X 0.0957
shot 10 0.0584 0.3364 X 0.2866
shot 11 0.0566 0.3963 X 0.2405
shot 12 0.0635 X X 0.2939
shot 13 0.0582 X X 0.1241
shot 14 0.0686 X X 0.1863
shot 15 0.0592 X X 0.1467
shot 16 0.0604 X X X

shot 17 0.0572 X X X
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shot 18 0.0520 X X X
shot 19 0.0543 X X X
shot 20 0.0583 X X X
shot 21 0.0554 X X X
shot 22 0.0466 X X X
shot 23 0.0605 X X X
shot 24 0.0550 X X X
shot 25 0.0509 X X X
shot 26 0.0513 X X X
shot 27 0.0481 X X X
shot 28 0.0521 X X X
shot 29 0.0543 X X X
shot 30 0.0541 X X X
shot 31 0.0545 X X X
shot 32 0.0666 X X X
shot 33 0.0712 X X X
shot 34 0.0657 X X X
shot 35 0.0675 X X X
shot 36 0.0710 X X X
mean HIC;s 0.0589 0.3788 0.0592 0.1555
Sample standard deviation 0.0067 0.1935 0.0023 0.0705

Table 38: Summary of BriCvalues in Dataset 2: Volunteer 6 firing Rifles D and E

Volunteer 6 Rifle D

Volunteer 6 Rifle E

shot 1 0.0498 0.1332
shot 2 0.0519 0.1359
shot 3 0.0552 0.1272
shot 4 0.0502 0.1709
shot 5 0.0507 0.2058
shot 6 0.0442 0.2147
shot 7 0.0470 X
shot 8 0.0496 X
shot 9 0.0453 X
shot 10 0.0532 X
shot 11 0.0523 X
shot 12 0.0538 X
shot 13 0.0573 X
shot 14 0.0618 X
shot 15 0.0533 X
shot 16 0.0533 X
shot 17 0.0554 X

232




shot 18 0.0560 X
shot 19 0.0553 X
shot 20 0.0517 X
shot 21 0.0398 X
shot 22 0.0466 X
shot 23 0.0531 X
shot 24 0.0549 X
shot 25 0.0548 X
shot 26 0.0515 X
shot 27 0.0846 X
shot 28 0.0685 X
shot 29 0.0747 X
shot 30 0.0865 X
shot 31 0.0692 X
shot 32 0.0750 X
shot 33 0.0592 X
mean HIC;s 0.0565 0.1646
Sample standard deviation 0.0108 0.0386

Table 39: Summary of BrlCvalues in Dataset 2: Volunteers 7,8 firing Rifles D and E

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Volunteer 8 Rifle D

Volunteer 8 Rifle E

shot 1 0.0574 0.1090 0.0502 0.1268
shot 2 0.0549 0.1043 0.0476 0.1046
shot 3 0.0546 0.1189 0.0512 0.1151
shot 4 0.0551 0.1181 0.0435 0.1039
shot 5 0.0611 0.1038 0.0412 0.1128
shot 6 0.0549 0.1082 X 0.1261
shot 7 0.0551 0.0974 X 0.1258
shot 8 0.0636 0.1040 X 0.1212
shot 9 X 0.0998 X 0.1166
shot 10 X 0.1056 X 0.1211
shot 11 X 0.1146 X X
shot 12 X 0.1100 X X
shot 13 X 0.1117 X X
shot 14 X 0.1092 X X
shot 15 X 0.1151 X X
shot 16 X 0.1126 X X
shot 17 X 0.1142 X X
shot 18 X 0.1085 X X
mean BrIC 0.0571 0.1092 0.0468 0.1174
Sample standard deviation 0.0034 0.0060 0.0043 0.0084
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Inter volunteer

Table 40: Summary of BrIC values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D

Volunteer 4 | Volunteer5 | Volunteer 6 | Volunteer7 | Volunteer 8
shot 1 0.0538 0.0609 0.0498 0.0574 0.0502
shot 2 0.0541 0.0576 0.0519 0.0549 0.0476
shot 3 0.0528 X 0.0552 0.0546 0.0512
shot 4 0.0618 X 0.0502 0.0551 0.0435
shot 5 0.0652 X 0.0507 0.0611 0.0412
shot 6 0.0676 X 0.0442 0.0549 X
shot 7 0.0716 X 0.0470 0.0551 X
shot 8 0.0587 X 0.0496 0.0636 X
shot 9 0.0626 X 0.0453 X X
shot 10 0.0584 X 0.0532 X X
shot 11 0.0566 X 0.0523 X X
shot 12 0.0635 X 0.0538 X X
shot 13 0.0582 X 0.0573 X X
shot 14 0.0686 X 0.0618 X X
shot 15 0.0592 X 0.0533 X X
shot 16 0.0604 X 0.0533 X X
shot 17 0.0572 X 0.0554 X X
shot 18 0.0520 X 0.0560 X X
shot 19 0.0543 X 0.0553 X X
shot 20 0.0583 X 0.0517 X X
shot 21 0.0554 X 0.0398 X X
shot 22 0.0466 X 0.0466 X X
shot 23 0.0605 X 0.0531 X X
shot 24 0.0550 X 0.0549 X X
shot 25 0.0509 X 0.0548 X X
shot 26 0.0513 X 0.0515 X X
shot 27 0.0481 X 0.0846 X X
shot 28 0.0521 X 0.0685 X X
shot 29 0.0543 X 0.0747 X X
shot 30 0.0541 X 0.0865 X X
shot 31 0.0545 X 0.0692 X X
shot 32 0.0666 X 0.0750 X X
shot 33 0.0712 X 0.0592 X X
shot 34 0.0657 X X X X
shot 35 0.0675 X X X X
shot 36 0.0710 X X X X
mean BrIC 0.0589 0.0592 0.0565 0.0571 0.0468
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std dev

0.0067

0.0023

0.0108

0.0034

0.0043

cv

11.43

3.88

19.16

5.97

9.20

Table 41: Summary of BrIC values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E

Volunteer 4 | Volunteer5 | Volunteer6 | Volunteer7 | Volunteer 8
shot 1 0.6963 0.0990 0.1332 0.1090 0.1268
shot 2 0.1002 0.1942 0.1359 0.1043 0.1046
shot 3 0.1486 0.1659 0.1272 0.1189 0.1151
shot 4 0.4345 0.1071 0.1709 0.1181 0.1039
shot 5 0.1161 0.1018 0.2058 0.1038 0.1128
shot 6 0.6015 0.0998 0.2147 0.1082 0.1261
shot 7 0.4735 0.0943 X 0.0974 0.1258
shot 8 0.3833 0.0966 X 0.1040 0.1212
shot 9 0.4801 0.0957 X 0.0998 0.1166
shot 10 0.3364 0.2866 X 0.1056 0.1211
shot 11 0.3963 0.2405 X 0.1146 X
shot 12 X 0.2939 X 0.1100 X
shot 13 X 0.1241 X 0.1117 X
shot 14 X 0.1863 X 0.1092 X
shot 15 X 0.1467 X 0.1151 X
shot 16 X X X 0.1126 X
shot 17 X X X 0.1142 X
shot 18 X X X 0.1085 X

mean BrIC 0.3788 0.1555 0.1646 0.1092 0.1174
std dev 0.1935 0.0705 0.0386 0.0060 0.0084
cv 51.08 45.32 23.46 5.46 7.16

Statistical Analysis for Dataset 1

Inter Rifle (One-way ANOVA)

Table 42: One-Way ANOVA for Volunteer 1

Anova: Single Factor

SUMMARY

Groups Count Sum Average | Variance
Volunteer 1 Rifle A 4 |1 0.464706 | 0.116176 2.4E-05
Volunteer 1 Rifle B 4 | 0.403139 | 0.100785 | 0.00016
Volunteer 1 Rifle C 4 1 0.477142 | 0.119285 | 0.000112

ANOVA
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Source of Variation SS df MS F P-value F crit
Between Groups 0.000785 2 | 0.000393 | 3.978829 | 5.78E-02 | 4.256495
Within Groups 0.000888 9 | 9.87E-05
Total 0.001673 11

Table 43: One-Way ANOVA for Volunteer 2
Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 2 rifle A 2 | 0.371652 | 0.185826 | 3.81E-05
Volunteer 2 rifle B 4 | 0.589413 | 0.147353 | 0.001033
Volunteer 2 rifle C 4 | 0.785305 | 0.196326 | 5.36E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.00511 2 | 0.002555 | 5.424553 | 3.78E-02 | 4.737414
Within Groups 0.003297 7 | 0.000471
Total 0.008407 9
is p value < 0.05? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical
Comparison Diff Value Significant?
Avs.B 0.038473 0.0494 | No
Bvs.C 0.048973 0.0403 | Yes
Avs.C 0.0105 0.0494 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table
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s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 3
df = n-k 7
Q(3,7,0.05) 4.165
pooled variance 0.000375
step 3

harmonic mean A,B 2.666667
harmonic mean B,C 4
harmonic mean A,C 2.666667

Table 44: One-Way ANOVA for Volunteer 3

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 3 rifle A 3] 0.484844 | 0.161615 2.8E-05
Volunteer 3 rifle B 3| 0.45677 | 0.152257 | 1.14E-05
Volunteer 3 rifle C 3| 0.452748 | 0.150916 | 6.54E-07
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000204 2 | 0.000102 | 7.636536 | 2.24E-02 | 5.143253
Within Groups 8.01E-05 6 | 1.33E-05
Total 0.000284 8
is p value < 0.057? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
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Abs.

