
 

Brain Response to Overpressure and Recoil Loads from Discharge of Long-Range 

Precision Rifle 

by 

Javier A. Maldonado-Echeverria 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the  

thesis requirement for the degree of 

Master of Applied Science 

in 

Mechanical and Mechatronics Engineering 

 

 

 

Waterloo, Ontario, Canada, 2024 

É Javier A. Maldonado-Echeverria 2024 

  



ii 

 

Authorôs Declaration 

 

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including 

any required final revisions, as accepted by my examiners. 

 

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

 

 

 

 

 

 

 

 

 

 

 

  



iii 

 

Abstract 

The presence of concussion-like symptoms related to overpressure exposure and recoil forces from 

long-range precision rifle (LPR) training has been reported in the literature.  However, the recoil 

head kinematics, overpressure loadings from LPR discharge, and the interaction of the two load 

paths have not been previously quantified. 

In the present study, experiments were undertaken by the Defense Research and Development 

Canada (DRDC) Valcartier Research Centre, using an instrumented head form to measure the 

overpressure from LPR discharges and to measure head kinematics resulting from recoil using 

instrumented mouthguards on human volunteers. The measurements included a high-speed video 

to enable estimation of the relative onset timings of overpressure and recoil head kinematics. The 

LPR configurations encompassed both muzzle suppressor and non-suppressor configurations. 

Then, planar finite element (FE) head models (in the sagittal and transverse planes) were used to 

quantify the effects of the measured loadings on the brain response. The models were used to 

simulate three boundary conditions: only the overpressure, only the recoil head kinematics, and 

combining the two loadings to investigate the interaction of the load paths. 

The overpressure resulting from discharge of the LPR was reduced significantly when the 

suppressor configuration was employed. The overpressure reached the head 3.6 ms after exiting 

the barrel of the LPR, with peaks ranging from 0.2 to 27.6 kPa with and without suppressor, 

respectively. The onset of recoil head kinematics varied between operators, occurring between 7.4 

to 24.4 ms after the onset of overpressure loading to the head.  

In addition, the FE models showed that the intracranial pressure response predicted in the head 

demonstrated an interaction between overpressure and head kinematics, while strain in the brain 

was largely governed by recoil head kinematics.  

The results of this study provide important information regarding the relative severities and 

interaction between the overpressure and recoil head kinematics in LPR operators. 
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1. Introduction and Motivation 

 

The firing of Long-Range Precision Rifles (LPRs) can have discernible repercussions on the 

operator, including resulting head kinematics (Ouellet & St-Onge, 2021) and exposure to 

overpressure (Ouellet & Philippens, 2018). Moreover, there is a documented association between 

LPR discharges and the manifestation of concussion symptoms (Skotak et al., 2019), which can 

also be observed in other contexts, such as instances of head impacts (head kinematics) (Tierney, 

2021) and exposure to blast (overpressure) (Shires et al., 2020).  

The head kinematics resulting from the discharge of LPRs are directly linked to the recoil forces 

experienced during the discharge. Specifically, a prior investigation (Ouellet & St-Onge, 2021) has 

indicated the presence of linear accelerations and rotational velocities at levels approximating 20-

100 m/sĮ and 1-6 rad/s, respectively. It is important to note that these recorded head acceleration 

values fall below recognized thresholds for causing brain injuries (Gabler et al., 2016), but the 

repetitive discharges have potential cumulative effects (L. E. Miller et al., 2021). 

Overpressure arises as a consequence of the discharge process due to the expulsion of gases from 

the muzzle (Hazell, 2021). The levels of overpressure generated by this gas expulsion are subject 

to stringent manufacturing standards aimed at constraining them below established thresholds 

associated with the safety of the operator (HEADQUARTERS, 1994). Nevertheless, it is 

noteworthy that the potential ramifications of the combined influence of overpressure and head 

kinematics, particularly within the framework of manufacturing standards, have not been 

comprehensively examined. 

Common concussion symptoms that may be associated with sniper shots or similar events include 

(Mathews et al., 2020) headaches, dizziness, nausea, ringing in the ears, difficulty concentrating, 

and fatigue. Notably, prior research has specifically identified a correlation between LPR 

discharges and the occurrence of concussion symptoms during training sessions (Nakashima et al., 

2022), particularly when operators engage in firing sequences of up to 15 consecutive rounds 

(HEADQUARTERS, 1994). 

Concussion symptoms can result from the significant energy transferred to the head due to the 

recoil and overpressure generated by high-powered firearms like LPRs (Koptyug & Ainegren, 
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2015; Pal & Mitra, 2021). The specific symptoms experienced can vary depending on several 

factors, including the proximity to the discharge, the type of firearm, and the use of protective gear 

(e.g., suppressors) (M. R. Miller et al., 2022; Woodall et al., 2023). 

It is worth emphasizing that the relationship between the effects of LPR discharges, encompassing 

head kinematics and overpressure, and the emergence of concussive symptoms (brain response) 

can be investigated through the application of finite element (FE) models to calculate this brain 

response (Corrales et al., 2020; Lyu et al., 2022; Seeburrun et al., 2023; Singh & Cronin, 2019, 

2017). The response of the brain to head kinematics has been investigated using FE models of head 

impacts, establishing a correlation between head accelerations and rotational velocities with the 

manifestation of brain injury symptoms (Seeburrun et al., 2023). These FE models evaluate the 

brain response by employing metrics (Takhounts, Craig, Moorhouse, Mcfadden, et al., 2013) such 

as Maximum Principal Strain (MPS) or cumulative strain damage measure (CSDM). 

The brain response to overpressure has been assessed by quantifying Intracranial Pressure (ICP) 

using FE models (Gabler et al., 2016b; Singh et al., 2014). These FE models predominantly target 

the consequences of high-level overpressures (blast events), revealing a distinct correlation 

between ICP levels and brain injury. It is crucial to emphasize that ICP can manifest as either 

positive or negative, with both manifestations affecting the brain. While the positive (compressive) 

ICP is associated with structural damage to the brain due to deformation (Lyu et al., 2022), the 

negative ICP may be linked to brain injury resulting from cavitation (Panzer et al., 2012). 

