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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 
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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) 50th 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 
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crucial to ensuring safety and mitigating any potential long-term effects stemming from 

occupational exposures to recoil forces. 
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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. 
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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.  

 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 
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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.  

 

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. 

https://commons.wikimedia.org/wiki/File:Anatomical_Planes.svg
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Figure 2: The SAE coordinate system used in the GHBMC model. 

 

 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, 
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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.  

 

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). CC0 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). 
CC0 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. 

https://commons.wikimedia.org/wiki/File:Meninges-en.svg
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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). 

https://commons.wikimedia.org/wiki/File:1314_Circle_of_WillisN.jpg
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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 III, 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). 

 

Figure 6: Gyrus vs sulcus from Gyrus sulcus by Albert Kok, 2007, Wikimedia Commons 
(https://commons.wikimedia.org/wiki/File:Gyrus_sulcus.png). CC0 1.0 Universal Public 
Domain Dedication. 

 

https://commons.wikimedia.org/wiki/File:Gyrus_sulcus.png
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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. 

 

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). 
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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 AIS values correspond to less severe injuries, while higher values indicate 

more severe and potentially life-threatening head injuries. 

 

Figure 9: Types of head injuries adapted from Trauma Biomechanics (p. 89), by K. Schmitt, P.F. 
Niederer, D.S. Cronin, B. Morrison III, M.H. Muser, F. Walz, n.d., Springer Cham. Copyright 
2019 by Springer Nature Switzerland AG 2019. Adapted with permission. 

 

https://goodwin.edu/faculty-profiles/profile/cseiwert/
https://goodwin.edu/
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Table 1: AIS scale for head injury recreated from [29], [39] 

AIS 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 II 

3 Serious (not life-
threatening) 

- Basilar fracture 
- Maxilla fracture: LeFort III 
- Total scalp loss 
- Single contusion cerebellum 

4 Severe (life-threatening 
but survivable) 

- Vault fracture: complex, open with 
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 AIS 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. 

 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]. 

 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] 

 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 III 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 III 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 III 

ATD head-neck system using a linear impactor [95]. The study revealed a strong correlation 

between GFT and Hybrid III 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 
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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 III 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. 

Wu 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 HIII 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 HIII 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. 

 

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. 

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

 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]. 

𝐺𝑆𝐼 =  ∫ 𝑎(𝑡)2.5𝑑𝑡
𝑡

0

 Equation 1 

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 SI 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 {(𝑡2 − 𝑡1) [
1

𝑡2 − 𝑡1
∫ 𝑎(𝑡)𝑑𝑡

𝑡2

𝑡1

]

2.5

} 
Equation 2 

where 

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

t1  and t2  
(in seconds) 

= timepoints during the acceleration pulse selected such that the value of HIC 

is maximized. Note that the term (t2  - t1) is 15 ms for HIC15 and 36 ms for HIC36 

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 HIC36, 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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HIC15, where the time interval (t2-t1) was shortened to 15 ms, with an adjusted tolerance level of 

700 for the 50th 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 HIC15 value of 700 and the HIC36 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/s² 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/s² 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 =  [(
𝑎(𝑡)

𝑎𝑐
)

𝑛

+  (
𝛼(𝑡)

𝛼𝑐
)

𝑚

 ]

1 𝑆⁄

 Equation 3 

where 

𝑎𝑡 = linear acceleration 

𝛼𝑡 = 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] 

𝛼𝑐 = critical rotational acceleration above which severe head injury would occur (set to 

25 000 rad/s2 based on analysis of automotive accident database) [66] 

n,m,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/s² 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 = 4.5𝑎𝑥 ∫ 𝑎𝑥𝑑𝑡 +  4.5𝑎𝑦 ∫ 𝑎𝑦𝑑𝑡 +  4.5𝑎𝑧 ∫ 𝑎𝑧𝑑𝑡 + 0.016𝛼𝑥 ∫ 𝛼𝑥𝑑𝑡

+ 0.024𝛼𝑦 ∫ 𝛼𝑦𝑑𝑡 + 0.022𝛼𝑧 ∫ 𝛼𝑧𝑑𝑡 

Equation 4 

 

where 

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

𝛼 = 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 = 0.004718∆𝜔𝑟 + 0.000224𝐻𝐼𝐶 Equation 5 

where 

∆𝜔𝑟 = 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 ×  ([0.4718 × 𝑠𝑆𝐼 + 0.4742 × 𝑠𝐻𝐼𝐶 + 0.4336 × 𝑠𝑎 + 0.2164 × 𝑠𝛼 ] + 2) Equation 6 

𝑠𝑋 =  
𝑋 − 𝑚𝑒𝑎𝑛[𝑋]

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 [𝑋]
 Equation 7 

where 

𝑆𝐼 = severity index metric 

𝐻𝐼𝐶 = head injury criterion metric 

𝑎 = linear acceleration 

𝛼 = 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]. 

𝐶𝑃 =  
1

1 +  𝑒−(−10.2+4.33𝑥10−2𝑎+8.73𝑥10−4𝛼−9.20𝑥10−7𝑎𝛼)
 Equation 8 

where 

𝑎 = peak linear acceleration during impact 

𝛼 = 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 [
1

𝑡2 − 𝑡1
 ∫ 𝐻𝐼𝑃𝑟𝑜𝑡𝑑𝑡

𝑡2

𝑡1

]

2.5

(𝑡2 − 𝑡1) Equation 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]. 

𝑅𝐼𝐶 = max [
1

𝑡2 − 𝑡1
 ∫ 𝛼(𝑡)𝑑𝑡

𝑡2

𝑡1

]

2.5

(𝑡2 − 𝑡1) Equation 10 

 

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). 

𝐵𝑟𝐼𝐶 =  
𝜔𝑚

𝜔𝑐𝑟
+

𝛼𝑚

𝛼𝑐𝑟
 Equation 11 

where 

𝜔𝑚 = maximum resultant angular velocity 

𝛼𝑚 = maximum resultant angular acceleration 
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𝜔𝑐𝑟 = critical angular velocity 

𝛼𝑐𝑟 = 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. 

𝐵𝑟𝐼𝐶 =  √(
𝜔𝑥

𝜔𝑥𝑐𝑟
)

2

+ (
𝜔𝑦

𝜔𝑦𝑐𝑟
)

2

+ (
𝜔𝑧

𝜔𝑧𝑐𝑟
)

2

 
Equation 12 

where 

𝜔𝑥 = maximum angular velocity in x axis (rad/s) 

𝜔𝑦 = maximum angular velocity in y axis (rad/s) 

𝜔𝑧 = maximum angular velocity in z axis (rad/s) 

𝜔𝑥𝐶  = critical angular velocity in x axis (rad/s) set at 66.30 rad/s 

𝜔𝑦𝐶  = critical angular velocity in x axis (rad/s) set at 53.80 rad/s 

𝜔𝑧𝐶 = 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 

Average peak linear 
acceleration 

Diagnosed concussion in female ice 
hockey athletes 

43.0g ± 11.5g [128] 

Diagnosed concussion in American 
football male athletes 

112.1g ± 35.4g [129] 

GSI 
Diagnosed concussion in American 
football male athletes 

439.3 ± 315.2 [129] 

Life-threatening head injury 1000 [66] 

HIC15 

31% of AIS2+ injury 700 [29] 

Diagnosed concussion in American 
football male athletes 

321.5 ± 239.4  [129] 

10% risk of concussion 400 [130] 

Average peak 
rotational 
acceleration 

Diagnosed concussion in female ice 
hockey athletes 

4030±1435 rad/s2 [128] 

Diagnosed concussion in American 
football male athletes 

4253 ± 2287 rad/s2 [129] 

HIP 
50% risk of concussion derived 
from American football impacts 

12.79 kW [71] 

 



37 
 

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 (CCI) 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 CCI, where brain damage is induced without substantial 

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

 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 50th 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 50th 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. 