Mean Q critical
Comparison Diff Value Significant?
Avs.B 0.009358 | 0.009151 | Yes
Bvs.C 0.001341 | 0.009151 | No
Avs.C 0.010698 | 0.009151 | Yes
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 3
df = n-k 6
Q(3,6,0.05) 4.339
pooled variance 1.33E-05
step 3

sample size of each group 3

Inter Volunteer (One-way ANOVA)

Table 45: One-Way ANOVA for Rifle A

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle A 4 | 0.464706 | 0.116176 2.4E-05
Volunteer 2 rifle A 2 | 0.371652 | 0.185826 | 3.81E-05
Volunteer 3 rifle A 3| 0.484844 | 0.161615 2.8E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.007455721 2 | 0.003728 | 134.5991 | 1.04E-05 | 5.143253
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Within Groups

0.000166176

2.77E-05

Total

0.007621897

is p value < 0.05?

Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff

Tukey Kramer test

compares the mean between each pairwaise com

bination of groups

step 1 step 4 step 5
Abs. Mean Q critical
Comparison Diff Value Significant?
lvs.2 0.0696 0.0146 | Yes
2vs.3 0.0242 0.0154 | Yes
1lvs.3 0.0454 0.0128 | Yes
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q

Table

q(k,df,alpha)

k = number of groups 3
df = n-k 6
Q(3,6,0.05) 4.339
pooled variance 3.00366E-05

step 3 - sample size

harmonic mean 1,2

2.666666667

harmonic mean 2,3

2.4

harmonic mean 1,3

3.428571429
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Table 46: One-Way ANOVA for Rifle B

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance

Volunteer 1 rifle B 4| 0.403139 | 0.100785 | 0.00016

Volunteer 2 rifle B 4| 0.589413 | 0.147353 | 0.001033

Volunteer 3 rifle B 3| 0.45677 | 0.152257 | 1.14E-05

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.006071 2 | 0.003035 | 6.745026 | 1.92E-02 | 4.45897

Within Groups 0.0036 8 | 0.00045

Total 0.009671 10

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

1lvs.2 0.0466 0.0405 | Yes

2vs. 3 0.0049 0.0437 | No

1vs. 3 0.0515 0.0437 | Yes

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups
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df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 0.000401
step 3 - sample size

harmonic mean 1,2 4
harmonic mean 2,3 3.428571
harmonic mean 1,3 3.428571

Table 47: One-Way ANOVA for Rifle C

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle C 4| 0.477142 | 0.119285 | 0.000112
Volunteer 2 rifle C 4 | 0.785305 | 0.196326 | 5.36E-05
Volunteer 3 rifle C 3| 0.452748 | 0.150916 | 6.54E-07
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.011974 2 | 0.005987 | 96.07107 | 2.55E-06 | 4.45897
Within Groups 0.000499 8 | 6.23E-05
Total 0.012473 10
is p value < 0.05? Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff

compares the mean between each pairwaise combination

Tukey Kramer test groups
step 1 step 4 step 5
Abs.
Mean Q critical
Comparison Diff Value Significant?
lvs.2 0.0770 0.0150 | Yes
2vs.3 0.0454 0.0163 | Yes
lvs.3 0.0316 0.0163 | Yes
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step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 3
df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 5.55E-05
step 3 - sample size

harmonic mean 1,2 4
harmonic mean 2,3 3.428571
harmonic mean 1,3 3.428571

Statistical Analysis for Dataset 2

Inter Rifle (t-Test)

Table 48: t-Test for Volunteer 4

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 4 Rifle D

Volunteer 4 Rifle E

Mean 0.058889421 0.378803482
Variance 4.52827E-05 0.037441533
Observations 36 11
Hypothesized Mean Difference 0
df 10
t Stat -5.482424095
P(T<=t) one-tail 1.34E-04
t Critical one-tail 1.812461123
P(T<=t) two-tail 0.000268328

t Critical two-tail

2.228138852
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Table 49: t-Test for Volunteer 5

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 5 Rifle D | Volunteer 5 Rifle E
Mean 0.05922731 0.155497155
Variance 5.28463E-06 0.004965608
Observations 2 15
Hypothesized Mean Difference 0
df 14
t Stat -5.270154588
P(T<=t) one-tail 5.92E-05
t Critical one-tail 1.761310136
P(T<=t) two-tail 0.000118421
t Critical two-tail 2.144786688

Table 50: t-Test for Volunteer 6

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 6 Rifle D

Volunteer 6 Rifle E

Mean 0.056529037 0.16461815
Variance 0.000117304 0.001491155
Observations 33 6
Hypothesized Mean Difference 0
df 5
t Stat -6.807886165
P(T<=t) one-tail 5.21E-04

t Critical one-tail

2.015048373

P(T<=t) two-tail

0.001041703

t Critical two-tail

2.570581836

Table 51: t-Test for Volunteer 7

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Mean 0.057094566 0.10916636
Variance 1.162E-05 3.54762E-05
Observations 8 18
Hypothesized Mean Difference 0
df 22
t Stat -28.14319
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P(T<=t) one-tail 4.78E-19
t Critical one-tail 1.717144374
P(T<=t) two-tail 9.56741E-19
t Critical two-tail 2.073873068

Table 52: t-Test for Volunteer 8

t-Test: Two-Sample Assuming Unequal Variances
Volunteer 8 Rifle D | Volunteer 8 Rifle E
Mean 0.046766998 0.117400434
Variance 1.8494E-05 7.06973E-05
Observations 5 10
Hypothesized Mean Difference 0
df 13
t Stat -21.52445641
P(T<=t) one-tail 7.50E-12
t Critical one-tail 1.770933396
P(T<=t) two-tail 1.50044E-11
t Critical two-tail 2.160368656
Inter Volunteer (One-way ANOVA)
Table 53: One-Way ANOVA for Rifle D
Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 4 36 | 2.120019 | 0.058889 | 4.53E-05
Volunteer 5 2 | 0.118455 | 0.059227 | 5.28E-06
Volunteer 6 33 | 1.865458 | 0.056529 | 0.000117
Volunteer 7 8 | 0.456757 | 0.057095 | 1.16E-05
Volunteer 8 5 0.233835 | 0.046767 | 1.85E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000669 4| 0.000167 | 2.402276 | 5.67E-02 | 2.487366
Within Groups 0.005499 79 | 6.96E-05
Total 0.006168 83
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Table 54: One-Way ANOVA for Rifle E

Anova: Single Factor
SUMMARY

Groups Count Sum Average | Variance
Volunteer 4 11 | 4.166838 | 0.378803 | 0.037442
Volunteer 5 15 | 2.332457 | 0.155497 | 0.004966
Volunteer 6 6 | 0.987709 | 0.164618 | 0.001491
Volunteer 7 18 | 1.964994 | 0.109166 | 3.55E-05
Volunteer 8 10 | 1.174004 0.1174 | 7.07E-05
ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.574172 41 0.143543 | 17.44225 | 2.7E-09 | 2.539689
Within Groups 0.452629 55| 0.00823
Total 1.026801 59
is p value < 0.05? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
compares the mean between each pairwaise combination of

Tukey Kramer test groups

step 1 step 4 step 5

Abs.

Mean Q critical
Comparison Diff Value Significant?
4vs.5 0.223306 0.0895 | Yes
4vs. 6 0.214185 0.1144 | Yes
4vs.7 0.269637 0.0863 | Yes
4vs. 8 0.261403 0.0985 | Yes
5vs. 6 0.009121 0.1089 | No
5vs. 8 0.038097 0.0921 | No
6vs.7 0.0555 0.1063 | No
6vs. 8 0.0472 0.1164 | No
7vs. 8 0.0082 0.0889 | No
step 2
Find Q critical value
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Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a giv

en group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 5
df = n-k 55
Q(3,55,0.05) 3.399 | closest to Q(3,60,0.05)
pooled variance 0.008801
step 3 - harmonic means

4vs.5 12.69231
4vs. 6 7.764706
4vs.7 13.65517
4vs. 8 10.47619
5vs. 6 8.571429
5vs. 8 12
6vs.7 9
6vs.8 7.5
7vs. 8 12.85714
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Appendix D: MPSg;s

MPSss for all shots in Dataset 1: May 2021

Inter Rifle

Table 55: Summary of MPSes values in Dataset 1: Volunteers 1,2,3 firing Rifles A, B, and C

Volunteer 1 Rifle A

Volunteer 1 Rifle B

Volunteer 1 Rifle C

shot 1 0.0348 0.0322 0.0388

shot 2 0.0375 0.0284 0.0389

shot 3 0.0367 0.0375 0.0417

shot 4 0.0378 0.0327 0.0404

mean MPSos 0.0367 0.0327 0.0399

Sample standard deviation 0.0013 0.0037 0.0014
Volunteer 2 Rifle A | Volunteer 2 Rifle B | Volunteer 2 Rifle C

shot 1 0.0750 0.0301 0.0856

shot 2 0.0654 0.0357 0.0761

shot 3 X 0.0552 0.0668

shot 4 X 0.0409 0.0800

mean MPSes 0.0702 0.0405 0.0771

Sample standard deviation 0.0068 0.0107 0.0079
Volunteer 3 Rifle A | Volunteer 3 Rifle B | Volunteer 3 Rifle C

shot 1 0.0549 0.0532 0.0518

shot 2 0.0624 0.0498 0.0517

shot 3 0.0561 0.0518 0.0571

mean MPSos 0.0578 0.0516 0.0535

Sample standard deviation 0.0040 0.0017 0.0031

Inter Volunteer

Table 56: Summary of MPSgs values in Dataset 1: Volunteers 1,2,3 firing Rifles A, B, and C