The head kinematics and overpressure resulting from the discharge of LPR have not received the 

same level of investigation as head impacts and blast events, even though repeated exposures may 

lead to concussion symptoms. Consequently, this master's thesis was dedicated to measuring the 

head kinematics and overpressure generated by LPR discharges under various conditions and 

simulating the brain response to these measurements. 
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2. Background 

This section serves to establish the theoretical foundation to study the risk of concussive symptoms 

induced by the discharge of the LPR through the application of FE analysis. To comprehensively 

address the necessary physical and computational knowledge, the background encompasses the 

recoil forces and overpressure produced by the LPR, the manifestation of concussive symptoms 

following its discharge, the FE models employed for simulating brain response, and the metrics 

essential for evaluating this brain response. 

 

2.1. Recoil forces and overpressure resulting from LPR discharge. 

A LPR is used for accuracy at extended distances and characterized by a caliber exceeding 0.3 

inches. When these LPR are designed, both recoil and overpressure effects are important 

considerations due to their possible effects over the health of the operator (B®res & Kov§cs, 2022). 

Moreover, manufacturers adopt diverse design elements, including muzzle brakes, suppressors, 

heavy stocks, and gas management systems, to alleviate perceived recoil and mitigate 

overpressure, thereby ensuring optimal performance and operator comfort. Additionally, proper 

training and adherence to effective discharging techniques empower operators to manage recoil 

efficiently and uphold accuracy during precision discharge (James & Dyer, 2011). 

2.1.1. Recoil force resulting from an LPR discharge. 

Recoil in LPR is characterized by the backward movement induced by the expulsion of high-

pressure gases when the projectile is propelled out of the barrel (Figure 1). As the projectile travels 

in one direction, an equal and opposite force is exerted in the opposite direction, resulting in the 

backward recoil. This phenomenon is explained with Newtonôs third law of motion, articulating 

that every action prompts an equal and opposite reaction (Hazell, 2021). The magnitude of recoil 

forces can vary considerably, contingent upon factors such as the firearm type, caliber, and 

ammunition utilized (Burns, 2012). Notably, LPRs tend to exhibit more pronounced recoil forces 

due to the substantial energy released when discharging larger and heavier projectiles (Sherif Said 

et al., 2018).  
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Figure 1: Projectile propulsion through the barrel and the recoil force applied over the LPR. Adapted from 

(Hazell, 2021) 

 

These recoil forces generated from the backward movement of the firearm are transmitted to the 

body of the operator through physical contact with the stock or grip (Y. Wang et al., 2020). Injuries 

resulting from this recoil force can occur due to improper shooting techniques or ineffective recoil 

management (Maksimovic, 2021), in particular shoulder injuries. Furthermore, these forces can 

momentarily cause the head to move backward, inducing head acceleration (Ouellet & St-Onge, 

2021b). This backward movement is usually modest relative to acute injury thresholds, but 

previous studies have related head accelerations with mild concussions (Tierney, 2021). 

While the majority of individuals can manage the recoil without significant issues, the repetitive 

head movement introduces a potential risk for concussions (R et al., 2014; Tierney, 2021). The 

extent of recoil experienced by the shooter is contingent upon various factors, including the caliber 

of the rifle, the weight of the firearm, and the design of the rifle itself (Morelli et al., 2014). 

Consequently, several devices and accessories are specifically designed to mitigate recoil in LPRs 

by absorbing or redirecting the energy generated during the recoil process (Chaturvedi & Dwivedi, 

2018; Liu et al., 2020). 

One example of a recoil-reducing device is the muzzle brake, which is affixed to the end of the 

barrel. This device is equipped with a series of ports or vents designed to redirect some of the 

escaping gases either upward or to the sides, effectively countering the backward force of recoil 

(Peġiĺ et al., 2022) (Figure 2). It is important to note, however, that while muzzle brakes are 

effective in reducing recoil, they can concurrently amplify noise and overpressure in the 

surrounding area of the operator. 
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Figure 2: Comparison of forces produced by a barrel (a) without muzzle brake and (b) with muzzle brake. 

Adapted from (Peġiĺ et al., 2022). 

 

2.1.2. Overpressure resulting from an LPR discharge. 

When the propulsion gas impulse the projectile from the muzzle, the rapid increase in air pressure 

is followed by a swift decrease, which generates a shock wave that propagates in all directions 

(Figure 3) reaching the head of the operator (Skotak et al., 2019). Due to the overpressure exposure 

may pose a risk of concussion (Nakashima et al., 2022), managing overpressure within safe limits 

is crucial to ensuring the safety of the LPR and its proper functioning (HEADQUARTERS, 1994). 

Nevertheless, the specific effects of overpressure have received relatively limited attention, with 

the majority of studies focusing on blast events, such as those involving breachers (Needham, 

2018). 
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Figure 3: Simulation of overpressure produced by long rifle caliber 0.3 with a muzzle brake. Taken from 

(P. fei Li & Zhang, 2021) under É Attribution-NonCommercial-NoDerivs 4.0 International 

 

To mitigate the overpressure, a suppressor can be employed to contain and decelerate the escaping 

gases through baffles (Figure 4), leading to a more gradual release of pressure instead of an abrupt 

blast (Figure 5) (Keith Hudson et al., 1996). The use of suppressors contributes to a more 

controlled and measured release of pressure, promoting safer operative behavior. 

 

 

Figure 4: Cross section of suppressor sample showing the baffles used to contain and decelerate the 

escaping gases. Adapted from (Keith Hudson et al., 1996). 
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Figure 5: Overpressure measured at the muzzle of a 0.22 caliber rifle, with and without a suppressor. 

