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Abstract 

This study focuses on supporting the development of safety regulations for vulnerable 

populations during drone to head impacts. First, the small female head and neck model was 

compared to cadaveric data. Then, combined with lab’s previous work, gender-based 

disparities in head impact responses were highlighted, with small females experiencing 

higher injury risk metrics, despite lower skull von Mises stress. Beyond small females, 

children of various ages and their head responses during impacts were also analyzed. In 

addition to the previously developed quadcopter drone model, a new Mavic Pro drone model 

was developed, and this model was integrated with human head models during comparison 

against cadaveric data. The Mavic Pro, despite its lower weight, demonstrated higher injury 

risks compared to the previously studied Phantom 3. Overall, in this study head kinematics, 

head injury criteria (HIC), rotational velocities, and brain strains were analyzed, indicating 

potential risks for vulnerable populations. These findings underscore the need for tailored 

safety measures, regulatory guidelines, and comprehensive injury prevention strategies in the 

field of drone operations. 

Keywords 

Head injury metrics, head kinematics, small remotely piloted aircraft, finite element analysis, 

impact biomechanics, vulnerable population, von Mises stress, brain strain, rotational 

velocities  
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Summary for Lay Audience 

Drones have gained widespread popularity across various industries but concerns about the 

safety of drone-head collisions have prompted research into head injury risks and protection 

strategies. This study presents a comprehensive investigation into this critical area. 

The study investigated gender-based differences in head injury risks. A computational model 

was meticulously tested against experimental data, showcasing its reliability in simulating 

brain motion, and predicting injury responses. Notably, small females exhibited a higher 

vulnerability to head injuries compared to males. The research progressed on the focus 

shifted to vulnerable populations, particularly children, in drone-related impacts. Advanced 

models simulated various impact scenarios and highlighted injury risks based on age groups. 

Findings underscore the significance of considering both linear and rotational kinematics in 

assessing head injuries. Furthermore, the study delved into the complex dynamics of drone-

to-human impacts, emphasizing small remotely piloted aircraft systems (sRPAS). A highly 

detailed finite element model accurately replicated real-world impact dynamics and revealed 

that different drone models pose varying injury risks. The study underscores the importance 

of rigorous safety measures in drone design and operations. 
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Chapter 1  

1 Introduction 

1.1 Brief Research Rationale 

The small remotely piloted aircraft (sRPAS) has undergone significant growth and 

development in recent years [1]. In 2022, the global market for commercial drones was 

valued at USD 8.15 billion, and it is anticipated to reach USD 47.38 billion by 2030 [2]. 

With drones experiencing a substantial increase in popularity and continued growth, it 

becomes essential to prioritize addressing safety concerns, especially regarding head 

impacts and injuries caused by these devices. Between 2015 and 2020, an estimated 

4,250 drone-related injuries occurred in the US [3]. Among the individuals affected, 21% 

were below the age of 18, and a significant majority, constituting 84%, were male. 

Predominant injury diagnoses included lacerations (72%), followed by 

contusion/abrasion (10%), strain/sprain (5%), and internal injury (5%) [3]. Multiple 

reported incidents of drone-related injuries include a 13-year-old boy who sustained a 

skull fracture from a racing drone collision [1] and a 21-month-old girl who suffered a 

facial injury due to a toy drone [4]. These cases serve as clear examples of the potential 

risks associated with sRPAS operations in densely populated areas. Conducting a 

comprehensive analysis of collisions between sRPAS and humans is of utmost 

importance to identify relevant head injury metrics and establish effective safety 

regulations for sRPAS. This thesis focuses on investigating head injuries resulting from 

drone-to-head collisions in males, females, and vulnerable populations. It also involves 

calculating injury metrics and examining how different population groups experience 

head injuries due to drone-to-head impacts. 

1.2 Brain and Head anatomy 

1.2.1 Brain anatomy 

The brain is an intricately complex organ composed of various interconnected 

components that work harmoniously to process, integrate, and coordinate information 

from different parts of the body, ensuring its optimal functioning (Figure 1-1). It 
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represents approximately 2% of our body weight, weighing around 1.36kg (3lb) [5]. 

Serving as the central command center of the body within the central nervous system 

(CNS), the brain is composed of an intricate network of neurons and supportive tissue, 

safeguarded by the skull, and surrounded by cerebrospinal fluid. It can be categorized 

into two primary divisions: gray matter and white matter. Gray matter encompasses nerve 

cells, glial cells, capillaries, and neuropil, while white matter consists of myelinated 

axons that establish connections between various regions of gray matter. Each distinct 

region of the brain possesses its own unique characteristics and functions, contributing to 

essential processes such as movement, cognitive processing, and everyday activities. 

 

Figure 1-1 Anatomy of Brain (Adapted from Wikimedia commons) 

The brain can be further categorized into three primary sections: the cerebrum, 

cerebellum, and brainstem. The cerebrum is the largest part and includes components 

such as the cortex, hippocampus, thalamus, basal ganglia, and corpus callosum. It 

primarily supports higher cognitive functions [6]. The cerebellum, located at the base of 

the brain and connected to the brainstem, plays a crucial role in coordinating movement 

and balance. The brainstem consists of the midbrain, pons, and medulla, and it connects 

the cerebrum to the spinal cord while regulating essential functions like auditory 

processing, eye movement, and sleep [7]–[9]. Previous research indicates that concussion 
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is often linked to deformation in specific areas of the brain, such as the corpus callosum, 

thalamus, midbrain, and brainstem [10]–[12].  

Due to its delicate nature, the brain is vulnerable to injuries even from minor 

deformations. It responds differently to deformations compared to organs like the heart 

and muscles [13]. Understanding the brain's anatomy and properties is essential for 

studying impact injury mechanisms and establishing effective safety measures. 

1.2.2 Skull anatomy 

A skull is a bony structure that supports the face and surrounds the brain in a protective 

chamber. It is made up of 8 cranium bones and 14 face bones (Figure 1-2). The cranium 

houses the brain and the meninges as well as the cerebral vasculature. Anatomically, the 

cranium bone can be subdivided into calvarium and cranial base. Calvarium bones 

comprised of frontal, occipital and two parietal bones. The cranial base consists of the 

sphenoid, frontal, ethmoid, occipital, parietal, and temporal bones. These cranial bones 

collectively form a strong bony enclosure that surrounds and protects the brain. Three 

layers make up the skull. Trabecular bones make up the middle layer, whereas thick 

cortical bones make up the inner and outer layers. The rest of the skull is made up of 

facial bones that are connected to the skull. 13 of the 14 facial bones are fused or 

connected to the skull [5]. 
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Figure 1-2 Anatomy of Skull (Adapted from Wikimedia commons) [13] 

1.3 sRPAS to human head impact studies 

Aviation regulatory authorities are currently addressing the challenge of balancing the 

advantages of Small Remotely Piloted Aircraft System (sRPAS) with the safety risks they 

pose to individuals and property. Various solutions have been proposed and put into 

action to ensure the safety of people on the ground. Before implementing regulations, 

authorities need to thoroughly examine studies on the impact of sRPAS on humans and 

understand the potential harm. It is important to determine the threshold values for impact 

energy, velocity, and sRPAS weight that can lead to serious accidents involving people 

on the ground. The FAA recently supported a consortium to investigate collisions 

between sRPAS and humans. The findings were reported in the ASSURE report, 

providing valuable data from cadaveric experiments [14]. The impacts caused by sRPAS 

are complex due to variations in impact energy, construction stiffness, velocity ranges, 

and sRPAS masses [14]. The University of Alabama in Huntsville (UAH) flight test 

reports recorded different failure modes, with vertical and downward angled impacts 

being the most probable scenarios. The Civil Aviation Safety Authority (CASA) in 

Australia has published an in-depth analysis of human injuries caused by impacts from 
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small, unmanned aircraft, which is one of the few reports providing data to support 

proposed rules and regulations. The analysis examined the principles of object collision 

and determined the outcomes in relation to kinetic energy and blunt criteria (BC) levels. 

The report reinforces Australia's regulation that unmanned aircraft systems (UAS) must 

maintain a minimum distance of 30 meters from individuals [16]. 

Various surrogates, such as anthropomorphic test devices (ATDs) and post mortem 

human surrogates (PMHSs), were utilized to simulate human responses in sRPAS 

collisions [15]. Each surrogate has its own strengths and limitations, but the main 

objective is to replicate human reactions in these collisions. This enables the evaluation 

of human tolerance and facilitates improvements in sRPAS design and safety measures. 

Anthropomorphic test devices (ATDs), commonly known as dummies, were used by the 

National Institute for Aviation Research (NIAR) to assess the damage caused by sRPAS 

impacts [15]. They employed FAA Hybrid III 50th percentile male representative ATDs 

equipped with sensors to measure impact kinematics. While ATDs provide valuable 

insights and are easily repeatable [17], they have limitations in measuring skull and brain 

responses accurately. Another drawback is that ATD tests are time-consuming and costly. 

However, ATDs are commonly used in safety regulation tests to understand head 

responses during impacts. 

 

Figure 1-3 FAA Hybrid III 50th percentile male dummy (ATD) (Adapted from 

Wikimedia commons)[18]  
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Post mortem human surrogate (PMHS) subjects have also been utilized to estimate injury 

risks from sRPAS impacts [15]. PMHS tests offer the advantage of studying human body 

responses and can represent injury characteristics such as skull fractures. However, 

conducting PMHS tests with entire cadavers is expensive, and the lack of neck muscle 

tension in cadaver subjects may affect head kinematics under impacts [19], [20]. 

 

Figure 1-4 PMHS (Cadaver) experiments conducted by OSU [15] 

1.4 Review of FE Human Model 

Currently, biofidelic human models are being developed using computed tomography 

(CT) and magnetic resonance imaging (MRI) scans of volunteers. This study utilized the 

5 finite element (FE) human models, including the THUMS version 4.02 50th percentile 

male, THUMS version 4.02 5th percentile small female, and THUMS version 4 3YO, 

6YO, and 10YO models. Validation of these FE head models was performed using 

cadaver experiment data. The earliest 3D FE head model was developed by Ruan et al. 

from Wayne State University (WSU) in 1992 [21] and underwent subsequent refinements 

by Zhou et al., adding details such as grey matter and white matter. In 1997, Kang et al. 

developed the Universitè Loise Pasteur (ULP) human head model, which consisted of 

various components such as the skull, falx, tentorium, subarachnoid space, scalp, 

cerebrum, cerebellum, and brainstem [22]. The continuous improvement of FE 

techniques led to the development of the Kungliga Teknisha Höskolan (KTH) model in 

2002 by Kleiven, which incorporated anatomical features and different material 
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properties [23]. In 2003, Takhounts and Eppinger created the simulated injury monitor 

(SIMon) model, representing the 50th percentile male [24]. Over time, these models were 

updated with improved geometry and material properties. A significant advancement 

occurred in 2013 with the development of the Global Human Body Models Consortium 

(GHBMC) FEM by Mao et al., which included key anatomical features and underwent 

validation against intracranial pressure data, brain displacements, nasal impacts, and 

frontal horizontal impacts [25]. Other validated head models, such as the Total Human 

Model for Safety (THUMS), Darthmouth Head Injury Model (DHIM) [26], University 

College Dublin Brain Trauma Model (UCDBTM) [27], and Strasbourg University Finite 

Element Head Model (SUFEHM) [28], are widely used in biomedical research. 

1.5 Injury Metrics 

Injury metrics are measurements used to quantify the severity of head impacts and can be 

represented by a single variable like linear acceleration or rotational velocity of the head, 

or a combination of variables. Traditionally, concussion prediction methods have relied 

on kinematics-based head injury metrics. These metrics are typically calculated based on 

the peak resulting kinematic response of the head during a traumatic impact. The 

development of these metrics was based on experimental data collected in the 1950s and 

1960s, which were used to create a concussive tolerance curve known as the Wayne State 

tolerance curve (WSTC) [29]. Although the methods and analysis used to develop the 

WSTC have faced criticism, they have proven effective in reducing the occurrence of 

head injuries. According to the WSTC, the head can withstand higher peak acceleration 

for a short duration but will lead to injury if the same acceleration is sustained for a 

longer period [30]. Head injury metrics are based on either the translational or rotational 

motion of the head, or a combination of both. Additionally, tissue-based metrics have 

been developed through finite element (FE) analysis or in vitro experiments, focusing on 

parameters such as brain tissue stress and strain. 

Gadd was the first to apply the WSTC to a head injury metric [31]. He proposed a 

weighted metric that would depend more on acceleration magnitude than duration. This 

metric became known as the severity index (SI). The equation is stated below: 
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𝑆𝐼 = ∫ 𝑎(𝑡)2.5𝑑𝑡 

Where ‘a’ is head acceleration as a function of time, The weighting factor of 2.5 was 

based mainly on the slope of the straight-line approximation of log-log plot of the animal 

data used in the WSTC. It is good for predicting severe skull fracture and brain trauma, 

but it is not a good predictor for mTBI [32]. 

One of the conventional metrics used in the automotive industry for over three decades 

and popular in many industrial and research areas for predicting traumatic brain injury 

(TBI) is head injury criteria (HIC) [33]. The algorithm for the HIC calculates not only the 

severity of the head injury, but also the level of risk that is imposed by the collateral 

impact. The governing HIC equation is stated below:  

𝐻𝐼𝐶 = 𝑚𝑎𝑥𝑡1𝑡2
{(𝑡2 − 𝑡1) [

1

𝑡2 − 𝑡1
∫ 𝑎(𝑡)𝑑𝑡

𝑡2

𝑡1

]

2.5

} 

 

Where ‘a(t)’ is the acceleration as a function of time and ‘t1’ and ‘t2’ are the bounds of the 

time interval that maximizes the HIC value over the duration of the pulse. 

Initially, the Head Injury Criterion (HIC) had no time interval limit when it was first 

adopted by NHTSA, with a maximum limit set at 1000. In 1986, NHTSA proposed to 

limit the time interval to 36 ms after observing that long-duration accelerations with low 

magnitude were producing HIC values above the threshold, contrary to volunteer data 

[34]. Around the same time, a 15-17 ms limit was suggested since none of the injurious 

points on the WSTC had HIC durations greater than 13 ms. To maintain similar failure 

rates for cars, the introduction of HIC15 accompanied the reduction of the maximum HIC 

values. 

Initially, the focus on head injury metrics was primarily based on linear acceleration, 

disregarding rotational acceleration, despite early theories recognizing the importance of 

both [35]. This limitation was due to the lack of comprehensive data and challenges in 
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accurately measuring rotational kinematics [36]. However, through the utilization of 

scaled animal models and collaboration with NHTSA, a rotational brain injury criterion 

called Brain Injury Criteria (BrIC) was developed. BrIC incorporates peak angular 

velocity and critical values that are directionally dependent on the anatomical planes of 

anthropomorphic test dummies [37]. BrIC has played a crucial role in understanding 

vehicle and dummy motion when developing restraint system tests. Recently, BrIC has 

been updated and adopted as a new head injury criterion in automobile oblique impact 

crash tests by the New Car Assessment Program [38]. The governing BrIC equation is 

stated below: 

𝐵𝑟𝐼𝐶 = √(
ω𝑥

ω𝑥𝑐
)

2

+ (
ω𝑦

ω𝑦𝑐
)

2

+ (
ω𝑧

ω𝑧𝑐
)

2

 

Here, ωx , ωy, and ωz are peak rotational velocity and ωxc, ωyc, and ωzc are the critical 

rotational velocity in X, Y, Z axes [37]. 

Additional kinematics-based injury metrics encompass the Generalized Acceleration 

Model for Brain Injury Threshold (GAMBIT), which considers both linear and rotational 

acceleration of the head [39]. Another metric is the Head Impact Telemetry Severity 

Profile (HITSP), that combines factors such as linear and rotational acceleration, impact 

duration, and location [40]. 

Finite element (FE) models are utilized to predict the mechanical response of brain tissue 

during impacts, offering the potential to improve injury predictions by simulating specific 

mechanisms of brain injury rather than relying solely on overall head kinematics [41]. 

One such correlation has been identified between Diffuse Axonal Injury (DAI) and the 

tensile strains endured by a cumulative volume of brain tissue surpassing a predefined 

critical threshold. To predict the likelihood of DAI, the Cumulative Strain Damage 

Measure (CSDM) evaluates the strain levels within a specific fraction of the brain tissue's 

volume [24]. 
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1.6 Research Objectives 

To enhance comprehension of head responses and injury risks arising from sRPAS-

related impacts on human heads, aimed at aiding the development of safety regulations, 

this thesis concentrated on the following objectives: 

#1 The verification of the THUMSv4.02 small female head model through assessment 

against nine experimental loading conditions. 