Volunteer 1 Rifle A Volunteer 2 Rifle A Volunteer 3 Rifle A
shot 1 0.0348 0.0750 0.0549
shot 2 0.0375 0.0654 0.0624
shot 3 0.0367 X 0.0561
shot 4 0.0378 X X
mean MPSgs 0.0367 0.0702 0.0578
Sample STD Dev 0.0013 0.0068 0.0040
cv 3.61 9.70 6.93
Volunteer 1 Rifle B Volunteer 2 Rifle B Volunteer 3 Rifle B
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shot 1 0.0322 0.0301 0.0532
shot 2 0.0284 0.0357 0.0498
shot 3 0.0375 0.0552 0.0518
shot 4 0.0327 0.0409 X
mean MPSegs 0.0327 0.0405 0.0516
Sample STD Dev 0.0037 0.0107 0.0017
cv 11.39 26.56 3.33
Volunteer 1 Rifle C Volunteer 2 Rifle C Volunteer 3 Rifle C
shot 1 0.0388 0.0856 0.0518
shot 2 0.0389 0.0761 0.0517
shot 3 0.0417 0.0668 0.0571
shot 4 0.0404 0.0800 X
mean MPSgs 0.0399 0.0771 0.0535
Sample STD Dev 0.0014 0.0079 0.0031
cv 3.54 10.25 5.76

MPSgs for all shots in Dataset 2: May 2022

Inter Rifle

Table 57: Summary of MPSgs values in Dataset 2: Volunteers 4,5 firing Rifles D and E

Volunteer 4 Rifle D | Volunteer 4 Rifle E | Volunteer 5 Rifle D | Volunteer 5 Rifle E

shot 1 0.0228 0.2897 0.0208 0.0451
shot 2 0.0233 0.0376 0.0200 0.0754
shot 3 0.0221 0.0536 X 0.0771
shot 4 0.0210 0.2003 X 0.0393
shot 5 0.0280 0.0497 X 0.0353
shot 6 0.0291 0.2191 X 0.0383
shot 7 0.0286 0.1695 X 0.0358
shot 8 0.0217 0.1430 X 0.0355
shot 9 0.0263 0.1883 X 0.0344
shot 10 0.0235 0.1317 X 0.1232
shot 11 0.0241 0.1306 X 0.0901
shot 12 0.0238 X X 0.1256
shot 13 0.0234 X X 0.0571
shot 14 0.0255 X X 0.0778
shot 15 0.0240 X X 0.0619
shot 16 0.0224 X X X

shot 17 0.0224 X X X

shot 18 0.0210 X X X
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shot 19 0.0244 X X X
shot 20 0.0249 X X X
shot 21 0.0240 X X X
shot 22 0.0198 X X X
shot 23 0.0245 X X X
shot 24 0.0218 X X X
shot 25 0.0209 X X X
shot 26 0.0215 X X X
shot 27 0.0182 X X X
shot 28 0.0226 X X X
shot 29 0.0233 X X X
shot 30 0.0234 X X X
shot 31 0.0227 X X X
shot 32 0.0253 X X X
shot 33 0.0278 X X X
shot 34 0.0258 X X X
shot 35 0.0274 X X X
shot 36 0.0262 X X X
mean MPSgs 0.0238 0.1466 0.0204 0.0635
Sample standard deviation 0.0025 0.0783 0.0005 0.0310

Table 58: Summary of MPSgs values in Dataset 2: Volunteers 6 firing Rifles D and E

Volunteer 6 Rifle D

Volunteer 6 Rifle E

shot 1 0.0195 0.0442
shot 2 0.0200 0.0441
shot 3 0.0220 0.0420
shot 4 0.0204 0.0650
shot 5 0.0208 0.0787
shot 6 0.0180 0.0884
shot 7 0.0192 X
shot 8 0.0205 X
shot 9 0.0192 X
shot 10 0.0214 X
shot 11 0.0213 X
shot 12 0.0222 X
shot 13 0.0228 X
shot 14 0.0228 X
shot 15 0.0213 X
shot 16 0.0230 X
shot 17 0.0235 X
shot 18 0.0225 X
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shot 19 0.0206 X
shot 20 0.0204 X
shot 21 0.0175 X
shot 22 0.0196 X
shot 23 0.0209 X
shot 24 0.0218 X
shot 25 0.0202 X
shot 26 0.0199 X
shot 27 0.0279 X
shot 28 0.0243 X
shot 29 0.0232 X
shot 30 0.0271 X
shot 31 0.0222 X
shot 32 0.0239 X
shot 33 0.0233 X
mean MPSgs 0.0216 0.0604
Sample standard deviation 0.0023 0.0201

Table 59: Summary of MPSgs values in Dataset 2: Volunteers 7,8 firing Rifles D and E

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Volunteer 8 Rifle D

Volunteer 8 Rifle E

shot 1 0.0221 0.0486 0.0171 0.0381
shot 2 0.0217 0.0437 0.0197 0.0316
shot 3 0.0214 0.0455 0.0197 0.0359
shot 4 0.0198 0.0480 0.0185 0.0363
shot 5 0.0228 0.0453 0.0155 0.0379
shot 6 0.0214 0.0438 X 0.0425
shot 7 0.0195 0.0448 X 0.0413
shot 8 0.0216 0.0453 X 0.0398
shot 9 X 0.0441 X 0.0382
shot 10 X 0.0486 X 0.0401
shot 11 X 0.0498 X X
shot 12 X 0.0483 X X
shot 13 X 0.0506 X X
shot 14 X 0.0490 X X
shot 15 X 0.0519 X X
shot 16 X 0.0481 X X
shot 17 X 0.0526 X X
shot 18 X 0.0482 X X
mean MPSgs 0.0213 0.0476 0.0181 0.0382
Sample standard deviation 0.0011 0.0027 0.0018 0.0031
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Inter Volunteer

Table 60: Summary of MPSssvalues in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D

Volunteer 4 | Volunteer5 | Volunteer6 | Volunteer7 | Volunteer 8
shot 1 0.0228 0.0208 0.0195 0.0221 0.0171
shot 2 0.0233 0.0200 0.0200 0.0217 0.0197
shot 3 0.0221 X 0.0220 0.0214 0.0197
shot 4 0.0210 X 0.0204 0.0198 0.0185
shot 5 0.0280 X 0.0208 0.0228 0.0155
shot 6 0.0291 X 0.0180 0.0214 X
shot 7 0.0286 X 0.0192 0.0195 X
shot 8 0.0217 X 0.0205 0.0216 X
shot 9 0.0263 X 0.0192 X X
shot 10 0.0235 X 0.0214 X X
shot 11 0.0241 X 0.0213 X X
shot 12 0.0238 X 0.0222 X X
shot 13 0.0234 X 0.0228 X X
shot 14 0.0255 X 0.0228 X X
shot 15 0.0240 X 0.0213 X X
shot 16 0.0224 X 0.0230 X X
shot 17 0.0224 X 0.0235 X X
shot 18 0.0210 X 0.0225 X X
shot 19 0.0244 X 0.0206 X X
shot 20 0.0249 X 0.0204 X X
shot 21 0.0240 X 0.0175 X X
shot 22 0.0198 X 0.0196 X X
shot 23 0.0245 X 0.0209 X X
shot 24 0.0218 X 0.0218 X X
shot 25 0.0209 X 0.0202 X X
shot 26 0.0215 X 0.0199 X X
shot 27 0.0182 X 0.0279 X X
shot 28 0.0226 X 0.0243 X X
shot 29 0.0233 X 0.0232 X X
shot 30 0.0234 X 0.0271 X X
shot 31 0.0227 X 0.0222 X X
shot 32 0.0253 X 0.0239 X X
shot 33 0.0278 X 0.0233 X X
shot 34 0.0258 X X X X
shot 35 0.0274 X X X X
shot 36 0.0262 X X X X
mean MPSgs 0.0238 0.0204 0.0216 0.0213 0.0181
std dev 0.0025 0.0005 0.0023 0.0011 0.0018
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Cv

10.49

2.50

10.42

5.21

10.04

Table 61: Summary of MPSssvalues in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E

