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Abstract 

Resonant frequencies have been suggested as a mechanism of brain injury since these 

vibrations can transfer energy into the brain. Study of the vibrational response of the 

craniofacial skeleton to impact is limited in literature. In this research, four cadaver 

specimens were impacted at five locations on the craniofacial skeleton. The mechanical 

response to each impact was compared in the time and frequency domains. Impacts to the 

maxilla and its associated soft tissues tended to be attenuated, while impacts to the cranial 

vault, specifically to the occipital, produced the most severe response. Results suggest 

that the facial skeleton and its soft tissues act as an energy absorbing zone. Overall skull 

resonant frequencies were dominated by peaks between 113 and 521Hz. Minor peaks 

were also excited at frequencies above 1000Hz. Results demonstrated that the overall 

resonant frequency response was not significantly influenced by impact height or 

location. 
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Biomechanics, craniofacial skeleton, experimental, cadaver, head impact, vibration 
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Summary for Lay Audience 

Brain injury places a substantial economic and social burden on society. Injury to the 

brain can occur from indirect and direct blows to the head. This research examines the 

response of the craniofacial skeleton (CFS) and its transient vibration during impact. 

Firstly, the role of the CFS in mitigating injury was investigated. Secondly, the time and 

frequency response throughout the CFS was compared between specimens. 

The CFS, also known as the skull, is comprised of the cranial and facial bones. The 

geometry, material properties, and structures of the facial skeleton are proposed to 

mitigate brain injury by acting as a zone that absorbs the energy of impact. Fresh-frozen 

cadaver heads were impacted at five different bone locations to investigate the behavior 

of the CFS due to impact. Our findings indicate that impacts to the maxilla – upper jaw – 

attenuates impact force due to thick soft tissue and fat present on the face. Impacts to the 

cranium of the skull were more severe, with the occiput – the back of the head – 

producing the most severe impacts. Comparing impact sites, results indicate that the 

facial skeleton is capable of reducing impacts for forces below fracture level, but it is 

suggested that there are limitations to the amount of force the facial bones and soft tissues 

are capable of absorbing before failure. 

For very short impacts, it is hypothesized that the force propagates through the skull 

causing vibration at resonant frequencies specific to each skull. Measuring the impact 

responses at nine locations throughout the skull, an overall frequency profile was 

developed for each specimen. Comparing the rate at which the force travels throughout 

the skull, there was weak correlation between distance and response time. This suggests 

that there are force propagation pathways and vibration modes that are specific to each 

skull and not equally excited by impacts on all bone locations. Our results indicate that 

the dominant frequencies of the skull are not significantly influenced by impact height 

and location, but varied between specimens. This suggests that each individual has a 

specific natural frequency response.  
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Chapter 1 

1 Introduction 

1.1 Research rationale 

Predicted to become a leading cause of death and disability, traumatic brain injury (TBI) 

has been called a “silent epidemic” [1]. The social and economic burden of mild 

traumatic brain injury is significant. The most common form of mild traumatic brain 

injury is concussion [2]. Emergency departments in Canada diagnosed over 46,000 youth 

with concussion in 2017. Half of these diagnosed concussions were related to sport and 

recreational activities [3]. Prevention and early diagnosis of concussion is critical for 

reducing its burden worldwide and within Canada.  

Brain injury research has become the focus of research groups throughout the world, but 

there are still many unanswered questions. Improving our understanding of brain injury is 

required to develop better prevention and diagnosis techniques. The four common 

mechanisms proposed for TBI include 1) contusions from significant skull deformation; 

2) intracranial pressure gradients; 3) rotational accelerations; 4) combined linear and 

rotational accelerations [4]. Intracranial pressure and accelerations have been extensively 

researched through experimental and computational studies, but their relationship to 

injury is debated. There is a need to investigate other parameters that may relate to brain 

injury, such as vibrational response of the skull. 

The facial skeleton is another aspect that is often simplified, despite evidence to support 

that the facial skeleton adapted to protect the brain [5]. Clinical studies have suggested 

similar protection mechanisms in the facial skeleton: it protects the brain by dissipating 

energy and its fractures can act as markers for injury severity [6]. Oversimplifying the 

facial skeleton and skull may lead to incorrect responses that are not representative of the 

true biomechanics. This work seeks to investigate the role of the craniofacial skeleton and 

its frequency response during impact. 
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1.2 Anatomy of the head 

Examining brain injury from an engineering standpoint requires knowledge of head and 

neck anatomy. Consisting of intricate bone structures, inhomogeneous materials, and a 

network of soft tissue systems, the human head is a complex structure from both a 

clinician and engineering standpoint. The head can be segmented into three distinct areas: 

outer soft tissues, the craniofacial skeleton, and the cranial cavity. Additionally, the neck 

is an important boundary condition that supports the head during impact. 

1.2.1 Outer soft tissues  

The outer soft tissues of the head can be split into two regions: the scalp and the face. The 

face is the anterior side of the head that contains skin and musculature to control facial 

expressions and mastication. The scalp is a 5 – 7mm thick layer of connective tissues that 

encompasses the superior, posterior, and lateral regions of the head [7]. The scalp is a 

multilayered structure consisting of skin, connective tissue, aponeurotic layer, loose 

connective tissue, and periosteum.[8]. The pericranium is the layer of loose connective 

tissue that acts as a boundary between the scalp and skull. The outermost three layers of 

the scalp move together as one whereas the layer periosteum facilitates movement of the 

scalp over the braincase. Periosteum present on the skull is movable except at cranial 

sutures [7]–[9].  

 

Figure 1: Simplified layers of the scalp. Adapted from [10]. 

. 

Skin 

Periosteum 

Bone 
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1.2.2 Craniofacial skeleton 

Creating a protective chamber around the brain, 28 bones form the skull which consists 

of the cranium, facial skeleton, and mandible. Besides providing protection for the brain, 

the cranial bones and facial skeleton provide attachment points for neck and facial 

musculature. The cranial bones refer to eight bones – paired temporal and parietal bones 

and unpaired ethmoid, sphenoid, frontal, and occipital bones – that form the cranial 

cavity which contains and protects the brain. There are three layers within the skull bone: 

dense cortical outer and inner tables and the trabecular dipole. The thickness of the skull 

can vary between 4 – 7mm [11]. These bones are fused together by immovable fibrous 

joints known as sutures. Cranial sutures are fibrous joint articulations that fuse together 

the cranial bones in the skull. Three main suture morphologies are smooth, beveled, 

jigsaw [10]. Suture joints are flexible during infancy; however, begin to fully ossify in the 

late twenties [8]. The sphenoid, temporal, and occipital bones form the base of the 

cranium that allows passage of nerves and transition between the spinal cord and brain 

stem.  

 

Figure 2: Craniofacial skeleton. Adapted from [8]. 
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The facial skeleton consists of six paired bones - lacrimal, nasal, palatine, inferior 

turbinate, maxillary, and zygomatic – and the unpaired vomer and mandible bone. Two 

maxillary bones form the upper jaw, orbit, roof of the mouth, lateral walls of the nasal 

cavity. The zygomatic bone – cheek bone – is located inferior laterally to the orbits – eye 

socket. It is important to note that the facial skeleton also includes paranasal sinuses 

which are air-filled cavities [10]. The geometry and thickness of the facial bones can vary 

significantly [7]. The mandible is the only moveable bone in the craniofacial skeleton. 

Synovial joints join the mandible and the temporal bone to form the temporomandibular 

joint, which allows for mastication [9]. 

1.2.3 Cranial cavity 

Between the skull and brain are three concentric meninges that act as an interface. From 

outermost to innermost, is the dura, arachnoid, and pia mater. The dura is a tough fibrous 

double membrane that are fused together except at the midline of the skull where the 

layers accommodate the superior sagittal sinus. The dura is separated from the middle 

layer by a narrow subdural space with border cells that prevent sliding. The arachnoid 

mater is a thin membrane which forms trabecula spanning the sulci and fissures of the 

brain to form a web-like interface that tethers to the pia mater – also known as the 

subarachnoid space. Circulated between the subarachnoid space is cerebral spinal fluid 

(CSF) which supports the brain and allows the brain to move relative to CSF layer. 

Finally, the pia mater encompasses the brain following the contours of the brain and 

vessels as they penetrate the surface of the brain and adheres closely to its surface The 

brain can be divided into three structural components: cerebrum, cerebellum, and 

brainstem. The brainstem refers to the midbrain, pons, and medulla oblongata. The 

medulla oblongata extends from the pons and ends at the foramen magnum which marks 

the transition from the medulla oblongata into the spinal cord which is protected by 

cervical vertebrae that form the neck [10]. 
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1.2.4 Neck-skull boundary  

The neck consists of seven cervical vertebrae, C1 – C7, and musculature that provide 

stability and movement of the head. At the boundary between the cranium and vertebral 

column are two important joints formed by the first two cervical vertebrae – atlas (C1) 

and axis (C2)– and the occipital bone. The atlas articulates with occipital bone to form 

the occipital-atlanto (OA) joint. The OA joint supports the weight of the skull and 

provides flexion and extension motion, i.e. nodding. The axis has a unique boney 

projection, odontoid process, which articulates with the atlas to form the atlanto-axial 

(AA) joint. The AA joint is responsible for rotational movement [12].  

1.3 Craniofacial skeleton injury in clinical settings 

The role of the facial skeleton in the prevention and prediction of brain injury is widely 

contested in retrospective studies. Previous studies have explored the relationship 

between the facial skeleton and brain. Two key findings are often debated by studies 

examining facial skeleton and brain injury through retrospective analysis [6]: 

1) The facial skeleton protects the brain by reducing the force transmitted. 

2) Fractures in the facial skeleton are potential indicators for concussion severity. 

In 1987, Lee et al. linked facial fractures to serious head injury and proposed the need to 

protect the upper forehead and skeleton bones to prevent serious brain injury. They also 

proposed that midfacial and mandibular regions of the facial skeleton protected the brain 

from injury by absorbing impact energy through crushing mechanisms [13]. Chang et al. 

proposed similar ideas and suggested that the maxillofacial bones formed a shock 

absorbing structure that absorbs considerable impact energy [14]. In contrast, Haug et al 

proposed that the facial skeleton transmits forces to the cranial case, causing fracture, at 

the zygoma suture interface [15].  

Keen et al reported that the facial skeleton acts as an indicator for brain injury, not a 

protector. Intracranial hemorrhage in bicyclists increased 10-fold and TBI doubled if 

facial fractures were present [16].Similarly, Pappachan and Alexander determined that 

midfacial fractures are more commonly associated with head injury, but found no 
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relationship between cranial bone fractures and head injury [17]. More recently, You et 

al. found that the severity of facial fractures may be correlated with severity of TBI [18]. 

These retrospective studies identify an incomplete understanding of CFS’s relationship 

between head injury and its biomechanics. While these retrospective studies assess the 

role of the CFS from a clinician standpoint, there is a need to evaluate the role of the CFS 

from an engineering standpoint. Characterizing the CFS biomechanics has important 

clinical and social implications for injury prevention and diagnosis. Whether the facial 

skeleton cushions or transmits forces to the brain, all studies agreed that injuries to the 

facial skeleton acted as indicators for brain injury. These retrospective studies cannot be 

considered conclusive because they are limited to clinical data which is limited to severe 

injury cases that require medical attention and do not document impact characteristics at 

the time of injury. However, these authors have recognized that the role of the 

craniofacial skeleton and impact response is significant and should be further evaluated. 

1.4 Craniofacial skeleton in experimental studies 

Assessment in a controlled experimental setting is necessary to determine the 

relationships between the craniofacial skeleton (CFS) and impact response. While newer 

research focuses on modelling, older research focused on quantifying the fracture 

tolerances and impact response in experimental impact studies. Experimental studies 

pertaining to the craniofacial skeleton can be divided into three areas: fracture and 

frequency response.  