Taken from (Keith Hudson et al., 1996) 

 

However, the redirection of gases within a suppressor has the potential to modify the equilibrium 

of forces exerted on the firearm, potentially leading to an amplified recoil (Sweeney, 2017). This 

impact tends to fluctuate based on various elements, including the design of the suppressor, rifle 

caliber, and the subjective perception of the operator (Kilikeviļius et al., 2023). Despite the slight 

increase in recoil, the overall advantages of employing a suppressor, particularly in mitigating 

overpressure, typically outweigh this effect (Hazell, 2021).  
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2.2. Brain anatomy 

To explain the brain anatomy, it is necessary to mention that the anatomy and position of the human 

body structures are described using a reference frame called the anatomy plane (Figure 6) (Cheng 

et al., 2012). There are three primary anatomical planes: 

¶ Sagittal Plane: This plane divides the body or an organ vertically into left and right portions. 

When the sagittal plane passes directly through the midline of the body, it is referred to as 

the "midsagittal" or "median" plane.  

¶ Coronal Plane (Frontal Plane): This plane divides the body or an organ into front (anterior) 

and back (posterior) portions.  

¶ Transverse Plane (Horizontal Plane): This plane divides the body or an organ into upper 

(superior) and lower (inferior) portions. It runs horizontally, perpendicular to both the 

sagittal and frontal planes. 

 

Figure 6: MRI head scan showing the sagittal (a), coronal (b), and transverse (c) planes. Taken from (de 

Vos et al., 2023) 
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2.2.1. Sections of the brain 

The brain is formed by grey matter and white matter (Fargen, 2021) , which compound different 

tissues. While grey matter contains cell bodies and dendrites of neurons and is involved in 

processing information, white matter contains nerve fibers (neurons) that connect and 

communicate different parts of the brain. There are nine main sections  within the brain, with their 

own distinct functions (Fargen, 2021): 

1. Cerebrum: This is the largest part of the brain and is divided into two hemispheres (left and 

right). It is responsible for higher brain functions such as thinking, perceiving, producing, 

and understanding language, and controlling voluntary movements. 

2. Cerebellum: Situated at the back of the brain beneath the cerebrum, the cerebellum is 

crucial for coordination, precision, and accurate timing of movements. It helps in 

maintaining balance and posture. 

3. Brainstem: This connects the brain to the spinal cord and is essential for basic life functions 

such as breathing, heart rate, blood pressure, and swallowing.  

4. Thalamus: Located in the center of the brain, the thalamus acts as a relay station for sensory 

information, directing it to the appropriate areas of the cerebral cortex for processing. 

5. Hypothalamus: This region regulates many autonomic functions, including body 

temperature, hunger, thirst, sleep, and emotional responses. It also controls the release of 

hormones from the pituitary gland. 

6. Pituitary Gland: This gland secretes hormones that control various bodily functions, 

including growth, reproduction, and metabolism. 

7. Amygdala: Situated within the temporal lobes, this part of the brain is involved in the 

processing of emotions, particularly fear and pleasure responses. 

8. Hippocampus: Vital for the formation of new memories and spatial navigation, the 

hippocampus is located in the temporal lobes. 

9. Cerebral Cortex: This outer layer of the cerebrum is responsible for most higher brain 

functions, such as thinking, perceiving, planning, and language. It is divided into four lobes 

(Figure 7): frontal, parietal, temporal, and occipital, each associated with different 
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functions (e.g., frontal lobe with decision-making and motor function, temporal lobe with 

auditory processing). 

 

 

Figure 7: Sections of the brain. Adapted from  (Lynch & Jaffe, 2006) É Attribution-NonCommercial-

NoDerivs 2.5 International 

 

2.2.2. Brain cells 

The neurons are the fundamental units of the nervous system, including the brain, responsible for 

transmitting information as electrical and chemical signals (Popoviĺ & SinkjÞr, 2013). Neurons 

consist of a cell body (soma), dendrites that receive signals from other neurons, an axon that 

transmits signals to other cells, and terminal branches that form synapses with other neurons 

(Demir et al., 2021).  

 

Figure 8: Neuron scheme showing the cell division. Taken from (Demir et al., 2021) 
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The neurons can be physically damaged under various circumstances, and this damage has 

significant implications for brain function (Maddy et al., 2023). This damage can be classified as: 

¶ Axonal Injury (Bruggeman et al., 2021): This type of damage affects the axons, the long 

projections of neurons responsible for transmitting signals. Axonal injury can occur due to 

physical trauma, stretching, or shearing forces, leading to the disruption of axons.  

¶ Dendritic Damage (Gao et al., 2011): Dendrites, the branch-like structures that receive 

signals from other neurons, can be damaged by physical trauma, toxins, or 

neurodegenerative conditions.  

¶ Synaptic Dysfunction (Menorca et al., 2013): Neurons communicate with each other at 

synapses, where neurotransmitters transmit signals. Dysfunction at the synapse due to 

injury, toxins, or diseases can impair the release or reception of neurotransmitters, affecting 

signal transmission between neurons. 

 

 

2.3. Relation of concussion symptoms with recoil forces and overpressures. 

A concussion, categorized as a mild traumatic brain injury (mTBI), may occur as the result of head 

acceleration or exposure to overpressure, like accidents involving high-impact collisions or blast 

in military environments. The discharge of an LPR represents a scenario combining both 

overpressure and head accelerations (recoil forces), but typically at more modest levels than those 

associated with acute exposure leading to concussion symptoms. 

 

2.3.1. Concussion symptoms 

A concussion manifests when sudden and forceful loads are inflicted upon the head, resulting in 

brain tissue damage through deformation (Halabi, 2021). This damage in the brain tissues causes 

not only temporary alterations in the brain but also permanent damage to brain function (Mostofi 

et al., 2022). Commonly, this damage in brain function is assessed through the symptoms of a 

concussion, which can vary widely and may not always be immediately apparent.  
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Some common signs and symptoms include (Mathews et al., 2020): 

¶ Headache or pressure in the head. 