Volunteer 4 | Volunteer5 | Volunteer6 | Volunteer7 | Volunteer 8
shot 1 0.2897 0.0451 0.0442 0.0486 0.0381
shot 2 0.0376 0.0754 0.0441 0.0437 0.0316
shot 3 0.0536 0.0771 0.0420 0.0455 0.0359
shot 4 0.2003 0.0393 0.0650 0.0480 0.0363
shot 5 0.0497 0.0353 0.0787 0.0453 0.0379
shot 6 0.2191 0.0383 0.0884 0.0438 0.0425
shot 7 0.1695 0.0358 X 0.0448 0.0413
shot 8 0.1430 0.0355 X 0.0453 0.0398
shot 9 0.1883 0.0344 X 0.0441 0.0382
shot 10 0.1317 0.1232 X 0.0486 0.0401
shot 11 0.1306 0.0901 X 0.0498 X
shot 12 X 0.1256 X 0.0483 X
shot 13 X 0.0571 X 0.0506 X
shot 14 X 0.0778 X 0.0490 X
shot 15 X 0.0619 X 0.0519 X
shot 16 X X X 0.0481 X
shot 17 X X X 0.0526 X
shot 18 X X X 0.0482 X
mean MPSgs 0.1466 0.0635 0.0604 0.0476 0.0382
std dev 0.0783 0.0310 0.0201 0.0027 0.0031
cv 53.38 48.87 33.20 5.74 8.15

Statistical Analysis for Dataset 1

Inter Rifle (One-way ANOVA)

Table 62: One-Way ANOVA for Volunteer 1

Anova: Single Factor

SUMMARY

Groups Count Sum Average | Variance
Volunteer 1 rifle A 4| 0.146799 0.0367 | 1.75E-06
Volunteer 1 rifle B 4| 0.130903 | 0.032726 | 1.39E-05
Volunteer 1 rifle C 4| 0.159762 | 0.039941 | 1.99E-06
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ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 0.000104 2 | 5.22E-05 | 8.883444 | 7.41E-03 | 4.256495
Within Groups 5.29E-05 9 | 5.88E-06
Total 0.000157 11
is p value < 0.05? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
Tukey Kramer test compares the mean between each pairwaise combination of groups

step 1 step 4 step 5
Abs.
Mean Q critical
Comparison Diff Value Significant?
Avs.B 0.003974 | 0.004787 | No
Bvs.C 0.007215 | 0.004787 | Yes
Avs. C 0.003241 | 0.004787 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups 3
df = n-k 9
Q(3,9,0.05) 3.948
pooled variance 5.88E-06
step 3

sample size of each group 4
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Table 63: One-Way ANOVA for Volunteer 2

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance

Volunteer 2 rifle A 2 | 0.140331 | 0.070166 | 4.63E-05

Volunteer 2 rifle B 4 | 0.161896 | 0.040474 | 0.000116

Volunteer 2 rifle C 4| 0.308499 | 0.077125 | 6.25E-05

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.002893 2 |1 0.001447 | 17.45146 | 1.91E-03 | 4.737414

Within Groups 0.00058 7 | 8.29E-05

Total 0.003474 9

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

Avs.B 0.0297 0.0221 | Yes

Bvs.C 0.0367 0.0180 | Yes

Avs. C 0.0070 0.0221 | No

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups
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df = n-k 7

Q(3,7,0.05) 4.165

pooled variance 7.48E-05

step 3 -harmonic mean

Avs.B 2.666667
Bvs.C 4
Avs.C 2.666667

Table 64: One-Way ANOVA for Volunteer 3

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 3 Rifle A 31 0.173428 | 0.057809 | 1.61E-05
Volunteer 3 Rifle B 3| 0.154778 | 0.051593 | 2.96E-06
Volunteer 3 Rifle C 3| 0.160631 | 0.053544 | 9.52E-06
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 6.06E-05 2 | 3.03E-05 | 3.188547 | 1.14E-01 | 5.143253
Within Groups 5.71E-05 6 | 9.51E-06
Total 0.000118 8

Inter Volunteer (One-way ANOVA)

Table 65: One-Way ANOVA for Rifle A

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle A 4| 0.146799 0.0367 | 1.75E-06
Volunteer 2 rifle A 2 | 0.140331 | 0.070166 | 4.63E-05
Volunteer 3 rifle A 3] 0.173428 | 0.057809 | 1.61E-05
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.001691 2 | 0.000846 60.6291 | 1.05E-04 | 5.143253
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Within Groups 8.37E-05 6 | 1.39E-05

Total 0.001775 8

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups ‘

step 1 step 4 step 5

Abs.
Mean Q critical
Comparison Diff Value Significant?
lvs.2 0.0335 0.0123 | Yes
2vs. 3 0.0124 0.0129 | No
lvs.3 0.0211 0.0108 | Yes

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 3
df = n-k 6
Q(3,6,0.05) 4.339
pooled variance 2.14E-05

step 3 - sample size

harmonic mean 1,2 2.666667

harmonic mean 2,3 2.4

harmonic mean 1,3 3.428571

Table 66: One-Way ANOVA for Rifle B

Anova: Single Factor
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SUMMARY
Groups Count Sum Average | Variance

Volunteer 1 rifle B 4| 0.130903 | 0.032726 | 1.39E-05

Volunteer 2 rifle B 4] 0.161896 | 0.040474 | 0.000116

Volunteer 3 rifle B 31 0.154778 | 0.051593 | 2.96E-06

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000611 2 | 0.000305 | 6.195439 | 2.37E-02 | 4.45897

Within Groups 0.000394 8 | 4.93E-05

Total 0.001005 10

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

1vs.2 0.0077 0.0134 | No

2vs. 3 0.0111 0.0145 | No

lvs.3 0.0189 0.0145 | Yes

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups 3
df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 4.41E-05
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step 3 - sample size

harmonic mean 1,2 4
harmonic mean 2,3 3.428571
harmonic mean 1,3 3.428571

Table 67: One-Way ANOVA for Rifle C

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance

Volunteer 1 rifle C 4| 0.159762 | 0.039941 | 1.99E-06

Volunteer 2 rifle C 4| 0.308499 | 0.077125 | 6.25E-05

Volunteer 3 rifle C 3 |1 0.160631 | 0.053544 | 9.52E-06

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.00282 2| 0.00141 | 53.10633 | 2.41E-05 | 4.45897

Within Groups 0.000212 8 | 2.65E-05

Total 0.003032 10

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

1lvs.2 0.0372 0.0100 | Yes

2vs. 3 0.0236 0.0108 | Yes

lvs.3 0.0136 0.0108 | Yes

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table
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s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups 3
df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 2.47E-05
step 3 - sample size

harmonic mean 1,2 4
harmonic mean 2,3 3.428571
harmonic mean 1,3 3.428571

Statistical Analysis for Dataset 2

Inter Rifle (t-Test)

Table 68: t-Test for Volunteer 5

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 5 Rifle D

Volunteer 5 Rifle E

Mean 0.020393832 0.063455245
Variance 2.59297E-07 0.000961826
Observations 2 15
Hypothesized Mean Difference 0
df 14
t Stat -5.372137048
P(T<=t) one-tail 4.92E-05
t Critical one-tail 1.761310136
P(T<=t) two-tail 9.84367E-05

t Critical two-tail

2.144786688
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Table 69: t-Test for Volunteer 6

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 6 Rifle D

Volunteer 6 Rifle E

Mean 0.02161443 0.060416792
Variance 5.07595E-06 0.00040231
Observations 33 6
Hypothesized Mean Difference 0
df 5
t Stat -4.733212889
P(T<=t) one-tail 2.59E-03
t Critical one-tail 2.015048373
P(T<=t) two-tail 0.00518127

t Critical two-tail

2.570581836

Table 70: t-Test for Volunteer 7

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Mean 0.021283421 0.047565966
Variance 1.22888E-06 7.46672E-06
Observations 8 18
Hypothesized Mean Difference 0
df 24
t Stat -34.86018592
P(T<=t) one-tail 2.26E-22
t Critical one-tail 1.71088208
P(T<=t) two-tail 4.52825E-22

t Critical two-tail

2.063898562

Table 71: t-Test for Volunteer 8

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 8 Rifle D

Volunteer 8 Rifle E

Mean 0.0180919 0.038165897
Variance 3.30185E-06 9.66355E-06
Observations 5 10
Hypothesized Mean Difference 0
df 12
t Stat -15.7389853
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P(T<=t) one-tail 1.12E-09
t Critical one-tail 1.782287556
P(T<=t) two-tail 2.23971E-09
t Critical two-tail 2.17881283

Inter Volunteer (One-way ANOVA)

Table 72: One-Way ANOVA for Rifle D

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance

Volunteer 4 36 | 0.857573 | 0.023821 | 6.25E-06

Volunteer 5 2 | 0.040788 | 0.020394 | 2.59E-07

Volunteer 6 33 | 0.713276 | 0.021614 | 5.08E-06

Volunteer 7 8 | 0.170267 | 0.021283 | 1.23E-06

Volunteer 8 5| 0.090459 | 0.018092 3.3E-06

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000203 4 | 5.07E-05 | 9.941636 | 1.44E-06 | 2.487366

Within Groups 0.000403 79 5.1E-06

Total 0.000606 83

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

4vs. 5 0.003428 0.0031 | Yes

4vs. 6 0.002207 0.0010 | Yes

4vs.7 0.002538 0.0017 | Yes

4vs.8 0.00573 0.0020 | Yes

5vs. 6 0.001221 0.0031 | No

5vs. 8 0.002302 0.0036 | No
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6vs.7 0.0003 0.0017 | No
6vs. 8 0.0035 0.0021 | Yes
7vs. 8 0.0032 0.0024 | Yes
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 5
df = n-k 79
Q(3,79,0.05) 3.377 | closest to Q(3,80,0.05)
pooled variance 3.22E-06
step 3 - harmonic means

4vs.5 3.789474
4vs. 6 34.43478
4vs.7 13.09091
4vs. 8 8.780488
5vs. 6 3.771429
5vs. 8 2.857143
6vs. 7 12.87805
6vs. 8 8.684211
7 vs. 8 6.153846

Table 73: One-Way ANOVA for Rifle E

Anova: Single Factor
SUMMARY

Groups Count Sum Average | Variance
Volunteer 4 11 | 1.613119 | 0.146647 | 0.006128
Volunteer 5 15 | 0.951829 | 0.063455 | 0.000962
Volunteer 6 6 | 0.362501 | 0.060417 | 0.000402
Volunteer 7 18 | 0.856187 | 0.047566 | 7.47E-06
Volunteer 8 10 | 0.381659 | 0.038166 | 9.66E-06
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ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.084989 4| 0.021247 | 15.18272 | 2.01E-08 | 2.539689
Within Groups 0.076969 55 | 0.001399
Total 0.161959 59
is p value < 0.05? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
Tukey Kramer test compares the mean between each pairwaise combination of groups

step 1 step 4 step 5

Abs.