1.4.1 Fracture response of CFS 

There are many experimental studies that have determined tolerances for the skull and 

facial bone. The force required to fracture depend on the bone location, age and sex of the 

specimen, and method of impacting. Early years of concussion research was dominated 

by experimental studies using cadavers, animals, volunteers, and test dummies to relate 

kinematic parameters, such as impact force, duration, and energy, and fracture to brain 

injury [19]. These early studies developed many different experimental methods for 

impacting the skull, which include drop-towers, pneumatic impactors, and pendulum 

devices. 
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Hodgson determined that impact duration influenced fracture tolerances. Controlling 

impact conditions with a pneumatic impactor, Hodgson determined that shorter impacts 

increased the fracture tolerances. For impacts under 3ms, facial bones would withstand 

up to 4448N, while impacts longer than 4ms would reduce the fracture tolerance between 

150-250% with fracture occurring at 890N. Hodgson also reported that the tolerance of 

the frontal bone was significantly greater than the mandible and zygomatic bone [20]. 

Following this work, Nahum et al. conducted early work to determine forces required for 

fracture in the frontal, temporoparietal, and zygomatic bones. Using a drop tower, 

cadaver specimens were impacted under two boundary conditions: rigid and free. Rigid 

support increased impact force by 20-30% compared to heads that were freely supported 

[21]. Nahum and Schneider further corroborated these thresholds. They reported that the 

minimal tolerances for facial skeleton were 668N for the mandible and 890N for the 

zygomatic arch [22]. 

Advani et al. found considerable variability in dynamic response of the skull when 

investigating pendulum impacts to the frontal, occipital, and temporal bones. An average 

impact duration of 5 – 10 ms producing forces between 5.78kn to 12.5kn produced skull 

fractures, which were influenced by head position, position of head accelerometers, 

cadaver conditions, skull vibrations, and impact locations. In their work, they also 

reported the skull-brain natural frequency to be 500Hz [23].  

Continuing in the 80s, Nyquist determined that the nasal bone would fracture at 

significantly lower forces than the frontal, zygoma, and maxilla bone. The threshold for 

severe facial fractures was 3kN [24].  Comparing hybrid III dummies to cadaver 

response, Allsop et al. reported tolerances for the frontal, zygoma, and maxilla bone. The 

zygoma had the lowest reported tolerances between 900 and 2400N [25] 

In the late 80s and early 90s, Yoganandan et al. conducted extensive work on the impact 

response of the facial skeleton. Seeking to determine the impact response related to 

steering wheel impacts from car crashes, Yoganandan and researchers impacted cadaver 

specimens. Cadaver specimen soft tissue thickness was measured to be between 5 and 12 

mm thick. Reviewing high-speed photography, researchers observed soft tissue 
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compressing within the first 5 – 6ms of impact. Their first study determined that 

zygomatic fracture occurred between 1134 and 2352N [26]. In their second study 

comparing different steering wheel designs, Yoganandan reported that for facial impacts 

the facial skeleton were influenced by impactor material, reporting that for soft steering 

wheels facial fractures below 1335N did not produce fracture, while hard steering wheels 

produced fracture over 1153N [27]. Table 1 summarizes fracture tolerances from the 

studies discussed in this section. 

Table 1: Experimental impact studies evaluating fracture response. 

Study Year Force [N] Bone Method 

Hodgson [20] 1967 4194 – 9119 

1601 - 2616 

1601 - 1761 

Frontal 

Mandible 

Zygomatic 

Pneumatic impactor, 

varying impact durations 

Nahum et al. [21] 1968 2670 – 8850 

2215 – 5930 

910 – 3470 

Frontal 

Temporoparietal 

Zygomatic 

Drop tower 

Schneider and Nahum 

[22] 

1972 1780 

890 

668 

890 

A-P mandible 

Lateral mandible 

Maxilla 

Zygomatic 

Drop tower 

Advani et al. [23] 1975 6170 

12500 

5780 

Frontal 

Occipital 

Temporal 

Pendulum, 5-10ms 

Nyquist et al. [24] 1986 3000 Severe facial fracture  

Allsop et al. [25] 1988 2200 – 8600 

900 – 2400 

1000 – 1800 

Frontal 

Zygoma 

Maxilla 

Drop Tower 

Yoganandan et al. [26] 1988 1359 – 4604 Zygomatic Steering wheel 

Yoganandan et al. [27] 1991 >1335 Facial fracture 

Facial fracture 

Soft steering wheel 

Hard steering wheel 
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1.4.2 Vibrational response 

Early acoustic studies identified resonance frequencies in the skull through vibrating 

pistons and recording the head response. Bekesy conducted the earliest studies and 

measured two resonant frequencies at 800 and 1600 Hz [28]. Franke measured the lowest 

resonant frequency of a dry skull at 800Hz while filling the skull with gelatin reduced the 

frequency to 500Hz. Vibrating cadaver heads with the skin removed, resonance 

frequencies were found at 600 and 900Hz. In living subjects, the first mode of frequency 

was found between 300 and 400Hz, the second node at 400and 600 Hz, and the third 

between 900 and 1200Hz. Franke hypothesized that the frequency response in dry skulls 

would be 25% higher and influenced by the mass and soft tissues present [29]. 

Hodgson and Patrick conducted a similar study comparing cadaver heads filled with 

silicone and a volunteer subject. They found the first three resonant frequencies at 300 

and 900 Hz for both the cadaver head and volunteer; however, an additional frequency at 

600 Hz was also found in the volunteer subject. Cadaver impact durations ranged 

between 1.7ms to 16ms with accelerations between 100 and 190g [30]. Similar to these 

early works, Stalnaker et al. reported low frequencies in cadaver heads at 166 and 820Hz 

[31]. Both Stalnaker et al. and Gurdjian et al. concluded that the absence of soft and brain 

tissue did not influence the frequency. Subjecting cadavers to pendulum impacts, Advani 

stated that the skull-brain interface natural frequency is 500 Hz with impacts under 10ms 

[32].   

Investigating the response under impacts, Khalil et al. demonstrated that the vibrational 

pattern of the skull varied between subjects and impacts. These patterns provide a 

visualization of skull deformation in dynamic scenarios and provide a basis for skull 

fractures. Khalil and Viano subjected two dry skulls impact and concluded that each skull 

possesses specific excitation frequencies and mode shapes. They hypothesized that bone 

thickness, morphology, and other factors influence an individual’s frequency response; 

however, did not find any relationship between sutures and vibration modes. In contrast 

to previous studies, Khalil’s frequencies were 2-3 factors above previously published 

research, which was attributed to their head support condition and impact methods [33].  
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Hakannson et al. used titanium implants in the temporal bone – bone anchored hearing 

aids – to investigate free-damped resonant frequencies. The first resonant frequency was 

on average 828Hz, while the second resonance frequency was on average 1230Hz. 

Overall, frequencies varied significantly between volunteers and ranged, which was 

attributed to the skull morphology and material properties [34]. Table 1 summarizes 

frequencies identified in early studies. 

Table 2: Frequencies identified in early studies. 

Study Year Resonance [Hz] Type Method 

Bekesy [28] 1948 1800 Volunteer Vibrating pistons 

Franke [29] 1956 500  

600 – 900 

Gelatin skull 

Dry skull 

Vibrating piston 

Hodgson and Patrick 

[30] 

1968 300 and 900 

313, 600, 900 

Cadaver 

Volunteer 

Pneumatic 

Vibrating piston 

Gurdjian et al. [35] 1970 313,600,880 

300,560,920 

Skull with silicone 

Volunteer 

Vibrating piston 

Stalnaker [31] 1971 166 and 820 Cadaver Vibrating piston 

Advani et al. [32] 1975 500 Cadaver Pendulum impact 

Khalil et al. [33] 1979 1385 

1641 

Dry Skull, 1st resonant 

frequency 

Impacts 

Hakansson et al. [34] 1994 828, 1230 In vivo Vibrating Piston 
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1.4.3 Strain gauges in biomechanics 

Strain gauges (SG) provide insight into how a structure behaves under external conditions 

and environments [36]. Strain gauges are considered the “gold standard” due to their 

accuracy and high frequency response for in-vitro and in-vivo strain measurements [37]. 

In biomechanics, strain gauges are used to measure wave propagation in bone [38], as 

well as investigate the transmission of forces in the skull [39]–[42], 

Roberts outlined strain gauge application guidelines for biomechanical analysis in 1966. 

Soft tissue is removed from the bone while avoiding damage to the outer bone layer. 

After soft tissue is removed, the surface is degreased cleaned with acetone or alcohol. 

The surface should be sterile, sufficiently rough, and have a neutral surface alkalinity 

[37]. Cyanoacrylate and dental cement have been used to bond strain gauges to bone [43]. 

The general application procedure outlined in Roberts is followed today with minor 

modifications [24,27, 28]. Cordey and Gautier summarized in-vitro and in-vivo strain 

gauge applications for mechanical testing of bones. As the length of the strain gauge 

changes, so does its resistance. These resistances are very small and require the use of a 

Wheatstone bridge which converts the resistance-based measurement into a measurable 

and amplifiable voltage relationship. Bone has poor thermal conductivity and thermal 

production cannot be ignored. For a strain gauge with a resistance of 120 Ohms, 

supplying 1V is recommended [46]. Higher voltages can be applied to bridges that use 

strain gauges with higher resistances. Higher resistances lead to less heating and 

instability and improves signal-to-volt ratio across the voltage bridge. 

1.5 Research objectives 

The primary goal of this project is to investigate the impact response of the skull in 

cadaveric specimens. By focusing on cadaveric responses, this study will improve and 

expand on current research which focuses on dry skull responses and simulations. The 

main objectives were to evaluate the use of a drop-tower for impacts on cadaveric 

specimens, to assess the performance of strain gauges for measuring skull response in 

cadaveric specimens, and to compare the time and frequency response of different bone 

structures in the craniofacial skeleton. 
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Comparing impacts between cranial and facial impacts, we expect that the impacts will 

be attenuated due to the difference in bone morphology and soft tissue thickness. 

However, we hypothesize that the frequencies excited in the skull at non-injurious 

impacts will remain consistent between impact location, but distinct between specimens. 

Force will propagate through the skull non-linearly, due to complex internal geometries 

and soft tissues. 

The first chapter discusses relevant anatomy and injury mechanisms, as well as 

experimental methods for impacting cadaveric specimens. Chapter 2 discusses the impact 

apparatus, projectile instrumentation and response, and impact comparisons. Chapter 3 

describes specimen preparation, impact protocol, and skull response. Finally, chapter 4 

will conclude with recommendations and future work. 
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Chapter 2 

2 Experimental set-up and preliminary impact 
assessment of fresh-frozen cadaver heads and drop 
tower apparatus 

2.1 Introduction  

In the previous chapter, fracture response of the craniofacial skeleton (CFS) was 

discussed and summarized. Experimental work has demonstrated that fracture tolerances 

are dependent on bone location, age and sex of the specimen, and impact method. For this 

study, we want to impact the skull without fracture so as to preserve the specimens intact 

for future testing. To assess the performance and impact response of the drop tower, 

specimens will be impacted below the fracture threshold. Since the facial bones, 

specifically the zygomatic arch and nasal bone, are the weakest, the lowest reported 

tolerances for these bones were used as a threshold for impacts.  

While severe facial fractures were reported to occur at approximately 3kN [24], other 

studies reported forces as low as 668N to produce fracture in the maxilla [22]. Therefore, 

the maximum force in the facial skeleton impacts should be under a conservative 500N to 

prevent fracture. Additionally, we aim to produce short impacts under 5ms to increase the 

tolerances [20], as well as produce a vibration response [47], [48]. 

Relating impact force and duration to fracture, studies have shown that tolerances 

increase as impact durations decreased. Head support – or boundary conditions – also 

influence the impact response, with studies showing that rigid support conditions increase 

the force for a given impact [21]. To reduce forces and allow for a more natural response, 

a freely supported boundary condition for the neck was chosen. 

The first half of this study focuses on evaluating the impact characteristics of a drop 

tower with cadaver heads. The impact response at different locations on the craniofacial 

skeleton will be compared to assess the influence of soft tissue, skull geometry, and neck 

nod on impact characteristics. Specifically, responses at impacts to the cranial bones will 
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be contrasted with impacts to the facial skeleton. It is hoped that the impact response at 

different locations will demonstrate the role of the facial skeleton during impact. 