¶ Dizziness or balance problems. 

¶ Nausea or vomiting. 

¶ Sensitivity to light and noise. 

¶ Confusion or feeling "foggy." 

¶ Memory problems or difficulty concentrating. 

¶ Fatigue or drowsiness. 

¶ Changes in sleep patterns (e.g., sleeping more or less than usual). 

¶ Irritability or changes in mood. 

¶ Visual disturbances, such as blurred or double vision. 

 

While most people recover from a concussion with rest and time, repeated concussions or severe 

concussions can lead to more significant and prolonged effects on neuronal function, potentially 

causing long-term cognitive issues or other neurological complications (Mostofi et al., 2022). 

However, concussion prediction can be challenging due to several factors (Russo et al., 2023): 

1. Heterogeneity of Concussions: Concussions can vary significantly in severity and 

symptoms, making it difficult to predict the outcome accurately. Different individuals may 

experience other symptoms, and the recovery time can vary widely from person to person. 

2. Delayed Onset of Symptoms: In some cases, concussion symptoms may not immediately 

appear after the injury. Symptoms can manifest hours or even days after the initial event, 

making it challenging to predict the severity of the injury at the time of occurrence. 

3. Lack of Objective Biomarkers: No widely accepted objective biomarkers or imaging 

techniques can definitively diagnose and predict the outcome of concussions. Diagnosis is 

often based on subjective symptoms the individual reports, making it harder to assess the 

injury. 
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4. Individual Factors: Various factors, such as age, gender, medical history, and genetics, can 

influence how an individual responds to a concussion. These complexities add to the 

difficulty of predicting the outcome for a specific person. 

5. Cumulative Effects: Multiple concussions over time, significantly, if not fully healed from 

previous injuries, can lead to more severe and prolonged symptoms. The cumulative effects 

of concussions further complicate prediction efforts. 

6. Lack of Long-Term Data: Concussions are relatively common, but there is still limited 

long-term data on the potential consequences of these injuries. Understanding long-term 

effects and the factors contributing to them is an ongoing area of research. 

Due to these complexities, healthcare professionals use a comprehensive approach based on 

symptomatology to assess and address concussions (McGowan et al., 2021). Furthermore, ongoing 

research remains crucial for improving comprehension of concussions and establishing dependable 

biomarkers to advance prediction and prevention strategies. 

 

2.3.2. Mechanisms of concussion 

The common physical exposures associated with mTBI can be categorized into head impacts, head 

acceleration, or overpressure exposures (Figure 9) (Denny-Brown & Russell, 1941). The three 

mechanisms can be identified in military personnel, requiring research to improve the conditions. 

 

 

Figure 9: Concussion could be produced by head impact (a), head accelerations (b), and overpressure 

exposure (c)  
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Head impacts and accelerations initiate abrupt brain movements, causing strains develop due to 

the combination of inertia and forces (Stemper et al., 2015). Among military personnel, head 

impacts and accelerations represent common causes of concussions (Kong et al., 2022). 

Conversely, individuals exposed to overpressure endure adverse effects on brain cells, potentially 

culminating in concussion (N. W. Nelson et al., 2015). This overpressure, characterized by the 

transmission of both positive and negative intracranial pressures, significantly impacts the proper 

function of brain tissues (Bustamante et al., 2018; Panzer et al., 2012; Zhang et al., 2004). Military 

personnel encounter diverse ranges of overpressure, facing exposure from explosives generating 

high-energy overpressure, to rifle discharges producing low-energy overpressure (M. R. Miller et 

al., 2022; T. J. Nelson et al., 2006; Woodall et al., 2023).  

 

2.4. Finite element models to assess brain response 

In the investigation of brain responses to traumatic events such as head impacts and overpressure, 

FE models emerge as a relevant tool. The utility of these FE models extends across 

multidisciplinary domains (F. Wang et al., 2022), providing a significant advantage for researchers, 

engineers, and medical practitioners.  

The advantages of FE models include (Maas et al., 2012): 

¶ Virtual Experiments: FE models allow researchers to conduct virtual experiments that 

would be ethically and practically challenging to perform in real life. They provide a 

controlled environment to investigate various impact and overpressure scenarios. 

¶ Design Optimization: FEMs assist in optimizing the design of protective equipment, such 

as helmets and headgear, by evaluating their effectiveness in mitigating brain injuries. 

Designers can iterate and refine their products based on FEM predictions to enhance safety. 

¶ Injury Thresholds: By simulating different loading conditions, FEMs help identify injury 

thresholds for various brain regions and types of injuries. These thresholds help establish 

safety standards and guidelines for preventing brain injuries in real-world situations. 
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Integrating the FE models within the context of brain response studies and their methodologies 

could strengthen the discussion of tools and approaches used in understanding traumatic events on 

the brain (Singh & Cronin, 2019). 

However, FE models have limitations, such as simplifications in representing complex brain 

dynamics, uncertainties in material properties, and the need for experimental validation 

(Henninger et al., 2010). Real-world data is crucial to validate and refine FE models, ensuring their 

accuracy and enhancing our understanding of brain injuries for improved prevention and 

intervention strategies. 

 

2.4.1. Geometry and meshing of FE models 

FE models rely on the process of discretization, where a complex geometric domain is subdivided 

into interconnected elements, commonly triangles or quadrilaterals in 2D simulations and 

tetrahedra or hexahedra in 3D simulations (Bern & Plassmann, 2000). In the realm of 

biomechanical applications, this discretization process necessitates acquiring anatomical geometry 

and establishing a mesh that obtains a balance between mesh size and computational efficiency. 

Acquiring head anatomy necessitates the utilization of medical imaging data, such as MRI or CT 

scans, to generate a digital 3D representation of internal and external structures. This process 

involves image segmentation, 3D reconstruction, mesh generation, and assignment of material 

properties (K. M. Tse et al., 2014).  