Mean Q critical
Comparison Diff Value Significant?
4vs. 5 0.083192 0.0370 | Yes
4vs. 6 0.08623 0.0473 | Yes
4vs.7 0.099081 0.0356 | Yes
4vs. 8 0.108481 0.0407 | Yes
5vs.6 0.003038 0.0450 | No
5vs. 8 0.025289 0.0380 | No
6vs. 7 0.0129 0.0439 | No
6vs. 8 0.0223 0.0481 | No
7 vs. 8 0.0094 0.0367 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups

5

df = n-k

55

Q(3,55,0.05)

3.399 | closest to Q(3,60,0.05)

pooled variance

0.001502
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step 3 - harmonic means

4vs.5 12.69231
4vs. 6 7.764706
4vs.7 13.65517
4vs. 8 10.47619
5vs. 6 8.571429
5vs. 8 12
6vs.7 9
6vs. 8 7.5
7vs. 8 12.85714
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Appendix E: Acsy

Acsy for all shots in Dataset 1: May 2021

Inter Rifle

Table 74: Summary of area under cumulative strain-volume curves (Acsv) values in Dataset 1:
Volunteers 1,2,3 firing Rifles A, B, and C

Volunteer 1 Rifle A Volunteer 1 Rifle B Volunteer 1 Rifle C

shot 1 0.0225 0.0193 0.0237

shot 2 0.0235 0.0181 0.0245

shot 3 0.0231 0.0235 0.0257

shot 4 0.0234 0.0204 0.0247

mean Acsy 0.0231 0.0203 0.0246

Sample standard deviation 0.0005 0.0023 0.0008
Volunteer 2 Rifle A Volunteer 2 Rifle B Volunteer 2 Rifle C

shot 1 0.0449 0.0182 0.0492

shot 2 0.0387 0.0222 0.0450

shot 3 X 0.0329 0.0399

shot 4 X 0.0261 0.0467

mean Acsy 0.0418 0.0249 0.0452

Sample standard deviation 0.0044 0.0063 0.0040
Volunteer 3 Rifle A Volunteer 3 Rifle B Volunteer 3 Rifle C

shot 1 0.0350 0.0344 0.0324

shot 2 0.0379 0.0314 0.0330

shot 3 0.0341 0.0320 0.0367

mean Acsy 0.0357 0.0326 0.0341

Sample standard deviation 0.0019 0.0016 0.0023

Inter volunteer

Table 75: Summary of area under cumulative strain-volume curves (Acsv) values in Dataset 1: Volunteers
1,2,3 firing Rifles A, B, and C

Volunteer 1 Rifle A Volunteer 2 Rifle A Volunteer 3 Rifle A

shot 1 0.0225 0.0449 0.0350

shot 2 0.0235 0.0387 0.0379

shot 3 0.0231 X 0.0341

shot 4 0.0234 X X

mean Acsy 0.0231 0.0418 0.0357

Sample standard deviation 0.0005 0.0044 0.0019
Volunteer 1 Rifle B Volunteer 2 Rifle B Volunteer 3 Rifle B
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shot 1 0.0193 0.0182 0.0344
shot 2 0.0181 0.0222 0.0314
shot 3 0.0235 0.0329 0.0320
shot 4 0.0204 0.0261 X
mean Acsy 0.0203 0.0249 0.0326
Sample standard deviation 0.0023 0.0063 0.0016
Volunteer 1 Rifle C Volunteer 2 Rifle C Volunteer 3 Rifle C
shot 1 0.0237 0.0492 0.0324
shot 2 0.0245 0.0450 0.0330
shot 3 0.0257 0.0399 0.0367
shot 4 0.0247 0.0467 X
mean Acsy 0.0246 0.0452 0.0341
Sample standard deviation 0.0008 0.0040 0.0023

Acsy for all shots in Dataset 2: May 2022

Inter Rifle

Table 76: Summary of area under cumulative strain-volume curves (Acsv) values in Dataset 2:
Volunteers 4,5 firing Rifles D and E

Volunteer 4 Rifle D | Volunteer 4 Rifle E | Volunteer 5 Rifle D | Volunteer 5 Rifle E

shot 1 0.0138 0.1653 0.0134 0.0289
shot 2 0.0145 0.0237 0.0129 0.0468
shot 3 0.0141 0.0352 X 0.0458
shot 4 0.0131 0.1164 X 0.0238
shot 5 0.0173 0.0323 X 0.0228
shot 6 0.0180 0.1279 X 0.0241
shot 7 0.0180 0.1020 X 0.0218
shot 8 0.0135 0.0874 X 0.0223
shot 9 0.0162 0.1062 X 0.0220
shot 10 0.0149 0.0837 X 0.0769
shot 11 0.0149 0.0830 X 0.0609
shot 12 0.0156 X X 0.0805
shot 13 0.0148 X X 0.0369
shot 14 0.0164 X X 0.0525
shot 15 0.0148 X X 0.0424
shot 16 0.0147 X X X

shot 17 0.0140 X X X

shot 18 0.0136 X X X

shot 19 0.0154 X X X

shot 20 0.0159 X X X
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shot 21 0.0156 X X X
shot 22 0.0125 X X X
shot 23 0.0156 X X X
shot 24 0.0137 X X X
shot 25 0.0134 X X X
shot 26 0.0138 X X X
shot 27 0.0115 X X X
shot 28 0.0139 X X X
shot 29 0.0145 X X X
shot 30 0.0146 X X X
shot 31 0.0148 X X X
shot 32 0.0161 X X X
shot 33 0.0175 X X X
shot 34 0.0161 X X X
shot 35 0.0173 X X X
shot 36 0.0166 X X X
mean Acsy 0.0150 0.0875 0.0132 0.0406
Sample standard deviation 0.0015 0.0435 0.0003 0.0200

Table 77: Summary of area under cumulative strain-volume curves (Acsv) values in Dataset 2:
Volunteers 6 firing Rifles D and E

Volunteer 6 Rifle D

Volunteer 6 Rifle E

shot 1 0.0118 0.0274
shot 2 0.0121 0.0280
shot 3 0.0134 0.0256
shot 4 0.0124 0.0412
shot 5 0.0125 0.0518
shot 6 0.0110 0.0581
shot 7 0.0117 X
shot 8 0.0125 X
shot 9 0.0118 X
shot 10 0.0129 X
shot 11 0.0129 X
shot 12 0.0134 X
shot 13 0.0138 X
shot 14 0.0140 X
shot 15 0.0129 X
shot 16 0.0137 X
shot 17 0.0141 X
shot 18 0.0137 X
shot 19 0.0126 X
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shot 20 0.0123 X
shot 21 0.0111 X
shot 22 0.0122 X
shot 23 0.0128 X
shot 24 0.0132 X
shot 25 0.0125 X
shot 26 0.0122 X
shot 27 0.0177 X
shot 28 0.0150 X
shot 29 0.0153 X
shot 30 0.0174 X
shot 31 0.0138 X
shot 32 0.0151 X
shot 33 0.0143 X
mean Acsy 0.0133 0.0387
Sample standard deviation 0.0015 0.0139

Table 78: Summary of area under cumulative strain-volume curves (Acsv) values in Dataset 2:
Volunteers 7,8 firing Rifles D and E

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Volunteer 8 Rifle D

Volunteer 8 Rifle E

shot 1 0.0137 0.0291 0.0106 0.0239
shot 2 0.0135 0.0269 0.0116 0.0201
shot 3 0.0134 0.0275 0.0117 0.0227
shot 4 0.0128 0.0293 0.0111 0.0225
shot 5 0.0149 0.0279 0.0095 0.0241
shot 6 0.0136 0.0277 X 0.0269
shot 7 0.0123 0.0275 X 0.0260
shot 8 0.0139 0.0280 X 0.0251
shot 9 X 0.0269 X 0.0243
shot 10 X 0.0294 X 0.0256
shot 11 X 0.0303 X X
shot 12 X 0.0293 X X
shot 13 X 0.0312 X X
shot 14 X 0.0302 X X
shot 15 X 0.0320 X X
shot 16 X 0.0291 X X
shot 17 X 0.0328 X X
shot 18 X 0.0297 X X
mean Ay 0.0135 0.0292 0.0109 0.0241
Sample standard deviation 0.0008 0.0017 0.0009 0.0020
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Inter Volunteer