2.2 Materials and methods 

This section focuses on the projectile response, while the following chapter will focus on 

the skull response. Four cadaver heads were impacted using a drop tower. The 

repeatability of the apparatus was evaluated using three impact parameters: duration, 

force, and energy. Accelerometers mounted on the projectile recorded the impact, while 

strain gauges (SG) mounted on the skull recorded the skull response. Raw data was 

collected and processed through Matlab and Excel. Strain gauges will be discussed in 

more detail in Chapter 3 which evaluates the skull response, while this chapter focuses on 

projectile response. 

2.2.1 Description of drop tower 

The drop tower was chosen to ensure that the cadaver heads were impacted under 

conditions comparable to previous research. Experimental impacts were conducted using 

a drop tower with a free-falling projectile. The vertical drop tower consisted of three 

design areas: track and base, projectile, and specimen bracket. A heavy steel plate with 

holes bored into the bottom for the specimen bracket formed the drop tower base. Welded 

to the base was a steel I-beam with pipe clamps to support the projectile track. Clear PVC 

pipe was used as a track to guide the projectile to the desired impact locations. Adjustable 

clamps were used to support the PVC pipe to the base of the impactor and allow the 

height of the pipe to be adjusted for varying specimen sizes and impact heights. 

Additionally, ¼” holes drilled along the length of the pipe for a drop pin which supported 

the weight prior to impact. 

A steel ball-peen base with a threaded rod to control the mass was used as a projectile. 

The primary impactor mass threaded onto the ball-peen base for a total mass of 0.713kg. 

A secondary attachment, weighing 0.727kg, was not used for the purposes of this 

experiment. The threaded attachment allowed for easy change of mass and end 

conditions. 
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Figure 3: Impactor Base and PVC track. 

The specimen bracket was L-shaped and custom machined with a series of holes on its 

base, which aligned with the impactor base, and a 4” circular slot, which rotated the 

specimen head mount. Using a cable clamp design, a U-bolt was used to clasp a 4” 

diameter PVC pipe which housed the specimen. Description of the potting process is 

provided in the cadaver preparation section in chapter 3.  

 

Figure 4: Specimen Bracket frontal view. 
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2.2.2 Impact and sensor locations 

For initial testing, a single head was instrumented with 18 strain gauges which were 

distributed symmetrically throughout the skull. The first head was impacted on both sides 

to compare half and whole head responses. After preliminary testing, subsequent heads 

were instrumented on a single side to reduce the number of strain gauges and increase the 

sampling rate and resolution of the digital acquisition system (DAQ). Each head was 

instrumented with eight strain gauges on one side of the head, see figure 5, with an 

additional strain gauge centered at the medial frontal bone. Impact locations were 

restricted to the sensor side – referred to as the ipsilateral side – except for the frontal and 

maxilla impact locations which were impacted on both ipsilateral and contralateral sides. 

Strain gauge instrumentation and specimen preparation will be discussed in Chapter 3 

which investigates the skull response. 

 

Figure 5: Impact (circles) and sensor (triangles) locations. Adapted from [49]. 

For clarity, impact and sensor locations will be referred to as their relative nearest bone 

location. With the exception of the medial frontal strain gauge, which was centered on the 

cadaver head, all sensors were located on the ipsilateral impact side. Facial impacts 

SG2 

SG1 

SG4 

SG9 

SG7 

SG5 SG8 

SG6 

SG3 

I2 

I1 

I5 

I3 

I4 
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include the zygomatic, ipsilateral and contralateral maxilla locations. Cranial impacts 

include the ipsilateral and contralateral frontal, parietal, and occipital locations. 

Table 3: Sensor and impact descriptions. 

Impact Location Description 

I1 Ipsilateral Frontal 

I2 Ipsilateral Parietal 

I3 Ipsilateral Occipital 

I4 Ipsilateral Maxilla 

I5 Ipsilateral Zygomatic 

C1 Contralateral Frontal 

C4 Contralateral Maxilla 

Sensor Location Description 

SG1 Medial frontal 

SG2 Lateral frontal 

SG3 Nasal 

SG4 Frontal of zygomatic process 

SG5 Zygomatic arch 

SG6 Maxilla 

SG7 Parietal – near to lambdoid suture, aligned to 
medial frontal SG 

SG8 Temporal – near to mastoid process 

SG9 Occipital – near to coronal suture, aligned to 
medial frontal SG 
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Figure 6: Demonstration of bracket positioning. 

Without muscle stability, the neck was unable to support the head for impacts to the 

zygomatic arch. In this case, the specimen rested on soft padding and impacted on its 

side.  

 

Figure 7: Zygomatic impact position. 
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2.2.3 Experimental protocol 

Prior to impacts, the specimens were thawed at room temperature for a minimum 48hrs 

before testing. It was necessary to thaw the specimen sufficiently prior to testing to 

ensure that the inside of the head was fully thawed. Thaw times for cadaveric specimens 

varied. Extremities require a minimum 24hrs while torsos require a minimum three days 

thawing before experimentation [45], [50]. Since the brain material properties are similar 

to water, the interior of the frozen head acted like a solid block of ice. Therefore, a 

minimum thaw time of 48hrs prior to testing was applied.  

The specimen was impacted at locations identified above with the scalp preserved. 

Because soft tissues were present at impact locations, boney landmarks were used to 

visually identify relative bone locations. Each impact location was impacted a minimum 

of five times at two different heights – 25mm and 50mm – which will be referred to as 

low and high, respectively. Low impacts were conducted first, followed by high impacts. 

Three specimens – 95F, 63M, 70M – were impacted ten times, while the 60F specimen 

was impacted five times, per location. The first five trials were used to evaluate the skull 

response with strain gauges. Three specimens were impacted at each location ten times to 

compare the repeatability of the impact over multiple impacts. Accelerometer and strain 

gauge raw voltage was collected for each impact and post-processed in Matlab and Excel.  

2.2.4 Projectile instrumentation: accelerometer 

To assess the performance of the impact apparatus, an accelerometer was mounted to the 

projectile. An accelerometer (TE Connectivity: 64C-2000-360T) with a dynamic range of 

2000g and 0.15mV/g sensitivity was mounted to the projectile. This accelerometer 

recorded the time and duration of impact, as well as frequency response of the projectile.  

Table 4: Accelerometer specifications. 

Range 2000g 

Sensitivity 0.15 mV/g 

Excitation 2-10 Vdc 

Zero Acceleration Output <25mV 
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For frequency response, the following sensitivities and resonant frequency were reported 

for the accelerometer: 

Table 5: Accelerometer frequency specifications. 

Frequency Response Sensitivity 

0-3,000 2% 

0-5,000 0.5dB 

0-7,000 1dB 

26,000 Resonant Frequency 

2.2.5 Data acquisition system: accelerometer 

Raw voltage of the accelerometer was recorded with National Instruments PXI-6259 data 

acquisition (DAQ) and SCXI-1520 conditioning modules. Sampling rate of the DAQ was 

controlled via LabView and preliminary impacts were conducted to ensure that the 

sampling rate was sufficient for recording the impact response. Preliminary assessments 

of the impact data demonstrated significant aliasing and loss of impact characterization at 

lower sample rates. Since the impacts occur within a very small finite duration, the 

number of strain gauges were reduced to maximize the sampling rate of the DAQ. A 

sampling rate of 33,000Hz was selected, which was the maximum possible sampling rate 

for ten sensors. Maximum and minimum interchannel delays were calculated from the 

DAQ scan clock rate and maximum sample rate in LabVIEW. 

Table 6: DAQ frequency specifications. 

Theoretical Frequency 33,000 Hz 

Average Measured Frequency 33010.75 Hz 

Std. Deviation 492.75 Hz 

Minimum Frequency 32258.06 Hz 

Maximum Frequency 33333.33 Hz 

Maximum Interchannel Delay (s) 7.0E-6 

Minimum Interchannel Delay (s) 8.0E-7 
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2.2.6 Post-processing of accelerometer data for impact apparatus 
assessment 

Matlab was used to extract the time series characteristics of the recorded signals. The 

mean, median, and standard deviation of each signal was calculated for each trial. Peak 

values were obtained by comparing the maximum and minimum values in the dataset to 

the average. Start time was determined as the time when the voltage increased to 10% of 

the peak value and end time was defined as the time when voltage fell to 10% of the peak 

value. In some trials, the accelerometer did not record any impact data due to 

overcharging; therefore, only impact locations where accelerometer data was available 

for all trials was considered. 

After extracting the peak information, the results were verified by examining the time 

series plots. Errors, such as double peaks or sensor loss, were noted. False peaks and 

noise artifacts before the accelerometer recorded an impact were omitted. If the Matlab 

algorithm failed to identify a peak, either to noise artifacts or double peaks, the peak 

characteristics were corrected by manually extracting the information from the time 

series plots using the same methods in the Matlab algorithm. 

To evaluate the experimental impacts, three projectile parameters were assessed using the 

accelerometer data: impact duration, relative peak force, and energy. Impact duration was 

calculated by subtracting the end and start times determined by the Matlab algorithm. 

Relative peak voltage was defined as the difference between the peak voltage and 

average voltage. Energy was defined as the area under the accelerometer curve, which 

was calculated using the cumulative trapezoidal function in Matlab. The means and 

standard deviation of each trial was calculated and compared between specimens and 

impact locations. Additionally, the mean and deviations of each impact height amongst 

all specimens was taken. Finally, in the three specimens, where a minimal nine impacts 

occurred, the averages and standard deviations between the first, middle, and last three 

trials were compared. 
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2.3 Results 

2.3.1 Raw accelerometer impact data 

Raw accelerometer curves are shown in Figure 8. From these curves, Matlab extracted 

the steady state resting voltage, maximum peak voltage, 10% and 90% rises, and area. 

These values were used to calculate the average peak force, impact duration, and energy. 

In some trials, the accelerometer data was lost due to overcharging and was omitted from 

the results. Only impacts where accelerometer data was available for all trials was 

considered for in this data analysis and discussion. Omission or blanks in data tables 

indicate trials where accelerometer data was not available. 

 

Figure 8: Accelerometer response curve and characteristics extrapolated via 

Matlab. Labels are not representative of true scale. 

2.3.2 Impact characteristics: duration, force, and energy 

Impact duration, force, and energy are reported in Tables 7 – 10 for each specimen and 

impact location. Each table includes the average, standard deviation, and ranges for all 

three impact characteristics. 

Average steady-state 

Δt 

Δ10% rise/fall 

peak 

Area 
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For 63M, see table 7, the impact forces were greatest for the cranial bones with an 

average force of 431N and 483N for the frontal and occipital bones, respectively. The 

impact forces were lowest in the maxilla at 245N for high impacts, 57% lower than the 

frontal impacts. Furthermore, the impact durations were the longest in the maxilla. In the 

cranial bones, all average impact durations were below 4ms, while the average maxilla 

durations were between 5.78 and 6.34ms. Average impact energy for all impact locations 

was between 512 and 786mJ. 

Similar trends were observed in the 70M specimen, see table 8. The highest forces 

observed occurred in the occipital, while the maxilla reported lower forces overall. On 

average, the maxilla durations were the longest at 2.61 and 3.89ms for high impacts. 

Average impact energy was between 496 and 730mJ for all impact locations. 

For 60F, in addition to the previously discussed impact sites, zygomatic impact data was 

available and included in table 9. Both the maxilla and zygomatic forces were lower on 

average than the cranial impact locations. The average maximum force for the ipsilateral 

maxilla and zygomatic impacts were 274N and 200N, respectively. In contrast, average 

frontal forces reached 749N. Compared to the high frontal impacts, the average ipsilateral 

maxilla and zygomatic forces were 63% and 73% lower. Impacts to zygomatic arch 

produced the lowest forces with significantly higher impact durations at 5.07ms. The next 

highest average impact duration occurred in the maxilla at 4.41ms, while cranial impact 

durations were all below 3.53ms. Energy for all impacts was between 446 and 703mJ. 