Additionally, achieving an appropriate mesh size (Figure 10) is necessary for accurately capturing 

head behavior, as it directly influences both convergence and result accuracy (Singh et al., 2014). 

Smaller elements are advantageous in representing intricate geometries, yet they necessitate a 

higher element count, demanding greater computational resources (Ern & Guermond, 2021). 

Hence, achieving the ideal mesh refinement becomes crucial in developing an efficient FE model, 

wherein 'correct refinement' denotes striking a balance between precision in mesh representation 

and manageable computational demands (Zohdi, 2015). 
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Figure 10: Example of meshing with inappropriate (a) and appropriate (b) quality of elements. Taken 

from (Bern & Plassmann, 2000) 

 

2.4.2. Constitutive material models used in FE head models 

In this study, constitutive models play a critical role in determining the mechanical reaction of the 

model to various loads, and this reaction is characterized by stress, strain, shear, and a combination 

of these factors (Franois et al., 2012). Previous head models include a combination of the 

following material models: 

¶ Elastic materials: The head parts can be defined using elastic materials that adhere to 

Hookôs law, exhibiting a linear relationship between stress and strain within their elastic 

limit (Chafi et al., 2012; Roberts et al., 2012). Elastic materials are defined by Youngôs 

modulus, and Poissonôs ratio, describing reversible deformation behavior under 

mechanical loads. It is important to notice that elastic materials are suitable for simulating 

structures and components in engineering with small deformations. 

 

¶ Hyperelastic materials: Hyperelastic materials are used in biomechanics for modeling the 

nonlinear and mechanical behavior of soft tissues, including muscles and blood vessels 

(Khaniki et al., 2023). Using a strain energy density function, this material model describes 

the non-linear relationship between stress and strain in biological tissues (Figure 11). 
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Figure 11: Example of stress vs strain of ligaments fitted by hyperelastic material model (Ogden). Taken 

from (Mollaee et al., 2023) under É Attribution-NonCommercial-NoDerivs 4.0 International 

 

¶ Viscoelastic materials: The brain tissues are modeled as viscoelastic materials, which 

exhibit both viscous and elastic behaviors in response to applied forces (Labus & Puttlitz, 

2016). When subjected to stress, these materials undergo both immediate elastic 

deformation and time-dependent viscous flow, with their responses varying based on the 

rate and duration of the applied load (Figure 12). 

 

 

Figure 12: White (a) and grey (b) tissue represented with a viscoelastic model. Taken from (W. Li et al., 

2021) under É Attribution-NonCommercial-NoDerivs 4.0 International 
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It is important to note that the Cerebrospinal Fluid (CSF) was a particular case of tissue in the FE 

model. This tissue layer between the brain and skull plays a role in distributing forces and 

dampening impacts (Panzer et al., 2012), which was represented using fluid material properties 

represented by a bulk modulus and viscosity. 

 

2.4.3. Finite element head models to assess impact and acceleration loading  

The application of FE models to simulate head injuries emerged in the 1970s, aiming to solve 

challenges beyond the capabilities of experimental methods (K. Tse et al., 2015). Although the 

initial 2D models exhibited unrealistic deformations, they provided significant insights into head 

behavior within defined parameters. Subsequent advancements progressively enhanced these 

models by refining geometries, materials, and contact properties, trying to achieve outcomes that 

closely correlate with empirical data. 

The initial foray into head modeling via FE analysis introduced a planar skull model  (Hardy & 

Marcal, 1973) with elastic material properties, aiming to predict deformations resulting from 

frontal and lateral impacts. Successive enhancements integrated the brain into the model (Shugar, 

1975), represented by elastic fluid materials. Despite producing unrealistic outcomes, this step laid 

the groundwork for subsequent advancements in modeling approaches. 

At first, three-dimensional models resembled spherical shells to simulate head behavior  (Kenner 

& Goldsmith, 1972; Khalil & Hubbard, 1977). Conversely, they progressively evolved into more 

complex geometries to better mirror the head's morphology (Yang et al., 2009). The 1990s 

witnessed a significant leap forward with the advent of robust computational systems, empowering 

researchers to craft increasingly intricate three-dimensional modelsðan ongoing trajectory 

explored in recent studies (Bruneau & Cronin, 2020; Deck & Willinger, 2008; Willinger & 

Baumgartner, 2003). 

Contemporary three-dimensional head models (Figure 13) lean on human anatomical data acquired 

from scans and MRIs (Madhukar & Ostoja-Starzewski, 2019).  However, these cutting-edge 

models face notable challenges, particularly in defining contacts and representing materials, as 

they strive for enhanced precision in emulating realistic behaviors. 
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Figure 13: Modern three-dimensional head models, including ABM (a), SIMon (b), GHBMC (c), 

THUMS (d), KTH (e), and DHIM (a) 

 

While three-dimensional models excel in replicating impact and head acceleration loads, it is 

important to note that their capabilities are limited in simulating overpressure loads. This limitation 

lays in the computational requirement, which reduce the maximum possible number of elements 

in the models. This reduction affects the accuracy in the overpressure estimation and the calculus 

of material behavior (Virzi Mariotti et al., 2019). 
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2.4.4. Finite element head models to assess overpressure 

The overpressure head model involves a fluid-solid interaction, wherein the overpressure signifies 

a transferred of pressure load from the air (fluid) onto the head (solid). The primary method 

employed to address this complexity is the Arbitrary Lagrangian-Eulerian (ALE) method (Lotfy 

& Ezzeldin, 2023; Peng et al., 2023), specifically designed as a meshing technique to simulate 

contact between a highly deformable mesh (fluid) and a less deformable mesh (solid). Subsequent 

research has bifurcated into two paths: three-dimensional models and planar models, each offering 

distinct advantages and disadvantages. 

The ALE method functions as a computational technique engineered to replicate the behavior of 

fluids and solids undergoing significant deformations or motions (Donea et al., 2004). It 

amalgamates the Lagrangian approach, which traces material motion (fluid), with the Eulerian 

approach utilizing a stationary grid (for fluid contour and fluid-solid contacts) (Figure 14). ALE 

necessitates continual mesh updates while concurrently solving equations, enabling accurate 

domain tracking within the grid. This versatile method finds application in both three-dimensional 

and planar models. 