#2 Conducting a comparison between the average male and small female models, 

highlighting disparities in head kinematics and injury metrics. 

#3 Verifying the model using scaled PMHS experimental data and mainstream injury 

metrics such as HIC and BrIC. This verification process aimed to facilitate the 

application of the model in assessing sRPAS. 

#4 Collision-induced head injuries, thereby providing data to support safety regulations 

for vulnerable groups, particularly children. 

#5 Developing a high-fidelity quadcopter sRPAS FE model, seamlessly integrated with a 

high biofidelity human model (THUMS) to understand sRPAS to head impacts. 

#6 A comparative analysis between the previously modeled sRPAS (Phantom 3) and the 

newly developed sRPAS (Mavic Pro) model. This comparison aimed to discern 

differences in injury metrics, such as HIC and BrIC, when collisions with the head occur 

and variations in head kinematics are present. 

1.7 Thesis Structure 

Chapter 1 introduces the context of head injuries and the impact of small remotely piloted 

aircraft systems (sRPAS) on human heads. It also introduces key investigative methods 

including tests on Post Mortem Human Subjects (PMHS), dummy tests, and Finite 

Element (FE) models. 

In Chapter 2, the verification process of the THUMS V4.02 small female head and neck 

model is outlined, compared against nine experimental studies. The study further 
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compares the head responses of the 50th percentile male and 5th percentile small female 

models. A combined sRPAS model with the small THUMS female model is developed. 

The chapter concludes by comparing head kinematics and injury metrics between the 

average male and small female models. 

In Chapter 3, a comparison is drawn between the head responses of 10-year-old, 6-year-

old, and 3-year-old child models. The sRPAS model is integrated with all three THUMS 

child models, verified using scaled OSU PMHS male experiment data. Head kinematics 

and injury metrics across the child models are compared. 

Chapter 4 explains the development process of a new representative quadcopter sRPAS 

FE model. This model is combined with the THUMS model to simulate PMHS 

experiments by OSU. The FE models are verified using linear acceleration and rotational 

velocity curves from PMHS tests. The chapter also compares the head responses to 

impacts from previously developed sRPAS (Phantom 3) and newly developed sRPAS 

(Mavic Pro) on both average male and female models. 

Chapter 5 concludes the thesis research by summarizing the findings and discussing the 

study's limitations. It also highlights future research directions, significance, and the 

novel contributions of the study. 
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Chapter 2  

2 Investigation of Gender-Specific Head Injury Risks in 
Collisions with Small Remotely Piloted Aircraft Systems 
(sRPAS): Model Verification and Analysis 

Abstract 

Drones have become immensely popular and are being utilized across various industries, 

but the concern regarding potential risks associated with drone-head collisions has 

necessitated research into head injury mechanisms and protective strategies. This study 

focuses on first verifying the THUMS 4.02 small female head model and then comparing 

it with the verified average male model. Nine different loading cases were carefully 

selected from a range of experimental head impacts to thoroughly assess the model’s 

predictive capabilities. Brain motion was verified by comparing the model’s predictions 

of brain displacement with data obtained from blunt impact experiments conducted by 

Hardy et al (2001 & 2007). Furthermore, brain pressure predictions were verified 

against intracranial data reported by Nahum et al (1977). The force deflection responses 

were verified by comparing the model's simulations with lateral impact tests conducted 

by Yoganandan et al. (1995). Additionally, the neck model was verified using dynamic 

axial loading experiments reported by Nightingale et al (1997). The results demonstrated 

that the computational model accurately predicted brain displacement within the range 

of experimental measurements, indicating its reliability in simulating brain motion. 

Model predictions revealed a close match between the model's predictions and the 

experimental values, thereby reinforcing the model's accuracy. The model also 

demonstrated a strong alignment between the predicted force and measured force of skull 

impacts. Lastly, the model's predictions of neck forces closely corresponded to the 

experimental measurements. A comparative analysis of the average male and small 

female models revealed that small females experienced higher levels of linear 

acceleration, rotational velocity, and head injury criteria values, such as head injury 

criteria (HIC), brain injury criteria (BrIC), and brain strains, compared to males. These 

findings provide valuable insights into the head kinematics and injury metrics, shedding 
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light on the gender differences within the models. The results of this study significantly 

contribute to the understanding of head injury mechanisms and can serve as a foundation 

for the development of more effective head protection strategies for individuals of both 

genders. 
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2.1 Introduction 

Traumatic brain injuries (TBI) impose a significant societal burden globally, affecting 

approximately 1.4 million individuals in the United States annually [42]. Road traffic 

accidents, sports-related incidents, falls, bullet strikes, explosions, and other external 

forces are the leading causes of TBI [43]. While TBIs from drone impacts are relatively 

less common than those in the mentioned scenarios, the anticipated rapid growth of small 

remotely piloted aircraft (sRPAS) and the consequential impact of TBI underscore the 

importance of understanding the biomechanical responses of sRPAS to head impacts for 

enhanced protection. 

In studying TBI, the development of computational techniques has facilitated the creation 

of numerical head models, particularly finite element (FE) models, enabling 

comprehensive biomechanical investigations. Researchers worldwide have employed 

diverse approaches to develop human head FE models. These models are now the most 

advanced numerical representations, providing insights into brain deformations and 

strain/stress distributions associated with the risk of head injuries. While significant 

advancements have been made in FE modeling of the human head, there remains a need 

for continued research to elucidate head injury mechanisms and explore different forms 

of head protective equipment. The initial endeavor to simulate human head response 

using FE modeling was undertaken by Hardy et al. and Marcal et al. (1973) [44] . They 

developed a two-dimensional (2D) FE head model, solely incorporating the skull. 

Building upon their work, Shugar et al. (1975) [45] enhanced the model by introducing 

an elastic fluid-filled brain, presumed to be securely attached to the skull. Advancements 

in medical imaging, along with the availability of sophisticated pre-processing FE 

software and modeling techniques, have streamlined the process of creating new FE 

models, enabling faster and more efficient model development within reduced 

timeframes. In 2016, Miller et al. devised custom software codes that automated the 

generation of hexahedral meshes from image data, emphasizing the need for high-density 

meshes to accurately depict the curved and smooth surfaces of the brain [46]. 

Additionally, Mao et al. (2013) introduced a multi-block method incorporating O-grid 

blocks to create FE meshes for the brain model, ensuring the smoothness of its external 
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surfaces [25]. The majority of head models have been constructed with the intention of 

assessing specific facets of head injury. Among the various finite element (FE) human 

head models, only a few intricate models have been subjected to validation encompassing 

both brain motion and brain pressure [47], [48]. Notably, Zhang et al. extensively 

investigated various head responses, including those of the brain, skull, and facial regions 

[49]. Similarly, Mao et al. [25] delved into multiple aspects of head responses, such as 

brain pressure, relative skull-brain motion, skull response, and facial response. Fernandes 

et al. (2018) developed an FE head model and validated it through experimental cadaver 

impact tests. The validation included comparing intracranial pressure across frontal, 

parietal, occipital, and posterior fossa regions [50]. Iwamoto et al. (2015) developed and 

validated THUMS Version 5, an FE model of the human body. Validation involved 

comparing the model to 36 series of data from post-mortem human subjects (PMHS) 

[51]. While the model demonstrated good biofidelity in regional or full-body responses to 

side impacts, the discrepancies between model prediction and measurements in local 

responses, such as brain displacements, are observed. 

Drones have become increasingly popular in recent years and are being used in various 

fields and industries. Their applications range from recreational, hobbyist use, to 

professional photography, videography, surveillance, delivery services, agriculture, and 

even infrastructure inspections. Drones are now a multi-billion-dollar industry [52]. 

While drones offer numerous benefits and opportunities, there have been instances of 

injuries and accidents resulting from drone impacts. Extensive research has been 

conducted on the collision between unmanned aircraft systems and the human head due 

to the rising utilization of drones in commercial and recreational settings, which has 

raised concerns about the potential risks of drone-head collisions. If an unsuspecting 

passerby is struck by a free-falling or rapidly accelerating sRPAS, the resulting head 

trauma could be severe, potentially leading to concussion or even death in certain 

situations. Injuries can occur both directly from the impact of drones and indirectly while 

handling them, with a higher incidence of injuries reported to be caused by direct impact 

[53], [54]. These lightweight drones are operated above individuals, posing a risk of 

impacting heads at speeds that can exceed 20 m/s [15]. 
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The Federal Aviation Administration (FAA) has been pursuing a risk-based approach to 

determine safety operation parameters for sRPAS and to update its regulatory framework 

for commercial operations involving sRPAS [55]. The FAA initiated a significant project 

aimed at investigating the impact of sRPAS on human heads. The latest findings are 

summarized in the Alliance for System Safety of UAS through Research Excellence 

(ASSURE) report [15]. Various tests were conducted involving different sRPAS, impact 

scenarios, and impact partners, including a simplified Anthropomorphic Test Device 

(ATD) representing the head and neck of an average-sized male, an ATD representing the 

FAA's average-sized male, and Post Mortem Human Surrogates (PMHS). The PMHS 

experiments offered a valuable opportunity to develop and validate finite element (FE) 

simulations of sRPAS impacting human heads. Weng et al. (2021) validated an sRPAS 

FE model using data obtained from the ASSURE report, which provided a unique 

opportunity for the development of validated computational models [56]. Xin proposed a 

mathematical model to predict the level of injury resulting from drone-to-human impacts 

[57], while Magister (2010) proposed a modeling method to assess sRPAS-related 

injuries based on blunt ballistic impacts [58]. 

Gender-specific risks for Traumatic Brain Injury (TBI) have been reported in the 

literature, with higher concussion risks found among female athletes participating in 

sports such as baseball, basketball, ice hockey, and soccer [59]–[61]. In ice hockey 

specifically, the incidence of concussions in females was approximately 1.1 to 2.2 times 

higher than in males [59], [62]–[64]. Several factors may contribute to this discrepancy, 

including the smaller neck size and lower body mass of females[59], [65]. However, 

there is currently a lack of impact studies specifically examining the effects of sRPAS on 

females in the existing literature. [15]. Yoganandan and Pintar (2005) utilized scaling 

laws to develop acceleration, deflection, and force-time responses for small females [66]. 

Similar scaling laws have been employed to evaluate head responses across different 

species [67]. 

The objectives of this study include the verification of the THUMS V4.02 FE head model 

against a wide range of impact scenarios to ensure its biofidelity and stability. 

Additionally, the study aims to investigate the differences between average males and 
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small females under the same sRPAS-to-head impact scenarios. The simulations of 

sRPAS impacting small females were verified by comparing them to scaled PMHS data 

as conducted by Weng et al. (2021) [68]. Various parameters including head kinematics, 

head injury metrics, skull stress, and brain strain were summarized and compared 

between average males and small females. 

2.2 Methods 

The method section of this study primarily included two crucial aspects. Firstly, it 

focused on the verification of the THUMS 4.02 small female head model. Secondly, it 

pertained to the comparison between average male and small female subjects. 

2.2.1 Head model verification for Small Female 

2.2.1.1 Finite Element Model 

The 5th percentile small female model from the Total Human Model for Safety 

(THUMS) version 4.02 [69] was used for this study. This female model was created by 

integrating various component models, including the head, torso, and extremity models. 

The female model consists of 2,514,045 elements and 878,461 nodes, with a total mass of 

49kg. The THUMS model incorporates a three-layered structure for the skull, 

characterizing the outer and inner components as shells with an elastic-plastic material 

model featuring optional damage parameters. The intermediate spongy bone (diploe) is 

represented as a solid entity, employing an elastic viscoplastic material model. Within the 

brain region, both white and grey matter are defined using nearly incompressible and 

viscoelastic material properties. The skin and flesh portions are modeled as hyperelastic 

material. The nodes of the inner skull and arachnoid nodes are interconnected through 

tied contacts, while a low shear modulus cerebrospinal fluid (CSF) layer is introduced to 

facilitate controlled motion on the brain surface. Additional details regarding the material 

modeling of the FE model are available in Appendix B (Table B 1). The integration of 

the head and torso models occurs at the occipital condyle, where the inferior section of 

the head model is affixed to the neck model. The neck muscles are represented using 1D 

elements, with their attachment points to bony structures aligned with anatomical 

insertion points, ensuring biomechanical accuracy. Hexahedral elements were employed 
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in the generation of a solid mesh, conforming to prescribed guideline values. Tetrahedral 

elements were specifically chosen for the representation of internal organs and cortical 

bones, owing to the inherent complexity of their geometries, which posed challenges in 

achieving the required element quality. Furthermore, tetrahedral elements were utilized to 

model the flesh surrounding joints, facilitating seamless remeshing in response to 

changes in posture. Figure 2-1 (a) depicts the entire body model. For head verification, 

this study focused on the head-only model (Figure 2-1 (b)), while for neck verification, 

head and neck model was extracted from the THUMS version 4.02 5th percentile small 

female model (Figure 2-1 (c)). THUMS version 4.02 features improved mesh quality 

compared to version 4.01 and version 4 for the brain, skull, and epidermis parts. In 

version 4.02, the element lengths for these parts range from 1.2 to 5 mm, while in V4.01 

and V4, the element length for the brain part specifically is 3 to 7 mm. Given the 

improved mesh quality and different element sizes in version 4.02, the main goal of this 

thesis involved the verification of the model through a range of impact experiments. 

Figure 2-1 illustrates the different loading conditions utilized for head and neck model 

verification for version 4.02. 

2.2.1.2 Experimental data for model verification 

To verify the accuracy of the head and neck model, nine real-world head impact 

scenarios were simulated. The predictions of the finite element (FE) head and neck model 

were assessed by comparing the relative motion between the skull and brain, brain 

pressure, force deflection and drop test. The Table 2-1 provides a summary of all the 

loading cases derived from the experimental studies. To comprehend the methods utilized 

in each loading condition within the experimental setup, concise descriptions of the 

experimental studies are provided. 
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Figure 2-1 Finite Element Model. (a) THUMS 4.02 Small female. (b) Head Only 

Model. (c) Head and Neck Model. (d-g) Experimental Setup For Head and Neck 

model verification. 

Table 2-1 Experimental Data for model verification 

Model 

Verification 

Target 

Author, year Description Loading Case 

(Simulation 

Settings) 

Brain Motion Hardy, 

2001,2007 

[47], [70] 

Coronal Plane, aligned to 

CG Test id: 380-T3 

1 

  Coronal Plane, offset to CG 

Test id: 380-T4 

1 

  Horizontal Plane, offset to 

CG Test id: 380-T5 

1 

  Coronal Plane, offset to CG 

Test id: 393-T4 

1 
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Brain Pressure Nahum, 1977 

[48] 

Frontal Impact on Forehead 

Test id: 37 

1 

Force Deflection Yoganandan, 

2004 [71] 

Lateral Impact, velocity: 

3.5 m/s, 4.9 m/s, 6 m/s 

3 

Neck 

Verification 

Nightingale, 

1997 [72] 

Drop test, Test id: D41-

R+15 and N18-R+15 

1 

2.2.1.3 Mass based scaling method 

For the study of head impact, various experimental studies employed different types of 

cadavers with varying masses. In order to verify the THUMS V4.02 small female FE 

head and neck model, it was necessary to account for these differences. Thus, a mass-

based scaling law was utilized to scale the cadaveric data. According to literature 

findings, the 5th percentile small female is reported to have an average body weight of 49 

kg [69].  

The equations for calculating the mass-based scaling factor of head kinematics are shown 

below [66], [67]: 

Mass Ratio: 𝝀m = 
M(Cadaver)

M(THUMS)
 

Linear acceleration factor: 𝝀a = (λm)
−1

3  

Angular velocity factor: 𝝀ω = (λm)
−1

3  

Time ratio factor: 𝝀T = (λm)
1

3 

Where M(Cadaver) and M(THUMS) represent the body mass of cadaver subject and 

THUMS FE model. 