Table 79: Summary of MPSssvalues in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D

Volunteer 4 Volunteer 5 Volunteer 6 Volunteer 7 Volunteer 8
Rifle D Rifle D Rifle D Rifle D Rifle D
shot 1 0.0138 0.0134 0.0118 0.0137 0.0106
shot 2 0.0145 0.0129 0.0121 0.0135 0.0116
shot 3 0.0141 X 0.0134 0.0134 0.0117
shot 4 0.0131 X 0.0124 0.0128 0.0111
shot 5 0.0173 X 0.0125 0.0149 0.0095
shot 6 0.0180 X 0.0110 0.0136 X
shot 7 0.0180 X 0.0117 0.0123 X
shot 8 0.0135 X 0.0125 0.0139 X
shot 9 0.0162 X 0.0118 X X
shot 10 0.0149 X 0.0129 X X
shot 11 0.0149 X 0.0129 X X
shot 12 0.0156 X 0.0134 X X
shot 13 0.0148 X 0.0138 X X
shot 14 0.0164 X 0.0140 X X
shot 15 0.0148 X 0.0129 X X
shot 16 0.0147 X 0.0137 X X
shot 17 0.0140 X 0.0141 X X
shot 18 0.0136 X 0.0137 X X
shot 19 0.0154 X 0.0126 X X
shot 20 0.0159 X 0.0123 X X
shot 21 0.0156 X 0.0111 X X
shot 22 0.0125 X 0.0122 X X
shot 23 0.0156 X 0.0128 X X
shot 24 0.0137 X 0.0132 X X
shot 25 0.0134 X 0.0125 X X
shot 26 0.0138 X 0.0122 X X
shot 27 0.0115 X 0.0177 X X
shot 28 0.0139 X 0.0150 X X
shot 29 0.0145 X 0.0153 X X
shot 30 0.0146 X 0.0174 X X
shot 31 0.0148 X 0.0138 X X
shot 32 0.0161 X 0.0151 X X
shot 33 0.0175 X 0.0143 X X
shot 34 0.0161 X X X X
shot 35 0.0173 X X X X
shot 36 0.0166 X X X X
mean ACSV 0.0150 0.0132 0.0133 0.0135 0.0109
Std dev 0.0015 0.0003 0.0015 0.0008 0.0009
CV (%) 10.25 2.54 11.57 5.77 8.20
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Table 80: Summary of MPSssvalues in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E

Volunteer 4 Volunteer 5 Volunteer 6 Volunteer 7 Volunteer 8
Rifle E Rifle E Rifle E Rifle E Rifle E
shot 1 0.1653 0.0289 0.0274 0.0291 0.0239
shot 2 0.0237 0.0468 0.0280 0.0269 0.0201
shot 3 0.0352 0.0458 0.0256 0.0275 0.0227
shot 4 0.1164 0.0238 0.0412 0.0293 0.0225
shot 5 0.0323 0.0228 0.0518 0.0279 0.0241
shot 6 0.1279 0.0241 0.0581 0.0277 0.0269
shot 7 0.1020 0.0218 X 0.0275 0.0260
shot 8 0.0874 0.0223 X 0.0280 0.0251
shot 9 0.1062 0.0220 X 0.0269 0.0243
shot 10 0.0837 0.0769 X 0.0294 0.0256
shot 11 0.0830 0.0609 X 0.0303 X
shot 12 X 0.0805 X 0.0293 X
shot 13 X 0.0369 X 0.0312 X
shot 14 X 0.0525 X 0.0302 X
shot 15 X 0.0424 X 0.0320 X
shot 16 X X X 0.0291 X
shot 17 X X X 0.0328 X
shot 18 X X X 0.0297 X
mean ACSV 0.0875 0.0406 0.0387 0.0292 0.0241
Std dev 0.0435 0.0200 0.0139 0.0017 0.0020
cv 49.72 49.24 35.94 5.87 8.15
Statistical Analysis for Dataset 1
Inter Rifle (One-way ANOVA)
Table 81: One-Way ANOVA for Volunteer 1
Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle A 4 | 0.092563 | 0.023141 | 2.14E-07
Volunteer 1 rifle B 4 | 0.081306 | 0.020326 | 5.47E-06
Volunteer 1 rifle C 4 | 0.098562 | 0.024641 | 6.43E-07
ANOVA
Source of Variation SS df MS F P-value F crit
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Between Groups 3.84E-05 2 | 1.92E-05 | 9.096062 | 6.90E-03 | 4.256495
Within Groups 1.9E-05 9| 2.11E-06
Total 5.74E-05 11
is p value < 0.05? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical
Comparison Diff Value Significant?
Avs.B 0.002814 | 0.002867 | No
Bvs.C 0.004314 | 0.002867 | Yes
Avs.C 0.0015 | 0.002867 | No
step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups 3
df = n-k 9
Q(3,9,0.05) 3.948
pooled variance 2.11E-06
step 3

sample size of each group 4

271




Table 82: One-Way ANOVA for Volunteer 2

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance

Volunteer 2 rifle A 2| 0.08365 | 0.041825 | 1.91E-05

Volunteer 2 rifle B 4 | 0.099444 | 0.024861 | 3.95E-05

Volunteer 2 rifle C 4| 0.180761 | 0.04519 | 1.57E-05

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.000901 2| 0.00045 | 17.04923 | 2.04E-03 | 4.737414

Within Groups 0.000185 7 | 2.64E-05

Total 0.001085 9

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

Avs.B 0.0170 0.0127 | Yes

Bvs.C 0.0203 0.0104 | Yes

Avs. C 0.0034 0.0127 | No

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups
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df = n-k 7

Q(3,7,0.05) 4.165

pooled variance 2.48E-05

step 3 - harmonic mean

Avs.B 2.666667
Bvs.C 4
Avs.C 2.666667

Table 83: One-Way ANOVA for Volunteer 3

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 3 Rifle A 3] 0.106999 | 0.035666 | 3.77E-06
Volunteer 3 Rifle B 31 0.097829 | 0.03261 | 2.52E-06
Volunteer 3 Rifle C 31 0.102172 | 0.034057 | 5.31E-06
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1.4E-05 2 | 7.01E-06 1.81289 | 2.42E-01 | 5.143253
Within Groups 2.32E-05 6 | 3.87E-06
Total 3.72E-05 8

Inter volunteer (One-way ANOVA)

Table 84: One-Way ANOVA for Rifle A

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle A 4| 0.092563 | 0.023141 | 2.14E-07
Volunteer 2 rifle A 2| 0.08365 | 0.041825 | 1.91E-05
Volunteer 3 rifle A 3| 0.106999 | 0.035666 | 3.77E-06
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000545 2 | 0.000272 | 59.88285 | 1.09E-04 | 5.143253
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Within Groups 2.73E-05 6 | 4.55E-06
Total 0.000572 8
is p value < 0.05? Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

lvs.2 0.0187 0.0074 | Yes

2vs. 3 0.0062 0.0078 | No

1lvs.3 0.0125 0.0065 | Yes

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 3
df = n-k 6
Q(3,6,0.05) 4.339
pooled variance 7.7E-06
step 3 - sample size

harmonic mean 1,2 2.666667
harmonic mean 2,3 2.4
harmonic mean 1,3 3.428571
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Table 85: One-Way ANOVA for Rifle B

Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance

Volunteer 1 rifle B 4 | 0.081306 | 0.020326 | 5.47E-06

Volunteer 2 rifle B 4 | 0.099444 | 0.024861 | 3.95E-05

Volunteer 3 rifle B 310.097829 | 0.03261 | 2.52E-06

ANOVA

Source of Variation SS df MS F P-value F crit

Between Groups 0.00026 2| 0.00013 | 7.423754 | 1.50E-02 | 4.45897

Within Groups 0.00014 8 | 1.75E-05

Total 0.0004 10

is p value < 0.05? Yes

If yes, reject null hyp i.e. at least 1 of the means of groups are diff

Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Abs.
Mean Q critical

Comparison Diff Value Significant?

lvs.2 0.0045 0.0080 | No

2vs. 3 0.0077 0.0087 | No

1vs.3 0.0123 0.0087 | Yes

step 2

Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups
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df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 1.58E-05
step 3 - sample size

harmonic mean 1,2 4
harmonic mean 2,3 3.428571
harmonic mean 1,3 3.428571

Table 86: One-Way ANOVA for Rifle C

SUMMARY
Groups Count Sum Average | Variance
Volunteer 1 rifle C 4| 0.098562 | 0.024641 | 6.43E-07
Volunteer 2 rifle C 41 0.180761 | 0.04519 | 1.57E-05
Volunteer 3 rifle C 31 0.102172 | 0.034057 | 5.31E-06
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000846 2 | 0.000423 | 56.71746 | 1.88E-05 | 4.45897
Within Groups 5.97E-05 8 | 7.46E-06
Total 0.000906 10
is p value <0.05? Yes
If yes, reject null
hyp i.e. at least 1 of the means of groups are diff
compares the mean between each pairwaise combination of
Tukey Kramer test | groups
step 1 step 4 step 5
Abs.
Mean Q critical
Comparison Diff Value Significant?
1vs.2 0.0205 0.0054 | Yes
2vs. 3 0.0111 0.0059 | Yes
lvs.3 0.0094 0.0059 | Yes
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step 2