 

Figure 14: Variation in the mesh motion using (a) the Lagrangian description, (b) the Eulerian description, 

and (c) the ALE description. Taken from (Donea et al., 2004) 
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Initially, three-dimensional models employed simplified head geometries, often using shapes like 

spheres (Panzer et al., 2012, 2013). As time progressed, these models evolved toward more 

intricate geometries (Du et al., 2022; Huang et al., 2022; Sutar & Ganpule, 2022), successfully 

predicting head behavior. However, these advancements came with a significant computational 

demand, imposing restrictions on both the level of geometric detail (number of elements) and 

simulation duration. 

In contrast, planar models strive to streamline the overpressure-head issue, efficiently utilizing 

computational resources (Panzer et al., 2012; Singh et al., 2014; Singh & Cronin, 2019, 2017). 

Typically, these models employ a dual approach by utilizing two planar models (sagittal and 

transverse) to replicate the overpressure effect, offering a viable alternative to three-dimensional 

models. This approach facilitates longer simulation durations with increased element count, 

thereby enhancing the capabilities of the model. 

 

2.5. Metrics to assess brain injury 

Estimating the brain response to specific boundary conditions stands as a crucial predictive 

measure for potential brain injuries. This assessment involves the utilization of diverse metrics and 

corresponding thresholds proposed by different authors to measure and predict brain injuries. 

Within this context, this study establishes a categorization of these injury metrics into two distinct 

groups: global metrics and tissue-level metrics. 

 

2.5.1. Global metrics for brain injury based on head kinematics 

Global brain injury metrics include Head Injury Criterion (HIC) and Brain Injury Criteria (BrIC), 

among others. 

¶ The HIC (Schmitt et al., 2019a) (Equation 1) is a quantitative measure used to assess the 

potential for head injury resulting from an impact or collision. It is a widely used parameter 

in biomechanics and automotive safety to evaluate the likelihood of head trauma during 
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accidents. The HIC is designed to indicate the severity of a head impact based on the 

acceleration-time history of the center of gravity of the head. 

The HIC is calculated using the following formula: 
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Here, ὥὸ presents the head's acceleration as a function of time during the impact, ὸ and  

ὸ are the beginning and ending times of the time interval over which the integral is 

computed. The HIC is often reported as a single scalar value and is used as a criterion to 

compare different impact scenarios and evaluate the potential risk of head injury. 

¶ The BrIC (Takhounts, Craig, Moorhouse, Mcfadden, et al., 2013) (Equation 2) is a brain 

injury assessment metric that focuses on rotational velocities as a critical factor in 

predicting the likelihood of brain injury. Unlike linear acceleration, angular momentum 

measures the rate of change of angular displacement around a rotational axis. In the case 

of head impacts, rotational velocities can lead to shearing and stretching of brain tissue, 

which are associated with different brain injuries. It considers the rate between angular 

velocities and the critical angular velocity to provide a threshold value beyond which the 

risk of brain injury increases significantly. 
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Where: ὡ, ὡ, and ὡ are the rotational velocities in axes X, Y, and Z, respectively. ὡ , 

ὡ , and ὡ  are the critical rotational velocities in axes X, Y, and Z, respectively. 

By correlating the results of finite element simulations with injury metrics, researchers can gain 

valuable insights into the potential risks of overpressure and recoil-induced head injuries. This 
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information can be used to improve safety measures to minimize the risk of head injuries in 

different scenarios.  

 

2.5.2. Tissue level metrics for brain injury 

Brain tissue level metrics for injury involve quantitative measures analyzing how elements respond 

to boundary conditions. These metrics offer valuable insights into tissue deformation, intracranial 

pressure, and potential damage, thereby facilitating a deeper comprehension of injury mechanisms. 

The maximum principal strain (MPS) (Mcallister et al., 2012) serves as an engineering metric to 

quantify the deformation experienced by elements, such as brain meshing when subjected to 

external forces. By evaluating MPS across different brain regions, researchers can infer potential 

damage to neural structures, thereby informing the development of strategies for injury prevention 

and mitigation (Wu et al., 2021). Notably, in the context of this study, the external forces pertain 

to the kinematic and overpressure load generated by the LPR discharge. 

An additional option to evaluate the tissue deformation in the FE model is the Cumulative Strain 

Damage Measure (CSDM). The CSDM (Knowles & Dennison, 2017) (Equation 3) is a metric 

used to assess the risk of diffuse axonal injury in the brain due to traumatic events, such as impacts 

or accelerations. Diffuse axonal injury involves the stretching (strain) and tearing of nerve fibers 

(neurons) throughout the brain, which can lead to serious neurological consequences. CSDM is 

calculated by integrating the magnitude of strains experienced by brain tissue over a specified 

period. 
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Where Ů represents the principal strain magnitude, and T is the time interval the strain occurs. 
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On the other hand, Intracranial Pressure (ICP) has been suggested in prior studies as a tissue-level 

metric for evaluating mTBI (Du et al., 2022; Ward et al., 1980). This metric offers dual values: 

positive ICP associated with tissue compression (Zhang et al., 2004) and negative ICP associated 

with cavitation within the brain fluid (Bustamante et al., 2018; Panzer et al., 2012; Zhang et al., 

2004). 

Both MPS and ICP can be evaluated through two approaches: tracking their response over time 

using the 95th percentile of element histories and analyzing their cumulative volume fraction 

response. The 95th percentile method helps observe the variation of MPS and ICP over time while 

minimizing the influence of individual elements with artificially high values (Cecchi et al., 2023). 

On the contrary, the cumulative volume fraction analysis showcases the distribution of MPS and 

ICP within the brain geometry, pinpointing specific brain areas responsive to external loads (such 

as overpressure and kinematics) (Seeburrun et al., 2023). 