Finally, data for 95F is provided in table 10. Supporting trends observed in the other 

specimens, impacts to the maxilla generated the lowest forces at 344N, while the 

occipital impacts produced the highest forces at 900N. Forces generated by impacts to the 

maxilla were 72% lower than the occipital impacts. Average durations for maxilla 

impacts were between 3.45 and 4.87ms, while impacts to the cranial bones were between 

1.42 and 3.17ms. Average energy produced by all impacts was between 446 and 682mJ. 
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Table 7: 63M Impact Characteristics. 

Location Height Force (N) Duration (mS) Energy (mJ) 

Frontal 

Low 328 ± 40.9 [256 - 371] 3.42 ± .47 [2.73 - 4.15] 624 ± 32.9 [584 - 667] 

High 512 ± 33.9 [454 - 546] 2.81 ± .28 [2.52 - 3.30] 769 ± 16.1 [744 - 788] 

CL 

Frontal 

Low 293 ± 18.2 [269 - 315] 3.41 ± .11 [3.21 - 3.55] 590 ± 20.2 [560 - 615] 

High 431 ± 11.4 [419 - 450] 3.38 ± .16 [3.12 - 3.61] 769 ± 16.4 [738 - 785] 

Parietal 

Low 254 ± 34.1 [222 - 305] 3.86 ± .31 [3.39 - 4.30] 512 ± 16.7 [494 - 543] 

High 411 ± 44.3 [364 - 484] 2.98 ± .29 [2.61 - 3.48] 677 ± 61.1 [616 - 761] 

Occipital 

Low    
High 483 ± 70.2 [368 - 565] 2.64 ± .25 [2.39 - 3.12] 698 ± 13.2 [674 - 714] 

Maxilla 

Low 165 ± 11.7 [145 - 174] 5.78 ± .48 [5.15 - 6.30] 537 ± 30.3 [512 - 594] 

High 220 ± 6.28 [216 - 233] 6.34 ± .33 [6.03 - 6.97] 786 ± 7.69 [781 - 801] 

CL 

Maxilla 

Low 179 ± 7.23 [173 - 188] 6.08 ± .33 [5.70 - 6.55] 590 ± 4.94 [582 - 594] 

High 245 ± 9.93 [230 - 261] 5.82 ± .3 [5.45 - 6.18] 780 ± 28.7 [736 - 812] 

 

  



25 

 

Table 8: 70M Impact Characteristics. 

Location Height Force (N) Duration (mS) Energy (mJ) 

Frontal 

Low 386 ± 54.6 [285 - 449] 2.46 ± .26 [2.18 - 2.94] 560 ± 32.7 [521 - 617] 

High 573 ± 26.6 [534 - 611] 2.13 ± .09 [2.03 - 2.27] 730 ± 19.0 [700 - 752] 

CL 

Frontal 

Low 408 ± 12.1 [387 - 417] 2.28 ± .11 [2.15 - 2.39] 532 ± 12.4 [516 - 550] 

High 578 ± 18.0 [550 - 597] 2.26 ± .1 [2.09 - 2.39] 684 ± 17.7 [661 - 704] 

Parietal 

Low    
High    

Occipital 

Low 388 ± 36.6 [349 - 448] 2.5 ± .44 [1.94 - 3.09] 527 ± 78.7 [399 - 618] 

High 682 ± 37.4 [612 - 719] 1.95 ± .17 [1.73 - 2.21] 750 ± 78.3 [620 - 856] 

Maxilla 

Low    
High 263 ± 56.1 [203 - 365] 3.89 ± 1.1 [2.42 - 5.64] 526 ± 27.0 [493 - 559] 

CL 

Maxilla 

Low 397 ± 13.1 [383 - 419] 1.99 ± .1 [1.82 - 2.09] 496 ± 18.3 [461 - 514] 

High 455 ± 75.6 [360 - 544] 2.61 ± .51 [2.09 - 3.39] 630 ± 26.4 [602 - 679] 
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Table 9: 60F Impact Characteristics. 

Location Height Force (N) Duration (mS) Energy (mJ) 

Frontal 

Low 458 ± 38.7 [411 - 504] 1.72 ± .16 [1.52 - 2.00] 450 ± 16.9 [424 - 472] 

High 749 ± 52.0 [685 - 821] 1.42 ± .06 [1.33 - 1.48] 606 ± 23.4 [574 - 645] 

Parietal 

Low 249 ± 44.6 [195 - 296] 3.53 ± .94 [2.61 - 4.91] 462 ± 40.2 [412 - 533] 

High    

Occipital 

Low 371 ± 44.7 [287 - 412] 2.96 ± .25 [2.73 - 3.30] 588 ± 26.0 [539 - 615] 

High 569 ± 35.4 [531 - 617] 2.44 ± .15 [2.24 - 2.61] 751 ± 33.9 [713 - 806] 

Maxilla 

Low 280 ± 60.5 [223 - 378] 3.72 ± .66 [2.55 - 4.48] 550 ± 19.6 [521 - 579] 

High 274 ± 17.3 [240 - 287] 4.41 ± .53 [3.88 - 5.36] 655 ± 26.1 [607 - 679] 

CL 

Maxilla 

Low 336 ± 28.3 [302 - 385] 2.5 ± .12 [2.30 - 2.64] 480 ± 20.0 [464 - 519] 

High 454 ± 24.8 [426 - 496] 2.21 ± .07 [2.15 - 2.33] 615 ± 32.8 [584 - 674] 

Zygomatic 

Low 150 ± 24.0 [117 - 187] 5.07 ± .37 [4.55 - 5.70] 430 ± 60.4 [316 - 491] 

High 200 ± 6.43 [191 - 208] 5.02 ± .36 [4.48 - 5.36] 561 ± 27.6 [532 - 605] 
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Table 10: 95F Impact Characteristics. 

Location Height Force (N) Duration (mS) Energy (mJ) 

Frontal 

Low 404 ± 22.3 [378 - 431] 2.07 ± .16 [1.88 - 2.27] 449 ± 3.73 [445 - 456] 

High 651 ± 55.0 [578 - 714] 1.98 ± .32 [1.76 - 2.61] 682 ± 30.3 [626 - 717] 

CL 

Frontal 

Low 455 ± 38.1 [419 - 525] 2.03 ± .17 [1.70 - 2.18] 521 ± 15.7 [491 - 537] 

High 379 ± 68.8 [330 - 513] 3.17 ± .76 [1.94 - 4.24] 559 ± 47.7 [502 - 647] 

Parietal 

Low 339 ± 28.3 [314 - 391] 2.00 ± .33 [1.79 - 2.67] 367 ± 29.7 [339 - 423] 

High 551 ± 20.5 [527 - 573] 1.55 ± .41 [1.24 - 2.36] 446 ± 54.0 [399 - 550] 

Occipital 

Low 456 ± 26.2 [419 - 492] 1.99 ± .1 [1.82 - 2.12] 482 ± 15.2 [464 - 503] 

High 900 ± 33.3 [860 - 934] 1.42 ± .02 [1.39 - 1.45] 703 ± 18.2 [680 - 723] 

Maxilla 

Low 231 ± 16.8 [199 - 244] 4.06 ± .65 [3.45 - 5.21] 476 ± 51.1 [427 - 572] 

High 344 ± 15.7 [322 - 368] 3.45 ± .26 [3.15 - 3.85] 633 ± 26.0 [594 - 670] 

CL 

Maxilla 

Low 207 ± 23.5 [173 - 245] 4.87 ± .45 [4.55 - 5.76] 523 ± 34.7 [458 - 555] 

High 250 ± 20.0 [222 - 283] 3.56 ± .39 [3.00 - 4.09] 480 ± 43.4 [432 - 553] 
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Figures 9 – 11 visually represent the average and standard deviations for the above 

discussed impact characteristics. From these graphs, trends for all specimens can be 

visually interpreted. In contrast to the cranial impacts, the facial impacts produced the 

lower forces and highest impact durations. Impact energy had the least variability 

between impact locations. 

Additionally, figure 13 takes the average impact response across all specimens separated 

by impact height. Impact durations ranged between 1.24ms and 6.97ms for all trials with 

an average impact duration of 3.23ms and 3.07ms for low and high impacts, respectively. 

The longest impact durations were observed in impacts to the facial skeleton, while 

shorter impact durations occurred in impacts to the cranial bone. A reciprocal trend was 

observed in the relative peak forces: the cranial bones consistently observed the highest 

force, while impact forces to the facial bones were dampened. Forces for all impact 

locations ranged between 117 and 938N. However, the facial impacts ranged between 

117and 368N while the cranial impacts ranged between 194 and 938N. For all impact 

locations, low impact energy was between 430 and 548mJ and high impact energy was 

between 561 and 726mJ. The average energy produced by low and high impacts was 

502mJ and 642mJ, respectively.  

2.3.3 Cumulative impacts 

Force, duration, and energy over cumulative impacts between the frontal and maxilla 

impacts are illustrated in figure 14. Cumulative impacts suggested good repeatability 

between trials with no statistically significant differences observed between the first, 

middle, and last three impacts. However, as impacts accumulated at an impact site soft 

tissue compression and breakdown was visually observed.  
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Figure 9: Average impact characteristics for 63M, separated by impact height. 
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Figure 10: Average impact characteristics for 70M, separated by impact height.  
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*Zygomatic accelerometer impact data only available for 60F. 

Figure 11: Average impact characteristics for 60F, separated by impact height. 
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Figure 12: Average impact characteristics for 95F, separated by impact height. 
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Figure 13: Average impact characteristics for all specimens, separated by impact height. 
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Figure 14: Comparison of trial repeatability over cumulative impacts for frontal (top) and maxilla (bottom). 
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2.4 Discussion 

2.4.1 General impact characteristics 

Overall, the drop tower produced impacts that were sufficiently short in duration and 

below fracture tolerances. These impact durations were longer than the durations 

observed for dry skull impacts [51]; however, the average impact duration was below the 

desired 5ms needed for vibration response [30]. Impacts to the maxilla and zygomatic 

arch, which were considered the limiting tolerances, were sufficiently below impact 

tolerances reported in literature. The highest forces observed were in the cranial case, but 

were still well below fracture tolerances for cranial bones.  

2.4.2 Facial and cranial bone impact locations 

Impacts to the maxilla were attenuated between 39 and 72% when compared to the 

maximum force on the cranial bones. In contrast to the cranial bones that are covered by 

the scalp, the facial skeleton is covered with a significant amount of fat. While the scalp 

provides slip, which can aid in reducing the impact, the comparison between impact 

locations suggests that the subcutaneous fat present at the maxilla and zygomatic impact 

locations acts as a cushion. Similar trends were observed in each specimen and, upon 

visual inspection, the cadaveric specimens with greater amounts of fat tissue relative to 

the scalp observed the greatest dampening effect between cranial and facial impacts.  

Higher deviation in the maxilla and zygomatic impacts were attributed to the presence of 

soft tissue, which was observed to compress as number of impacts to a location 

accumulated. While impacting specimens, compression of the soft tissue and breakdown 

of the epidermis was observed. Soft tissue would not relax to its original state prior to 

impact and loss of elasticity meant that the skin would not recover from the impacts. This 

effect was pronounced at locations in the facial skeleton, which contained the thickest 

layer of soft tissue. Quantitative and visual observations suggest that soft tissues act as a 

energy absorbing zone that reduces impact. 

While soft tissue accounts for cushioning, another parameter – slip is also important to 

consider. For the zygomatic impacts, only accelerometer data from the 60F specimen was 
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available. Unlike the other impacts, the zygomatic impact occurred with the head placed 

on its side which eliminated the nodding movement at the neck boundary condition. 

Eliminating the free support condition increases force by 20 and 30% [21]; however, 

zygomatic forces were the lowest in the 60F specimen case. The position of the 

zygomatic arch impact coincides with the cheeks, which are the thickest subcutaneous fat 

areas of the face. 

2.4.3  Drop tower performance and repeatability 

Impacts produced by the drop tower were consistent for cumulative impacts at each 

impact location, which indicated that the drop tower was reliable for cadaver 

experiments; however, the drop tower can be improved to reduce uncertainty and provide 

greater control over impacts. In some higher impacts, bracket slip occurred which 

required a repeat of experiments. This slip could be avoided with a different bracketing 

system for specimens. The projectile uses a manual release system, which can be 

improved with an automatic system that can log the time it releases the projectile. High-

speed computed tomography would greatly improve impact analysis, especially for 

fracture analysis. 