 

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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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  
(pons and medulla) 

Grey matter 2280 0.022 

Corpus callosum White matter 980 0.021 

Cerebrum white matter  White matter 23340 0.455 
 

Table 4: Brain tissue material properties  [26] 

Brain 
Material 

Density 
(kg/m3) 

Bulk 
Modulus 
(GPa) 

Short-time 
Shear 
Modulus 
(kPa) 

Long-time 
Shear 
Modulus 
(kPa) 

Decay 
Constant (β) 

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) = 𝐺∞ + (𝐺0 −  𝐺∞)𝑒−𝛽𝑡 Equation 13 

where 

𝐺∞ = Long-time shear modulus 

𝐺0 = Short-time shear modulus 

β = Decay constant 

 

 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 95th 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 (100th percentile) principal strain value. The 95th 

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 
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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, MPS95 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 MPS95 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 MPS95 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/s2) in impacts with mTBI than those 

without (1412 rad/s2). 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/s² 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. 

 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 III 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].  

 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. 

 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. 
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3 Methods 

The GHBMC 50th 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 (HIC15), Brain Injury Criterion (BrIC), 95th percentile Maximum Principal Strain 

(MPS95) and Cumulative Strain Volume (CSV) curves (Figure 14(d)). Two of these metrics, HIC15 

and BrIC, were directly calculated from kinematic measurements, while MPS95 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: HIC15, BrIC, MPS95, 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 50th percentile head model. (c) Strains 

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

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

 

 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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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 

Rifle Configuration 

Number of shots per volunteer per rifle  

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 

Rifle Configuration 

Number of shots per volunteer per rifle  

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 
volunteer 

47 17 39 26 15 

Total number of shots 144 

 

 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 

 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/s2), 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. 

 

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 a rigid 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 



62 
 

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 

quantities. 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. 

 𝑣𝐻 = 𝑣𝑀𝐺 + 𝜔 × 𝑟 Equation 14 

 𝑎𝐻 = 𝑎𝑀𝐺 +  𝛼 × 𝑟 +  𝜔 × (𝜔 × 𝑟) Equation 15 

where 

𝑣𝐻 = linear velocity at head CoG 

𝑣𝑀𝐺 = measured linear velocity 

𝑎𝐻 = linear acceleration at head CoG 

𝑎𝑀𝐺 = measured linear acceleration 

𝛼 = angular acceleration 

𝜔 = measured angular velocity 

𝑟 = distance from mouthguard to head CoG of a 50th percentile male head 

 r = [0.081  −0.013  −0.063] m 
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Figure 18: Head kinematics data transformed from mouthguard to head CoG 

 

 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 50th percentile male head model (version 5) 

[26]. The head model used in this study (Figure 19) was extracted from the GHBMC 50th 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. 



64 
 

 

Figure 19: Mid-sectioned view of the isolated GHBMC 50th 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 

50th 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: HIC15 (a linear kinematic-based metric), BrIC (a rotational kinematic-based metric), 

MPS95 (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 HIC15 as shown by Equation 16. 

𝐻𝐼𝐶15 = 𝑚𝑎𝑥 {(𝑡2 − 𝑡1) [
1

𝑡2 − 𝑡1
∫ 𝑎(𝑡)𝑑𝑡

𝑡2

𝑡1

]

2.5

} Equation 16 [29] 

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

t1  and t2  
(in seconds) 

= timepoints during the acceleration pulse selected such that the value of HIC15 is 

maximized. Note that the term (t2  - t1) is 15 ms for HIC15. 

An example of how HIC15 was calculated for a signal is shown in Appendix B. 

2. Equation 17 was used to compute BrIC. 𝜔𝑥, 𝜔𝑦 and 𝜔𝑧 and 𝜔𝑥𝐶, 𝜔𝑦𝐶  and 𝜔𝑧𝐶 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 (𝜔𝑥𝐶  = 66.30 rad/s, 𝜔𝑥𝐶  = 

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

𝐵𝑟𝐼𝐶 =  √(
𝜔𝑥

𝜔𝑥𝐶
)

2

+ (
𝜔𝑦

𝜔𝑦𝐶
)

2

+ (
𝜔𝑧

𝜔𝑧𝐶
)

2

 Equation 17 [124] 

    

3. The 95th percentile maximum principal strain (MPS95) was used as opposed to the 

maximum principal strain (i.e. 100th percentile maximum principal strain) to remove 

elements with artificially high strains as a result of numerical artifacts [154], [155], [156]. 

MPS95 was calculated by first extracting the maximum principal strain measured by each 

element of the whole brain region during the entire simulation time. MPS95 then 

corresponds to the value remaining after the top 5% of that strain range was removed.  

Although, MPS95 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. 95th 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. 

 

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 (MPS1 to MPS5) and initial volume (VOL1 to VOL5) of every element in 

the specified region are extracted. (b) The volume fraction for each element (VF1 to VF5) 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)).  

 

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 ACSV 

 

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 α=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 α=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 (α=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 (α=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 Q critical value was calculated using Equation 18 

𝑄 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 = 𝑄 ∗ √
𝑆𝑝𝑜𝑜𝑙𝑒𝑑

2

𝑛
 

Equation 18 

where 

𝑄 = value from Studentized Range Q Table 

𝑆𝑝𝑜𝑜𝑙𝑒𝑑
2  = 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. 



71 
 

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, HIC15 

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, MPS95 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 

 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). 

 

Figure 24: The head kinematics for Volunteer 1 (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. 

 

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). 

 

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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 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).  
 

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/s² to +800 m/s² at 0.03 s, followed by a 

subsequent drop to -600 m/s² 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. 

 

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). 

 
 

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.  
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 Summary of Head Kinematic Results from Datasets 1 and 2 

• The kinematic signals, when grouped by rifle, displayed consistent features such as the 

number and timing of peaks. 

• 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. 

• 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/s2. 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. 

• Differences in 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, HIC15 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. 

 Comparison of HIC15 Between Different Rifles and Volunteers 

The HIC15 values computed for all shots from every volunteer are provided in Appendix B. The 

mean HIC15 values of each rifle were calculated across all volunteers (Figure 29-Figure 32). The 

detailed methodology for calculating HIC15 is explained in Appendix B. 

4.2.1.1 HIC15 Results for Dataset 1: May 2021 

4.2.1.1.1 Inter-Rifle HIC15 Comparison for Three Rifle Configurations 

Volunteer 1 exhibited higher mean HIC15 when firing Rifle C compared to A. Volunteers 2 and 3 

displayed an opposite trend, with higher HIC15 values when firing Rifle A compared to C. Rifle B 

consistently showcased the lowest HIC15 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 HIC15 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 HIC15 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 HIC15 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 

α=0.05 to explore differences between rifles for each volunteer. Significant differences in HIC15 

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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(i) Volunteer 1 (ii) Volunteer 2 (iii) Volunteer 3 

   

Mean 0.1372 0.0878 0.1923 Mean 0.2512 0.1374 0.2116 Mean 0.1807 0.1029 0.1320 

Std. Dev. 0.0235 0.0095 0.0488 Std. Dev. 0.1452 0.0203 0.0392 Std. Dev. 0.0248 0.0362 0.0087 

CV (%) 17.12 10.82 25.38 CV (%) 57.82 14.75 18.54 CV (%) 13.73 35.17 6.63 

Figure 29: Mean HIC15 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 HIC15 Comparison for Three Volunteers 

The mean HIC15 ranges for Rifles A, B, and C were 0.1371 to 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 HIC15 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 HIC15 values 

when firing all three rifles. In contrast, Volunteer 1 demonstrated the lowest HIC15 values when 

firing Rifles A and B, whereas Volunteer 3 exhibited the lowest HIC15 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 

α=0.05 to explore differences between volunteers for each rifle. Significant differences in HIC15 

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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(i) Rifle A (ii) Rifle B (iii) Rifle C 

   

Mean 0.1372 0.2512 0.1807 Mean 0.0878 0.1374 0.1029 Mean 0.1923 0.2116 0.1320 

Std. Dev. 0.0235 0.1452 0.0248 Std. Dev. 0.0095 0.0203 0.0362 Std. Dev. 0.0488 0.0392 0.0087 

CV (%) 17.12 57.82 13.73 CV (%) 10.82 14.75 35.17 CV (%) 25.38 18.54 6.63 

Figure 30: Mean HIC15 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 HIC15 Results for Dataset 2: May 2022 

4.2.1.2.1 Inter-Rifle HIC15 Comparison for Two Rifle Configurations 

It can be noted that all volunteers in Dataset 2 had higher mean HIC15 values while firing Rifle E 

compared to Rifle D (Figure 31). Volunteer 4 notably exhibited substantially higher mean HIC15 

values when firing both rifles, while Volunteers 5 and 6 demonstrated comparatively elevated 

values compared to Volunteers 7 and 8. These increased HIC15 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 HIC15 values in certain signals may bias the 

standard deviation range of values. 