Predicted Head kinematics are shown below: 

Linear acceleration of FE female model: a(THUMS)=
a(Cadaver)

λa
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Angular velocity of FE female model: ω(THUMS)=
ω(Cadaver)

λω
 

Time of FE female model: T(THUMS) =
T(Cadaver)

λT
 

Where, a(Cadaver) and a(THUMS) represent the linear acceleration of Cadaver and THUMS 

FE model; ω(Cadaver) and ω(THUMS) represent the angular velocity of Cadaver and 

THUMS FE model. T(THUMS) and T(Cadaver) represent the time history of THUMS FE 

model and Cadaver. 

2.2.1.4 Brain Motion  

Hardy et al. (2001,2007) conducted classical experiments providing skull-to-brain 

displacement data to verify model-predicted brain displacements [47], [70]. Although 

displacements are not directly linked to strains, the reasonable prediction of brain motion 

would support that the stiffness of the computational brain model is appropriately defined 

providing more confidence in trusting strain predictions. Using a high-speed x-ray system 

combined with radio-opaque neutral-density-targets (NDTs), brain deformation could be 

visualized during blunt impacts. Impacts from various directions were conducted.  

Hardy et al. (2001,2007) documented details of cadaveric heads in their published work. 

In Hardy et al.’s 2001 study, Cadaver C755 and C383 were used during impacts along the 

sagittal plane [70]. Although details of cadavers were not reported in the paper, a further 

investigation was conducted and pinpointed cadaver info in Hardy’s PhD thesis [47]. 

Data from female cadavers are deemed useful for model verification. However, it should 

be noted that these female cadavers are not entirely at the 5th percentile size and hence 

scaling was needed. All available female cadaver data under these impact settings that 

have been adopted by the research community were used for verification. 

2.2.1.5 Brain Pressure 

The impact of a rigid mass on the skull was examined by Nahum et al. (1977), who 

employed a rigid impactor covered with multiple padding materials to deliver an anterior-

posterior blow to the frontal bone in the mid-sagittal plane [48]. To compare the 

predicted brain pressure of the FE head model of THUMS 4.02 female, six cases of 
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Nahum's frontal angled head impact were used. The skull was inclined forward by 45° to 

align the Frankfurt anatomical plane horizontally. An impact force from Nahum et al.'s 

experiment no. 37 was applied to the forehead to verify the THUMS version 4.02 5th 

percentile female model, with impact boundary conditions illustrated in Figure 2-2.  

 

Figure 2-2 Configuration of impact simulation (Frontal Impact) 

2.2.1.6 Force Deflection 

Yoganandan et al. (2004) performed impact tests on the lateral side of the cranium of 

unembalmed post-mortem human subjects to ascertain the force and acceleration 

corridors at varying velocities for this region of the head [71]. The experiment involved 

the use of multiple triaxial accelerometers that were exposed to progressively increasing 

velocities through free-fall techniques, with impacts directed towards a force plate. The 

force plate was covered with a 40-durometer padding material. To verify the accuracy of 

the finite element (FE) head model, three loading scenarios from Yoganandan et al.'s 

experiment were replicated through simulation (Figure 2-3). The force deflection values 
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predicted by the FE head model for these loading scenarios were then compared to the 

corresponding experimental observations. 

 

Figure 2-3 Configuration of lateral drop simulations. 

2.2.1.7 Neck model verification 

Nightingale et al. (1997) used unembalmed head and neck specimens from 22 cadavers to 

study the dynamics of head and cervical spine impact and the effect of head inertia and 

impact surface on injury risk [72]. The specimens were subjected to impacts using a drop 

tower with a drop mass, and the impact surface was varied between a rigid flat surface 

and a deformable surface. To verify the accuracy of the THUMS FE head and neck 

model, two tests, specifically D41-R+15 and N18-R+15, were selected from Nightingale 

et al.'s experiment. The impact boundary conditions for these tests were illustrated in the 

Figure 2-4 Subsequently, the force values predicted by the FE head and neck model for 

these two loading scenarios were compared against the experimental observations.  
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Figure 2-4 Neck Verification Model (Axial Loading) 

2.2.2 Average Male vs Small Female 

2.2.2.1 Finite Element model 

The study utilized both the Total Human Model for Safety (THUMS) version 4.02 5th 

percentile small female model and the 4.02 50th percentile male adult model. The 

comparison of these THUMS male and female models is depicted in the Figure 2-5. 

Section 2.2.1.1 of the study provides information about the THUMS small female FE 

model. Similarly, the THUMS V4.02 adult male model features highly detailed brain 

meshes, with the element length of the brain part ranging from approximately 1.2 to 

5mm. This particular model consists of 777,156 nodes and 1,975,599 elements, with a 

total mass of 77.6 kilograms. The head model verification involved several experiments, 

including translational impact experiments conducted by Nahum et al. (1977) to verify 

brain pressure [48], translational impact experiments conducted by Yoganandan et al. 

(1995) to verify skull impact forces, and translational and rotational impact experiments 

conducted by Hardy et al. to verify brain-skull relative motion [47], [70]. The neck part 

of the THUMS model was verified through dynamic axial loading experiments conducted 

by Nightingale et al. (1997) [72]. 
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Figure 2-5 THUMS Male vs Female model 

2.2.2.2 Impact Settings 

During the preprocessing phase, the integration of the sRPAS model and THUMS model 

was carried out using LS-PrePost version 4.3 (LSTC/ANSYS, Livermore, CA). Initial 

steps involved positioning the sRPAS model in relation to the human head, establishing 

the sRPAS flying velocities, and specifying contact conditions between the sRPAS and 

the human head. Weng et al. (2021) [56] conducted a study where a quadcopter-style 

sRPAS was developed and applied it to the THUMS male 50th percentile human body 

model. A total of 17 impacts scenarios were simulated, following the cadaveric setting 

for model verification. The detailed test data of sRPAS to human collision in cadaveric 

tests can be found in the comprehensive ASSURE report, which was conducted by the 

Ohio State University. However, it should be noted that there were no available female 

cadaver data in the ASSURE report. To account for this, the THUMS 5th percentile 

female model was used, and four typical sRPAS to head impact directions were simulated 

(Figure 2-6), mirroring the male scenarios. The same 17 impact cases from Weng et al. 

(2021) were replicated for the THUMS female model. In order to ensure consistency in 

impact locations between male and female models, a proportional method was employed. 

A reference line passing through the head's center of gravity was selected, and the impact 
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locations were determined based on the angles between the reference line and the 

approaching direction of the sRPAS. The THUMS whole-body model employs a standard 

1 × 10−7s time step using an explicit approach, striking a balance between computational 

efficiency and acceptable added mass. Contact is implemented in a penalty-based mode 

with default thickness and stiffness. Table 2-2 provides an overview of the 17 cases used 

for simulation, including the impact locations, impact velocity, and impact angle, which 

closely align with the male impact cases as simulated in Weng et al.'s setup [56]. 

 

Figure 2-6 THUMS version 4.02 5th Percentile female model. (a) Full Model, (b-e) 

sRPAS impact directions. 

Table 2-2 sRPAS to THUMS female head impact setup 

Case # Impact 

Direction 

Impact Angle 

(Degree) 

Sex Impact 

Velocity (m/s-

FPS) 

1 Lateral 0 Female 16.8-55.1 
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2 Lateral 0 Female 18.3-60.1 

3 Lateral 0 Female 21.1-69.2 

4 Front 58 Female 17.5-57.3 

5 Front 58 Female 18.0-59.2 

6 Front 58 Female 18.3-59.9 

7 Front 58 Female 21.4-70.1 

8 Lateral 58 Female 18.7-61.2 

9 Lateral 58 Female 21.9-72 

10 Top 90 Female 16.8-55.2 

11 Top 90 Female 19.5-63.9 

12 Top 90 Female 21.5-70.5 

13 Lateral 58 Female 18.6-60.9 

14 Lateral 58 Female 21.9-72 

15 Front 58 Female 21.9-71.8 

16 Top 90 Female 19.7-64.5 

17 Top 90 Female 21.5-70.5 

2.3 Results 

The simulations for impact scenarios and model verification were performed utilizing 

LS-DYNA. Computers with Intel Xeon 8-core CPUs and 24-core CPUs were used to 

solve simulations. 
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2.3.1 Head model verification 

2.3.1.1 Brain Motion 

For all verification cases, the computational head model was driven according to 

experimentally measured head kinematics, representing the exact head movements during 

experimental impacts. Brain displacement, in regard to the skull was then analyzed, and 

compared to the experimental data. The position of each NDT was reported in Hardy et 

al.’s study (2001,2007) [47], [70]. This positional data could be used for direct 

verification of the specific small female head model after being properly scaled to small 

female head geometry. Verification results are presented in Appendix A (Figure A 1). 

Brain-skull displacements are generally difficult for computational models to match. This 

is partially due to the challenge in collecting displacement data from perfused cadavers. 

The comparison between simulation and experimental results showed mixed agreement, 

with some cases displaying good resemblance and others showing poor alignment in 

terms of brain displacements. Specifically, experiments like 380-T3, NDT-4 in the Y 

direction, and NDT-11 in the Z direction indicated inferior simulation results, with peak 

deformations ranging from 2 mm to 3 mm compared to the experimental data. Similar 

discrepancies were observed in experiments 380-T4, 380-T5, and 393-T4. Most of the 

phase patterns matched between experiments and predictions. The model predicted peak 

deformations were in the range of 3 to 6 mm, which agreed with experimental data. 

2.3.1.2 Brain Pressure 

The THUMS FE head model exhibited a general correspondence with the brain pressure 

measurements reported by Nahum et al. (1977) [48]. However, the exact locations of the 

pressure sensors during their experimental tests were not provided in detail. The 

verification of the model was conducted through the selection of representative elements 

from every brain region. Subsequently, the average value of these elements was 

calculated to generate the pressure curve for each respective region of the brain. The 

pressure magnitude predicted in FE model and cadaver experiments matched well, and 

the peak pressure values were generally close (as shown in the Appendix A- Figure A 

2). The FE head model predicted a peak pressure of 156kPa in the frontal brain region, 
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slightly higher than the experimental value of 140kPa. In contrast, for the posterior fossa 

region, the predicted peak magnitude of -58kPa was in close proximity to the 

experimental value of -44kPa. Similarly, for the parietal region, the FE model predicted a 

peak pressure of 70kPa, while the experimental peak value was slightly higher at 83kPa. 

The predicted peak value for the right occipital region in the FE model was -49kPa, 

which was only slightly greater than the experimental peak value of -42kPa. On the other 

hand, for the left occipital region, the peak magnitude of the FE head models closely 

aligned with the experimental value, with the simulation peak value of -47kPa and the 

experimental value of -44kPa. Additionally, the curve shapes of the simulation and 

experimental results exhibited a close resemblance. 

2.3.1.3 Force Deflection 

The force-deflection curves predicted by the finite element (FE) model for lateral skull 

impact were found to be in good agreement with those reported by Yoganandan et al. 

(2004) [71], as depicted in the Appendix A (Figure A 3). As the impact velocity 

increased, the FE head model consistently predicted higher impact forces. Although the 

duration of model predictions is generally longer than those reported experimentally, the 

model-predicted peak forces agree with experimental measurements, indicating the 

accuracy in predicting forces. 

2.3.1.4 Neck model verification 

Under vertical compression impacts, the model predicted force deflection values agreed 

with peak experimental measurements (as shown in Appendix A- Figure A 4). The study 

found that the FE head model accurately predicted the head peak force for N18-R+15 at 

approximately 8.5KN, which matched the experimental value. However, for D41-R+15, 

the experimental peak force was slightly higher at 8.75KN compared to the predicted 

value. The model-predicted neck force was approximately 15% lower than the 

experimental value for N18-R+15, on the other hand for D41-R+15, the neck force for 

the experimental peak force was almost 65% higher than the model-predicted value at 

around 4KN. In conclusion, the simulation and experimental results showed a close 

resemblance. 
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2.3.2 Male vs Female 

2.3.2.1 Male vs Female head kinematics and injury metrics 

The results, as depicted in Figure 2-7 and Figure 2-8, present an analysis of several 

variables, including peak linear acceleration, peak rotational velocity, HIC, BrIC, 

maximum skull stress, and CSDM. The provided bar charts present a comprehensive 

comparison of various variables among 17 male and female cases. Among the cases 

analyzed, there were four different conventional sRPAS-to-head impact scenarios: three 

cases with a Lateral 0-degree angle, five cases with a Frontal 58 degrees angle, four cases 

with a Lateral 58 degrees angle, and five cases with Top 90 degrees impacts. This study 

provides valuable insights into head kinematics, injury metrics, and injury responses in 

relation to the average male and small female. 

In Figure 2-7 (a, b), the average peak linear acceleration across all 17 cases indicates that 

small females experienced 26.9% higher linear acceleration and 86.5% higher Head 

Injury Criterion (HIC) values compared to the average male model. However, the results 

differ for skull stress, where the small female model experienced less skull stress in the 

lateral 0 degree, frontal 58 degree, and top 90 degree impacts. An exception is observed 

in lateral 58 degree impacts, where the small female model experienced higher skull 

stress compared to the male model. Overall, when considering the average of all 17 

impacts, the male model exhibited a 4.74% higher average skull stress compared to the 

female model (Figure 2-7 (c)). 

According to Figure 2-8 (a), the average peak rotational velocity in all four impacts was 

higher for small females compared to the male model. When considering the average 

rotational velocity across all 17 cases, small females experienced approximately 35.7% 

higher peak rotational velocity than males. Similar trends were observed in the average 

BrIC values, where small females had 41.7% higher BrIC values than males(Figure 2-8 

(b)). Regarding brain strain, both CSDM10 and CSDM15 metrics indicated that females 

generally experienced higher values. On average, small females had 43.0% and 113.5% 

higher CSDM10 and CSDM15 values, respectively, when considering all 17 cases 

(Figure 2-8(c, d)). The MPS analysis revealed that the lateral 0-degree impact resulted in 
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the highest brain strain for both males and females. Females exhibited higher brain strain 

than males in lateral 0-degree and frontal 58-degree impacts, while males experienced 

higher brain strain in the Top 90-degree cases. However, the average MPS for all cases 

was similar for both genders (Figure 2-8(e)). 

Overall, these findings highlight the differences in head kinematics and injury metrics 

between male and female models, providing valuable insights for further analysis and 

research. 

 

Figure 2-7 Average peak linear acceleration, HIC and skull stress comparison of 

male and female model. 
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Figure 2-8 Average peak rotational velocity, BrIC and CSDM comparison of male 

and female model. 

2.4 Discussion 

The present study aimed to verify the THUMS 4.02 small female head model and 

compare it with the average male model in the context of drone head collisions. The 

findings offer significant insights into head injury mechanisms and shed light on gender 

difference within the models. To the best of the author’s knowledge, this study served as 

the first one in understanding head responses between an average male and a small 

female during sRPAS-to-head impacts. 
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The FE head model underwent rigorous verification against nine different loading cases 

to ensure its ability to accurately predict various head responses. The brain displacement 

predictions exhibited strong agreement with the experimental studies. It should be noted 

that the FE head model employed in this research specifically represents a small female, 

and the verification was conducted solely using female cadaver displacement data from 

the studies conducted by Hardy et al. (2001,2007) [47], [70]. To address the different 

sizes and weights of the cadaver heads, a scaling method was employed for brain 

displacement verification. However, it is important to acknowledge a limitation in the 

methodology as only mass scaling was employed to address differences in head size. This 

choice introduces a constraint as varying head sizes do not necessarily correlate directly 

with differences in head mass. Therefore, the results may not fully encapsulate the 

intricacies associated with variations in both head size and mass, and this limitation 

should be considered when interpreting the findings. Future studies may benefit from 

incorporating a more comprehensive scaling approach to enhance the generalizability and 

applicability of the results across a broader range of anatomical variations. Brain pressure 

predictions also exhibited a strong match with experimental values, further confirming 

the model's accuracy. The distribution of intracranial pressure showed maximum 

compressive positive pressures at the coup site and negative pressures at the contrecoup 

site, consistent with findings by Nahum et al. (1977) [48]. Furthermore, the force 

deflection analysis utilized three impact cases from Yaganandan et al.'s (2004) study to 

verify the FE head model, and the results demonstrated a close agreement with 

experimental data [71]. The neck model was also verified, and the predicted neck forces 

closely corresponded to the experimental measurements, further verifying the accuracy 

and reliability of the neck model. 