Experimental errors that introduce inconsistency include friction from the PVC track 

pipe, shifting in the pipe during release of the projectile, and slippage of the potted neck 

at the PVC clamp interface. In addition to experimental errors, deviation is attributed to 

biological variances between specimens. Isolating each specimen, the deviation was 

reduced; however, deviation between impact locations was significant. 

2.5 Conclusion 

All impacts occurred below the fracture level. Subjected to the same projectile and 

impact height, impacts to the cranial and facial bones differed in force, energy, and 

duration. In cranial bones, impacts to the occipital tended to be the most severe; however, 

all impacts to the cranial bones were significantly higher than impacts to the maxilla. Soft 

tissue at the maxilla impact location reduced the average peak force as much as 72% 

when compared to the cranial impact locations.  
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Our preliminary results indicate that the soft tissue attenuates impacts in the non-injurious 

range; however, further investigation where fracture occurs is needed. From visual 

observations, the soft tissue would compress due to impacts which would indicate a 

diminishing return in its ability to reduce the impact. Thickness of the soft tissue present 

at each impact site was unable to be measured before impact; therefore, we recommend 

investigating the changes in thickness during impact. 
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Chapter 3 

3 Evaluation of time and frequency impact response of 
fresh-frozen cadaver heads 

3.1 Introduction 

The second half of this study focuses on exploring the vibrational response of the cadaver 

head under dynamic impacts. It is hypothesized that an individual’s natural skull 

resonance may contribute to brain injury. As the skull vibrates, these vibrations may 

translate at the skull-brain interface may contribute or prevent injury depending on 

resonance and anti-resonance conditions. 

As discussed in the first chapter, many studies have sought to identify a range of 

frequencies that characterize the skull. Early studies characterizing skull frequency were 

performed with vibrating pistons, which may not represent frequencies under impact 

conditions. Franke identified resonance frequencies between 600 and 900Hz for dry 

skulls and 500Hz for silicone filled skulls [29]. Similarly, Gurdjian et al. reported 

frequencies between 313 and 880Hz [35]. However, these two studies were limited to 

vibrating pistons, which may not be representative of the skull’s frequency during an 

impact. 

Later studies expanded on these acoustic studies by measuring the frequency of the skull 

for short impacts – simulating a blow to the skull. Utilizing a hydraulic ram, Stalnaker 

reported 166 and 820Hz for cadaver specimens [52], while Khalil et al reported 

frequencies above 1385Hz for impacts to dry skulls [33]. Hodgson and Patrick also 

impacted cadavers and identified resonant frequencies at 300 and 900Hz. They also 

reported that for impacts longer than 5ms the skull acted as a rigid body [30]. 

In the previous chapter, we established that the drop tower produced impacts below 5ms. 

In this chapter, we will evaluate the time and frequency response of the skull. Cadaver 

heads were instrumented with strain gauges (SG), which were used to characterize the 

time and frequency response. Responses were compared between specimens, impact 

height, and impact locations. By comparing the responses throughout the craniofacial 
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skeleton (CFS), we hope to further our understanding of the vibrational response under 

impacts. 

3.2 Material and methods 

Cadaver heads instrumented with strain gauges were impacted using the drop tower 

system and experimental protocol described in Chapter 2. Strain gauge data was collected 

and post-processed in Matlab and Excel.  

3.2.1 Cadaveric specimen preparation 

Prior to experimentation and instrumentation with the data acquisition unit (DAQ), the 

fresh-frozen cadaver head specimens were prepared in two stages: neck-potting and strain 

gauge instrumentation. Each specimen was potted in a PVC pipe with approximately 1” 

of the cervical spine exposed. Exposure of the first cervical vertebrae ensured a neck-like 

support that permitted nodding and flexion during impacts. Before potting in Denstone, 

soft tissue of the neck was removed to expose the bone of the cervical vertebrae. 

Removal of soft tissue introduces instability to the neck; however, it is necessary to 

remove all the neck soft tissue to improve the bonding between the cervical vertebrae and 

Denstone. After potting, the craniofacial skeleton was prepared for strain gauge 

instrumentation. 

 

Figure 15: Potted specimen head with supports for curing and without supports 

post-curing. 
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3.2.2 Specimen instrumentation: strain gauges 

While an accelerometer was used to measure the projectile response, strain gauges - 

bonded to the bone - recorded the impact response of the cadaver head. Pre-wired linear 

pattern strain gauges (Omega Instruments: KFH-3-120-C1-11L1M2R) measured strain in 

a single direction and recorded skull deformation. Each gauge was balanced with 120Ω 

quarter bridge circuit.  

Table 11: Strain gauge specifications 

Nominal Resistance 120Ω 

Grid dimensions 0.3mm x 1.96mm 

Max V 1.5 Vrms 

Lead length 1m 

Gage factor ~2 (calibrated) 

Maximum absolute strain for + direction 20,000(μm/m)  2% 

Maximum absolute strain for - direction 25,000(μm/m) 2.5% 

Strain gauges excel in measuring the deformation of a structure; however, the focus of 

this study was to assess the frequency and time response; therefore, relative – not 

absolute – measurements between impacts were compared. To maintain high resolution 

and sampling rate, the number of strain gauges was limited to nine. For absolute strain 

measurements, a minimum of three strain measurements at each location is needed. 

Therefore, the analysis of strain gauge response excluded quantitative strain 

measurements and was limited to the frequency and time response. 

3.2.3 Data acquisition system: strain gauges 

Sensors were connected to a data acquisition system with a strain bridge input module 

(National Instruments SCXI 1520, SCXI-1314). The strain gauges were wired to a 120Ω 

quarter Wheatstone bridge. Strain modules were configured in LabVIEW and calibrated 

for individual strain gauge gage factors and maximum absolute elongation in the positive 

and negative directions. The National Instruments DAQ modules adjusted gain 

determined by the input range – maximum positive and negative strain elongation. 
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Figure 16: Instrumented head with extension and nod. 

Unlike previous research, this study sought to maintain as much soft tissue as possible for 

impact response. Soft tissue was removed only at the sites necessary for strain gauge 

instrumentation, whereas soft tissue was preserved at impact sites. Preparation of the 

strain gauge sites included sanding, degreasing, and bonding. Soft tissue and periosteum 

were meticulously removed to avoid scoring of the surface. After soft tissue was 

removed, gauze was used to absorb fluids and blood at the exposed bone. The bone was 

then sanded at multiple grit stages. Between each stage the surface was degreased using 

alcohol or acetone; dabbed with tape to remove any particles; and cyanoacrylate adhesive 

was applied to the bone with tape to smooth out and ensure even distribution of the 

adhesive. Because cyanoacrylate was applied at every sanding stage, the final surface was 

a multi-layered bone-cyanoacrylate composite that improved final bonding between the 

strain gauge and bone. The following page illustrates the strain gauge application 

protocol. After each impact, the projectile location was marked and distance between the 

sensors and impact was recorded.  
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1. Removal of soft tissue 2. Degreased and dry 3. Glue layer smoothing 4. Tape removal 

    

5. Scuffing of glue-bone layer 6. Applying gauge 7. Tape Removal 8. Completed gauge application 

Figure 17: Strain gauge procedure. 
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3.2.4 Post-processing of strain gauge data for skull response 

To evaluate the skull response, strain gauge data was evaluated in the time domain and 

frequency domain. Peaks, along with start and end times, were obtained using the 

algorithm described in the previous section for accelerometer data. Time to register an 

impact relative to the other strain gauges was compared, along with impact duration and 

relative peak voltage. Responsiveness of the bone was compared considering the relative 

distance between the strain gauge and impact location, as well as the time to register an 

impact with respect to the other strain gauges. Response factor, inverse of velocity, 

calculated the speed at which the impact traveled to each sensor relative to each impact 

location. A smaller response factor indicates a faster response, while a large response 

factor indicates a slower response. Pearson correlation constants were calculated using 

the relative time to register impact and distance for each sensor. 

Frequency response was evaluated by calculating the fast Fourier transform (FFT) using 

the FFT function in Matlab. The average for each sensor was subtracted from itself to 

account for the DC offset and the FFT window was normalized to signal length. 

Frequencies below 100 Hz and above 16,000 Hz were omitted. FFT was taken at two 

different time windows of equal durations – prior to impact and centered on impact. FFT 

of the entire trial data was also calculated. Frequencies and powers prior to impact were 

subtracted from frequencies and powers centered on impact. Finally, the FFT results for 

each sensor and trial were averaged together using 100Hz relative data buckets. Counts – 

number of data points in each frequency bucket – were tracked for each frequency 

bucket. The first three dominant frequencies for each sensor were chosen for comparison. 

Overall head frequency was determined by clustering individual sensor frequencies using 

Jenks natural breaks. Jenks natural breaks maximizes variance between clusters while 

minimizing variance within clusters. Excel was used to perform Jenks clusters [53]. 

Clusters were chosen such that the standard deviation of the average frequency within 

each cluster did not exceed ten hertz. Up to 15 frequency clusters for each head were 

identified and compared between specimens, impact heights, and impact locations. 
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3.3 Results 

3.3.1 Raw strain gauge data 

Show below is an example of the raw strain gauge curves that were recorded with the 

DAQ. Strain gauges that did not record a response were omitted from the results. Crests 

or troughs of the data were dependent on strain gauge orientation to the bone and wiring 

configurations. Because each bone location was limited to a singular SG measurement, 

principal strains could not be calculated with reliable accuracy; therefore, this analysis 

was limited to the general time response of each SG. Figure 19 illustrates the time series 

characteristics extrapolated from the time series data. Impact duration, average steady 

state voltage, peaks, and 10% and 90% rises were recorded for comparison. 

 

Figure 18: Representative strain gauge response for impact. 
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Figure 19: Strain gauge response characteristics extrapolated from curves via 

Matlab. Labels are not representative of true scale. 

3.3.2 Responsiveness relative to bone and impact locations 

The majority of sensors registered an impact within an average of 2ms of each other. The 

largest difference between sensor response was 4ms. Average response times and 

distance for each individual sensor are provided in the appendix. The average response 

factor, which accounts for relative distance between the sensor and impact location, is 

presented in Table 12. Large deviations between response factors suggest that the rate at 

which the force travels to each location is unique to impact location, height, and 

specimen. Parietal and maxilla bones tended to lower response factors in all specimens 

except for 70M, which indicated that the force propagated to these bones faster, relative 
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to their distance from impact. The 70M specimen had noticeable deformations and 

damage to the mandible and jaw areas, which was attributed to the outlying response. 

Table 12: Average response factor for each sensor location. 

  63M 70M 60F 95F 

Sensor Location Low High Low High Low High Low High 

Medial Frontal 0.071 0.102 0.103 0.139 0.091 0.136 0.410 0.224 

Lateral Frontal 0.086 0.123 0.039 0.064 0.079 0.139 0.145 0.063 

Nasal 0.129 0.225 0.050 0.184 0.085 0.106 0.059 0.104 

Frontal of Zygomatic 0.203 0.213 0.141 0.196 0.097 0.058 0.065 0.064 

Zygomatic arch 0.092 0.216 0.052 0.129 0.063 0.052 0.139 0.128 

Maxilla 0.082 0.086 0.128 0.179 0.064 0.084 0.032 0.078 

Parietal 0.000 0.000     0.017 0.045 0.000 0.000 

Temporal   0.095 0.123 0.032 0.042 0.167 0.234 

Occipital 0.807 0.677 0.009 0.008 0.000 0.010   0.198 

Average 0.083 0.205 0.077 0.128 0.059 0.075 0.127 0.122 

Blanks indicate no response or peak detected from impact. 

3.3.3 Correlation between distance from impact location to SG 

Pearson’s correlation constant for each specimen is reported in table 19. For overall 

specimen analysis, between 36 and 47 data pairs were available for calculation. There 

was no discernible consistency between specimens and results indicated a weak 

correlation between distance and response time for the overall head. In all specimens, the 

correlation coefficient for the overall head weakened further as the impact height 

increased. 