The mean HIC15 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 HIC15 

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 α=0.05 to explore 

differences between rifles for each volunteer. Significant differences in HIC15 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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(i) Volunteer 4*  (ii) Volunteer 5* (iii) Volunteer 6 

   

Mean 0.2992 116.1877 Mean 0.1428 1.6772 Mean 0.0614 1.3802 

Std. Dev. 0.2042 156.9768 Std. Dev. 0.1115 1.6160 Std. Dev. 0.0304 1.8055 

CV (%) 68.24 135.11 CV (%) 78.08 96.35 CV (%) 49.50 130.81 

(iv) Volunteer 7* (v) Volunteer 8* 

Note that data points greater than 1.5 times the 
interquartile range are indicated by the red "+" 
hereafter. 

  
Mean 0.0125 0.0922 Mean 0.0366 0.1528 

Std. Dev. 0.0037 0.0195 Std. Dev. 0.0023 0.0331 

CV (%) 29.74 21.18 CV (%) 6.25 21.64 

Figure 31: Mean HIC15 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 HIC15 Comparison for Five Volunteers 

As mentioned above, volunteers in Dataset 2 generally had higher mean HIC15 values while firing 

Rifle E compared to Rifle D. The mean HIC15 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 HIC15 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 HIC15 

values of Volunteers 4 and 5.  

(i) Rifle  D (ii) Rifle  E 

  
Mean 0.2992 0.1428 0.0614 0.0125 0.0366 Mean 116.19 1.6772 1.3802 0.0922 0.1528 

Std. Dev. 0.2042 0.1115 0.0304 0.0037 0.0023 Std. Dev. 156.98 1.6160 1.8055 0.0195 0.0331 

CV (%) 68.24 78.08 49.50 29.74 6.25 CV (%) 135.11 96.35 130.81 21.18 21.64 
Figure 32: Mean HIC15 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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 Summary of HIC15 Results from Datasets 1 and 2 

Table 8: Summary of HIC15 results from Dataset 1 

Dataset 1  

Comparisons  Notes 

Rifle order for each volunteer based on mean HIC15 
• All volunteers exhibited the lowest 

HIC15 values with Rifle B 

• Volunteers exhibited the highest 
HIC15 values with either Rifle A or C 

Vol 1 C > A > B 

Vol 2 A > C > B 

Vol 3 A > C > B 

Range of mean HIC15 values  

Rifle A 0.1371 to 0.2512 
• Rifle A has the widest range of mean 

HIC15, followed by Rifle C, then Rifle B 
Rifle B 0.0878 to 0.1374 

Rifle C 0.1320 to 0.2116  

Order of CV between rifles for each volunteer 
• No trend in CV between rifles, i.e., 

no common rifle where volunteers 
always exhibit higher or lower 
variability 

Vol 1 C > A > B 

Vol 2 A > C > B 

Vol 3 B > A > C 

Volunteer order for each rifle based on mean HIC15 
• Volunteer 2 always exhibits the 

highest HIC15 

• Either Volunteer 1 or 3 exhibits the 
lowest HIC15 

Rifle A Vol 2 > 3 > 1 

Rifle B Vol 2 > 3 > 1 

Rifle C Vol 2 > 1 > 3 

Order of CV between volunteers for each rifle  
• Volunteer 2 usually has a higher CV 

apart from Rifle B 

• Volunteer 3 usually has a lower CV 
apart from Rifle B 

Rifle A Vol 2 > 1 > 3 

Rifle B Vol 3 > 2 > 1 

Rifle C Vol 2 > 1 > 3 
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Table 9: Summary of HIC15 results from Dataset 2 

Dataset 2 

Comparisons Notes 

Rifle order for each volunteer based on mean HIC15 

• All volunteers had higher mean HIC15 
with Rifle E compared to D 

Vol 4 E > D 

Vol 5 E > D 

Vol 6 E > D 

Vol 7 E > D 

Vol 8 E > D 

Range of mean HIC15 values  

Rifle D 0.125 to 0.2992 • Rifle E has the widest range of mean 
HIC15 

• Volunteers 4,5 and 6 exhibited 
uncharacteristically high mean HIC15 
values 

Rifle E 0.0922 to 116.19 

Order of CV between rifles for each volunteer 

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

Vol 4 E > D 

Vol 5 E > D 

Vol 6 E > D 

Vol 7 D > E 

Vol 8 E > D 

Volunteer order for each rifle based on mean HIC15 • Volunteers 4 and 5 exhibited the 
highest mean HIC15 irrespective of rifle  

• Volunteer 7 exhibited the lowest mean 
HIC15 irrespective of the rifle  

Rifle D Vol4 > 5 > 6 > 8 > 7 

Rifle E Vol4 > 5 > 8 > 6 > 7 

Order of CV between volunteers for each rifle  
• Volunteers 7 and 8 exhibited a lower 

CV, indicating low variability when firing 
both rifles 

Rifle D Vol5 > 4 > 6 > 7 > 8 

Rifle E Vol4 > 6 > 5 > 8 > 7 
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 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 BrIC 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 BrIC value when using Rifle B, while Volunteer 3 

maintained relatively consistent BrIC 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 

α=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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(i) Volunteer 1 (ii) Volunteer 2 (iii) Volunteer 3 

   

Mean 0.1162 0.1008 0.1193 Mean 0.1858 0.1474 0.1963 Mean 0.1616 0.1523 0.1509 

Std. Dev. 0.0049 0.0126 0.0106 Std. Dev. 0.0062 0.0321 0.0073 Std. Dev. 0.0053 0.0034 0.0008 

CV (%) 4.22 12.54 8.88 CV (%) 3.32 21.81 3.73 CV (%) 3.28 2.21 0.54 

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 BrIC 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 

to 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 

α=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. 