Find Q critical
value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of

groups 3
df = n-k 8
Q(3,8,0.05) 4.041
pooled variance 7.22E-06
step 3 - sample

size

harmonic mean 1,2 4
harmonic mean 2,3 | 3.428571
harmonic mean 1,3 | 3.428571

Statistical Analysis for Dataset 2

Inter Rifle (t-Test)

Table 87: t-Test for Volunteer 4

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 4 Rifle D

Volunteer 4 Rifle E

Mean 0.015029316 0.087549998
Variance 2.37173E-06 0.001895099
Observations 36 11
Hypothesized Mean Difference 0
df 10
t Stat -5.524071535
P(T<=t) one-tail 1.27E-04
t Critical one-tail 1.812461123
P(T<=t) two-tail 0.000253107

t Critical two-tail

2.228138852
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Table 88: t-Test for Volunteer 5

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 5 Rifle D

Volunteer 5 Rifle E

Mean 0.013163648 0.040564488
Variance 1.11535E-07 0.000398916
Observations 2 15
Hypothesized Mean Difference 0
df 14
t Stat -5.307792587
P(T<=t) one-tail 5.53E-05
t Critical one-tail 1.761310136
P(T<=t) two-tail 0.000110594

t Critical two-tail

2.144786688

Table 89: t-Test for Volunteer 6

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 6 Rifle D

Volunteer 6 Rifle E

Mean 0.013285766 0.03869576
Variance 2.36243E-06 0.000193384
Observations 33 6
Hypothesized Mean Difference 0
df 5
t Stat -4.470830587
P(T<=t) one-tail 3.29E-03
t Critical one-tail 2.015048373
P(T<=t) two-tail 0.006574206

t Critical two-tail

2.570581836

Table 90: t-Test for Volunteer 7

t-Test: Two-Sample Assuming Unequal Variances

Volunteer 7 Rifle D

Volunteer 7 Rifle E

Mean 0.013501202 0.02916183
Variance 6.07213E-07 2.93014E-06
Observations 8 18
Hypothesized Mean Difference 0
df 24
t Stat -32.05489941
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P(T<=t) one-tail 1.63E-21
t Critical one-tail 1.71088208
P(T<=t) two-tail 3.25595E-21
t Critical two-tail 2.063898562

Table 91: t-Test for Volunteer 8

t-Test: Two-Sample Assuming Unequal Variances
Volunteer 8 Rifle D | Volunteer 8 Rifle E
Mean 0.010911033 0.024115004
Variance 8.01028E-07 3.86372E-06
Observations 5 10
Hypothesized Mean Difference 0
df 13
t Stat -17.85988567
P(T<=t) one-tail 7.88E-11
t Critical one-tail 1.770933396
P(T<=t) two-tail 1.57604E-10
t Critical two-tail 2.160368656
Inter Volunteer (One-way ANOVA)
Table 92: One-Way ANOVA for Rifle D
Anova: Single Factor
SUMMARY
Groups Count Sum Average | Variance
Volunteer 4 rifle D 36 | 0.541055 | 0.015029 | 2.37E-06
Volunteer 5 rifle D 2 | 0.026327 | 0.013164 | 1.12E-07
Volunteer 6 rifle D 33| 0.43843 | 0.013286 | 2.36E-06
Volunteer 7 rifle D 8| 0.10801 | 0.013501 | 6.07E-07
Volunteer 8 rifle D 5| 0.054555 | 0.010911 | 8.01E-07
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.000105 4| 2.63E-05 | 12.52478 | 6.13E-08 | 2.487366
Within Groups 0.000166 79 2.1E-06
Total 0.000272 83
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is p value < 0.05? Yes
If yes, reject null hyp i.e. at least 1 of the means of groups are diff
Tukey Kramer test compares the mean between each pairwaise combination of groups
step 1 step 4 step 5
Q critical
Comparison Abs. Mean Diff | Value Significant?
4vs. 5 0.001866 0.0019 | No
4vs. 6 0.001744 0.0006 | Yes
4vs.7 0.001528 0.0010 | Yes
4vs. 8 0.004118 0.0013 | Yes
5vs. 6 0.000122 0.0019 | No
5vs. 8 0.002253 0.0022 | Yes
6vs.7 0.0002 0.0011 | No
6vs. 8 0.0024 0.0013 | Yes
7vs. 8 0.0026 0.0015 | Yes
step 2
Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range g Table

q(k,df,alpha)

k = number of groups 5
df = n-k 79
Q(3,79,0.05) 3.377 | closest to Q(3,80,0.05)
pooled variance 1.25E-06

step 3 - harmonic means

4vs.5 3.789474
4vs. 6 34.43478
4vs.7 13.09091
4vs. 8 8.780488
5vs. 6 3.771429
5vs. 8 2.857143
6vs. 7 12.87805
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6vs. 8

8.684211

7vs. 8

6.153846

Table 93: One-Way ANOVA for Rifle E

Anova: Single Factor

SUMMARY
Groups Count Sum Average | Variance
Volunteer 4 rifle E 11| 0.96305| 0.08755 | 0.001895
Volunteer 5 rifle E 15 | 0.608467 | 0.040564 | 0.000399
Volunteer 6 rifle E 6 | 0.232175 | 0.038696 | 0.000193
Volunteer 7 rifle E 18 | 0.524913 | 0.029162 | 2.93E-06
Volunteer 8 rifle E 10 | 0.24115| 0.024115 | 3.86E-06
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.029043 4| 0.007261 | 15.60724 | 1.36E-08 | 2.539689
Within Groups 0.025587 55 | 0.000465
Total 0.054631 59

is p value < 0.05?

Yes

If yes, reject null hyp

i.e. at least 1 of the means of groups are diff

Tukey Kramer test

compares the mean between each pairwaise combination of groups

step 1 step 4 step 5
Q critical

Comparison Abs. Mean Diff | Value Significant?
4vs. 5 0.046986 0.0213 | Yes
4vs. 6 0.048854 0.0272 | Yes
4vs.7 0.058388 0.0205 | Yes
4vs. 8 0.063435 0.0235 | Yes
5vs. 6 0.001869 0.0259 | No
5vs. 8 0.016449 0.0219 | No
6vs.7 0.0095 0.0253 | No
6vs. 8 0.0146 0.0277 | No
7vs. 8 0.0050 0.0212 | No
step 2
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Find Q critical value

Q critical value = Q*V(s2pooled / n.)

Q = Value from Studentized Range Q Table

s2pooled = Pooled variance across all groups

n. = Sample size for a given group

Find Q value from studentized Range q Table

q(k,df,alpha)

k = number of groups 5
df = n-k 55
Q(3,55,0.05) 3.399 | closest to Q(3,60,0.05)
pooled variance 0.000499
step 3 - harmonic means

4vs.5 12.69231
4vs. 6 7.764706
4vs.7 13.65517
4vs. 8 10.47619
5vs. 6 8.571429
5vs. 8 12
6vs.7 9
6vs. 8 7.5
7vs. 8 12.85714
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Appendix F: Individual Brain Regions
Acsv for all shots in Dataset 1: May 2021

Inter Rifle

Table 94: Mean Acsy of each individual brain region when Volunteers 1,2 and 3 fired Rifle A, B
and C

Volunteer 1 mean Acsv

RMS effect chassis effect

Brain Region Rifle A | Rifle B | Rifle C | % diff b/w Aand B | % diff b/w A and C

Cerebrum Gray 0.0256 | 0.0219 | 0.0264 -14.5 3.0
Cerebellum 0.0112 | 0.0103 | 0.0133 -8.3 18.6
Corpus Callosum 0.0313 | 0.0278 | 0.0360 -11.2 15.0
Thalamus 0.0250 | 0.0229 | 0.0297 -8.5 18.8
Brainstem Midbrain | 0.0321 | 0.0269 | 0.0349 -16.2 8.6
brainstem 0.0156 | 0.0131 | 0.0173 -16.0 11.1
basal ganglia 0.0280 | 0.0231 | 0.0307 -17.4 9.8
cerebrum white 0.0249 | 0.0223 | 0.0265 -10.6 6.5

Volunteer 2 mean Acsy

RMS effect chassis effect

Brain Region Rifle A | Rifle B | Rifle % diff b/wAand B | % diff b/w A and C

Cerebrum Gray 0.0432 | 0.0267 | 0.0469 -38.2 8.6
Cerebellum 0.0243 | 0.0135 | 0.0252 -44.3 3.7
Corpus Callosum 0.0573 | 0.0361 | 0.0625 -37.0 9.0
Thalamus 0.0503 | 0.0311 | 0.0569 -38.3 13.1
Brainstem Midbrain 0.0450 | 0.0353 | 0.0486 -21.6 7.9
brainstem 0.0261 | 0.0163 | 0.0248 -37.4 -5.1
basal ganglia 0.0499 | 0.0307 | 0.0531 -38.6 6.3
cerebrum white 0.0473 | 0.0268 | 0.0517 -43.4 9.2