Table 13: Overall correlation coefficients for each specimen. 

Specimen Low High 

63M 0.153 -0.070 

70M 0.063 -0.019 

60F 0.112 -0.062 

95F 0.142 0.112 

Coefficients were calculated for each sensor location; however, significantly fewer data 

pairs were available for this calculation. Table 20 presents correlation coefficients where 

five to seven data pairs were available. Appendix D presents additional coefficients for 

sensors with fewer than five data pairs. The results indicated that there may be a linear 

relationship between response time for individual bones. The weakest correlations 
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occurred in the facial bones and the temporal bone which was located near to the mastoid 

process. In the majority of gauge locations, the relationship weakened as the impact 

height increased; however, this trend was inconsistent in the facial bones amongst 

specimens. 

Table 14: Correlation coefficient for each sensor response. 

Pearson Correlation Coefficient (r)  

 63M 70M 60F 95F 

Gauge Location  Low High Low High Low High Low High 

Medial Frontal 0.844 0.284 0.584 0.164 0.238 0.036 0.932 0.486 

Lateral Frontal 0.620 0.047 0.600 0.127     

Nasal 0.781 0.423  0.055 -0.073 -0.086 0.117 0.507 

Frontal of 

Zygomatic 0.288 0.026  0.048  0.600  0.322 

Zygomatic arch 0.274 0.329 0.077 -0.183 -0.256 0.015 0.603 0.428 

Maxilla 0.819 0.125 -0.131 -0.177 0.260 -0.055 -0.289 -0.034 

Parietal         

Temporal     0.090 0.027  0.504 0.488 -0.423 

Occipital         

3.3.4 Vibration response: general FFT peaks 

Individual strain gauge frequencies are presented in the two figures below. Frequencies 

and powers for each SG were dependent on the SG position relative to impact location 

and impact height. Figures 19 and 20 illustrate the FFT results for the parietal and 

zygomatic arch. As seen in the figures below, there were significant peaks below 500Hz, 

but peaks at greater frequencies, i.e. 2000, 2500, and 4000Hz in figure 19, were also 

visually identified. For each SG, the top three frequencies were selected and clustered 

together to form an overall head frequency. Limiting the FFT peaks to 15 clusters, 

specimen frequencies ranged between 112 and 6027Hz. The cut-off frequency for 

average frequency was set to 100Hz; however, there were several frequencies identified 

in the initial FFT, which occurred at multiples of 16. These frequencies were 16, 32, 48, 

64, 80, and 96Hz which were omitted from the results and attributed to system 

frequencies due to their presence in peaks identified before impact at a resting state.  
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Figure 20: Lateral frontal FFT of 60F impact to parietal bone. 

 

Figure 21: Nasal FFT of 60F impact to zygomatic arch. 
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3.3.5 Vibration response: specimen, impact height, and impact 
location comparison 

This section will discuss the overall frequency trends and compare specimens, impact 

heights, and impact locations. Frequencies, powers, and counts for each specimen, impact 

height and location are provided in the appendix. Following peak identification and 

clustering, 3d plots contrasting counts and power were generated. These plots were used 

to visually identify the underlying frequency trends before selecting the most prevalent 

frequencies that dominated the response. Figure 23 on the following page illustrates the 

overall head frequency distribution by count and power. While minor frequencies exist 

above 1000Hz, the most prevalent frequencies by count and power occurred below 

500Hz. Using counts and power as a basis for selecting the top seven most prevalent 

frequencies, 2d plots illustrating the spread of each specimen were created. Individual 

frequencies for each specimen were unique; however, all specimens exhibited a similar 

spread in frequencies. As shown in the figure below, the average overall head frequencies 

were between 113 and 521Hz.  

 

Figure 22: Overall head frequency spread. 
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Figure 23: Overall head frequency distribution by count (left) and power (right). 
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We then repeated the same method to create 3d and 2d plots that compared frequency 

response between impact heights for each specimen. Figure 25 presents the distribution 

of frequency for the two impact heights by count and power. Similar to the overall head 

frequency, frequencies below 500Hz dominated the signals.  

A 2d spread of the top six frequencies by height is presented in figure 24. The dominant 

frequencies for both impact heights remained between 100 and 500Hz. 63M had the 

largest difference in spread with 124 and 500Hz and 113 and 306Hz for low and high, 

respectively. However, the overall spread for all specimens were in close agreement 

between impact heights. 

 

Figure 24: Overall head frequency by impact height. 
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Figure 25: Impact height influence on frequency distribution by count (left) and power (right). 
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The influence of impact location was then compared for each specimen. Similar to the 

previous graphs, 3d plots for each specimen were generated to visualize the frequency 

spread. Figures 26 – 29 are the frequency distributions for each specimen. Comparing 

impact locations, all specimens were dominated by frequencies below 500Hz by both 

count and power. Selecting the dominant six frequencies from the 3d plots, Figure 30 

provides the 2d spreads for each specimen along impact locations. All specimens 

demonstrated a consistent frequency spread between locations. Frequency spreads 

trended to be between 113 and 344 Hz for 63M, 70M, and 60F. 93F had similar spreads 

except for the parietal impact location which had a frequency spread between 157 and 

451Hz. 

3.4  Discussion 

3.4.1 Relationship between impact and sensor location 

Time response analysis indicated a weak correlation between distance and response time, 

especially at high impacts. At higher impacts, the correlation weakened which suggests 

that with greater force there may be a different excitation pathway through the skull. 

Alternative to the correlation coefficient, we also accounted for the influence of sensor 

distance on response time. The speed at which the wave reaches each sensor location was 

different suggesting that there are other factors that influence force propagation aside 

from external distance between the sensor and impact location. Distance measurements 

were taken external to the skull and did not account for internal or alternative pathways 

the force may follow. The 70M specimen produced outlying responses which were 

associated with visible deformations of the mandible area. This suggests that the 

mandible acts to translate the force throughout the skull and should not be ignored when 

considering force propagation. 
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Figure 26: Impact location influence on frequency distribution by count(left) and power(right) for 63M. 
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Figure 27: Impact location influence on frequency distribution by count(left) and power(right) for 70M. 
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Figure 28: Impact location influence on frequency distribution by count(left) and power(right) for 60F. 
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Figure 29: Impact location influence on frequency distribution by count(left) and power(right) for 95F. 
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Figure 30: Frequency spread by impact location for each specimen 
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A significant uncertainty was the loss of accelerometer data in trials, which limited 

determining the true impact response time relative to the projectile. There was difficulty 

matching the accelerometer impact spikes with the strain gauge data. In this thesis, 

relative sensor response times was compared; however, future experimental impacts 

would need a robust timing system with redundancy, such as a light gate and high-speed 

cameras, to prevent loss of impact data and allow true comparison between impact and 

senor timing. Measurements were limited to external skull measurements over skin, 

which would increase the distance and introduce uncertainty into the measurement. 

Additionally, we were limited in the number of sensors, so it is difficult to discern the 

exact pathway the force follows through the skull for each impact.  

3.4.2 Frequency 

We focused on the dominant frequencies that would characterize the skull. Frequencies 

below 500Hz would dominate the signal. For all heads impacted, seven dominant 

frequencies between 113 and 521Hz were identified, which were below reported 

frequencies identified in previous literature using dry skulls [28], [33], [34], [51]. 

However, this lower range is within frequencies identified in cadaver and silicone-filled 

skull experiments [23], [29], [35], [52]. Comparing the influence of impact height, results 

indicate that impact height does not influence the frequency response of the head. 

Similarly, when comparing impact locations, the frequency response between impact 

locations was consistent. This suggests that an individual’s frequency response of the 

head is dependent on other factors, such as morphology, geometry, and material 

properties. 

The frequencies identified in this study were lower than the dry skull studies previously 

discussed, which was attributed to soft tissue, bone morphology, boundary conditions, 

and data analysis constraints. Unlike previous studies, soft tissues were intact at impact 

sites, which would attenuate the impacts, as discussed in Chapter 2. The mandible and 

soft palates were also preserved specimens, while many dry skull studies removed the 

mandible, which may also change the frequency modes. Investigating time response 

suggested that the mandible is important when considering force propagation in the skull. 
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Additionally, allowing natural nod of the head during impact would reduce the impact 

through bulk motion. Lastly, we limited the overall clusters to 3 frequencies per SG site; 

however, based on visual observations of individual FFT data, smaller frequencies above 

500 Hz were identified. These higher frequencies were significantly lower in power and 

difficult to immediately distinguish from noise.  

3.5 Conclusion 

In the latter half of this research, we investigated the CFS response in the time and 

frequency domains. Comparing response time and relative distance between SG location 

and impacts, results indicated that the propagation of impact through the skull was not 

linearly dependent on distance. Weak correlations between distance and response time 

implies that other factors influenced impact propagation. This weak correlation was 

attributed to complex CFS morphology and biological variances. 

Evaluating the response in the frequency domain, responses for each specimen, impact 

location and height were compared. While individuals have specific frequencies, results 

indicate that the resonant frequencies of the head are between 113 and 521Hz for 

subfracture impacts. Plotting frequency distribution between impact heights and location 

suggests that impact height and location do not influence frequency response. This 

suggests that other factors determine an individual’s frequency response, such as 

interspecimen biological variances. 
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4 Conclusions and future work 

Preventing injury begins with understanding underlying biomechanical mechanism of 

injury. The goal of this research was to investigate the impact response of cadaver heads 

in both the time and frequency domains. This chapter summarizes the results and 

strengths of this research and addresses its limitations. Finally, this chapter concludes 

with recommendations for future studies. 

4.1 Summary and conclusions 

In the second chapter of this thesis, the impact characteristics of five impacts across four 

specimens was evaluated. Each location was impacted five times at two different heights. 

We hypothesized that the impacts to the facial skeleton, maxilla, would be attenuated, 

while impacts to the cranial case would be consistent between parietal, occipital, and 

frontal impacts. Impact forces were highest in the occipital impact locations and lowest in 

the maxilla impact locations. Our finding suggested that for non-injurious impacts, 

impact force is attenuated which is attributed to soft tissue. Visual observations noted 

compression of the soft tissue in the maxilla over cumulative impacts, which suggests 

that for impacts below fracture the soft tissue on the face is sufficient to significantly 

reduce impacts. Impact attenuation for the maxilla impacts indicated that the facial 

skeleton absorbs impact at non-injurious ranges. Our results identified a need to 

determine the threshold of impact absorption for soft tissue. In addition to overall impact 

characteristics, the repeatability of the drop tower over cumulative impacts was also 

assessed. There were no statistically significant differences between cumulative impacts.  

While the first half of this thesis dealt with impact characteristics, the second half of this 

thesis focused on the skull response in cadaver specimens. The skull response in the time 

and frequency domains were determined. There was a weak correlation overall between 

sensor and impact location, which varied between high and low impact heights. Some 

sensor locations suggested a potential linear relationship. We attributed this discrepancy 

to complex geometry, morphology and material properties. This suggests that the path at 

which the impact force travels through the skull is not linear and that the impact pathway 

mode may be influenced by impact location and impact height. 
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Selecting the dominant frequencies for each head, frequencies between each specimen, 

impact location, and impact height was compared. The six main frequency peaks were 

below 500Hz. However, small peaks were noted in frequencies above 1000Hz. Overall, 

the seven most prevalent head frequencies for all specimens were located between 113 

and 521Hz. This analysis also indicated that impact height and location did not 

significantly alter the frequency response, which suggests the overall skull response is 

dependent on other factors, such as an individual’s skull morphology and material 

properties. 

4.2 Strength and limitations 

In this study, a high sampling rate was chosen at the expense of a greater number of 

sensors to ensure that the impact pulse would be accurately captured. The number of 

sensor locations that were measured was limited by the data acquisition unit (DAQ) 

sampling rate. Nine locations were selected to provide an overall characterization of skull 

response. The limited number of gauges were sufficient to provide time and frequency 

characterization. Since measurements at each bone location were limited to a single 

gauge per location, principal strains could not be calculated. However, the relative time 

and frequency response between gauges was evaluated.  