 

  



92 
 

(i) Rifle A (ii) Rifle B (iii) Rifle C 

  

 

Mean 0.1162 0.1858 0.1616 Mean 0.1008 0.1474 0.1523 Mean 0.1193 0.1963 0.1509 

Std. Dev. 0.0049 0.0062 0.0053 Std. Dev. 0.0126 0.0321 0.0034 Std. Dev. 0.0106 0.0073 0.0008 

CV (%) 4.22 3.32 3.28 CV (%) 12.54 21.81 2.21 CV (%) 8.88 3.73 0.54 

Figure 34: Mean BrIC 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 BrIC 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 BrIC 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 α=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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(i) Volunteer 4* (ii) Volunteer 5* (iii) Volunteer 6* 

  

 

Mean 0.0589 0.3788 Mean 0.0592 0.1555 Mean 0.0565 0.1646 

Std. Dev. 0.0067 0.1935 Std. Dev. 0.0023 0.0705 Std. Dev. 0.0108 0.0386 

CV (%) 11.43 51.08 CV (%) 3.88 45.32 CV (%) 19.16 23.46 

(iv) Volunteer 7* (v) Volunteer 8* 

 

  
Mean 0.0571 0.1092 Mean 0.0468 0.1174 

Std. Dev. 0.0034 0.0060 Std. Dev. 0.0043 0.0084 

CV (%) 5.97 5.46 CV (%) 9.20 7.16 

Figure 35: Mean BrIC 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 BrIC 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 

α=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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(i) Rifle D (ii) Rifle E 

 

 
Mean 0.0589 0.0592 0.0565 0.0571 0.0468 Mean 0.3788 0.1555 0.1646 0.1092 0.1174 

Std. Dev. 0.0067 0.0023 0.0108 0.0034 0.0043 Std. Dev. 0.1935 0.0705 0.0386 0.0060 0.0084 

CV (%) 11.43 3.88 19.16 5.97 9.20 CV (%) 51.08 45.32 23.46 5.46 7.16 
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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 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 BrIC 
• Volunteers usually exhibited higher BrIC 

values when firing Rifle C apart from Vol 3 
• Volunteers usually exhibited lower BrIC 

values when firing Rifle B apart from Vol 3  

Vol 1 C > A > B 

Vol 2 C > A > B 

Vol 3 A > B > C 

Range of mean BrIC values  

Rifle A 0.1162 to 0.1858 
• Rifle C exhibited the widest range, followed 

by Rifle  A and then Rifle B  
Rifle B 0.1008 to 0.1523 

Rifle C 0.1193 to 0.1963 

Order of CV between rifles for each volunteer 

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

Vol 1 B > C > A 

Vol 2 B > C > A 

Vol 3 A > B > C 

Volunteer order for each rifle based on mean BrIC 
• Volunteer 2 usually exhibited the highest 

BrIC apart from Rifle B 

• Volunteer 1 exhibited the lowest BrIC 
irrespective of the rifle  

Rifle A Vol 2 > 3 > 1 

Rifle B Vol 3 > 2 > 1 

Rifle C Vol 2 > 3 > 1 

Order of CV between volunteers for each rifle  • Volunteer 1 usually exhibited higher 
variability apart from Rifle B 

• Volunteer 3 usually exhibited lower 
variability apart from Rifle B 
 

Rifle A Vol 1 > 2 > 3 

Rifle B Vol 2 > 1 > 3 

Rifle C Vol 1 > 2 > 3 

 

 

 

 

 



98 
 

Table 11: Summary of BrIC Results from Dataset 2 

Dataset 2 

Comparisons Notes 

Rifle order for each volunteer based on mean BrIC 

• All volunteers had higher mean BrIC with 
Rifle E compared to D 

Vol 4 E > D 

Vol 5 E > D 

Vol 6 E > 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 to 0.3788 

Order of CV between rifles for each volunteer 

• Usually, volunteers exhibited higher CV, 
hence variability when firing Rifle E 
compared to Rifle D apart from Volunteers 
7 and 8 

Vol 4 E > D 

Vol 5 E > D 

Vol 6 E > D 

Vol 7 D > E 

Vol 8 D > E 

Volunteer order for each rifle based on mean BrIC  

• The volunteers exhibiting the highest and 
lowest BrIC values differed for each rifle  

Rifle D Vol5 > 4 > 7 > 6 > 8 

Rifle E Vol4 > 6 > 5 > 8 > 7 

Order of CV between volunteers for each rifle  
• The order of CV between volunteers 

differed between rifles 
Rifle D Vol6 > 4 > 8 > 7 > 5 

Rifle E Vol4 > 5 > 6 > 8 > 7 
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4.3 Strain-based Metrics Results 

Two strain-based metrics, MPS95 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. 

 Comparison of MPS95 Between Different Rifles and Volunteers 

Each shot in both datasets was individually simulated, with MPS95 values computed for the whole 

brain region of every shot from each volunteer, as outlined in Appendix D. Mean MPS95 values 

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

4.3.1.1 MPS95 Results for Dataset 1: May 2021 

4.3.1.1.1 Inter-Rifle MPS95 Comparison for Three Rifle Configurations 

Volunteers 1 and 2 exhibited higher mean MPS95 when firing Rifle C compared to Rifle A. 

Conversely, Volunteer 3 exhibited a higher mean MPS95 when firing Rifle A than Rifle C. Across all 

volunteers, the MPS95 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 MPS95 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 

α=0.05 to explore differences between rifles for each volunteer. Significant differences in MPS95 

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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(i) Volunteer 1 (ii) Volunteer 2 (iii) Volunteer 3 

 

 
 

Mean 0.0367 0.0327 0.0399 Mean 0.0702 0.0405 0.0771 Mean 0.0578 0.0516 0.0535 

Std. Dev. 0.0013 0.0037 0.0014 Std. Dev. 0.0068 0.0107 0.0079 Std. Dev. 0.0040 0.0017 0.0031 

CV (%) 3.61 11.39 3.54 CV (%) 9.70 26.56 10.25 CV (%) 6.93 3.33 5.76 

Figure 37: Mean MPS95 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 MPS95 Comparison for Three Volunteers 

The mean MPS95 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 MPS95 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 MPS95 values 

across all three rifles, while Volunteer 2 exhibited higher MPS95 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 

α=0.05 to explore differences between volunteers for each rifle. Significant differences in MPS95 

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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(i) Rifle A (ii) Rifle B (iii) Rifle C 

   
Mean 0.0367 0.0702 0.0578 Mean 0.0327 0.0405 0.0516 Mean 0.0399 0.0771 0.0535 

Std. Dev. 0.0013 0.0068 0.0040 Std. Dev. 0.0037 0.0107 0.0017 Std. Dev. 0.0014 0.0079 0.0031 

CV (%) 3.61 9.70 6.93 CV (%) 11.39 26.56 3.33 CV (%) 3.54 10.25 5.76 

Figure 38:  Mean MPS95 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). 



104 
 

4.3.1.2 MPS95 Results for Dataset 2: May 2022 

4.3.1.2.1 Inter-Rifle MPS95 Comparison for Two Rifle Configurations 

In Dataset 2, all volunteers consistently showed higher mean MPS95 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 MPS95 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 α=0.05 to explore 

differences between rifles for each volunteer. Significant differences in MPS95 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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(i) Volunteer 4* (ii) Volunteer 5* (iii) Volunteer 6* 

   

Mean 0.0238 0.1466 Mean 0.0204 0.0635 Mean 0.0216 0.0604 

Std. Dev. 0.0025 0.0783 Std. Dev. 0.0005 0.0310 Std. Dev. 0.0023 0.0201 

CV (%) 10.49 53.38 CV (%) 2.50 48.87 CV (%) 10.42 33.20 

(iv) Volunteer 7* (v) Volunteer 8* 

 

  

Mean 0.0213 0.0476 Mean 0.0181 0.0382 

Std. Dev. 0.0011 0.0027 Std. Dev. 0.0018 0.0031 

CV (%) 5.21 5.74 CV (%) 10.04 8.15 

Figure 39:  Mean MPS95 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 MPS95 Comparison for Five Volunteers 

The mean MPS95 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 MPS95 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 

α=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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(i) Rifle  D (ii) Rifle  E 

  

Mean 0.0238 0.0204 0.0216 0.0213 0.0181 Mean 0.1466 0.0635 0.0604 0.0476 0.0382 

Std. Dev. 0.0025 0.0005 0.0023 0.0011 0.0018 Std. Dev. 0.0783 0.0310 0.0201 0.0027 0.0031 

CV (%) 10.49 2.50 10.42 5.21 10.04 CV (%) 53.38 48.87 33.20 5.74 8.15 
Figure 40: Mean MPS95 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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 Summary of MPS95 Results from Datasets 1 and 2 

Table 12: Summary of MPS95 Results from Dataset 1 

Comparisons Notes 

Dataset 1  

Rifle order for each volunteer based on mean MPS95 
• Volunteers usually exhibited higher MPS95 

values when firing Rifle C apart from Vol 3 
• All volunteers usually exhibited lower 

MPS95 values when firing Rifle B 

Vol 1 C > A > B 

Vol 2 C > A > B 

Vol 3 A > C > B  

Range of mean MPS95 values  

Rifle A 0.0367 to 0.0702 
• Rifle  C exhibited the widest range, 

followed by Rifle A and then Rifle B 
Rifle B 0.0327 to 0.0516 

Rifle C 0.0399 to 0.0771 

Order of CV between rifles for each volunteer • No apparent trend in variability for MPS95 
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  B in 
contrast with the other two rifles. 