 

2.5.3. Brain injury thresholds 

Brain injury thresholds represent specific values of injury metrics associated with mBTI 

determined by previous researchers under specific conditions. These thresholds may be derived 

from either global or tissue-level metrics, depending on the precise load conditions being 

evaluated. 

It is crucial to highlight that global metrics are derived through empirical formulations specific to 

certain types of kinematic loads (Gabler et al., 2019). As a result, these metrics are constrained to 

the particular load conditions under which they were formulated. 

Yet, the significance of these injury thresholds based on global metrics lies in their ability to 

standardize brain injury risk assessment under specific conditions, such as car collisions (Carroll 

et al., 2010). Additionally, within the automotive sector, the development of the Abbreviated Injury 

Scale (AIS) has enabled the definition of distinct injury levels resulting from automobile accidents  

(Schmitt et al., 2019b) (Table 1). 
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Table 1: Abbreviated Injury Scale (AIS) 

AIS code Injury 

1 Minor 

2 Moderate 

3 Serious 

4 Severe 

5 Critical 

 

The following table (Table 2) summarizes the brain injury thresholds with corresponding metrics 

and load conditions. 

 

Table 2: Brain injury thresholds with corresponding metrics and load conditions 

Injury 

Metric 
Injury Risk 

Injury 

Threshold 

Load 

Condition 
Author 

CSDM 

25% probability AIS 4+ 

50% probability AIS 4+ 

80% probability AIS 4+ 

0.39 

0.54 

0.73 

Side and 

frontal impact 

(Takhounts, 

Craig, 

Moorhouse, 

Mcfadden, et al., 

2013) 

BrIC 

25% probability AIS 4+ 

50% probability AIS 4+ 

80% probability AIS 4+ 

0.72 

1.00 

1.35 

Frontal impact 

(Takhounts, 

Craig, 

Moorhouse, 

Mcfadden, et al., 

2013) 

HIC-15 

25% probability AIS 4+ 

50% probability AIS 4+ 

80% probability AIS 4+ 

800 

1000 

1300 

Side and 

frontal impact 

(Virzi Mariotti et 

al., 2019) 
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Regarding tissue-level metrics, researchers have dedicated efforts toward establishing thresholds 

for these metrics since the inception of the initial head models (K. Tse et al., 2015). The MPS 

commonly serves as a validation tool for material behavior within head models  (Galbraith et al., 

1993), while the ICP validates the overall behavior of the brain within these models (Ward et al., 

1980).  

The following table presents a summary of the injury thresholds for tissue-level metrics (K. Tse et 

al., 2015). 

 

Table 3: Injury thresholds for tissue-level metrics 

Injury 

Metric 
Injury Risk 

Injury 

Threshold 
Load Condition Author 

MPS 

Structural Failure 

Functional Deficit 

Reversible Injury 

0.25 

0.20 

0.10 

A uniaxial load 

was applied to 

axons 

(Galbraith et 

al., 1993) 

25% probability of mBTI 

50% probability of mBTI 

80% probability of mBTI 

0.13 

0.18 

0.28 

Vacuum 

pressure was 

applied to brain 

tissues 

(Shreiber et al., 

1997) 

25% probability of mBTI 

50% probability of mBTI 

80% probability of mBTI 

0.14 

0.19 

0.24 

Head-to-head 

impact 

(Zhang et al., 

2004) 

Positive 

ICP 

Injury 

Minor Injury 

>235 kPa 

173 ï 235 kPa 
Frontal Impact 

(Ward et al., 

1980) 

Injury 

Minor Injury 

66 ï 114 kPa 

44 ï 66 kPa 

Head-to-head 

impact 

(Zhang et al., 

2004) 

Negative 

ICP 

Injury 

Minor Injury 

-101 - -51 kPa 

-59 - -23 kPa 

Head-to-head 

impact 

(Zhang et al., 

2004) 
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A recent study (Lyu et al., 2022) has proposed correlations between the MPS (Equation 4) and ICP 

(Equation 5) regarding concussion risk, derived through statistical analysis (Weibull curve). While 

these relationships were established for a defined scenario involving frontal impact and blast, the 

concussion risks they define could serve as a valuable reference point to comprehend the impact 

of combined head accelerations and overpressure loads. 

ὖȢὅέὲὧόίίὭέὲ 
ρ

ρ Ὡ Ȣ ᶻ Ȣ  (4) 

ὖȢὅέὲὧόίίὭέὲ 
ρ

ρ Ὡ Ȣ ᶻ Ȣ  (5) 
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3. Experimental Methods to Measure Head Loading Conditions 

This section presents in the experiments and processing methodology used to measure the 

overpressure and kinematic effects produced around the head of the operators by an LPR caliber 

0.5. These overpressure and kinematics effects were studied using two experiments developed by 

Defense Research and Development Canada (DRDC) Valcartier Research Centre. The data 

obtained from these experiments were processed in this study to examine the variations in 

kinematics and overpressure effects on the operators depending on the LPR configuration and the 

operators.  

The kinematics and overpressure data were classified depending on the type of data collected 

(kinematic or overpressure), the operator, and the LPR configuration (Table 1), obtaining two 

kinematic datasets and two overpressure datasets. Specifically, these kinematics datasets were 

divided into a first set of cases with one operator discharging different configurations of LPRs and 

a second set of cases with different operators discharging one LPR configuration.  On the other 

hand, the overpressure datasets were divided between four discharges of the LPR with non-

suppressor configuration and four discharges of the LPR with suppressor configuration.  
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Table 4: Matrix of experimental data obtained from LPR discharge under different testing conditions. 