One objective of this research was to detail the experimental protocol for preparing bone 

surface for strain gauge application. Cyanoacrylate adhesive and sanding was repeated 

multiple times to create a multi-layered bone-cyanoacrylate composite for the strain 

gauge to adhere to. This process provided very good bonding and strain gauges remained 

fixated to the bone surface over 50 impacts. When potting specimens, the first cervical 

vertebrae was exposed to allow for natural nod; however, the natural resting point for 

each impact location was visually different. To reduce impact forces and simulate a more 

natural head response, the head was freely supported to allow for natural nod and slip 

during impact. Without muscles to provide stability, there was an uncontrolled amount of 

extension or flexion during impact. Nodding not only contributes to significant relative 

standard deviation, but could also influence the impact characteristics. Depending on the 

orientation of the bracket, the position of the exposed vertebrae would vary between 

flexion and extension. For example, impacts to the occipital region were in flexion, while 



63 

 

impacts to the maxilla were in extension. This introduces uncertainty into the boundary 

conditions of the neck as the head may nod slightly during impact. 

4.3 Current and future directions 

The impacts in this study were all below non-injurious forces, which allowed us to repeat 

the impacts. Fracture-causing impacts would be more directly related to injury 

mechanics, but preservation of the cadaver heads with sub-fracture impacts allows us to 

conduct additional experiments. It will be important to further investigate the frequency 

response in injurious ranges, as well as utilize the data for validation of vibration models. 

With the specimens preserved, computed tomography (CT) scans of the cadaver heads 

could be used to create models that can then be validated against experimental data. After 

CT scanning, the heads can be subjected to fracture level impacts, which can then be 

compared to models. We can then contrast the frequency response for subfracture and 

fracture impacts. Additionally, we can also denude the skulls and repeat the experiments 

with the drop tower. This would allow us to compare the frequencies between the cadaver 

heads and dry skull conditions to determine if the presence of the brain and soft tissue 

influence the response 

While the drop tower demonstrated consistent impacts, there are improvements that can 

be made to the specimen mounting and bracket. The bracket did not support lateral 

impacts. Modifications to the bracket are recommended to allow for more control of head 

position for impacts. Additionally, the projectile was manually released in these 

experiments. Future experiments should utilize an automatic release to control and record 

drop timing. Additionally, incorporating high speed imaging and fluoroscopy during 

impact would allow us to further characterize impacts and visualize deformations in real 

time. For fracture level impacts, capturing soft tissue and fracture propagation in facial 

impacts would expand on our understanding of the impact mitigation capabilities of the 

facial skeleton. 
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4.4 Significance 

This study expanded on the limited research in the literature characterizing the role of the 

craniofacial skeleton during impact. To our knowledge, past studies did not compare the 

impact forces between cranial and facial impacts for subfracture impacts with cadaver 

heads. By preserving soft tissue at impact sites, we were able to quantify the impact 

attenuation of soft tissues present in the face. This suggests that for subfracture impacts, 

soft tissues in the face are important in reducing impact. 

Moreover, while past studies focused on frequency response in dry skulls or silicone 

filled skulls, this work impacted cadaver heads with soft and brain tissues. This work 

further supported limited research regarding frequency response in cadaver heads. 

Furthermore, the data from this study has a unique opportunity to be used to validate 

models. By preserving the soft tissue and conducting experiments below fracture 

tolerances, we will be able to create models of the heads using CT scans. The frequency 

response of these models can be validated with the impact and frequency response data 

collected. Additionally, the same specimens will be impacted at fracture levels and these 

frequency responses will be compared to subfracture impacts. 
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Appendices 

Appendix A: Specimen notes 

Table 15: Cadaver notes 

Specimen Age Sex Weight Notes 

63M 63 Male 11.4lb Largest, crack present in zygomatic arch at suture 

70M 70 Male - Noticeable deformation of the cheeks, damage to 
soft tissue, small crack present in zygomatic arch 

60F 60 Female - Very small compared to other specimens 

95F 95 Female 8.6lb Pitting/holes present in the skull 

 

 

Figure 31: Zygomatic arch for 63M 

. 
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Appendix B: Formulas for converting voltage to force 

𝐹𝑜𝑟𝑐𝑒 =  
𝑂𝑢𝑡𝑝𝑢𝑡 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑚𝑉)

0.148
𝑚𝑉
𝑔

∙ 9.81
𝑚

𝑠2
. 0.713𝑔  

 

Accelerometer conversion formula for output voltage to Newtons for our system. 
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Appendix C: Relative standard deviations for accelerometer. 

Table 16: Relative standard deviation for force. 

 95F 63M 70M 60F All 

 Low High Low High Low High Low High Low High 

All 29.7 13.3 28.0 30.7 8.90 29.5 34.4 44.7 33.0 40.1 

Frontal 5.50 6.28 12.5 6.63 14.2 4.64 8.46 6.95 15.7 15.9 

Parietal 8.36 6.18 13.4 10.8   18.0  19.6 16.3 

Occipital 5.74   14.5 9.43 5.49 12.0 6.23 12.8 24.8 

Maxilla 7.27 3.41 7.10 2.85  21.3 21.6 6.30 26.5 19.5 

Zygomatic       16.0 3.21 16.0 3.21 

Contralateral Frontal 8.37 4.79 6.19 2.64 2.95 3.10   18.8 20.3 

Contralateral Maxilla 11.4 2.89 4.04 4.05 3.31 16.6 8.43 5.48 32.9 31.7 

Table 17: Relative standard deviation for duration. 

 95F 63M 70M 60F All 

 Low High Low High Low High Low High Low High 

All 43.3 39.3 27.3 38.1 14.4 34.6 35.9 45.4 41.3 45.0 

Frontal 7.88 16.1 13.8 10.0 10.7 4.08 9.59 4.04 29.0 25.9 

Parietal 16.7 26.8 8.15 9.90   26.7  32.3 35.4 

Occipital 5.03 1.60  9.52 17.6 8.67 8.41 6.02 19.9 23.8 

Maxilla 15.9 7.61 8.26 5.18  28.3 17.8 11.9 23.9 28.3 

Zygomatic       7.24 7.09 7.24 7.09 
Contralateral Frontal 8.55 24.0 3.21 4.80 4.64 4.61   23.9 22.6 

Contralateral Maxilla 9.22 10.9 5.47 5.14 5.21 19.7 4.76 3.06 44.1 40.8 
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Table 18: Relative standard deviation for energy. 

 95F 63M 70M 60F All 

Relative Peak Force Low High Low High Low High Low High Low High 

All 12.9 17.9 8.16 6.97 9.38 13.56 13.4 11.0 13.6 15.5 

Frontal 0.83 4.44 5.26 2.09 5.83 2.60 3.75 3.86 15.1 9.32 

Parietal 8.11 12.1 3.27 9.03   8.72  15.1 22.9 

Occipital 3.14 2.57  1.88 14.9 10.4 4.41 4.52 12.2 6.99 

Maxilla 10.7 4.10 5.65 0.98  5.13 3.57 3.99 9.28 14.6 

Zygomatic       14.1 4.92 14.1 4.92 

Contralateral Frontal 3.01 8.53 3.42 2.13 2.34 2.58   6.28 13.7 

Contralateral Maxilla 6.63 9.04 0.84 3.68 3.68 4.19 4.16 5.33 9.04 17.8 
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Appendix D: Timeseries response times and sensor distances. 

Table 19: 63M Distance and relative response time. 

63M - Low 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial Frontal 2.0 0.036 13.5 1.139 26.5 0.951 8.0 0.588 10.0   3.5 0.206 5.0 0.248 

Lateral Frontal 1.5 0.076 13.0   24.5 1.257 7.5 0.642 8.0 2.030 6.5 0.315 9.0   

Nasal 4.5 0.990 17.5   30.0  4.5 0.333 7.5 2.963 6.0 1.071 4.5 0.200 

Frontal of 
Zygomatic 

6.5 0.291 16.5 0.582 20.5 1.357 5.0 2.630 3.5 0.867 11.0   10.5   

Zygomatic arch 9.5  17.0 0.709 19.5  7.0 1.527 2.5 1.406 14.0 0.885 13.0 0.564 

Maxilla 5.5 0.376 18.0 0.727 22.0 0.891 3.0 0.194 3.0 0.000 10.0 0.539 9.0 0.861 

Parietal 11.0  10.5 0.000 14.0 0.000 17.0   15.0  12.5   18.0   

Temporal 17.0  16.5   9.5  16.0   12.0  22.5   23.5   

Occipital 21.0   5.5   4.5 0.770 22.0   18.5   21.5   27.5   

63M - High 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial Frontal 2.0 0.455 13.5 0.812 26.5 0.285 8.0 0.424 10.0   3.5 0.309 5.0 0.297 

Lateral Frontal 1.5 0.061 13.0 0.949 24.5 0.152 7.5 0.406 8.0 3.406 6.5 0.109 9.0   

Nasal 4.5 0.667 17.5 1.932 30.0  4.5 0.439 7.5 2.260 6.0 4.068 4.5 0.073 

Frontal of 
Zygomatic 

6.5 0.594 16.5 0.491 20.5 0.533 5.0 1.897 3.5 1.376 11.0   10.5   

Zygomatic arch 9.5  17.0 1.121 19.5  7.0 1.073 2.5 1.866 14.0 0.879 13.0 0.642 

Maxilla 5.5 0.424 18.0 0.739 22.0 0.194 3.0 0.115 3.0 0.000 10.0 2.497 9.0 0.455 

Parietal 11.0  10.5 0.000 14.0  17.0   15.0  12.5   18.0   

Temporal 17.0  16.5   9.5  16.0   12.0  22.5   23.5   

Occipital 21.0   5.5   4.5 0.109 22.0   18.5   21.5   27.5   

*Distance relative to impact location (mm) 

**Relative Response Time: Time to register impact relative to first strain gauge to record impact (ms) 



75 

 

Table 20: 70M Distance and relative response time  

70M - Low 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial Frontal 0.5 0.040 10.0 1.770 23.0   10.5 0.473 8.5 2.469 3.0 0.042 8.5 0.103 

Lateral Frontal 1.0 0.115 9.5 0.055 21.5 0.267 6.0 0.079 7.5 0.370 7.5   12.5   

Nasal 6.5  12.5 1.824 27.0  7.0 0.139 5.0  6.5 0.152 8.0 0.079 

Frontal of 
Zygomatic 

5.0  9.0   23.5  2.0 1.054 5.0 0.061 11.0 0.206 14.5 0.085 

Zygomatic arch 8.0 0.061 10.0 2.115 21.0 0.176 1.5 0.048 6.0 0.115 14.0 1.076 16.5 0.139 

Maxilla 8.0  13.5 0.265 23.0  3.0 0.036 2.0 1.194 11.5 0.055 13.0 0.103 

Parietal 7.0  3.0   10.5  14.0   16.5  12.5   21.5   

Temporal 13.0  10.0 3.327 11.0 0.267 10.5 0.339 15.5 1.162 20.5   34.0 0.382 

Occipital 15.5   10.0 0.170 3.5 0.006 17.0   21.0   12.0   28.5   

70M - High 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial Frontal 0.5 0.097 10.0 2.794 23.0 0.424 10.5 1.800 8.5 2.163 3.0 0.055 8.5 0.321 

Lateral Frontal 1.0 0.206 9.5 0.012 21.5 0.273 6.0 0.709 7.5 0.291 7.5 0.061 12.5   

Nasal 6.5  12.5 3.509 27.0 0.523 7.0 2.176 5.0 2.297 6.5 0.152 8.0 0.079 

Frontal of 
Zygomatic 

5.0 0.321 9.0 2.988 23.5  2.0 1.424 5.0 0.200 11.0 0.182 14.5 0.158 

Zygomatic arch 8.0 0.164 10.0 2.969 21.0 0.176 1.5 0.685 6.0 0.382 14.0 0.624 16.5 0.164 

Maxilla 8.0  13.5 0.121 23.0 0.491 3.0 0.667 2.0 1.479 11.5 0.109 13.0 0.915 

Parietal 7.0  3.0   10.5  14.0   16.5  12.5   21.5   

Temporal 13.0  10.0 3.442 11.0 0.170 10.5 1.339 15.5 1.460 20.5   34.0 1.133 

Occipital 15.5   10.0 0.133 3.5 0.006 17.0   21.0   12.0   28.5   

*Distance relative to impact location (mm) 

**Relative Response Time: Time to register impact relative to first strain gauge to record impact (ms) 
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Table 21: 60F Distance and relative response time. 