The comparison between the average male and small female models revealed interesting 

differences in head kinematics and injury metrics. Small females experienced higher 

levels of linear acceleration, rotational velocity, and head injury criteria values such as 

HIC and BrIC compared to males. The higher linear acceleration and rotational velocity 

in small females could be attributed to differences in anthropometry and biomechanical 

properties between genders. The smaller neck size and lower body mass of females may 

play a role in their increased susceptibility to head injuries [59], [65]. Across all 17 
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impact scenarios, small females experienced 26.9% higher linear acceleration on average. 

Moreover, the average HIC for small females, at 2946, was significantly larger than that 

of the average male. Although the impact duration of small females is typically shorter 

due to their lighter head mass, the HIC value remained much higher than that of the 

average male. Interestingly, the data also demonstrated that small females suffered 4.74% 

lower von Mises skull stress compared to the male model. Normally, the impact duration 

of small female would be much shorter than that of male because of the lighter head mass 

[59]. It can be considered that under sRPAS to human head impact, despite having larger 

HIC and peak linear acceleration values than the average male, the small female model 

exhibited lower risks of skull fractures. Hence, the conventional HIC limit used in auto 

safety might not be suitable for sRPAS impact scenarios.  

The analysis of 17 male and female impact cases revealed generally low brain strains. 

Notably, lateral and frontal impacts caused higher average strains for both males and 

females compared to top impacts. This implies that the assessment of brain injury risks 

should prioritize frontal and lateral impacts over top impacts. Additionally, when 

comparing CSDM10 and CSDM15 values between small females and average males, it 

was evident that small females had higher CSDM values, indicating greater brain injury 

risks. 

2.5 Conclusion 

The verification results of the small female head model were encouraging. The 

computational model predicted brain displacement within the range of experimental 

measurements, indicating its reliability in simulating brain motion. The brain pressure 

predictions also showed a close match with the experimental values, further reinforcing 

the model's accuracy. Additionally, the force-deflection responses and neck forces closely 

corresponded to the experimental measurements, demonstrating the verification of the 

neck model. The comparison between the average male and small female models 

revealed interesting differences in head kinematics and injury metrics. Small females 

experienced higher levels of linear acceleration, rotational velocity, and head injury 

criteria values such as HIC and BrIC compared to males. It is essential to consider these 

gender differences in head injury responses while developing safety regulations and 
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protective equipment. The findings could also be valuable for industries that extensively 

use drones, such as surveillance, agriculture, and infrastructure inspections. Safety 

protocols and guidelines should be tailored to account for the unique injury risks faced by 

both males and females. 
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Chapter 3  

3 Investigation of Differences in Head Impact Effects Among 
Vulnerable Populations in Small Remotely Piloted Aircraft 
Systems (sRPAS) 

Abstract 

This research aimed to investigate head injury risks in vulnerable populations, 

particularly children, due to sRPAS-related impacts. Finite element (FE) models of 10-

year-old, 6-year-old, and 3-year-old children were utilized to simulate different impact 

scenarios. The resulting linear accelerations and rotational velocities were compared to 

scaled data from male post-mortem human subject (PMHS) experiments. The simulations 

generally captured the trends in the scaled data, although some variations were 

observed. The 6-year-old and 10-year-old models exhibited higher peak linear 

accelerations and head injury criterion (HIC) values, indicating a higher risk of injury 

compared to the 3-year-old model. However, the 3-year-old model displayed higher 

brain strain metrics (BrIC, CSDM10, CSDM15, and CSDM20) compared to the older 

models. The study emphasizes the importance of considering rotational kinematics in 

assessing head injuries and highlights the unique injury risks posed to different age 

groups. 

  



37 

 

3.1 Introduction 

Head injury severities may vary among different populations under similar impact 

conditions. This is due to variations in body size, body mass, and stiffness. Traumatic 

brain injury (TBI) is a common and significant cause of both mortality and morbidity 

among children and young adults. Despite its recognized impact on health, there is 

limited information regarding the occurrence and prevalence of TBIs, especially among 

the most vulnerable age groups such as infants, children, and young adults. A recent 

review conducted by the World Health Organization highlighted the need for more 

comprehensive and high-quality research on TBI to facilitate effective planning of 

primary healthcare services and the development of prevention programs [73]. The 

reported incidence of TBI in children and young adults ranges from 100 to 300 cases per 

100,000 individuals annually [73], [74]. 

In recent times, there has been a surge in the popularity of drones, also referred to as 

unmanned aerial vehicles (UAV), unmanned aircraft systems (UAS), or sRPAS, for 

recreational as well as commercial purposes. Drones are agile vehicles that can move 

swiftly, reaching speeds of up to 45 m/s, and are permitted to have a maximum weight of 

55 pounds (25 kilograms) according to regulations [75]. The widespread use of drones 

has led to an increase in accidents resulting from drone impacts, making it a prevalent 

issue today. In addition to affecting males and females, vulnerable populations such as 

children are also susceptible to head injuries caused by drone impacts. Therefore, it is 

crucial to investigate head injuries in both males and females, as well as focus on 

vulnerable groups like children, to comprehensively understand the impact of drone-

related head injuries. A 13-year-old boy experienced a skull fracture because of being 

struck by a racing drone [1]. In April 2003, a 14-year-old girl lost her life in England 

because of an uncontrollable model aircraft accident.[76]. During the landing of a large 

video drone, a 9-year-old boy sustained injuries from its propeller, resulting in lacerations 

to his right eyelid, right cornea, left ear, nasal bridge, and neck [77]. A 21-month-old girl 

experienced facial injury when a recreational toy drone collided with her right side, 

resulting in mild eyelid edema and normal bilateral blink to light visual acuity [4].  
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Child crash test dummies conventionally serve as instrumental tools for evaluating the 

safety performance of children in vehicular crash scenarios. A thorough examination of 

injuries in different body areas requires the use of mathematical models, providing 

insights beyond what crash test dummies can offer. Numerous finite element (FE) models 

designed for adults have been developed and successfully used to analyze how humans 

respond in crash situations. The importance of a child FE model becomes clear when 

evaluating the risk of injury for a child. Notably, drone impact injuries to the head are not 

confined to adults, as evidenced by accident reports highlighting the susceptibility of 

children across different age groups to such injuries. Several child FE models for specific 

body regions, like the head or neck, accurately depicted the detailed anatomical structure 

of a child. The Total Human Model for Safety (THUMS) emerges as a comprehensive 

human FE model, validated across an array of impact scenarios. In this study, three child 

FE models from THUMS, 3-year-old, 6-year-old, and 10-year-old children, commonly 

used in the field to represent child population, were selected. Ito et al. (2017) developed 

finite element models for children, comparing their whole-body kinematics and head 

injury risks to those of an adult male model. The study explores differences in head injury 

mechanisms for child pedestrians in various vehicle-to-pedestrian collision scenarios, 

considering different age groups (3, 6, and 10 years old), pedestrian models, and collision 

speeds [78]. The utilization of FE models, as opposed to conventional crash test 

dummies, augments the understanding of stress-strain analyses, and facilitates a more 

nuanced evaluation of injury risks. Katsuhara et al. (2019) examined head injury 

mechanisms in car-cyclist collisions, employing a 10-year-old THUMS child model and 

an adult Finite Element model to simulate diverse scenarios and gain insights into the 

intricacies of such injuries [79]. 

To better protect children during drone-to-head impacts, this study aimed to understand 

children’s head responses during blunt impacts. The method aligned with that used in the 

previous Chapter. The difference was that in this study children’s human body models, 

including 10, 6 and 3 YO models, were used to simulate drone-to-head impacts. Head 

kinematics and brain responses were analyzed and compared. 
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3.2 Methods 

3.2.1 THUMS FE model 

The Total Human Model for Safety (THUMS) version 4 child models, including 10, 6, 

and 3 years old, were used. For the THUMS 10-year-old FE model, a dataset of a 10-

year-old male measuring 137 cm in height was selected. Likewise, a dataset of a 6-year-

old female measuring 114 cm in height and weighing 20 kg was chosen for the THUMS 

6-year-old FE model. Lastly, for the THUMS 3-year-old child FE model, a dataset of a 3-

year-old female with a height of 94 cm and a weight of 13.5 kg was utilized. The full-

body model was generated by integrating component models, which include the head, 

torso, and extremity models. The THUMS 10-year-old FE model comprises 

approximately 913,000 nodes and 2.1 million elements. It has a height of 138.3 cm and a 

weight of 34 kg, closely resembling the 50th percentile size of a 10-year-old American 

[80]. The THUMS 6-year-old FE model consists of around 510,000 nodes and 1.4 million 

elements, with a height of 117.2 cm and a weight of 24.6 kg, approximating the 50th 

percentile size of a 6-year-old American [81]. The THUMS 3-year-old FE model 

includes roughly 840,000 nodes and 2.6 million elements. It has a height of 98.3 cm and a 

weight of 15.8 kg, which closely aligns with the 50th percentile size of a 3-year-old 

American [82]. Figure 3-1 depicts the full body model of the THUMS 10-year-old, 6-

year-old, and 3-year-old FE models. 
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Figure 3-1 THUMS 10YO, 6YO and 3YO model comparison 

The head modeling of the THUMS child FE models was based on THUMS Version 4.02 

AM50. Details of the THUMS Male FE model were provided in section 2.2.2.1, and the 

child models followed a similar structure. These models incorporated various 

components such as the epidermis (skin), skull, mandible, eyeballs, teeth, meninges, 

cerebrum, cerebellum, brainstem, and cerebrospinal fluid (CSF). The brain was divided 

into white matter and gray matter, with varying element lengths. The brain portion of the 

THUMS 10-year-old FE model had elements measuring 0.9 to 3.3 mm in length. In the 

THUMS 6-year-old FE model, the brain element lengths ranged from 0.75 to 4.2 mm. On 

the other hand, in the THUMS 3-year-old model, the brain element lengths were between 

0.6 and 3.7 mm. The brain was modeled as an incompressible and viscoelastic material. 

The head model of the THUMS child FE model was validated through two different 

experiments, including a lateral compression test performed by Loyd et al. (2011) to 

validate force responses of the skull [83], and three head drop tests conducted by Loyd et 

al. (2011) to validate acceleration responses of the head model [83]. The neck of the 

THUMS child model was validated using axial loading experiments conducted by Luck 

et al. (2008, 2013) to validate the force responses [84]. 
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3.2.2 Impact setting 

The integration of the sRPAS and THUMS child models during the preprocessing stage 

in this research involved utilizing both HyperMesh and LS-PrePost version 4.3 

(LSTC/ANSYS, Livermore, CA). In the initial stages, the boundary and loading 

conditions encompassed positioning the sRPAS model in relation to the child's head, 

defining impact velocities for the sRPAS, and specifying contact conditions between the 

sRPAS and the child model's head. Four typical sRPAS to head impact directions were 

simulated. Each child FE model underwent a total of 17 simulations, with the specific 

configurations outlined in Table 3-1. Given the absence of child cadaver data in the 

ASSURE report, a proportional method was employed to ensure consistent impact 

locations across both male and all child models. This approach mirrored the methodology 

used for small female simulations described in section 2.2.2.2. To determine the impact 

locations, a vertical line passing through the center of gravity was selected as a reference, 

and the angles between the vertical centerline and the approaching directions of the 

sRPAS were considered. Following the simulations, the linear acceleration in the x, y, 

and z directions underwent filtering using a low-pass CFC (channel frequency class) 

1000Hz filter, and subsequently, the resultant acceleration was calculated based on the 

filtered x, y, and z data. Additionally, rotational velocities were filtered using a CFC 180 

Hz filter. 

Table 3-1 sRPAS to Child head setups 

Case # Impact 

Direction 

Impact Angle 

(Degree) 

THUMS Child 

FE model 

Impact 

Velocity 

(m/s-FPS) 

1 Right 0 10YO,6YO,3YO 16.8-55.1 

2 Right 0 10YO,6YO,3YO 18.3-60.1 

3 Right 0 10YO,6YO,3YO 21.1-69.2 

4 Front 58 10YO,6YO,3YO 17.5-57.3 
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5 Front 58 10YO,6YO,3YO 18.0-59.2 

6 Front 58 10YO,6YO,3YO 18.3-59.9 

7 Front 58 10YO,6YO,3YO 21.4-70.1 

8 Right 58 10YO,6YO,3YO 18.7-61.2 

9 Right 58 10YO,6YO,3YO 21.9-72 

10 Top 90 10YO,6YO,3YO 16.8-55.2 

11 Top 90 10YO,6YO,3YO 19.5-63.9 

12 Top 90 10YO,6YO,3YO 21.5-70.5 

13 Right 58 10YO,6YO,3YO 18.6-60.9 

14 Right 58 10YO,6YO,3YO 21.9-72 

15 Front 58 10YO,6YO,3YO 21.9-71.8 

16 Top 90 10YO,6YO,3YO 19.7-64.5 

17 Top 90 10YO,6YO,3YO 21.5-70.5 
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Figure 3-2 Typical impact directions for all child model 

3.2.3 Mass-based scaling method 

No PMHS experiments were conducted on child subjects; thus, the existing male PMHS 

cadaveric data were scaled using a mass-based scaling law. The Ohio State University 

(OSU) PMHS experiments only recorded the whole-body masses of subjects, so these 

masses were utilized to calculate the scaling factors. Table 3-2 provides a summary of 

detailed information about the subjects from the OSU PMHS experiments, including their 

age, standing height, and body mass. According to the literature, the weight of the 10-

year-old child model is 34 kg, the 6-year-old child model weighs 24.6 kg, and the 3-year-

old model weighs 15.8 kg [80]–[82]. 

Table 3-2 PMHS subjects 

Subject Age Standing Height 

(inch) 

Body mass (lb) 

1 60 70 170 
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2 73 66 163 

3 67 71 143 

4 67 72 193 

5 74 74 195 

The equations for calculating the mass-based scaling factor of head kinematics [66], [67] 

are shown below.  

Mass ratio: λ 𝑚 =
𝑀𝑚𝑎𝑙𝑒

𝑀𝑐ℎ𝑖𝑙𝑑
 

Linear acceleration factor: λ 𝑎 = (λ 𝑚)−
1

3 

Angular velocity factor: λ ω = (λ 𝑚)−
1

3 

Time ratio (factor): λ T = (λ 𝑚)
1

3 

Where 𝑀𝑚𝑎𝑙𝑒 and 𝑀𝑐ℎ𝑖𝑙𝑑 represented for the body mass of male subject and child subject. 

The equations of the predicted head kinematics are shown below: 

Linear acceleration of child: α 𝑐ℎ𝑖𝑙𝑑 =
α 𝑚𝑎𝑙𝑒

λ 𝑎
 

Angular velocity of child: ω 𝑐ℎ𝑖𝑙𝑑 =
ω𝑚𝑎𝑙𝑒

λ ω
 

Time of female: 𝑇 𝑐ℎ𝑖𝑙𝑑 =
𝑇𝑚𝑎𝑙𝑒

λ 𝑇
 

Where, α 𝑐ℎ𝑖𝑙𝑑 and α 𝑚𝑎𝑙𝑒 represented for the linear acceleration of male and child; 

ω 𝑐ℎ𝑖𝑙𝑑 and ω𝑚𝑎𝑙𝑒 represented for angular velocity of male and child; 𝑇 𝑐ℎ𝑖𝑙𝑑 and 𝑇𝑚𝑎𝑙𝑒 

represented for time history of male and child under impact.  
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3.2.4 Skull stress 

The maximum skull stress during the collision was found using LS-PrePost software. 

This stress is usually maximum right at the start of the collision. The highest von Mises 

stresses from skull shells were determined and their time histories were plotted. We 

picked the nine elements with maximum stress points. The highest value on the average 

curve was considered the maximum skull stress. 

3.2.5 Comparison of head responses among children 

The study involved 17 identical scenarios for each child model, along with a consistent 

set of four impact settings across all child models. These scenarios encompassed various 

impact angles: 3 cases of lateral impacts at 0 degrees, 5 cases of frontal impacts at 58 

degrees, 4 cases of lateral impacts at 58 degrees, and 5 cases of top impacts at 90 degrees. 

The comparative analysis considered multiple factors, including average peak linear 

acceleration, average HIC, average skull stress, average peak rotational velocity, average 

CSDM, and average Maximum Principal strain. 

3.3 Results 

A total of 51 simulations, comprising 17 cases for each child model, were performed 

using LS-DYNA. Computers with Intel Xeon 8-core CPUs and 24-core CPUs were used 

to solve simulations. When using 2 CPUs, it took approximately 20 hours to solve 40-

millisecond impact cases. 