 

Vol 1 B > A > C 

Vol 2 B > C > A 

Vol 3 A > C > B 

Volunteer order for each rifle based on mean MPS95 
• Volunteer 1 consistently displayed the 

lowest MPS95 values across all three rifles 

• Volunteer 2 exhibited higher MPS95 values 
when firing Rifles A and C but not B 

Rifle A Vol 2 > 3 > 1 

Rifle B Vol 3 > 2 > 1 

Rifle C Vol 2 > 3 > 1 

Order of CV between volunteers for each rifle  

• Volunteer 2 exhibited the highest CV, i.e. 
variability across all three rifles 

Rifle A Vol 2 > 3 > 1 

Rifle B Vol 2 > 1 > 3  

Rifle C Vol 2 > 3 > 1 
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Table 13: Summary of MPS95 Results from Dataset 2 

Dataset 2 

Comparisons Notes 

Rifle order for each volunteer based on mean MPS95 

• All volunteers had higher mean MPS95 with 
Rifle E compared to D 

Vol 4 E > D 

Vol 5 E > D 

Vol 6 E > D 

Vol 7 E > D 

Vol 8 E > D 

Range of mean HIC15 values  

Rifle D 0.0181 to 0.0238 • Rifle E has the widest range of mean 
MPS95 Rifle E 0.0382 to 0.1466 

Order of CV between rifles for each volunteer 

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

Vol 4 E > D  

Vol 5 E > D  

Vol 6 E > D  

Vol 7 E > D  

Vol 8 E > D  

Volunteer order for each rifle based on mean MPS95 • Volunteer 4 always had the highest mean 
MPS95 value for both Rifles D and E 

• Volunteer 8 always had the lowest mean 
MPS95 value for both Rifles D and E 

Rifle D Vol4 > 6 > 7 > 5 > 8 

Rifle E Vol4 > 5 > 6 > 7 > 8 

Order of CV between volunteers for each rifle  

• Volunteer 4 exhibited the highest CV, i.e., 
variability irrespective of the rifle used 

Rifle D Vol4 > 6 > 8 > 7 > 5 

Rifle E Vol4 > 5 > 6 > 8 > 7 
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 Comparison of CSV Curves of the Whole Brain Between Different Rifles 

and Volunteers  

Mean ACSV values were computed for all rifle configurations and each volunteer, with the 

complete list of ACSV 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 ACSV box plots, 

Volunteers 1 and 2 exhibited higher mean ACSV when firing Rifle C in contrast to Rifle A. The range 

of ACSV for Volunteer 3 was between 0.0326 and 0.0357, indicating small differences between the 

rifles. Across all volunteers, the mean ACSV 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 

α=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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(i) Volunteer 1 (ii) Volunteer 2 (iii) Volunteer 3 

 
 

 

 

(iv) Volunteer 1 (v) Volunteer 2 (vi) Volunteer 3 

   

Mean 0.0231 0.0203 0.0246 Mean 0.0418 0.0249 0.0452 Mean 0.0357 0.0326 0.0341 

Std. Dev. 0.0005 0.0023 0.0008 Std. Dev. 0.0044 0.0063 0.0040 Std. Dev. 0.0019 0.0016 0.0023 

CV (%) 2.00 11.51 3.25 CV (%) 10.45 25.30 8.77 CV (%) 5.45 4.87 6.77 

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 

α=0.05 to explore differences between volunteers for each rifle. Significant differences in ACSV 

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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(i) Rifle A (ii) Rifle B (iii) Rifle C 

   

(iv) Rifle A (v) Rifle B (vi) Rifle C 

   
Mean 0.0231 0.0418 0.0357 Mean 0.0203 0.0249 0.0326 Mean 0.0246 0.0452 0.0341 

Std. Dev. 0.0005 0.0044 0.0019 Std. Dev. 0.0023 0.0063 0.0016 Std. Dev. 0.0008 0.004 0.0023 

CV (%) 2.16 10.53 5.32 CV (%) 11.33 25.30 4.91 CV (%) 3.25 8.85 6.74 

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 is important 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 ACSV values for Volunteers 5, 6, 7, and 8 when firing 

Rifle E fell within the range of ACSV 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 ACSV 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 α=0.05 to explore 

differences between rifles for each volunteer. Significant differences in ACSV 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.  
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(i) Volunteer 4 (ii) Volunteer 5 (iii) Volunteer 6 

   

(iv) Volunteer 7 (v) Volunteer 8 

 

  

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). 

 Rifle E (.50) 
 Rifle D (.338) 
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(i) Volunteer 4* (ii) Volunteer 5* (iii) Volunteer 6* 

   
Mean 0.0150 0.0875 Mean 0.0132 0.0406 Mean 0.0133 0.0387 

Std. Dev. 0.0015 0.0435 Std. Dev. 0.0003 0.0200 Std. Dev. 0.0015 0.0139 

CV (%) 10.25 49.72 CV (%) 2.54 49.24 CV (%) 11.57 35.94 

(iv) Volunteer 7* (v) Volunteer 8* 

 

  
Mean 0.0135 0.0292 Mean 0.0109 0.0241 

Std. Dev. 0.0008 0.0017 Std. Dev. 0.0009 0.0020 

CV (%) 5.77 5.87 CV (%) 8.20 8.15 

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, 
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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4.3.3.2.2 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 ACSV 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 ACSV 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 

α=0.05 to explore differences between volunteers for each rifle. Significant differences in ACSV 

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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(i) Rifle D (ii) Rifle E 

  
(iii) Rifle D (iv) Rifle E 

 
 

 

Mean 0.0150 0.0132 0.0133 0.0135 0.0109 Mean 0.0875 0.0406 0.0387 0.0292 0.0241 
Std. Dev. 0.0015 0.0003 0.0015 0.0008 0.0009 Std. Dev. 0.0435 0.0200 0.0139 0.0017 0.0020 

CV (%) 10.25 2.54 11.57 5.77 8.20 CV (%) 49.72 49.24 35.94 5.87 8.15 
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). 

Volunteer 5 
Volunteer 4 

Volunteer 7 
Volunteer 6 

Volunteer 8 
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 Summary of CSV Results for the Whole Brain from Datasets 1 and 2 

For Dataset 1: 

When grouped by volunteers (Inter-rifle comparison) 

• 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.   

• 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. 

• For all volunteers, the mean ACSV values were consistently lowest when using Rifle B 

compared to Rifles A and C. 

• Volunteer 2 consistently displayed higher CV, i.e., variability, compared to Volunteers 1 

and 3, irrespective of the rifle used. 

• 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. 

• There was a statistical difference in ACSV values between rifles for Volunteers 1 and 2. 

When grouped by rifles (Inter-volunteer comparison) 

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

• Volunteer 2 exhibited the highest strains when using Rifles A and C, while Volunteer 3 

experienced the highest strain when firing Rifle B. 

• Rifle C exhibited the widest range in ACSV, followed by Rifle A and then Rifle B. 

• There was a statistical difference in ACSV between volunteers for all three rifles. 