Volunteer 3 mean Acsv

RMS effect chassis effect

Brain Region Rifle A | Rifle B | RifleC | % diffb/wAand B | % diff b/w A and C

Cerebrum Gray 0.0382 | 0.0344 | 0.0358 -10.0 -6.2
Cerebellum 0.0211 | 0.0181 | 0.0197 -14.1 -6.3
Corpus Callosum 0.0566 | 0.0534 | 0.0534 -5.7 -5.7
Thalamus 0.0458 | 0.0433 | 0.0445 -5.6 -2.9
Brainstem Midbrain | 0.0571 | 0.0511 | 0.0524 -10.5 -8.3
brainstem 0.0285 | 0.0227 | 0.0252 -204 -11.5
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basal ganglia 0.0476 | 0.0436 | 0.0442 -8.5 -7.2
cerebrum white 0.0371 | 0.0346 | 0.0363 -6.7 -2.2

Inter Volunteer

Table 95: Mean Acsy of each individual brain region when Volunteers 1,2 and 3 fired Rifle A, B
and C

Rifle A mean Acsy

Brain Region Volunteer 1 | Volunteer 2 | Volunteer 3
Cerebrum Gray 0.0256 0.0432 0.0382
Cerebellum 0.0112 0.0243 0.0211
Corpus Callosum 0.0313 0.0573 0.0566
Thalamus 0.0250 0.0503 0.0458
Brainstem

Midbrain 0.0321 0.0450 0.0571
brainstem 0.0156 0.0261 0.0285
basal ganglia 0.0280 0.0499 0.0476
cerebrum white 0.0249 0.0473 0.0371
min 0.0112 0.0243 0.0211
max 0.0321 0.0573 0.0571
range 0.0209 0.0331 0.0361

Rifle B mean Acsy

Brain Region Volunteer 1 | Volunteer 2 | Volunteer 3
Cerebrum Gray 0.0219 0.0267 0.0344
Cerebellum 0.0103 0.0135 0.0181
Corpus Callosum 0.0278 0.0361 0.0534
Thalamus 0.0229 0.0311 0.0433
Brainstem

Midbrain 0.0269 0.0353 0.0511
brainstem 0.0131 0.0163 0.0227
basal ganglia 0.0231 0.0307 0.0436
cerebrum white 0.0223 0.0268 0.0346
min 0.0103 0.0135 0.0181
max 0.0278 0.0361 0.0534
range 0.0175 0.0226 0.0353

Rifle C mean Acsy

Brain Region Volunteer 1 | Volunteer 2 | Volunteer 3

Cerebrum Gray 0.0264 0.0469 0.0358
Cerebellum 0.0133 0.0252 0.0197
Corpus Callosum 0.0360 0.0625 0.0534
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Thalamus 0.0297 0.0569 0.0445
Brainstem

Midbrain 0.0349 0.0486 0.0524
brainstem 0.0173 0.0248 0.0252
basal ganglia 0.0307 0.0531 0.0442
cerebrum white 0.0265 0.0517 0.0363
min 0.0133 0.0248 0.0197
max 0.0360 0.0625 0.0534
range 0.0227 0.0377 0.0337

Acsv for all shots in Dataset 2: May 2022

Inter Rifle

Table 96: Mean Acsy of each individual brain region when Volunteers 4,5,6,7 and 8 fired Rifle D
and E

Volunteer 4 mean Acsy

Brain Region Rifle D | Rifle E | % diff b/w D and E

Cerebrum Gray 0.0159 | 0.0856 439.3
Cerebellum 0.0095 | 0.1051 1008.4
Corpus Callosum 0.0188 | 0.1249 565.7
Thalamus 0.0156 | 0.1064 581.7
Brainstem Midbrain 0.0192 | 0.1526 696.4
brainstem 0.0130 | 0.1361 943.9
basal ganglia 0.0172 | 0.0996 477.5
cerebrum white 0.0165 | 0.0768 365.8

Volunteer 5 mean Acsy

Brain Region Rifle D | Rifle E | % diff b/w D and E

Cerebrum Gray 0.0136 | 0.0425 212.5
Cerebellum 0.0083 | 0.0335 305.8
Corpus Callosum 0.0194 | 0.0544 180.3
Thalamus 0.0157 | 0.0455 189.2
Brainstem Midbrain 0.0177 | 0.0615 247.0
brainstem 0.0098 | 0.0435 343.6
basal ganglia 0.0162 | 0.0489 202.9
cerebrum white 0.0142 | 0.0408 187.6

Volunteer 6 mean Acsv
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Brain Region Rifle D | Rifle E | % diff b/w D and E

Cerebrum Gray 0.0144 | 0.0405 181.3
Cerebellum 0.008 | 0.0282 252.5
Corpus Callosum 0.0194 | 0.0586 202.1
Thalamus 0.0156 | 0.0483 209.6
Brainstem Midbrain | 0.0201 | 0.0565 181.1
brainstem 0.0113 | 0.0342 202.7
basal ganglia 0.017 | 0.0498 192.9
cerebrum white 0.0139 | 0.0398 186.3

Volunteer 7 mean Acsy

Brain Region Rifle D | Rifle E | % diff b/w D and E

Cerebrum Gray 0.0147 | 0.0316 114.5
Cerebellum 0.0081 | 0.0182 124.8
Corpus Callosum 0.0162 | 0.0396 144.7
Thalamus 0.0139 | 0.0317 127.3
Brainstem Midbrain | 0.0179 | 0.0428 138.5
brainstem 0.0116 | 0.0259 124.0
basal ganglia 0.0156 | 0.0355 127.9
cerebrum white 0.0144 | 0.0309 114.5

Volunteer 8 mean Acsy

Brain Region Rifle D | Rifle E | % diff b/w D and E

Cerebrum Gray 0.0114 | 0.0260 128.7
Cerebellum 0.0068 | 0.0137 103.1
Corpus Callosum 0.0142 | 0.0327 130.3
Thalamus 0.0124 | 0.0277 123.8
Brainstem Midbrain 0.0134 | 0.0330 145.8
brainstem 0.0082 | 0.0190 130.9
basal ganglia 0.0117 | 0.0284 143.3
cerebrum white 0.0122 | 0.0259 112.3

Inter Volunteer

Table 97: Mean Acsy of each individual brain region when Volunteers 4,5,6,7 and 8 fired Rifle D

and E
Rifle D Rifle E
REGION Acsv REGION Acsv
Brainstem Midbrain 0.0192 Brainstem Midbrain 0.1526
Volunteer 4 Volunteer 4 -
Corpus Callosum 0.0188 Brainstem 0.1361
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Basal Ganglia 0.0172 Corpus Callosum 0.1249

Cerebrum White 0.0165 Thalamus 0.1064

Cerebrum Gray 0.0159 Cerebellum 0.1051

Thalamus 0.0156 Basal Ganglia 0.0996

Brainstem 0.0130 Cerebrum Gray 0.0856

Cerebellum 0.0095 Cerebrum White 0.0768

min 0.0095 min 0.0768
max 0.0192 max 0.1526
difference 0.0097 difference 0.0758
Corpus Callosum 0.0194 Brainstem Midbrain 0.0615

Brainstem Midbrain 0.0177 Corpus Callosum 0.0544

Basal Ganglia 0.0162 Basal Ganglia 0.0489

Volunteer 5 Thalamus . 0.0157 Volunteer 5 Tha.lamus 0.0455
Cerebrum White 0.0142 Brainstem 0.0435

Cerebrum Gray 0.0136 Cerebrum Gray 0.0425

Brainstem 0.0098 Cerebrum White 0.0408

Cerebellum 0.0083 Cerebellum 0.0335

min 0.0083 min 0.0335
max 0.0194 max 0.0615
difference 0.0111 difference 0.0280
Brainstem Midbrain 0.0201 Corpus Callosum 0.0586

Corpus Callosum 0.0194 Brainstem Midbrain 0.0565

Basal Ganglia 0.017 Basal Ganglia 0.0498

Volunteer 6 Thalamus 0.0156 Volunteer 6 Thalamus 0.0483
Cerebrum Gray 0.0144 Cerebrum Gray 0.0405

Cerebrum White 0.0139 Cerebrum White 0.0398

Brainstem 0.0113 Brainstem 0.0342

Cerebellum 0.008 Cerebellum 0.0282

min 0.0080 min 0.0282
max 0.0201 max 0.0586
difference 0.0121 difference 0.0304
Brainstem Midbrain 0.0179 Brainstem Midbrain 0.0428

Corpus Callosum 0.0162 Corpus Callosum 0.0396

Basal Ganglia 0.0156 Basal Ganglia 0.0355

Volunteer 7 Cerebrum Gray 0.0147 Volunteer 7 Thalamus 0.0317
Cerebrum White 0.0144 Cerebrum Gray 0.0316

Thalamus 0.0139 Cerebrum White 0.0309

Brainstem 0.0116 Brainstem 0.0259

Cerebellum 0.0081 Cerebellum 0.0182

min 0.0081 min 0.0182
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max 0.0179 max 0.0428
difference 0.0098 difference 0.0246
Corpus Callosum 0.0142 Brainstem Midbrain 0.0330
Brainstem Midbrain 0.0134 Corpus Callosum 0.0327
Thalamus 0.0124 Basal Ganglia 0.0284
Cerebrum White 0.0122 Thalamus 0.0277

Volunteer 8 - Volunteer 8
Basal Ganglia 0.0117 Cerebrum Gray 0.0260
Cerebrum Gray 0.0114 Cerebrum White 0.0259
Brainstem 0.0082 Brainstem 0.0190
Cerebellum 0.0068 Cerebellum 0.0137
min 0.0068 min 0.0137
max 0.0142 max 0.0330
difference 0.0074 difference 0.0192
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