3.3.1 Resultant head linear acceleration verification 

3.3.1.1 10 years old model 

In the lateral 0-degree impact cases (referred to as cases 1, 2, and 3 in Figure 3-3), the 

impact durations were slightly longer in the simulation compared to the scaled PMHS 

results. Case 1 and case 3 exhibited impact durations of 2.6 milliseconds, while case 2 

had a duration of 2.5 milliseconds. Although the peak linear acceleration matched well 

with the PMHS results for cases 1 and 2, the simulation result for case 3 was 25% lower 

than the corresponding scaled PMHS result. 
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In the frontal impact cases at 58 degrees (specifically, cases 4, 5, 6, and 7 as depicted in 

Figure 3-3), the simulation time histories exhibited two peaks, which aligned well with 

the impact duration seen in the scaled results obtained from male PMHS. In case 5, the 

simulation results displayed a peak value at approximately 2.5 milliseconds, whereas the 

scaled PMHS result exhibited a peak at around 6 milliseconds. The peak values in the 

simulation closely matched those of the scaled PMHS data, except for cases 4 and 5, 

where the simulation yielded peak values that were 42% lower for case 4 and 49% lower 

for case 5 compared to the scaled PMHS results.  

In the lateral impact cases at 58 degrees (specifically, cases 8, 9, 13, and 14 as depicted in 

Figure 3-3), the simulation results exhibited two peaks with an impact duration of 

approximately 3.9 milliseconds. In cases 8 and 9, the peak values closely matched the 

corresponding scaled data from male PMHS. In cases 13 and 14, although the shape of 

the curve in the simulation closely resembled the scaled PMHS data, there were slight 

differences in terms of magnitude. Specifically, case 13 overpredicted the scaled data by 

29%, while case 14 underpredicted the scaled PMHS data by 13%. 

Case 15 presents a unique impact scenario compared to the other cases discussed. In this 

particular case, the sRPAS impacts the head near the coronal suture. The impact duration 

closely matched the scaled results obtained from male PMHS. However, the simulation 

results underpredicted the result, with the peak value in the simulation being 302g's 

compared to the scaled result of 594g's. 

In the top 90-degree scenarios (10, 11, 12, 16, and 17 shown in Figure 3-3), the 

simulation results consistently underestimated the peak values, except for case 17, which 

had a comparable peak value to the scaled PMHS data. For cases 10, 11, 12, and 16, the 

simulated peak values were respectively 52%, 73%, 99%, and 22% lower than the 

corresponding scaled PMHS data. 
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Figure 3-3 Head resultant linear acceleration of 10YO child. Experimental data 

were scaled digitized PMHS experiments data from ASSURE report. 

3.3.1.2 6 years old model 

In the lateral 0-degree scenarios (1, 2, and 3 shown in Figure 3-4), the simulated linear 

acceleration closely matched the pattern of the scaled data. However, in all three cases, 

the simulated peak results underpredicted the scaled PMHS peak results. Specifically, for 

cases 1, 2, and 3, the simulated peak values were underestimated by 18%, 21%, and 50%, 

respectively, compared to the scaled PMHS data. 
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In the frontal 58-degree impact cases (cases 4, 5, 6, and 7 shown in Figure 3-4), the 

simulated results exhibited two peaks in their time histories. The overall curve patterns 

closely resembled the scaled PMHS results, except for case 5, where the scaled curve had 

three peaks instead. In terms of peak values, case 4 agreed with the scaled peak value, 

while case 6 had a peak value that was 24% higher, and case 7 had a peak value that was 

20% higher than their respective scaled PMHS peak values. 

In the lateral 58-degree impact scenarios (cases 8, 9, 13, and 14 shown in Figure 3-4), the 

duration of the impact was approximately 3 milliseconds, which was closely matched by 

both the simulated and scaled results. The simulated peak value for case 8 closely aligned 

with the corresponding scaled PMHS peak value. However, for cases 9 and 14, the peak 

linear accelerations were underestimated by 31% and 50% respectively, compared to the 

scaled PMHS experiments. Conversely, for case 13, the simulated peak linear 

acceleration was overestimated by 14% when compared to the corresponding scaled 

PMHS result. 

In case 15, the initial position of the sRPAS was near the coronal suture rather than the 

face. The predicted curve shape closely resembled the scaled PMHS curve. However, the 

simulated peak value was underpredicted by 63% compared to the scaled PMHS result. 

In the top 90-degree impact scenarios (cases 10, 11, 12, 16, and 17 shown in the Figure 

3-4), both the simulations and scaled PMHS experiments exhibited a similar impact 

duration of approximately 3 milliseconds. However, in all five cases, the simulated 

results consistently underpredicted the scaled PMHS results. 
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Figure 3-4 Head resultant linear acceleration of 6YO child. Experimental data were 

scaled digitized PMHS experiments data from ASSURE report. 

3.3.1.3 3 years old model 

In all 17 cases analyzed, the majority of the simulated results underpredicted the scaled 

PMHS results. However, two cases involving a frontal 58-degree impact (case 6 and case 

7 shown in Figure 3-5) had simulated peak linear accelerations that were higher by 9% 

compared to the scaled values. Notably, in the top 90-degree impact scenario (Case 13 

shown in Figure 3-5), the simulated peak linear acceleration matched well with the 

scaled value. 
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Figure 3-5 Head resultant linear acceleration of 3YO child. Experimental data were 

scaled digitized PMHS experiments data from ASSURE report. 

3.3.2 Resultant head rotational velocity verification 

3.3.2.1 10 years old model 

In the lateral 0-degree cases (1, 2, and 3 depicted in Figure 3-6), the simulations resulted 

in an overestimation of the peak rotational velocity compared to the scaled PMHS data. 

Specifically, for case 1, case 2, and case 3, the peak values were respectively 45%, 30%, 

and 30% higher than the corresponding scaled PMHS data. 

 

   

   

   

    

    

 

 

   

   

   

   

    

 

 

   

   

   

   

    

 

 

   

   

   

   

    

 

 

   

   

   

    

 

 

   

   

   

    

 

 

   

   

   

   

    

 

 

   

   

   

    

    

 

 

   

   

   

    

    

  

 

   

    

    

    

  

 

   

    

    

    

  

 

   

   

   

    

    

  

 

   

   

   

    

    

  

 

   

   

   

    

    

  

 

   

   

   

    

    

  

                              

                           

                              

  
 
 
  
  
  
 
  
  
 
 
 
  
  

         

 

   

   

    

    

                         

 
 
  
   
 
 
  
  
  
 
  
  
 
 
 
  
  

           

                           

                                                                   

 

   

   

   

   

    

 

 

   

   

   

    

  



51 

 

 

Figure 3-6 Head resultant rotational velocity of 10YO child. The experimental data 

were scaled digitized PMHS experiments data from ASSURE report. 

In the frontal 58-degree impact cases (case 4, 5, 6, and 7 shown in Figure 3-6), the 

simulated time history curves closely resembled the scaled PMHS curves. However, the 

peak values for cases 4, 5, 6, and 7 were overestimated, with increases of 39%, 31%, 

44%, and 34% respectively compared to the corresponding scaled PMHS data. 

In the lateral 58-degree impact cases (case 8, 9, 13, and 14 shown in Figure 3-6), the 

simulated peak rotational velocity was overestimated when compared to the 

corresponding scaled PMHS peak rotational velocity. 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

 

 

    

    

    

    

         

  

 

    

    

    

    

         

  

 

    

    

    

    

         

  

 

    

    

    

    

         

  

 

    

    

    

    

         

  

 

    

    

    

    

         

  

 

    

    

    

    

         

  

 

    

    

    

    

         

  

                              

                           

                              

 

    

    

    

    

                         

  
 
  
  

           

                               

                                                                   

 
 
  
 
 
 
  
  
 
  
  
  
  
 
 
  
  

         



52 

 

In the top 90-degree impact cases (case 10, 11, 12, 16, and 17 shown in Figure 3-6), the 

simulated curve shapes closely resembled those observed in the scaled PMHS 

experiments. Furthermore, the peak rotational velocity generally matched well with the 

corresponding scaled data, except for case 17 where the simulated peak value was 25% 

higher than the scaled PMHS results. 

3.3.2.2 6 years old model 

In the lateral 0-degree cases (case 1, 2, and 3 shown in Figure 3-7), the simulated results 

for all three cases exhibited an overestimation in terms of peak value compared to the 

scaled PMHS data. Additionally, the peak values in the simulated results occurred at an 

earlier stage compared to the scaled peak values. 

In the frontal 58-degree impact cases (case 4, 5, 6, and 7 shown in Figure 3-7), the 

shapes of the time histories exhibited a perfect match with the experimental curves. Both 

the simulated and scaled curves displayed two peaks in their time histories, with the first 

peak occurring at the initial stage and the second peak occurring around 20 milliseconds. 

The second peak value closely aligned with the scaled PMHS peak value. However, the 

first peak rotational velocity in the simulated results was overestimated compared to the 

corresponding scaled data. 

In the cases of lateral 58-degree impact (cases 8, 9, 13, 14 depicted in Figure 3-7), the 

simulated peak rotational velocity was higher than the corresponding experimental peak 

values, indicating an overestimation in the simulation results. 

In the top 90-degree impact cases (case 10, 11, 12, 16, and 17 shown in Figure 3-7), the 

peak value in the simulated time histories was observed earlier compared to the 

corresponding scaled experimental results. However, the peak value of the simulated 

peak rotational velocity closely matched the scaled PMHS results, except for case 12 

where the simulated result had a 45% higher peak value than the corresponding scaled 

experimental peak value. 
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Figure 3-7 Head resultant rotational velocity of 6YO child. The experimental data 

were scaled digitized PMHS experiments data from ASSURE report. 

3.3.2.3 3 years old model 

In the lateral 0-degree cases (Case 1, 2, and 3 shown in Figure 3-8), the simulation 

accurately predicted the rotational velocities, closely matching the scaled experimental 

data. Though in case 1, the simulation result had a 22% higher peak rotational value 

compared to the corresponding scaled experimental peak value. Overall, the curve shapes 

in the simulation results matched well with the experimental results, except for case 1. 
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Figure 3-8 Head resultant rotational velocity of 3YO child. The experimental data 

were scaled digitized PMHS experiments data from ASSURE report. 

In the frontal 58-degree impact cases (case 4, 5, 6, and 7 shown in Figure 3-8), the 

simulation accurately predicted the rotational velocities, closely matching the patterns 

observed in the scaled data. Although the simulated peak values tended to be higher than 

the corresponding scaled experimental results, except for case 7 where the peak rotational 

velocity matched the scaled PMHS data. 

In the lateral 58-degree impact cases (8, 9, 13, and 14 shown in Figure 3-8), the peak 

value in the simulation occurred at approximately 5 milliseconds, whereas for the scaled 

PMHS results, the peak value occurred at around 22 to 24 milliseconds, which is a much 
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later stage of the impact. In all the impact cases, the simulation results consistently 

overestimated the peak rotational velocity compared to the corresponding scaled 

experimental results.  

In the top 90-degree impact cases (case 10, 11, 12, 16, and 17), the simulated curves 

closely resembled the scaled PMHS experiments. However, the peak rotational velocities 

occurred earlier in the simulations. Case 10, 11, and 16 had higher peak values (57%, 

28%, and 23% respectively), while case 12 had a lower peak value (30%) compared to 

the scaled experimental data. 

3.3.3 Skull stress  

Out of the total 17 cases, this study focused on 4 cases with very high impact velocity to 

compare skull stress among the 3 child models (Figure 3-9). Specifically, cases 3, 7, and 

14 demonstrated that the von Mises stress was greater for the 10-year-old child model 

compared to the 6-year-old and 3-year-old child models. This indicates that the 10-year-

old model experienced the highest level of skull stress. However, there was an exception 

in case 17, which involved a Top 90-degree impact. In this particular scenario, the 3-

year-old child model exhibited the highest skull stress compared to the 6-year-old and 10-

year-old models. 
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Figure 3-9 Skull stress contours comparison of three child models 

3.3.4 Comparing average values among child models of different ages 

Figure 3-10 and Figure 3-11 display the average values of all 17 cases for three child 

models of varying ages. Notably, the data from Figure 3-10 demonstrates a trend where, 

as the age of the child model increased, the average values tended to decrease. The 6-

year-old child model exhibited 7.04% lower peak linear acceleration, 22.04% lower HIC, 

6.54% lower peak rotational velocity, and 2.44% lower BrIC compared to the 3-year-old 

child model. Additionally, the 10-year-old child model showed 24.84% lower peak linear 

acceleration, 26.08% lower HIC, 9.54% lower peak rotational velocity, and 7.32% lower 

BrIC than the 3-year-old child model. 

                                   

                                    

                                     

                                 

          

          

          

          

                  

                  

                 

                  

 

         
      

      



57 

 

 

Figure 3-10 Average peak linear acceleration, Average HIC and Average skull stress 

comparisons of all three-child model. 

However, despite experiencing higher linear acceleration and HIC, the 3-year-old model 

exhibited lower skull stress when compared to both the 10-year-old and 6-year-old 

models. A similar pattern was observed between the 10-year-old and 6-year-old models 

as well. Despite the 6-year-old model having higher peak linear acceleration and HIC, it 

still showed lower skull stress than the 10-year-old model. The 6-year-old child model 

experienced higher strain compared to the 10-year-old model, as indicated by higher peak 

rotational velocity and BrIC. CSDM10, and CSDM15 all showed higher values for the 6-

year-old model compared to the 10-year-old model (Figure 3-11). Surprisingly, the 3-

year-old model displayed lower brain MPS than both the 10-year-old and 6-year-old 

models. CSDM10, and CSDM15 exhibited lower values for the 3-year-old model in 

comparison to both the 10-year-old and 6-year-old child models. 
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Figure 3-11 Average peak rotational velocity, Average BrIC, Average CSDM and 

Average mean MPS comparisons of all three-child model. 

3.4 Discussion 

The findings of this research provide valuable insights into the head injury risks 

associated with drone impacts, especially for vulnerable populations such as children. 

The observed variations between simulated and scaled data may be attributed to 

differences in head geometry and material properties between the FE models and PMHS 

experiments. Despite these differences, the simulations were generally successful in 

predicting the trends and providing valuable injury risk information. 

To assess the potential risks posed by small Remotely Piloted Aircraft Systems (sRPAS) 

to vulnerable populations, such as children, an established and validated FE (Finite 
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Element) model of sRPAS was employed. This model was utilized to investigate the 

potential head impacts of sRPAS on children. Given the scarcity of child PMHS 

experiments, the model was verified by scaling head linear acceleration and rotational 

velocity data from experiments conducted on male PMHS. Weng et al. (2021) verified 

the female model using head linear acceleration and rotational velocity data that were 

scaled from male PMHS experiments [68]. This research represents the pioneering effort 

in examining the effects of sRPAS on child head impacts and providing critical insights 

into brain strains and von Mises skull stresses. In general, these findings suggest that 

children may be at heightened risk of injury in scenarios involving sRPAS-related head 

impacts, thus emphasizing the necessity for enhanced protective measures. 

The comparative analysis conducted across the three distinct age groups yielded 

insightful findings. As the age of the child increased, the mean values of critical 

parameters, including linear acceleration, Head Injury Criterion (HIC), peak rotational 

velocity, and Brain Injury Criterion (BrIC) generally exhibited a diminishing trend, 

indicating a prevailing pattern of decreasing impact severity with advancing age. Our 

study encompassed four conventional impact scenarios: lateral 0 degrees, frontal 58 

degrees, lateral 58 degrees, and top 90 degrees. 

Zhang et al. in his study found that linear acceleration greatly affected intracranial 

pressure [33]. The head injury criterion (HIC) has gained significant acceptance as a 

primary metric for assessing head injuries in automotive safety [85].Among these impact 

scenarios, the results consistently indicated that the lateral 0-degree impact was the most 

vulnerable, manifesting the highest levels of linear acceleration and HIC. In addition, 

except for the 3-year-old child model, where the top 90-degree impact exhibited the 

highest skull stress, the lateral 0-degree impact consistently induced the highest skull 

stress. 