For Dataset 2: 

When grouped by volunteers (Inter-rifle comparison) 

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

compared to Rifle D. 

• A statistical difference in ACSV values between rifles was observed for all volunteers. 

When grouped by rifles (Inter-volunteer comparison) 

• Volunteer 8 experienced the lowest strain for both Rifles D and E. 

• Volunteer 4 experienced the highest strain values for both Rifles D and E. 

• There was a statistical difference in ACSV between volunteers for both rifles. 

 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 ACSV 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 ACSV 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 ACSV 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 ACSV, 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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(i) Volunteer 1 (ii) Volunteer 2 

  

(iii) Volunteer 3 

 

 
 

Figure 46: Mean ACSV of the eight brain regions for (i) Volunteer 1, (ii) Volunteer 2, and (iii) Volunteer 3 (Dataset 1: May 2021), arranged in descending 
order of ACSV 
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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 

Brain Region 
% diff b/w  

A and B 
Brain Region 

% diff b/w  
A and C 

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 11.1 

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 ACSV 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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(i) Rifle A (ii) Rifle B 

  

(iii) Rifle C Legend 

 

 

Figure 47: Mean ACSV 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 ACSV 

Corpus Callosum 

Brainstem Midbrain 

Cerebrum Gray 

Basal Ganglia 

Thalamus 

Cerebrum White 

Brainstem 

Cerebellum 
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The mean ACSV 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, 

ACSV 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 ACSV 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 ACSV of the brainstem midbrain and corpus callosum were 

interchangeably the highest for all volunteers when firing Rifle A. In contrast, the ACSV 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 ACSV, 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 ACSV, 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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(i) Volunteer 4 (ii) Volunteer 5 

  

(iii) Volunteer 6 Legend 

 

 

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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(i) Volunteer 7 (ii) Volunteer 8 

  

Figure 49: Mean ACSV of the eight brain regions for (i) Volunteer 7, (ii) Volunteer 8 (Dataset 2: May 2022), arranged in descending order of ACSV 
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4.3.5.2.2 Inter-Volunteer CSV Curve Comparison for Five Volunteers 

The mean ACSV values were plotted across each rifle for all volunteers in Dataset 2 (Figure 50). It 

is evident that the mean ACSV values varied for each rifle. For instance, the ACSV 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 ACSV 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 ACSV 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 

ACSV for both Rifles D and E. Additionally, Volunteer 8 consistently showed the lowest ACSV 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 ACSV 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 ACSV. 

When considering Rifle C from Dataset 1 across all volunteers, the ACSV 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 ACSV for Rifle E, which was 0.0137 to 0.0615, with a difference of 

0.0478, when Volunteer 4 was not taken into account.



130 
 

(i) Rifle  D 

 

(ii) Rifle  E 

 

Figure 50: Mean ACSV of the eight brain regions for (i) Rifle D and (ii) Rifle E, arranged in descending order of ACSV 
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 Summary of CSV Results for the Eight Brain Regions from Datasets 1 and 2 

• The brainstem midbrain and corpus callosum commonly experienced the highest 

strains. 

• The brainstem and cerebellum experienced the lowest strains. 

• The order of the remaining regions varied across rifles and volunteers. 

• When comparing different rifles, the regions experiencing the biggest change in strain 

differ for each volunteer. 

o  For instance, 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 ACSV of all 

regions in descending order. 

o When comparing rifles A to C, Volunteers 1 and 2 exhibited clear increases in ACSV, 

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 ACSV 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. 

 



132 
 

 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 ACSV 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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 Rifle A Rifle B  Rifle C 

Vol 1 

   

Vol 2 

   

Vol 3 

   
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 

 
All  

included 

Angular  
Velocity 

only 

Linear 
Acceleration 

only 
(

𝒍𝒊𝒏𝒆𝒂𝒓 𝒂𝒄𝒄𝒆𝒍

𝒂𝒍𝒍 𝒊𝒏𝒄𝒍𝒖𝒅𝒆𝒅
∗  𝟏𝟎𝟎) 

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     

Vol 4 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      

Vol 4 0.0237 0.0237 0.000537 2 

Vol 8 0.0251 0.0136 0.000182 1 

Vol 7 0.0136 0.0275 0.000372 3 
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 Rifle D Rifle E 
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Vol 7 

  

Vol 8 

  
Figure 52: 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 angular velocity only inputs, 
linear acceleration only inputs and 6 DOF inputs to the head model 
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 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 ACSV. 

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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 Rifle A Rifle B  Rifle C 

Vol 1 

   

Vol 2 

   

Vol 3 

   
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 
included 

AVX 
only 

AVY 
only 

AVZ 
only 

AVX only 
(%) 

AVY only 
(%) 

AVZ 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  

AVX only = (
𝑨𝑽𝑿

𝒂𝒍𝒍 𝒊𝒏𝒄𝒍𝒖𝒅𝒆𝒅
∗  𝟏𝟎𝟎) 

AVY only = (
𝑨𝑽𝒀

𝒂𝒍𝒍 𝒊𝒏𝒄𝒍𝒖𝒅𝒆𝒅
∗  𝟏𝟎𝟎) 

AVZ only = (
𝑨𝑽𝒁

𝒂𝒍𝒍 𝒊𝒏𝒄𝒍𝒖𝒅𝒆𝒅
∗  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/s².  

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/s2 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 
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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/s², including all volunteers of Dataset 2, while the .338 caliber Rifle D had 

51 m/s², 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. 

HIC15 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, BrIC 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, HIC15 and BrIC, were calculated for all the 

shots. The HIC15 values in these datasets reached up to 5.3, lower than HIC15 values reported in 
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other sports-related studies, such as 12.5 in hockey, 22.5 in American football, and 48.5 in soccer 

[200].  

The HIC15 threshold for head injury in automotive cases, as reported in the FMVSS 208, is 700 for 

a 50th 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 AIS 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 HIC15 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 HIC15 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 HIC15 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 HIC15 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 HIC15 values when using 

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

However, HIC15 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 HIC15 

values, thus biasing the trends between rifles and the range of HIC15 values. These elevated values 

emphasize that HIC15  is sensitive to high signal peaks, which might not accurately reflect overall 

kinematics and could result in values exceeding the investigated loading condition. HIC15 

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 HIC15. 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 HIC15. Nevertheless, BrIC also has some 

limitations as it solely relies on angular velocity. 

5.3 Strain-Based Metrics for Whole Brain Response 

MPS95, 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 MPS95 values across all volunteers, 

aligning with the observed trends in measured head kinematics and HIC15. Additionally, Rifle C 

yielded higher MPS95 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 BrIC rather than the observed head kinematics and HIC15, with higher 

MPS95 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 MPS95 values using Rifle E (mean MPS95 

= 0.0924) than D (mean MPS95 =0.02095), indicating that the volunteers experienced 

approximately four times higher MPS95 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 MPS95 values in this study, similar to HIC15 and BrIC, were at 

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

While MPS95 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., 95th 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 ACSV. 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 ACSV 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 Z is 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 ACSV. 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 HIC15. 

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 50th 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 MPS95, 

BrIC, and HIC15. 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, HIC15 only considered linear acceleration, while BrIC only used angular 

velocity. As for MPS95, it is a single value that is usually extracted for the entire brain, and it 

requires a cut-off value (i.e., 95th percentile for MPS95) without any clear explanation of why the 

cut-off is 95th 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/s², while 

the .338 caliber rifle showed only 51 m/s². 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.  

2. 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.  

3. 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. 

4. 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.  



155 
 

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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Appendix 

Appendix A: Head Kinematics 
 

 

Appendix Figure 55: The head kinematics for Volunteer 2 (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 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: HIC15 

Process to calculate HIC15 using MATLAB script 

• 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). 

 

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. 

 

• The resultant linear acceleration (Appendix Figure 63) graph can be plotted using 

columns A and E from the CSV file. 