ID Measurement Operator ID Operators Configuration Discharge ID 
High-Speed 

Video 

KNO1D1 Kinematics O1 Human Non-suppressor D1 No 

KNO1D2 Kinematics O1 Human Non-suppressor D2 No 

KSO1D1 Kinematics O1 Human Suppressor D1 No 

KSO1D2 Kinematics O1 Human Suppressor D2 No 

KSO2D1 Kinematics O2 Human Suppressor D1 Yes 

KSO3D1 Kinematics O3 Human Suppressor D1 Yes 

KSO4D1 Kinematics O4 Human Suppressor D1 Yes 

KSO5D1 Kinematics O5 Human Suppressor D1 Yes 

ONH1D1 Overpressure H1 Hybrid III Non-suppressor D1 Yes 

ONH1D2 Overpressure H1 Hybrid III Non-suppressor D2 No 

ONH1D3 Overpressure H1 Hybrid III Non-suppressor D3 No 

ONH1D4 Overpressure H1 Hybrid III Non-suppressor D4 No 

OSH1D1 Overpressure H1 Hybrid III Suppressor D1 Yes 

OSH1D2 Overpressure H1 Hybrid III Suppressor D2 No 

OSH1D3 Overpressure H1 Hybrid III Suppressor D3 No 

OSH1D4 Overpressure H1 Hybrid III Suppressor D4 No 

 

 

3.1. Measurement of kinematic reaction to LPR recoil 

The LPR discharge produced recoil forces on the operator as a reaction to the projectile propulsion, 

producing a kinematic effect (linear acceleration and rotational velocities) on the head along three 

coordinate axes. This kinematic effect was measured using instrumented mouthguards (Prevent 

IMM, Prevent Biometrics, Minneapolis, USA) during discharging sessions, which were defined to 

study the operator dependency and the effect of the LPR configuration (suppressor and non-

suppressor). However, these instrumented mouthguards used a coordinate system defined by the 

mouthguard (mouthguard coordinate system), and the kinematic data needed to be defined in the 

center of gravity of the head. To approach the kinematic effect on the head, the measured linear 

acceleration and rotational velocities were transformed into the head coordinate system. 



30 

 

First, the linear acceleration and rotational velocity along the time of five operators were measured 

by DRDC using an instrumented mouthguard during LPR discharges. The kinematic data 

corresponded to two datasets and aimed to study the kinematic effect variation depending on the 

LPR configuration or the operator. The first dataset consisted of four operators discharging an LPR 

with a suppressor configuration, carrying out one discharge per operator to study the subject 

dependency. The second set showed the variation between LPR configurations, collecting data 

from the fifth operator performing two discharges per each LPR configuration (suppressor and 

non-suppressor). 

The second step was data processing, in which the collected kinematics data was transformed to 

reduce the signal noise and represent the center of gravity movement of the head of the operators 

(Seeburrun et al., 2023). Initially, the data were processed by applying 4th-order low-pass filters 

with 500 Hz and 50 Hz corner frequencies. Then, the curves were converted from the mouthguard 

coordinate system to the head center of gravity (Figure 15), applying vector transformation 

(Equation 6).  

 

Figure 15: Diagram for the head coordinates system and radius were used to convert the acceleration 

vector received from the mouthguard coordinate system into the center of gravity. 

 

ὒὃ ὒὃ Ὑὃzὶ Ὑὠz Ὑὠzὶ ( 6 )  
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The vector transformation used the rotational velocity (RV) and the rotational acceleration (RA) 

to transform the linear acceleration from the mouthguard coordinate system (LA) to an equivalent 

linear acceleration in the head coordinate system (LAcg). The rotational acceleration was calculated 

by differentiating the rotational velocity, and the head radius (r) was estimated using the 50th 

percentile male head value.  

 

3.2. Measurement of the overpressure produced by LPR discharge. 

Four overpressure sensors (XCL-100, Kulite Semiconductor Products, New Jersey, USA) were 

located on the forehead, the right side, the left side, and the rear side of a Brain Injury Protection 

Evaluation Device (BIPED) incorporated into a Hybrid III ATD ((ATD Hybrid III 50th Male, 

Humanetics, Michigan, USA) (Figure 16) (Ouellet & Philippens, 2018). This Hybrid III recreated 

the prone position of the operator with the LPR positioned over the right shoulder, remotely 

discharging the LPR four times with the non-suppressor configuration and another four times with 

the suppressor configuration.  

 

 

Figure 16: BIPED incorporated in a Hybrid III was used to measure the overpressure propagation from 

the muzzle of an LPR. Isometric view of the mannequin and trigger device on the platform (a), and a 

close view of the mannequinôs head showing the location of the sensors (b). 
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3.3. Sequence of kinematic and overpressure reactions 

The LPR discharge produced an overpressure effect on the operator, followed by the kinematics 

with a variable delay time between both effects (Figure 17).  Furthermore, this delay time variation 

was one of the objectives of this study because the interaction between overpressure and kinematic 

effects over the head has yet to be assessed. Due to the overpressure and kinematics datasets being 

aligned in time with the corresponding trigger of the sensors, the offset of these datasets did not 

coincide. Thus, the moment of projectile propulsion from the muzzle was used as a reference to 

measure the respective times before the overpressure and kinematic sensors were triggered, 

synchronizing both datasets in a single offset.  

 

Figure 17: The sequence of events consisted of the overpressure effect followed by the kinematic effect 

with a delay between them. 

 

Initially, the time for the kinematic sensor triggered after the projectile propulsion was estimated 

using free-source video tracking software (Tracker, Open-Source Physics Project)(Brown & Cox, 

2009), and 3000 frames-per-second high-speed videos (FASTCAM SA-Z, Photron, San Diego, 

USA) of four operators discharging an LPR with the suppressor configuration (Figure 18). The 

kinematic sensor triggering coincided with the time for the first head movement of the operators, 

which was estimated by plotting the displacement tape mark on the right side of the head. In 

addition to this time for the first head movement, the moment the bullet was propelled from the 

muzzle was measured in the high-speed video. The difference between both times defined these 

omitted times before the kinematic sensor was triggered, which was added to the kinematic curves 

to adjust them into the LPR time frame. 














































































