Researchers proposed the brain's maximum principal strain (MPS) as a predictor for 

concussion and diffuse axonal injury (DAI) [86]. In all impact cases across the three child 

models, brain strains generally exhibited elevated levels. Notably, among the four impact 

scenarios, the lateral 0-degree impact consistently resulted in particularly elevated brain 
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strains. Specifically, for the 10-year-old model, the average brain strain (Mean MPS) 

observed was approximately 0.20. Similarly, for the 6-year-old model, the average brain 

strain was approximately 0.22. In the case of the 3-year-old model, the lateral 0-degree 

impact led to an average brain strain of around 0.18. These outcomes underscore the 

significance of frontal and lateral impacts in relation to brain injury risks, indicating that 

such impacts merit heightened attention compared to top impacts. 

The comparison of the Cumulative Strain Damage Measures (CSDM10 and CSDM15) 

across the three child models revealed noteworthy trends. The 6-year-old model 

consistently exhibited higher values in comparison to the 10-year-old model, signifying 

potentially elevated brain injury risks in the former. The 3-year-old model consistently 

displayed lower brain strain levels in relation to both the 6-year-old and 10-year-old 

models across these metrics, indicating a relatively lower susceptibility to brain injury. 

3.5 Conclusion 

The developed sRPAS FE model was utilized to simulate impacts on child models of 10, 

6, and 3 years old, totaling 51 simulations. The model's predictions for linear acceleration 

and rotational velocity generally aligned well with scaled PMHS data. With the 

increasing age of the child model, the average values for all impact cases, including linear 

acceleration, HIC, peak rotational velocity, and BrIC, tended to decrease. Despite the 3-

year-old model showing higher linear acceleration and HIC, it displayed lower von Mises 

stress compared to the 10-year-old and 6-year-old models. Notably, the 6-year-old model 

consistently demonstrated higher brain strain than the 10-year-old model, and the 3-year-

old model exhibited lower brain strain compared to both the 6-year-old and 10-year-old 

models. The findings underscore the importance of age-specific considerations in safety 

design and establish a solid basis for further exploration in this critical domain. 
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Chapter 4  

4 Investigating Head Injury Dynamics in Small Remotely 
Piloted Aircraft System(sRPAS) to Head Collisions: A 
Comparative Study of sRPAS Models 

Abstract 

The increasing prevalence of drone usage has raised concerns regarding the safety of 

individuals on the ground, particularly in cases of drone malfunctions leading to 

collisions. This study delves into the intricate dynamics of drone-to-human impacts, with 

a specific focus on small remotely piloted aircraft systems (sRPAS). Using a highly 

detailed finite element (FE) model, the head kinematics resulting from sRPAS impacts 

and verified the model's accuracy against cadaveric data from impact scenarios were 

investigated. The research extended to a comparative analysis of head injuries caused by 

two different sRPAS models: the Mavic Pro and the Phantom 3, considering frontal 58-

degree impacts at varying speeds. The FE model accurately predicted head linear 

accelerations and rotational velocities, confirming its reliability in capturing real-world 

impact dynamics. Comparing the impacts of the Mavic Pro and the Phantom 3, the Mavic 

Pro exhibited higher linear accelerations, Head Injury Criterion (HIC), skull stress, and 

brain strain, highlighting its potential to cause more severe injuries. In contrast, the 

Phantom 3 impact yielded greater rotational velocities. The findings emphasize the 

importance of thorough safety measures in drone design and operations to mitigate 

potential risks to individuals on the ground. This research contributes to aviation 

regulatory efforts by providing insights into head injury risks during impacts with two 

types of sRPAS and aiding the establishment of effective safety protocols. 
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4.1 Introduction 

Numerous incidents involving drone malfunctions resulting in ground collisions have 

highlighted a significant safety concern. In May 2015, an unmanned aircraft flying over a 

crowd during a Memorial Day parade in Marblehead, MA, struck a building and 

subsequently crashed, causing minor injuries to two individuals [87]. Similar risks are 

present in any scenario involving unmanned aircraft and people, as malfunctioning 

drones have the potential to descend onto individuals on the ground. For instance, in early 

April 2014, an unmanned aircraft collided with a female athlete during a triathlon in 

Geraldton, Western Australia, resulting in a head laceration [88]. Emergency personnel 

had to remove a piece of the propeller from the athlete's head. Tragically, operator errors 

have led to fatal outcomes as well. In April 2003, an out-of-control model aircraft 

claimed the life of a 14-year-old girl in England [76], while a radio-controlled helicopter 

struck and severely injured a 41-year-old operator in Switzerland in 2013 [89]. 

Numerous studies that explore the impact of drones on humans utilize a probabilistic 

methodology, involving a sequence of estimations and assumptions. This complex matter 

can be broken down into distinct components. One crucial aspect is identifying the worst-

case impact scenario, encompassing factors such as kinetic energy, drone orientation, and 

approach angle. Additionally, evaluating collision outcomes for a human involves 

considerations like energy transfer or absorption and human vulnerability. Practical 

testing utilizing Anthropomorphic Test Devices (ATDs), Post-Mortem Human Surrogates 

(PMHS), or computational modeling plays a pivotal role in establishing foundational 

datasets for assessing potential consequences. Both cadaveric experiments and Finite 

Element (FE) models have significantly contributed to the understanding of head injuries 

caused by such incidents. Koh et al. (2018) employed practical tests to validate finite 

element models, utilizing a simplified Anthropomorphic Test Device (ATD) to assess 

head impacts [90]. Another study revealed an AIS2 skull linear fracture resulting from a 

quadcopter-type sRPAS impacting the head in various scenarios. The utilization of the 

Advanced Human Body Models for injury prediction (PIPER) scalable child model shed 

light on the correlation between skull stress and fracture in children [91]. This study 

highlighted that stress responses predicted by the model, such as von Mises stress, are 
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more effective in forecasting skull fractures compared to kinematic-based injury 

measures. Similarly, Weng et al. (2021) validated an sRPAS model against 17 

experimental studies from the ASSURE report [56]. 

Aviation regulatory authorities grapple with the intricate task of balancing the benefits of 

Small Remotely Piloted Aircraft Systems (sRPAS) with the inherent safety risks posed to 

individuals on the ground. To address this multifaceted issue, these authorities are 

actively proposing and implementing a range of solutions to ensure the safety of 

individuals on the ground. In recent years, the Federal Aviation Administration (FAA) 

supported a substantial project aimed at comprehending the impact of sRPAS on human 

heads. The Alliance for Safety of UAS through Research Excellence (ASSURE) 

employed automotive criteria and limits for evaluation, drawn from an extensive array of 

empirical data commonly utilized in certifying vehicle safety for occupants during 

collisions [15]. Still, caution is warranted during the transition due to discrepancies in 

impact masses, velocities, and materials between drones and Unmanned Aircraft Systems 

(UASs). Empirical data from sRPAS tests involving Post-Mortem Human Surrogates 

(PMHS) emphasize the need for this cautious approach. 

The ASSURE A4 report, comprising 26 tests involving a DJI Phantom 3 standard drone 

impacting an ATD, incorporated various automotive criteria to assess injury severity. The 

most comprehensive dataset to date is encapsulated in the ASSURE A14 Report, which 

encompasses a total of 315 tests involving diverse UASs subjected to various impact 

scenarios, utilizing distinct impact partners such as simplified ATDs and PMHS [15]. 

However, it is important to note that detailed data and test results are available only for 

149 tests, which constitute the focus of this study. 

There are sRPAS with various structures and masses available. While in previous 

chapters, head responses to one specific quadcopter sRPAS were studied. This study 

aimed primarily to create a new quadcopter sRPAS FE model and verify it using 

cadaveric data through four distinct frontal impact scenarios. After confirming the impact 

simulations and verifying the human head model, skull von Mises stress and brain 

maximum principal strain were studied and compared to the previous sRPAS model 
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(Phantom 3) in similar impact scenarios. Furthermore, various injury metrics, including 

HIC and BrIC, were compared between the two sRPAS models. 

4.2 Methods 

4.2.1 Mavic Pro model development 

A representative quadcopter-style Mavic Pro FE model was developed (Figure 4-1). The 

FE model comprised various structural parts, including chassis upper portion, chassis 

lower portion, drone frame, battery, propeller assembly, hover arms, camera assembly, 

and gimble cover. In total, the FE model was made up of 56,512 1D-2D shell elements, 

including 961 1D beam elements and 55,551 2D shell elements. Overall, the model 

weighed 1.641lbs, which is 1.2% different from the physical model. High-quality meshes 

were used in this model to ensure accuracy. The shell element composition in the 

analyzed model consisted of 55,147 2D quadrilateral elements, accounting for 99.27% of 

the total shell elements. Additionally, there were 404 2D triangular elements, 

representing a mere 0.037% of the total shell elements. Among the 2D shell elements, a 

mere 3% exhibited a warpage value exceeding 5, with the highest recorded value 

reaching 46.45. Remarkably, all 2D shell elements maintained an aspect ratio below 5. 

Furthermore, a fraction of 3% of the 2D elements displayed a Jacobian value below 0.7, 

with the minimum recorded value being 0.43. Notably, every 2D element exhibited a 

length greater than 1mm, with the minimum length measured at 1.07 mm and the 

maximum length at 3.86 mm. These stringent mesh quality requirements were upheld to 

ensure the accuracy of the finite element model, while the dimensions of the model were 

verified against the specifications of the Mavic Pro Quadcopter, as per the established 

standards. 

The Mavic Pro FE model was meshed using HyperMesh (Altair, Troy MI, USA), with 

the frame and battery components being separated. Spotwelds were used to connect the 

different parts. The arm joint with the main frame and battery components being 

separated. Spotwelds were used to connect the different parts. The arm joint with the 

main frame was one complicated part of this model. The arm in the physical model is 

flexible and can rotate to a certain extent. Hence, the 
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*CONSTRAINED_JOINT_REVOLUTE was defined to reinforce the connection 

between the frame and the arms. This *CONSTRAINED_JOINT_REVOLUTE is a 

function defined in Ls-Dyna, which specifies the revolution axis and the stiffness. The 

revolute joint was implanted at four drone arms to better represent these features in the 

FE model, allowing the arms of the drone to be flexible and rotate in the z direction. 

 

Figure 4-1 Mavic Pro finite element model. (a) Full FE model of Mavic Pro. (b) 

Exploded view. (c) Parts of Mavic Pro. (d) Motor assembly 

Based on the material information from the ASSURE report [15], which is presented in 

Table 4-1, the material properties of various components of the Mavic Pro FE model 

were determined. Polycarbonate material was assigned to the body frame, upper & lower 

chassis, arm, and propeller blades. The gimble was modeled using G10 Fiber glass. The 

Motor casing, clamp & blade clamp were modeled using Case Aluminum 520F. Motor 

Windings were modeled using Steel 4030. However, it was discussed during the later 

model verification stage that the Gimbal cover was removed when sRPAS is under 
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operation. So, the Gimbal cover was removed for later sRPAS-to-head simulations, even 

though it was developed. 

The sRPAS frame shell was deemed the most important part because it made direct 

contact with the human head. The energy of the moving drone would be transferred from 

the body shell, which was stopped during impacts, to the head, which was driven. As a 

result, the material properties of the shell were believed to play a significant role in the 

impact simulations. In general, the shell was made of polycarbonate plastic, a strong and 

durable material commonly used in engineering structures. According to the ASSURE 

report, the Johnson-Cook model was found to be suitable for simulating shells. Table 4-3 

summarized the material properties of polycarbonate based on the ASSURE report. 

Table 4-1 Parts and material types 

Drone parts Material 

Frame Polycarbonate 

Upper & Lower Chassis Polycarbonate 

Arm Polycarbonate 

Propeller Blades Polycarbonate 

Battery Pack Battery 

Motor Casing Case Aluminum 520F 

Clamp Case Aluminum 520F 

Motor Windings Steel 4030 
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Table 4-2 General material properties 

Material Y  n ’          

(MPa) 

P     n’        Density 

(ton/mm^3) 

Cast Aluminum 

520F 

66,600 0.33 2.87E-09 

Steel 4030 200,500 0.29 8.65E-09 

G10 Fiber glass 13,790 0.12 1.98E-09 

Battery 500 0.33 5.477E-09 

Table 4-3 Detailed material properties of polycarbonate 

Density 

(kg/m3) 

Y  n ’  

Modulus 

(GPa) 

Shear 

Modulus 

(GPa) 

A 

(MPa) 

B 

(MPa) 

C m n Cv 

(KJ/kgK) 

Tmelt 

(K) 

1197.8 2.59 0.93 80 75 0.0052 0.548 2 1.3 562 

4.2.2 Available cadaver data for verification 

The comprehensive ASSURE report provides access to cadaveric test data involving 

sRPAS-to-human collisions [15]. These experiments, overseen by Ohio State University, 

employed various sRPAS for testing purposes. Notably, Weng et al. (2021) previously 

validated their FE model using data from 17 quadcopter-style sRPAS (Phantom 3) 

experiments found within the detailed ASSURE report [56]. This study focused on data 

from 4 experiments involving quadcopter-style sRPAS (Mavic Pro) sourced from the 

same report. These experiments yielded detailed head kinematics time histories during 

impacts and were conducted using frontal 58-degree impact configurations. Two male 

cadaver subjects participated, with body masses of 143lb and 193lb, respectively. Each 

PMHS subject was equipped with head kinematics sensors, allowing for the measurement 
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of head linear acceleration, head rotational velocity, and head rotational acceleration at 

the head's center of gravity during impact. 

4.2.3 sRPAS to head impact 

4.2.3.1 THUMS human body model 

This study employed both the 50th percentile male adult model and the 5th percentile 

small female model from Total Human Model for Safety (THUMS) version 4.02. A 

comprehensive depiction of these two models is provided in chapter 2, specifically in 

sections 2.2.1.1 and 2.2.1.1. 

4.2.3.2 Simulation of Mavic Pro to human head impact 

In the preprocessing phase, the integration of the Mavic Pro model and the THUMS was 

accomplished through the utilization of HyperMesh and LS-Prepost version 4.5 

(LSTC/ANSYS, Livermore, CA). Paramount to establishing the initial boundary and 

loading conditions were various considerations. These encompassed the strategic 

positioning of the Mavic Pro FE model relative to the human head, the determination of 

the Mavic-Pro’s flying speeds, and the precise definition of contact conditions governing 

the interaction between the sRPAS and the human head. 

The initial positioning and velocities of the drone were established based on empirical 

data obtained from Ohio State University (OSU) PMHS experiments (Table 4-4). 

Specifically, the Mavic Pro model focused exclusively on the Frontal 58-degree scenario. 

In total, four cadaveric experiments were reported in the ASSURE Report [15]. For 

comparing the head kinematics and injury metrics between males and females, identical 

impact conditions were applied to the THUMS female model (Figure 4-2). Two 

simulations were performed for females, mirroring the ones conducted for males, 

employing the initial loading conditions outlined in the ASSURE report (Table 4-5). 

Since female cadaveric data were absent from the ASSURE report, consistency in impact 

locations was ensured for both average males and small females using a proportional 

approach. By using a vertical line through the head's center of gravity as a reference, 

impact locations were determined based on the angles between the vertical center line 
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and the approaching directions of the sRPAS. To impart the desired velocity to the drone, 

the *INITIAL_VELOCITY command available in LS-DYNA was employed. 

Additionally, the *AUTOMATIC_SURFACE_TO_SURFACE command was utilized to 

accurately define the contact interaction between the Mavic Pro and the human head 

model. 

To collect linear acceleration and rotational velocity data at the head's center of gravity, 

numerical accelerometers were placed on the human head model. However, it was 

observed that the resultant acceleration output from the middle to later stages of LS-

DYNA's LS-Direct PrePost generated spurious values. In order to obtain accurate linear 

acceleration values, a low-pass channel frequency class (CFC) 1000 Hz filter was applied 

to the x, y, and z axes linear acceleration data, and the resultant acceleration was then 

calculated from the filtered data. Rotational velocities were filtered using a 180 Hz filter. 

By implementing this meticulous preprocessing methodology, the integration of the 

Mavic Pro model and the THUMS is upheld with a high degree of reliability and 

precision. Consequently, it guarantees the accurate acquisition of linear acceleration and 

rotational velocity data, thereby facilitating precise and reliable data for subsequent 

analytical investigations. 