 

Appendix Figure 63: Example of the resultant linear acceleration plot for one shot of 

Volunteer 1 
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• 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. 

 

Appendix Figure 64: Example of calculating the area for every 15 ms interval 

 

• After calculating the maximum area, it is then substituted into the HIC15 equation to 

calculate the corresponding HIC15 value. 

• Process 1 to 4 is performed in MATLAB for every shot fired (Appendix Figure 65). 
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Appendix Figure 65: Script used to calculate HIC15 for each shot 

 

 

 



216 
 

HIC15 for all shots in Dataset 1: May 2021 

Inter Rifle 

Table 17: Summary of HIC15 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 HIC15 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 HIC15 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 HIC15 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 

 

*Sample standard deviation = √
∑ (𝑥𝑖 − 𝑥𝑚𝑒𝑎𝑛)2𝑛

𝑖

𝑛 − 1
 

where 

𝑥𝑖 = observations in sample 

𝑥𝑚𝑒𝑎𝑛 = mean of all observations in sample 

𝑛 = number of observations 
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Inter Volunteer 

Table 18: Summary of HIC15 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 HIC15 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 HIC15 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 HIC15 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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HIC15 for all shots in Dataset 2: May 2022 

Inter Rifle  

Table 19: Summary of HIC15 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 HIC15 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 HIC15 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 HIC15 0.0614 1.3802 
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Sample standard deviation 0.0304 1.8055 

CV (%) 49.50 130.81 

 

Table 21: Summary of HIC15 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 HIC15 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 HIC15 values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D 

 Volunteer 4 Volunteer 5 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 HIC15 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 HIC15 values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E 

 Volunteer 4 Volunteer 5 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 HIC15 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    

Comparison 
Abs. Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.04935461 0.062664195 No    

B vs. C 0.104516874 0.062664195 Yes    

A vs. C 0.055162264 0.062664195 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 9      

Q(3,9,0.05) 3.948      

       

pooled variance 0.001007731      

       

step 3       

sample size of each 
group 4      
 

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 4 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 9         

 

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    

Comparison 
Abs. Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.077761 0.064705 Yes    

B vs. C 0.029084 0.064705 No    

A vs. C 0.048677 0.064705 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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    

Comparison 
Abs. Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0496 0.0496 No    

2 vs. 3 0.0346 0.0536 No    

1 vs. 3 0.0151 0.0536 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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: BrIC  

BrIC for all shots in Dataset 1: May 2021 

Inter Rifle  

Table 35: Summary of BrIC 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 0.1138 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 BrIC 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 BrIC 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 0.1138 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 BrIC 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 0.0538 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 HIC15 0.0589 0.3788 0.0592 0.1555 

Sample standard deviation 0.0067 0.1935 0.0023 0.0705 

 

Table 38: Summary of BrIC values 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 
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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 HIC15 0.0565 0.1646 

Sample standard deviation 0.0108 0.0386 

 

Table 39: Summary of BrIC 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 0.0574 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 Volunteer 5 Volunteer 6 Volunteer 7 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 Volunteer 5 Volunteer 6 Volunteer 7 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 0.464706 0.116176 2.4E-05     

Volunteer 1 Rifle  B 4 0.403139 0.100785 0.00016     

Volunteer 1 Rifle  C 4 0.477142 0.119285 0.000112     

              

ANOVA             



236 
 

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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.038473 0.0494 No    

B vs. C 0.048973 0.0403 Yes    

A vs. C 0.0105 0.0494 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 < 0.05? 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    
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Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.009358 0.009151 Yes    

B vs. C 0.001341 0.009151 No    

A vs. C 0.010698 0.009151 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 6 2.77E-05       

              

Total 0.007621897 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    

Comparison 
Abs. Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0696 0.0146 Yes    

2 vs. 3 0.0242 0.0154 Yes    

1 vs. 3 0.0454 0.0128 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0466 0.0405 Yes    

2 vs. 3 0.0049 0.0437 No    

1 vs. 3 0.0515 0.0437 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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      
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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  

       

Tukey Kramer test 
compares the mean between each pairwaise combination of 
groups 

       

 step 1 step 4 step 5    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0770 0.0150 Yes    

2 vs. 3 0.0454 0.0163 Yes    

1 vs. 3 0.0316 0.0163 Yes    
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step 2       

Find Q critical value       

Q critical value = Q*√(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 4 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  

       

Tukey Kramer test 
compares the mean between each pairwaise combination of 
groups 

       

 step 1 step 4 step 5    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

4 vs. 5 0.223306 0.0895 Yes    

4 vs. 6 0.214185 0.1144 Yes    

4 vs. 7 0.269637 0.0863 Yes    

4 vs. 8 0.261403 0.0985 Yes    

5 vs. 6 0.009121 0.1089 No    

5 vs. 8 0.038097 0.0921 No    

6 vs. 7 0.0555 0.1063 No    

6 vs. 8 0.0472 0.1164 No    

7 vs. 8 0.0082 0.0889 No    

       

step 2       

Find Q critical value       
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Q critical value = Q*√(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 0.008801      

       

step 3 - harmonic means      

4 vs. 5 12.69231      

4 vs. 6 7.764706      

4 vs. 7 13.65517      

4 vs. 8 10.47619      

5 vs. 6 8.571429      

5 vs. 8 12      

6 vs. 7 9      

6 vs. 8 7.5      

7 vs. 8 12.85714      
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Appendix D: MPS95  

MPS95 for all shots in Dataset 1: May 2021 

Inter Rifle  

Table 55: Summary of MPS95 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 MPS95 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 MPS95 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 MPS95 0.0578 0.0516 0.0535 

Sample standard deviation 0.0040 0.0017 0.0031 

 

Inter Volunteer 

Table 56: Summary of MPS95 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 MPS95 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 MPS95 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 MPS95 0.0399 0.0771 0.0535 

Sample STD Dev 0.0014 0.0079 0.0031 

CV 3.54 10.25 5.76 

 

MPS95 for all shots in Dataset 2: May 2022 

Inter Rifle  

Table 57: Summary of MPS95 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 MPS95 0.0238 0.1466 0.0204 0.0635 

Sample standard deviation 0.0025 0.0783 0.0005 0.0310 

 

Table 58: Summary of MPS95 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 MPS95 0.0216 0.0604 

Sample standard deviation 0.0023 0.0201 

 

Table 59: Summary of MPS95 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 MPS95 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 MPS95 values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D 

 Volunteer 4 Volunteer 5 Volunteer 6 Volunteer 7 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 MPS95 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 MPS95 values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E 

 Volunteer 4 Volunteer 5 Volunteer 6 Volunteer 7 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 MPS95 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.003974 0.004787 No    

B vs. C 0.007215 0.004787 Yes    

A vs. C 0.003241 0.004787 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 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 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.0297 0.0221 Yes    

B vs. C 0.0367 0.0180 Yes    

A vs. C 0.0070 0.0221 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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      
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df = n-k 7      

Q(3,7,0.05) 4.165      

       

pooled variance 7.48E-05      

       

step 3 -harmonic mean      

A vs. B 2.666667      

B vs. C 4      

A vs. C 2.666667      
 

Table 64: One-Way ANOVA for Volunteer 3 

Anova: Single Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Volunteer 3 Rifle  A 3 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0335 0.0123 Yes    

2 vs. 3 0.0124 0.0129 No    

1 vs. 3 0.0211 0.0108 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 3 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0077 0.0134 No    

2 vs. 3 0.0111 0.0145 No    

1 vs. 3 0.0189 0.0145 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 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 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0372 0.0100 Yes    

2 vs. 3 0.0236 0.0108 Yes    

1 vs. 3 0.0136 0.0108 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 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   



261 
 

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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