Table 4-4 sRPAS to head impact setups. FPS: Foot per second. OSU: Ohio State 

University 

Case # Impact 

Direction 

Impact Angle 

(degree) 

Sex Impact 

Velocity 

m/s (FPS) 

Cadaver 

subject 

1 Frontal 58 Male 18.6 (61) 4 

2 Frontal 58 Male 21.6 (71) 3  

3 Frontal 58 Male 18.6 (61) 4 

4 Frontal 58 Male 21.6 (71) 3 



70 

 

Table 4-5 sRPAS to female head setups. FPS: Foot per second 

Case # Impact 

Direction 

Impact Angle 

(degree) 

Sex Impact 

Velocity 

m/s (FPS) 

1 Frontal 58 Female 18.6 (61) 

2 Frontal 58 Female 21.6 (71) 

 

Figure 4-2 Mavic Pro Frontal 58-degree Impact setting. (a) THUMS 4.02 50th 

percentile male model. (b) THUMS 4.02 5th percentile female model 

4.2.4 Mavic Pro vs Phantom 3 

This section delves into the effects of head impacts from the Mavic Pro and Phantom 3 

drones, examining the resulting head responses. Notably, these sRPAS differ in weight 

and structure, with the Mavic Pro weighing 0.74kg and the Phantom 3 weighing 1.2kg 

(shown in Figure 4-3). For the assessment, a frontal impact at a 58-degree angle was 

chosen as the impact setting, with two distinct impact velocities of 61fps and 71fps. 
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Figure 4-3 (a) Mavic Pro. (b) Phantom 3 

4.3 Results 

4.3.1 Resultant linear acceleration verification 

All four cases were verified (Figure 4-4) using frontal 58-degree drone impact. It needs to 

be noted that the direction of frontal was referred to the human head. During the impact, 

one peak linear acceleration appeared in all the impact cases. The impact duration was 

approximately 2 milliseconds. The simulated peak linear acceleration matched the cadaver 

experiments well, though the simulated results slightly underestimated the peak value by 

around 14% in case 1 and 12% in case 2. The peak linear acceleration of the simulation 

matched well with the experimental results for case 3 and case 4.   

4.3.2 Resultant rotational velocity verification 

The rotational velocity curves were well-verified (Figure 4-5). Except for the first two 

cases, the curves of simulations and cadaver experiments matched well. The peak values 

of simulation and experimental values were generally close in the first two cases. For the 

first two cases, the peak value occurred at around 16 milliseconds. However, in simulation, 

the rotational velocity peaked at around 5 milliseconds. In case 3 and 4, the peak rotational 

values were 34% and 27% higher than those of experiments. 
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Figure 4-4 Head resultant linear acceleration verification. Experimental data were 

digitized based on ASSURE report. 

 

Figure 4-5 Head resultant rotational velocity verification. Experimental data were 

digitized based on ASSURE report. 
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4.3.3 Comparison of DJI Phantom and Mavic Pro 

An analysis of two separate impact scenarios was conducted to understand the kinematic 

effects of head-on collisions involving two different drone models: the Mavic Pro and the 

Phantom 3. Notably, by maintaining consistent impact parameters for both drones, an 

opportunity emerges to outline the differences in injury kinematics resulting from these 

distinct impacts. 

Figure 4-6(a) shows that both male and female individuals experienced increased levels 

of linear acceleration, Head Injury Criterion (HIC), and skull stress under Mavic pro 

impact situations. Pertinently, in the context of head impact by the Mavic Pro at 61fps, 

the male exhibited a noteworthy peak linear acceleration of 492g. In stark contrast, when 

subjected to the impact of the Phantom 3, the average male experienced a markedly 

reduced peak linear acceleration of 218g, signifying a substantial 55% lower than the 

Mavic Pro impact. Analogous trends were witnessed amongst female subjects, who 

registered an almost 49% reduction in peak linear acceleration consequent to the Phantom 

3 impact in comparison to the Mavic Pro's. 

The HIC results followed these patterns (Figure 4-6(b)), with the Mavic Pro impact 

manifesting higher HIC values relative to the Phantom 3 impact across both average male 

and small female subjects. The same pattern observed when examining skulls stress 

(Figure 4-6(c)). For average male, the Mavic Pro impact resulted in a skull stress of 

117MPa, while the Phantom 3 impact led to a lower value of 97MPa. This pattern was 

true for the small female as well, with the Mavic Pro impact causing more skull stress 

than the Phantom 3 impact. 

At a higher impact speed of 71fps, a similar pattern was observed. The Mavic Pro impact 

led to much higher peak linear acceleration of 502g for average males and 598g for small 

females (Figure 4-7(a)). In contrast, the impact associated with the Phantom 3 yields 

comparatively lower results, with the average male experiencing a peak linear 

acceleration of 194g and the small female encountering 254g. In terms of the Head Injury 

Criterion (HIC), the Mavic Pro impact yields notably higher values when compared with 

the Phantom 3 impact (Figure 4-7(b)).  
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The delineation of skull stress data mirrors these recurring trends. Specifically, the 

average male subjected to the Mavic Pro impact demonstrated a skull stress of 124MPa, 

while the corresponding value for the small female stood at 143MPa. By contrast, the 

Phantom 3 impact resulted in lower skull stress values, with the average male 

experiencing 98MPa and the small female registering 127MPa (Figure 4-7(c)). 

 

Figure 4-6 Comparison of Mavic Pro Vs Phantom 3 impact at 61fps (a) Peak linear 

acceleration, (b) HIC, (c) Skull stress. 
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Figure 4-7 Comparison of Mavic Pro Vs Phantom 3 impact at 71fps (a) Peak linear 

acceleration, (b) HIC, (c) Skull stress. 

Upon examining the rotational velocity, distinctive patterns were identified. (Figure 4-8). 

At a 61fps impact speed, the Mavic Pro impact on the head resulted in lower rotational 

velocities for both average males and females compared to the Phantom 3 impact. The 

peak rotational velocity recorded for the Mavic Pro impact was 809 degrees per second, 

marking a 24% decrease in comparison to the peak rotational velocity observed with the 

Phantom 3 impact. This same trend was observed in small females, where the impact of 

the Mavic Pro led to approximately 27% lower rotational velocity compared to the 

Phantom 3 impact. This pattern continued even as the impact velocity increased to 71fps, 

with both male and female subjects experiencing reduced rotational velocities from the 

Mavic Pro impact relative to the Phantom 3 impact (Figure 4-9). 

Shifting to the BrIC calculation, at a 61fps impact speed, the values were nearly 

indistinguishable for both the Mavic Pro and Phantom 3 impacts. However, in the case of 

small females, the BrIC value was approximately 7% lower for the Mavic Pro impact 

compared to the Phantom 3 impact. This pattern held true at higher speeds as well, with 

male subjects exhibiting near-identical BrIC values for both Mavic Pro and Phantom 3 
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impacts. Conversely, small females demonstrated lower BrIC values for the Mavic Pro 

impact compared to the Phantom 3 impact. 

Consideration of Brain MPS revealed consistent trends at both 61fps and 71fps. In both 

instances, the Mavic Pro impact elicited higher MPS values for both male and female 

subjects relative to the Phantom 3 impact. Specifically, at 61fps, the male subjects 

experienced nearly 90% higher MPS due to the Mavic Pro impact compared to the 

Phantom 3 impact. Similarly, small females exhibited an approximate 54% higher MPS 

resulting from the Mavic Pro impact in contrast to the Phantom 3 impact. This 

congruence in trends extended to the 71fps speed, where both average male and female 

subjects encountered elevated MPS values due to the Mavic Pro impact in comparison to 

the Phantom 3 impact. 

 

Figure 4-8 Comparison of Mavic Pro Vs Phantom 3 impact at 61fps (a) Peak 

rotational velocity, (b) BrIC, (c) Mean MPS 
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Figure 4-9 Comparison of Mavic Pro Vs Phantom 3 impact at 71fps (a) Peak 

rotational velocity, (b) BrIC, (c) Mean MPS. 

4.4 Discussion 

This study focused on comprehending the human head’s responses when exposed to 

impacts from sRPAS to humans. To achieve this, a highly detailed finite element (FE) 

model of a representative quadcopter-style sRPAS was developed, specifically the Mavic 

Pro. To verify the accuracy of the model, a meticulous comparison was made between its 

predictions and data obtained from four separate sRPAS-to-human-head impact 

scenarios. The model's predictions for head linear acceleration and rotational velocity 

closely matched real-world data collected from cadaveric heads. 

The research was expanded to examine head-on collisions involving the Mavic Pro and 

the Phantom 3 drones, along with an exploration of how head responses vary due to 

impacts on these two distinct drone models. In their previous work, Weng et al. (2021) 

focused on the Phantom 3, creating a model for it, and validated it against 17 cases of 

drone-to-human head impacts [56]. This study underscored variations in the impact of 

these two drones on human head responses.  
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The increasing occurrences of drones malfunctioning and colliding with individuals on 

the ground have raised significant safety concerns. Through simulations, this study 

emphasizes potential hazards arising from scenarios involving impacts of the human head 

by both Mavic Pro and Phantom 3 sRPAS. These collisions can lead to varying degrees 

of injury severity, highlighting the crucial need for a comprehensive understanding of 

injury mechanisms to formulate effective safety protocols. 

Linear kinematics have been established as factors contributing to concussion injuries. 

Notably, research by Pellman et al. (2003) indicated that concussed sports players 

experienced peak linear acceleration of 98±28g [92], while Zhang et al. (2004) reported 

peak linear acceleration ranging from 61 to 144g [33]. Analysis of linear acceleration 

showcased marked distinctions between the impacts of the Mavic Pro and the Phantom 3. 

Specifically, impacts at velocities of 61fps and 71fps involving the Mavic Pro induced 

significantly higher peak linear accelerations compared to those involving the Phantom 3. 

This dissimilarity in acceleration levels underscores the potential for more severe head 

injuries stemming from Mavic Pro impacts, thus underscoring the importance of careful 

drone design considerations and operational regulations. 

Head Injury Criterion (HIC) is a pivotal parameter in assessing the severity of injuries 

resulting from head impacts. The findings consistently indicated elevated HIC values for 

impacts involving the Mavic Pro, relative to those involving the Phantom 3. These higher 

HIC values underscore the heightened risk of head injury posed by Mavic Pro collisions. 

Similarly, the analysis of Von Mises skull stress underscores the greater potential of the 

Mavic Pro to cause significant damage. Higher Von Mises stress values observed in 

Mavic Pro impacts underscore its propensity to lead to severe head injuries. 

An intriguing observation emerged from a cadaveric study wherein a frontal 58-degree 

impact at 70.5fps resulted in an AIS 2 level, 13cm linear skull fracture [93]. Scientific 

literature has associated Von Mises stress values with injury prediction, specifically 

establishing a critical threshold of 110.9 MPa as indicative of skull fractures [91]. The 

investigation revealed that both male and female subjects demonstrated Von Mises stress 

exceeding this threshold during impacts from the Mavic Pro at 61fps and 71fps. This 
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strongly implies a significant likelihood of skull fractures resulting from Mavic Pro 

impacts, thereby underscoring the potential for severe head injuries. 

Rotational velocity has also been identified as a critical factor in predicting head injuries. 

This study demonstrates that Mavic Pro impacts yield lower rotational velocities 

compared to Phantom 3 impacts. However, data on brain MPS reveals higher values in 

the context of Mavic Pro impacts relative to Phantom 3 impacts. 

The Mavic Pro weighs 0.74kg, whereas the Phantom 3 has a weight of 1.2kg. Despite its 

lower weight, the Mavic Pro leads to greater head impact effects in terms of HIC and 

skull stress. This prompts an investigation into the structural dissimilarities between these 

two sRPAS. While the Phantom 3's impact involves direct head contact with its frame 

shell, the Mavic Pro's impact involves battery contact. This structural variance, coupled 

with differing material properties, likely contributes to varied head responses. 

Additionally, BrIC values show a lower reading for the Mavic Pro impact compared to 

the Phantom 3, possibly due to variations in rotational velocity. Intriguingly, brain strain 

analysis contradicts expectations, showing higher strain for the Mavic Pro than the 

Phantom 3. This complexity underscores the need for more impact scenarios and 

sensitivity studies, as this investigation only considers a single impact scenario. 

Due to the complexity of these collisions, it is necessary to account for various factors 

like drone orientation, impact velocity, and human vulnerability. Practical approaches, 

such as cadaveric experiments and computational modeling, assume a pivotal role in 

establishing foundational datasets for comprehending potential injury outcomes. 

Regulatory authorities face the challenging task of balancing the benefits of sRPAS with 

associated safety concerns. This study contributes to this ongoing discourse by offering a 

comprehensive analysis of head impacts from distinct drone models. The integration of 

realistic finite element models, verified using cadaveric data, underscores the imperative 

role of reliable datasets in shaping regulatory decisions. 

Despite the thoroughness of this study, it’s important to acknowledge certain limitations. 

The primary emphasis on frontal impact scenarios somewhat limits the scope of address 

collisions from different angles and scenarios. Additionally, the divergent impact 
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conditions between the two drone models—particularly how the body shell of the 

Phantom 3 and the battery of the Mavic Pro impact the head—might introduce variations 

in results. This underscores the importance of nuanced interpretation when considering 

differences in material structure. Although there are limitations as mentioned earlier, it's 

important to emphasize the efforts in creating a well-verified sRPAS model and studying 

head kinematics during sRPAS-to-human impacts have yielded valuable and original 

insights. Furthermore, there is a need for more experimental and computational research 

in light of the expected rapid growth in sRPAS utilization. 

4.5 Conclusion 

A finite element model representing a quadcopter-style sRPAS was developed and 

performed four impact simulations, focusing solely on frontal 58-degree impacts. The 

model accurately predicted head linear accelerations and rotational velocities, aligning 

well with data obtained from cadaveric experiments. This study compared the injury 

kinematics of two distinct sRPAS models: the previously developed Phantom 3 and the 

newly developed Mavic Pro, under two different impact speeds. Comparing the impacts, 

the Mavic Pro showed higher linear acceleration, HIC, skull stress, and brain strain 

compared to the Phantom 3. Notably, rotational velocity differed, with the Mavic Pro 

impact resulting in less rotation than the Phantom 3 impact. These findings underscore 

the vital necessity of implementing robust safety measures in both drone design and 

operation. This study significantly contributes to the ongoing endeavors of aviation 

regulatory authorities, aiding in the delicate balance between the advantages and hazards 

of sRPAS operations. Ultimately, this work serves to ensure the safety of individuals on 

the ground. 
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Chapter 5  

5 Conclusion 

5.1 Summary and Conclusions 

With the growing utilization of sRPAS, ensuring the safety of individuals on the ground 

from head impacts caused by sRPAS has become a significant priority. Regulatory bodies 

are actively engaged in comprehending the impact of sRPAS on human heads to facilitate 

the development of safety regulations. This includes considering how the general 

population on the ground could be affected by such impacts. 

The project commenced by verifying the THUMS V4.02 female pedestrian head model, 

and the computational outcomes demonstrated strong concordance with experimental 

results. The THUMS head model verification encompassed 9 cadaveric experiments. 

Subsequently, a comparison between the head responses of an average male and a small 

female was conducted in response to a Phantom 3 impacting on the head. A total of 17 

simulations were executed for small female, utilizing loading conditions consistent with 

the male impact case outlined in the ASSURE report. Notably, the small female exhibited 

lower skull stress in comparison to the average male, despite experiencing higher linear 

acceleration and HIC values. In terms of brain strain, the small female encountered 

greater strain than the male under the same impact conditions. 

The comprehension of sRPAS-to-head impact has primarily centered around the male 

and female populations. However, there exist other vulnerable groups, such as children, 

who could be at a heightened risk of injury from sRPAS impacts. To address this, we 

verified sRPAS-to-child models representing ages 10, 6, and 3 years old. These models 

were subjected to impact scenarios similar to those applied to males. As direct cadaveric 

data for child models were lacking, we employed scaling laws based on male PMHS 

results. Generally, the simulation results exhibited consistent curve patterns and peak 

values with the scaled outcomes. Remarkably, the 3-year-old model demonstrated greater 

linear acceleration and HIC values yet exhibited lower von Mises stress in comparison to 

the 10-year-old and 6-year-old models. Specifically, the 6-year-old model consistently 
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displayed higher brain strain than the 10-year-old model, while the 3-year-old model 

showcased lower brain strain compared to both the 6-year-old and 10-year-old models. 

Additionally, the project advanced by creating a new representative quadcopter sRPAS 

FE model. Subsequently, this sRPAS model was integrated with the THUMS human 

body model. The determination of contact conditions between the sRPAS and human 

body model involved numerous trials, aligning simulations with experimental results. 

Leveraging the invaluable experimental data from PMHS, the developed sRPAS model 

was fine-tuned to correspond with measurements from four cadaveric experiments. This 

study compared the impact of the previously developed drone (Phantom 3) with the 

impact of the newly developed drone (Mavic Pro) on both male and female models. This 

comparison highlighted that the Mavic Pro induced higher linear acceleration, HIC, skull 

stress, and brain strain in contrast to the Phantom 3, despite the less mass of Mavic Pro. 

Notably, the two drones also diverged in terms of rotational velocity, with the Mavic Pro 

generating less rotation than the Phantom 3 upon impact. 

5.2 Limitations 

The first limitation arises from the scarcity of cadaveric data for head impact, primarily 

due to the novelty of this emerging research direction. The absence of cadaveric 

experiments involving vulnerable groups such as females and children hampers the 

verification of models concerning the impacts of sRPAS on these populations. The 

verification of female and child simulations relied on scaled data from male PMHS 

experiments, a common approach that might not fully account for the intricate interplay 

of gender and age disparities in head injury responses. Although extensive verification on 

head kinematics was conducted for male models, direct validation on head responses like 

brain strain and skull stress during sRPAS head impacts was lacking. Future research 

could bolster accuracy by incorporating data specifically collected from female and child 

cadavers to refine female head models. Nonetheless, the human model used in this study 

underwent verification against brain-skull relative motion data which has been 

extensively employed in automotive and sports collision contexts. 
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Additionally, there is a limitation concerning the study's emphasis solely on frontal 

impacts at a 58-degree angle, possibly overlooking a broader range of collision scenarios 

possible with the Mavic Pro model. Hence, a comparison between the impacts of the two 

drones could only be made for a single impact setting, limiting the scope. Additionally, 

variations in impact angles, speeds, and directions could yield diverse outcomes, 

underscoring the need for comprehensive coverage. 

The study's FE model relies on simplifications and assumptions that could potentially 

compromise the accuracy of the results. Differences between the Phantom 3 and Mavic 

Pro models' impact characteristics, where the body shell or battery hits the head first, 

further introduced complexity and potential limitations. Moreover, the use of simplified 

material models, especially for the battery component, contrasts with the intricate 

structure of physical Lithium-ion batteries typically used in sRPAS. This simplification 

could impact the overall mechanical properties and deformation behaviors during impact. 

The sensitivity of FE simulations to model parameters and assumptions also poses a 

limitation. Minor alterations in input parameters can lead to disparate outcomes. The 

absence of real-world cadaveric data for child and female models necessitated reliance on 

scaled male cadaver data for verification, introducing potential variability due to the 

proportional approach used for impact settings. 

The scaling of experimental cadaveric data based on mass also posed a limitation. 

Ideally, the detailed medical scans of tested head could be used, which, however, were 

not available for early cadaveric experiments. Meanwhile, the dimensions of specimen 

heads could be adopted in the future to develop specimen-specific FE model for 

improved verification and validation. 

Acknowledging these constraints, it is important to recognize the necessity for further 

research, encompassing experimental validation and a broader range of impact scenarios, 

to gain a more comprehensive understanding of the safety implications of drones on 

individuals. 
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5.3 Future Work 

Collaborative research efforts are essential to further investigate brain injuries caused by 

sRPAS head impacts. Building upon this study, numerous avenues for future research are 

apparent, enabling a deeper understanding of the risks associated with sRPAS impacts. 

This section will delve into the potential research directions that can be pursued using this 

study as a foundation. 

5.3.1 Expanded Impact Scenarios 

The study has focused on specific impact scenarios, but there's room for future research 

to broaden its scope. This could involve examining various collision situations with 

different impact angles, velocities, and directions. This expanded approach would offer a 

more thorough understanding of how small remotely piloted aircraft system (sRPAS) 

impacts affect head injuries. For example, the study looked at four impact settings for the 

Phantom 3 model and one for the Mavic Pro. To enhance future investigations, it would 

be valuable to extend the impact scenarios for the Mavic Pro using the same four settings 

as the Phantom 3. This would allow for a direct comparison of impact severity and injury 

outcomes between the two sRPAS models. Additionally, the current study didn't include 

cases of free-falling impacts. In the future, there's potential for research to incorporate 

different free-falling scenarios from varying heights. Exploring these scenarios could 

provide important insights into the potential injuries caused by sRPAS accidents. By 

considering a wider range of collision and impact scenarios, future research can deepen 

the understanding of head injuries from sRPAS impacts and contribute to injury 

prevention strategies and safety regulations. 

5.3.2 Advanced sRPAS modeling and Material selection 

The developed finite element system for sRPAS-to-human head impacts offers a practical 

avenue for manufacturers to devise strategies safeguarding against sRPAS collisions. One 

potential approach is to consider a slight reduction in the stiffness of the sRPAS shell. 

This change could help reduce the kinematics effects and, in turn, decrease the risks of 

injury. Furthermore, refining the precision of finite element models through enhanced 
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material modeling for various components, including the shell thickness and optimal 

battery material selection, could lead to more accurate injury prediction. 

5.3.3 Impact analysis for vulnerable populations 

Further investigation is required concerning the effects of sRPAS impacts on small 

females and children. The data gathered from Phantom 3 impact scenarios suggests that 

vulnerable groups like children and small females might be more susceptible to severe 

injuries compared to adults. Extending research to the newly developed sRPAS model, 

such as the Mavic Pro, could provide a more comprehensive understanding of how 

sRPAS impacts affect small females and children. This extension could encompass a 

variety of impact cases, considering all possible directions of impact. Due to their lighter 

body and head mass and less rigid neck structure compared to adults, it's crucial to delve 

deeper into these specific population groups to comprehend the potential risks associated 

with sRPAS impacts. 

5.3.4 Cadaveric study 

Acquiring additional real-world cadaveric data, especially for females and children, 

would enhance the accuracy of the small female head model. Incorporating more diverse 

and representative data would lead to more reliable injury predictions, particularly for 

vulnerable populations. 

5.3.5 Sensitivity analysis and Injury metrics 

This study highlights the significant impact of structural variations in sRPAS on injury 

kinematics, particularly HIC and BrIC. The location of sRPAS interaction with the head 

plays a crucial role in shaping these results. Significantly, there are cases where the 

statistical significance of the relationship between HIC and skull stress, as well as 

between BrIC and brain strain, is not strong. Even slight alterations in angles can yield 

vastly different HIC and BrIC values, underscoring the importance of sensitivity studies. 

These investigations serve to unveil how minor changes in angle or kinetic energy can 

translate into variations in injury kinematics outcomes. Moreover, the injury metrics 

utilized for assessing sRPAS impacts draw heavily from the realm of automotive safety, 
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which significantly differs from the dynamics of sRPAS impacts. As a result, the quest 

for new injury metrics becomes imperative to accurately capture the nuances of 

lightweight sRPAS impacts. 

5.4 Novelty, significance, and impact of work 

1) The THUMS 4.02 small female head model for pedestrians underwent 

verification through several cadaveric experiments. Subsequently, an exploration 

into the distinctions between average males and small females was conducted. 

The study's finding that small females experience higher injury metric values 

compared to males provides critical insights for designing gender-specific head 

protection strategies. This acknowledgment of gender differences in injury 

response can lead to more inclusive and effective safety measures. 

2) The study's uniqueness lies in its focus on different age groups of children (10-

year-old, 6-year-old, and 3-year-old), recognizing that children of varying ages 

may have different responses to head impacts. This age-specific analysis adds a 

novel dimension to the study, serves as the first study on children to the best of 

the author’s knowledge. 

3) The research holds significant importance due to its focus on the safety of 

children, who are particularly susceptible to head injuries. By examining age-

related differences in injury risk, the study contributes to a better understanding of 

how children of varying ages might respond to head impacts, leading to improved 

protective. 

4) The study highlights the importance of considering rotational kinematics, such as 

rotational velocities, in assessing head injuries. Additionally, the emphasis on 

brain strain metrics (BrIC, CSDM10, CSDM15, and CSDM20) offers a deeper 

insight into the mechanisms of injury beyond traditional linear acceleration 

metrics. 

5) The research stands out by conducting a comparative analysis between two 

distinct sRPAS models (Mavic Pro and Phantom 3) in terms of impact dynamics 

and potential injury mechanisms. This comparative approach provides a nuanced 
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understanding of how different drone designs can lead to varying injury 

outcomes. 

6) The research's findings have direct implications for drone design and regulatory 

efforts. The insight into how different sRPAS models can lead to distinct injury 

patterns can guide manufacturers in designing safer drones. Moreover, aviation 

regulatory bodies can use this information to formulate safety protocols and 

standards for sRPAS operations. 

7) Overall, this study provides a unique understanding of the head kinematics, injury 

metrics and injury mechanism under sRPAS to head impact. The insights gained 

from this research can contribute to the establishment of industry standards for 

drone impact safety. This has the potential to shape the direction of drone 

technology development and usage, ensuring safety is prioritized. 
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Appendices  

Appendix A: THUMS V4.02 small Female Head model verification Result 

Figure A 1 Brain Model Verification Results 

Impact Comparison of model-predicted brain motion to experimental 

data. 
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Appendix A 

 

Figure A 2 Comparison of model-predicted brain pressure to experimental data 

(Nahum et al.[48]) 
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Appendix A 

 

Figure A 3 Force deflection in lateral drop (Yoganandan et al. [71]) 

Appendix A 

 

Figure A 4 Comparison of model-predicted force deflection to experimental data 

(Nightingle et al. [72]) 
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Appendix B: Material Property of Finite Element model 

Table B 1 Material Property of THUMS FE model 

Head component 
Density 

(kg/m3) 

Bulk 

Modulus 

(MPa) 

Shear Modulus 

Decay 

Constant 

(1/s) 

Material 

Type 

Short-

term 

Shear 

Modulus 

(kPa) 

Long-

term 

Shear 

Modulus 

(kPa) 

Brain 

Cerebrum 

White 

Matter  
1,000 2,160 12.5 6.125 0.06 Viscoelastic  

Gray 

Matter  
1,000 2,190 10 5 0.06 Viscoelastic  

Cerebellum 

White 

Matter  
1,000 2,160 12.5 6.125 0.06 Viscoelastic  

Gray 

Matter  
1,000 2,190 10 5 0.06 Viscoelastic  

Brainstem 

White 

Matter  
1,000 2,190 22.5 4.5 0.06 Viscoelastic  

Gray 

Matter  
1,000 2,019 10 5 0.06 Viscoelastic  

      
Density 

(kg/m3) 

Bulk 

Modulus 

(MPa)  

Poisson 

Ratio 

Yield 

Stress 

(MPa) 

    

Skull 

Frontal 

Cortical 2,120 11,000 0.22 48   
Elastic-

Plastic  

Trabecular 1,000 100 0.22 0.35   
Elastic-

Plastic  

Parietal 

Cortical 2,120 11,000 0.22 48   
Elastic-

Plastic  

Trabecular 1,000 100 0.22 4.8   
Elastic-

Plastic  

Temporal 

Cortical 2,120 11,000 0.22 48   
Elastic-

Plastic  

Trabecular 1,000 100 0.22 4.8   
Elastic-

Plastic  
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Appendix C: The summarized head kinematics, injury metrics, skull von Mises 

stress and brain strain value child model 

Table C 1- 10 YO Child Model Results 

Case #  

Peak 

Linear 

acceleratio

n 

(g) 

Peak 

rotational 

velocity 

(deg/s) 

HIC  BrIC  

Maximum 

skull 

stress 

(MPa) 

CSDM10  CSDM15 
Mean 

MPS 

1 532 3090 5815 0.87 93.23 0.8976 0.6318 0.19071 

2 591 3239 6999 0.9091 102.1 0.9122 0.7001 0.19788 

3 669 3553 9521 1.0051 108.98 0.9387 0.7386 0.21321 

4 268 2903 1417 0.899 78.53 0.8321 0.5923 0.15966 

5 281 3061 1589 0.95 76.41 0.8657 0.6972 0.16405 

6 278 2981 1481 0.9226 71.47 0.8876 0.7002 0.16526 

7 297 2837 1365 0.8781 75.01 0.9341 0.7866 0.17826 

8 474 3539 4887 0.9916 81.2 0.8145 0.3808 0.14206 

9 492 3539 5926 0.9916 82.8 0.8678 0.5998 0.16144 

10 431 1227 4057 0.3799 61.96 0.3898 0.0676 0.09662 

11 454 1198 4862 0.3712 46.04 0.3989 0.2568 0.0966 

12 464 1097 5384 0.3402 46.38 0.4355 0.3011 0.09962 

13 472 3111 4851 0.8732 85.21 0.8124 0.4465 0.10264 

14 492 3539 5926 0.9916 81.9 0.8787 0.5487 0.16144 

15 302 2852 1391 0.8832 60.48 0.9322 0.7981 0.18058 

16 451 1172 4841 0.363 42.72 0.3898 0.0676 0.09962 

17 464 1097 5385 0.3402 46.38 0.4355 0.3011 0.10264 
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Table C 2- 6 YO Child Model Results 

Case #  

Peak 

Linear 

acceleratio

n 

(g) 

Peak 

rotational 

velocity 

(deg/s) 

HIC  BrIC  

Maximum 

skull 

stress 

(MPa) 

CSDM10  CSDM15 
Mean 

MPS 

1 508 2966 4537 0.84 91.57 0.9131 0.6954 0.2041 

2 577 3144 5895 0.893 91.01 0.9355 0.7329 0.2155 

3 691 3450 9108 0.9861 90.76 0.9633 0.7933 0.2364 

4 427 2986 2916 0.923 77.13 0.9558 0.7458 0.1938 

5 434 3053 3039 0.94 74.52 0.9600 0.7598 0.1979 

6 434 3067 3014 0.9482 68.07 0.9620 0.7657 0.1996 

7 454 3207 3189 0.9913 71.9 0.9781 0.8288 0.2197 

8 478 2860 5228 0.8004 71.28 0.8384 0.4518 0.1502 

9 477 2877 5135 0.8051 75.73 0.8851 0.5626 0.1664 

10 487 1651 3809 0.5112 55.1 0.5884 0.1376 0.1094 

11 515 1814 4757 0.562 53.91 0.6985 0.2351 0.1229 

12 536 1816 5551 0.5622 58.23 0.7358 0.2854 0.1290 

13 477 2860 5135 0.8004 80.32 0.8336 0.4449 0.1492 

14 477 2877 5135 0.8051 75.73 0.8851 0.5626 0.1664 

15 448 3229 3170 0.9978 71.39 0.9798 0.8383 0.2228 

16 514 1816 4757 0.5617 45.3 0.7058 0.2427 0.1239 

17 536 1816 5551 0.5622 52.1 0.7358 0.2854 0.1290 
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Table C 3- 3YO Child Model Results 

Case #  

Peak 

Linear 

acceleratio

n 

(g) 

Peak 

rotational 

velocity 

(deg/s) 

HIC  BrIC  

Maximum 

skull 

stress 

(MPa) 

CSDM10  CSDM15 
Mean 

MPS 

1 492 2786 5542 0.77 58.46 0.8188 0.5511 0.1751 

2 515 2962 6714 0.8238 59.15 0.8387 0.5857 0.1830 

3 588 3171 9389 0.8849 59.44 0.8662 0.6124 0.1909 

4 475 3499 4263 1.0825 58.8 0.7623 0.3308 0.1531 

5 476 3508 4295 1.085 61.79 0.7710 0.3389 0.1545 

6 486 3536 4410 1.1 61.82 0.7771 0.3469 0.1556 

7 537 3734 4845 1.155 57.76 0.8540 0.4750 0.1728 

8 549 3381 5850 0.9517 59.25 0.6944 0.2320 0.1305 

9 591 3810 7509 1.07 55.5 0.8015 0.3667 0.1478 

10 475 1194 4778 0.3721 55.97 0.2548 0.0512 0.0866 

11 565 1419 6158 0.44 62.87 0.2874 0.0592 0.0974 

12 600 1661 7144 0.5154 65.45 0.3323 0.0743 0.0999 

13 552 3386 5827 0.44 58.46 0.6997 0.2374 0.1312 

14 591 3810 7509 1.1 71.2 0.6997 0.2374 0.1312 

15 555 3770 4901 1.17 58.34 0.8658 0.5010 0.1762 

16 564 1389 6211 0.4317 61.47 0.2887 0.0587 0.0984 

17 600 1661 7144 0.5154 65.45 0.3323 0.0743 0.0999 
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