4 vs. 5 0.003428 0.0031 Yes    

4 vs. 6 0.002207 0.0010 Yes    

4 vs. 7 0.002538 0.0017 Yes    

4 vs. 8 0.00573 0.0020 Yes    

5 vs. 6 0.001221 0.0031 No    

5 vs. 8 0.002302 0.0036 No    
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6 vs. 7 0.0003 0.0017 No    

6 vs. 8 0.0035 0.0021 Yes    

7 vs. 8 0.0032 0.0024 Yes    

       

step 2       

Find Q critical value       

Q critical value = Q*√(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      

4 vs. 5 3.789474      

4 vs. 6 34.43478      

4 vs. 7 13.09091      

4 vs. 8 8.780488      

5 vs. 6 3.771429      

5 vs. 8 2.857143      

6 vs. 7 12.87805      

6 vs. 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

4 vs. 5 0.083192 0.0370 Yes    

4 vs. 6 0.08623 0.0473 Yes    

4 vs. 7 0.099081 0.0356 Yes    

4 vs. 8 0.108481 0.0407 Yes    

5 vs. 6 0.003038 0.0450 No    

5 vs. 8 0.025289 0.0380 No    

6 vs. 7 0.0129 0.0439 No    

6 vs. 8 0.0223 0.0481 No    

7 vs. 8 0.0094 0.0367 No    

       

step 2       

Find Q critical value       

Q critical value = Q*√(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      

4 vs. 5 12.69231      

4 vs. 6 7.764706      

4 vs. 7 13.65517      

4 vs. 8 10.47619      

5 vs. 6 8.571429      

5 vs. 8 12      

6 vs. 7 9      

6 vs. 8 7.5      

7 vs. 8 12.85714      
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Appendix E: ACSV  

ACSV 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 Acsv 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 Acsv 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 Acsv 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 ACSV 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 ACSV 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 ACSV 0.0246 0.0452 0.0341 

Sample standard deviation 0.0008 0.0040 0.0023 

 

ACSV 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 Acsv 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 Acsv 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 Acsv  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 MPS95 values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle D 

 Volunteer 4 
Rifle  D 

Volunteer 5 
Rifle  D 

Volunteer 6 
Rifle  D 

Volunteer 7 
Rifle  D 

Volunteer 8 
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 MPS95 values in Dataset 2: Volunteers 4,5,6,7 and 8 firing Rifle E 

 Volunteer 4 
Rifle  E 

Volunteer 5 
Rifle  E 

Volunteer 6 
Rifle  E 

Volunteer 7 
Rifle  E 

Volunteer 8 
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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.002814 0.002867 No    

B vs. C 0.004314 0.002867 Yes    

A vs. C 0.0015 0.002867 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 9      

Q(3,9,0.05) 3.948      

       

pooled variance 2.11E-06      

       

step 3       

sample size of each group 4      
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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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

A vs. B 0.0170 0.0127 Yes    

B vs. C 0.0203 0.0104 Yes    

A vs. C 0.0034 0.0127 No    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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      
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df = n-k 7      

Q(3,7,0.05) 4.165      

       

pooled variance 2.48E-05      

       

step 3 - harmonic mean      

A vs. B 2.666667      

B vs. C 4      

A vs. 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 3 0.097829 0.03261 2.52E-06     

Volunteer 3 Rifle  C 3 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0187 0.0074 Yes    

2 vs. 3 0.0062 0.0078 No    

1 vs. 3 0.0125 0.0065 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 3 0.097829 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    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0045 0.0080 No    

2 vs. 3 0.0077 0.0087 No    

1 vs. 3 0.0123 0.0087 Yes    

       

       

step 2       

Find Q critical value       

Q critical value = Q*√(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      
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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 4 0.180761 0.04519 1.57E-05     

Volunteer 3 rifle C 3 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  

       

Tukey Kramer test 
compares the mean between each pairwaise combination of 
groups 

       

 step 1 step 4 step 5    

Comparison 

Abs. 
Mean 
Diff 

Q critical 
Value Significant?   

1 vs. 2 0.0205 0.0054 Yes    

2 vs. 3 0.0111 0.0059 Yes    

1 vs. 3 0.0094 0.0059 Yes    
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step 2       
Find Q critical 
value       

Q critical value = Q*√(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 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    

Comparison Abs. Mean Diff 
Q critical 
Value Significant?   

4 vs. 5 0.001866 0.0019 No    

4 vs. 6 0.001744 0.0006 Yes    

4 vs. 7 0.001528 0.0010 Yes    

4 vs. 8 0.004118 0.0013 Yes    

5 vs. 6 0.000122 0.0019 No    

5 vs. 8 0.002253 0.0022 Yes    

6 vs. 7 0.0002 0.0011 No    

6 vs. 8 0.0024 0.0013 Yes    

7 vs. 8 0.0026 0.0015 Yes    

       

step 2       

Find Q critical value       

Q critical value = Q*√(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 1.25E-06      

       

step 3 - harmonic means      

4 vs. 5 3.789474      

4 vs. 6 34.43478      

4 vs. 7 13.09091      

4 vs. 8 8.780488      

5 vs. 6 3.771429      

5 vs. 8 2.857143      

6 vs. 7 12.87805      
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6 vs. 8 8.684211      

7 vs. 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    

Comparison Abs. Mean Diff 
Q critical 
Value Significant?   

4 vs. 5 0.046986 0.0213 Yes    

4 vs. 6 0.048854 0.0272 Yes    

4 vs. 7 0.058388 0.0205 Yes    

4 vs. 8 0.063435 0.0235 Yes    

5 vs. 6 0.001869 0.0259 No    

5 vs. 8 0.016449 0.0219 No    

6 vs. 7 0.0095 0.0253 No    

6 vs. 8 0.0146 0.0277 No    

7 vs. 8 0.0050 0.0212 No    

       

step 2       
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Find Q critical value       

Q critical value = Q*√(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      

4 vs. 5 12.69231      

4 vs. 6 7.764706      

4 vs. 7 13.65517      

4 vs. 8 10.47619      

5 vs. 6 8.571429      

5 vs. 8 12      

6 vs. 7 9      

6 vs. 8 7.5      

7 vs. 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 ACSV 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 A and 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 ACSV 

    RMS effect chassis effect 

Brain Region Rifle A  Rifle B Rifle   % diff b/w A and 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 Rifle C % diff b/w A and 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 -20.4 -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 ACSV of each individual brain region when Volunteers 1,2 and 3 fired Rifle A, B 
and C 

 Rifle A mean ACSV 

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 ACSV 

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 ACSV 

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 ACSV of each individual brain region when Volunteers 4,5,6,7 and 8 fired Rifle D 
and E 

Volunteer 4 mean ACSV 

    

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 ACSV 

    

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 ACSV 

    

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 ACSV 

    

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 ACSV 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 

Volunteer 4 
Brainstem Midbrain 0.0192 

Volunteer 4 
Brainstem Midbrain 0.1526 

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 

            

Volunteer 5 

Corpus Callosum 0.0194 

Volunteer 5 

Brainstem Midbrain 0.0615 

Brainstem Midbrain 0.0177 Corpus Callosum 0.0544 

Basal Ganglia 0.0162 Basal Ganglia 0.0489 

Thalamus 0.0157 Thalamus 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 

            

Volunteer 6 

Brainstem Midbrain 0.0201 

Volunteer 6 

Corpus Callosum 0.0586 

Corpus Callosum 0.0194 Brainstem Midbrain 0.0565 

Basal Ganglia 0.017 Basal Ganglia 0.0498 

Thalamus 0.0156 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 

            

Volunteer 7 

Brainstem Midbrain 0.0179 

Volunteer 7 

Brainstem Midbrain 0.0428 

Corpus Callosum 0.0162 Corpus Callosum 0.0396 

Basal Ganglia 0.0156 Basal Ganglia 0.0355 

Cerebrum Gray 0.0147 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 

            

Volunteer 8 

Corpus Callosum 0.0142 

Volunteer 8 

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 

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 

 