60F - Low 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial 
Frontal 

2.0 0.042 12.0   21.5 0.267 6.5 0.939 11.0   1.5 0.394 6.5 0.085 

Lateral 
Frontal 

2.5 0.015 11.0   21.5  6.5 0.915 8.5  5.0 0.712 9.0 0.236 

Nasal 5.0 0.136 15.5 0.010 25.5  3.0 0.224 8.0 0.533 5.0 1.545 5.0 0.164 
Frontal of 
Zygomatic 

8.0 0.182 15.0   21.0  5.0 1.030 3.5 0.394 10.0 0.448 12.0   

Zygomatic 
arch 

10.5 0.273 14.5 0.061 17.5 0.109 6.0 0.751 2.5 0.382 12.5 1.370 14.0 0.224 

Maxilla 8.5  16.5 0.333 24.0 0.293 3.0 0.715 2.5 0.091 9.5   10.0 0.115 
Parietal 7.0 0.127 14.5   13.0 0.197 14.0   13.0  12.5   16.0   
Temporal 17.0  15.0 0.497 12.0 0.315 23.5 1.127 10.0  20.0 0.800 30.5 0.376 
Occipital 19.5   8.0   2.5 0.000 15.0   19.0   21.0   26.0   

60F - High 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial 
Frontal 

2.0 0.588 12.0   21.5 0.200 6.5 0.745 11.0   1.5 0.388 6.5 0.018 

Lateral 
Frontal 

2.5 0.667 11.0   21.5  6.5 0.515 8.5  5.0 1.030 9.0 0.048 

Nasal 5.0 0.600 15.5 0.000 25.5  3.0 0.024 8.0 0.370 5.0 2.212 5.0 0.103 
Frontal of 
Zygomatic 

8.0 0.661 15.0 0.348 21.0  5.0 0.291 3.5 0.067 10.0 0.436 12.0 1.448 

Zygomatic 
arch 

10.5 0.770 14.5 0.273 17.5 0.164 6.0 0.491 2.5 0.158 12.5 1.254 14.0 0.236 

Maxilla 8.5 0.758 16.5 0.379 24.0 0.230 3.0 0.388 2.5 0.606 9.5   10.0 0.127 
Parietal 7.0 0.697 14.5   13.0 0.224 14.0   13.0  12.5   16.0 0.279 
Temporal 17.0 1.406 15.0 0.485 12.0 0.224 23.5   10.0  20.0 1.345 30.5 0.327 
Occipital 19.5 0.012 8.0 0.236 2.5 0.015 15.0   19.0   21.0 0.121 26.0   

*Distance relative to impact location (mm) 
**Relative Response Time: Time to register impact relative to first strain gauge to record impact (ms) 
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Table 22: 95F Distance and relative response time. 

95F - Low 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial Frontal 2.0 0.000 13.0   24.5   7.0 1.606 9.0 1.188 4.0   6.5 1.242 

Lateral Frontal 2.5  13.5   22.5  6.0 1.954 6.0  8.5   10.0   

Nasal 4.0 0.376 16.5 1.030 27.5 0.042 3.0 0.000 7.0 0.515 6.0 0.109 5.5 0.248 

Frontal of 
Zygomatic 

6.0  15.5   22.5  4.5 1.866 2.0 0.497 11.0   12.5 1.018 

Zygomatic arch 8.5 0.273 16.0   19.5 1.318 4.0 0.812 1.5 0.751 14.0 0.455 14.0 1.806 

Maxilla 6.0 0.388 17.5   25.0 0.055 2.0 0.600 2.5 0.461 11.0 0.018 10.0 0.770 

Parietal 11.0  3.5 0.000 12.0  15.5   13.5 0.000 15.0   19.5   

Temporal 14.0 1.200 12.0 0.745 10.5 0.145 13.5 1.030 9.0 1.521 20.0 2.200 22.0 1.170 

Occipital 20.0   9.5   3.0   21.0   17.0   25.0   27.5   

95F - High 

Frontal Parietal Occipital Maxilla Zygomatic Frontal Maxilla 

Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** Distance* RRT** 

Medial Frontal 2.0 0.000 13.0   24.5 0.733 7.0 0.836 9.0 1.697 4.0   6.5 0.879 

Lateral Frontal 2.5  13.5   22.5 0.261 6.0 1.291 6.0 0.848 8.5   10.0 0.485 

Nasal 4.0 0.279 16.5 1.006 27.5 0.848 3.0 0.000 7.0 1.406 6.0 0.115 5.5 0.061 

Frontal of 
Zygomatic 

6.0 0.576 15.5   22.5 0.788 4.5 1.145 2.0 1.382 11.0   12.5 1.030 

Zygomatic arch 8.5 0.261 16.0 1.794 19.5 1.782 4.0 0.715 1.5 1.327 14.0 0.497 14.0 1.157 

Maxilla 6.0 0.212 17.5 0.933 25.0 0.679 2.0 0.491 2.5 1.418 11.0 0.067 10.0 0.751 

Parietal 11.0  3.5 0.000 12.0  15.5   13.5 0.000 15.0   19.5   

Temporal 14.0 0.976 12.0 0.582 10.5 0.770 13.5 0.739 9.0 1.776 20.0 0.370 22.0 1.006 

Occipital 20.0   9.5   3.0 0.594 21.0   17.0   25.0   27.5   

*Distance relative to impact location (mm) 

**Relative Response Time: Time to register impact relative to first strain gauge to record impact (ms) 
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Appendix E: Correlation coefficients.  

Table 23: Correlation coefficient for each sensor response. 

Pearson Correlation Coefficient (r)  

 63M 70M 60F 95F 

Gauge Location  Low High Low High Low High Low High 

Medial Frontal 0.844 0.284 0.584 0.164 0.238 0.036 0.932 0.486 

Lateral Frontal 0.620 0.047 0.600 0.127 0.654 0.350 1.000 0.214 

Nasal 0.781 0.423 0.743 0.055 -0.073 -0.086 0.117 0.507 

Frontal of Zygomatic 0.288 0.026 -0.046 0.048 0.507 0.600 0.644 0.322 

Zygomatic arch 0.274 0.329 0.077 -0.183 -0.256 0.015 0.603 0.428 

Maxilla 0.819 0.125 -0.131 -0.177 0.260 -0.055 -0.289 -0.034 

Parietal         0.996 0.560     

Temporal     0.090 0.027 0.537 0.504 0.488 -0.423 

Occipital 1.000 1.000 0.951 0.954 1.000 0.375   1.000 

Green: > 5 datapoints 

Orange: 3 – 4 datapoints 

Red: < 3 datapoints 
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Appendix F: FFT data. 

Table 24: Overall head frequency. 

63M 70M 60F 95F 

ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count 

120 3.72E-06 427 216 4.95E-06 321 218 4.44E-06 360 133 5.17E-06 221 

174 2.23E-06 369 135 6.58E-06 299 177 4.62E-06 348 260 3.43E-06 218 

221 2.26E-06 217 265 3.42E-06 286 135 6.00E-06 327 175 4.48E-06 202 

302 1.38E-06 184 113 5.29E-06 257 309 3.17E-06 323 113 8.71E-06 187 

264 2.98E-06 171 176 4.07E-06 237 261 3.48E-06 312 201 3.66E-06 121 

390 1.59E-06 72 307 3.89E-06 227 113 6.07E-06 228 303 2.18E-06 111 

521 1.86E-06 19 356 4.01E-06 163 366 3.82E-06 161 228 2.89E-06 108 

1321 4.98E-07 11 474 2.83E-06 44 453 5.25E-06 85 344 4.33E-06 58 

1509 6.87E-07 9 413 2.57E-06 39 910 1.53E-06 7 455 5.41E-06 55 

2143 1.30E-06 9 593 1.07E-06 34 2546 7.22E-07 5 384 2.30E-06 50 

975 2.56E-07 7 2578 1.13E-06 9 6027 6.19E-07 5 564 2.79E-06 30 

1757 4.77E-07 4 1047 1.52E-06 8 661 1.92E-06 4 677 4.16E-06 24 

2369 2.28E-07 3 1209 1.75E-06 7 1757 5.30E-07 4 1611 1.04E-06 8 

3336 2.54E-07 2 1386 1.80E-06 7 1064 3.40E-07 3 2723 4.29E-07 2 

      3255 7.14E-07 6 1998 4.24E-07 3 3916 4.83E-07 2 
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Table 25: 63M FFT by impact height. 

63M-Low 63M-High 

ƒ |P| Count ƒ |P| Count 

124 2.30E-06 187 113 5.71E-06 154 

235 1.57E-06 116 177 2.11E-06 143 

175 1.28E-06 112 129 3.81E-06 113 

297 1.34E-06 84 209 3.66E-06 86 

383 1.53E-06 61 306 1.58E-06 82 

500 1.14E-06 21 258 4.04E-06 52 

2143 1.30E-06 9 193 6.47E-06 51 

1346 4.82E-07 8 274 4.46E-06 48 

975 2.56E-07 7 226 2.37E-06 46 

1757 4.77E-07 4 290 1.38E-06 36 

1466 5.57E-07 3 157 2.29E-06 36 

1595 1.00E-06 3 242 9.65E-07 22 

2369 2.28E-07 3 516 4.22E-06 9 

3336 2.54E-07 2 1273 5.30E-07 3 

      1466 5.03E-07 3 

 

Table 26: 70M FFT by impact height. 

70M-Low 70M-High 

ƒ |P| Count ƒ |P| Count 

120 4.86E-06 204 263 4.20E-06 193 

215 5.08E-06 173 129 7.85E-06 168 

266 2.69E-06 141 113 7.15E-06 142 

308 3.65E-06 114 177 5.22E-06 134 

361 4.03E-06 109 207 5.35E-06 133 

177 2.80E-06 93 299 4.41E-06 123 

152 7.35E-06 67 228 5.86E-06 86 

475 3.49E-06 42 145 6.53E-06 82 

604 1.10E-06 27 343 4.16E-06 76 

419 1.58E-06 19 322 4.81E-06 62 

2578 1.13E-06 9 379 2.84E-06 56 

1047 1.52E-06 8 419 5.68E-06 29 

1209 1.75E-06 7 569 3.53E-06 29 

1386 1.80E-06 7 645 6.77E-06 10 

3255 7.14E-07 6 467 1.95E-07 2 
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Table 27: 60F FFT by impact height. 

60F-Low 60F-High 

ƒ |P| Count ƒ |P| Count 

137 4.66E-06 162 175 5.58E-06 200 

266 2.60E-06 126 134 6.92E-06 178 

177 3.20E-06 111 252 3.59E-06 134 

113 7.09E-06 91 113 5.72E-06 132 

227 3.56E-06 90 226 5.32E-06 124 

207 4.38E-06 72 206 4.47E-06 107 

304 2.40E-06 67 306 3.06E-06 102 

359 2.61E-06 62 282 5.10E-06 98 

322 3.61E-06 28 361 5.44E-06 87 

408 1.42E-06 20 325 4.37E-06 71 

467 3.80E-06 18 419 7.39E-06 45 

1877 4.77E-07 7 475 1.86E-06 16 

983 6.83E-07 6 516 5.89E-06 13 

2546 7.22E-07 5 661 1.92E-06 4 

6027 6.19E-07 5 919 2.04E-06 4 

 

Table 28: 95F FFT by impact height. 

95F-Low 95F-High 

ƒ |P| Count ƒ |P| Count 

129 4.61E-06 110 260 4.19E-06 116 

261 2.74E-06 102 113 1.43E-05 105 

175 4.05E-06 100 174 5.00E-06 102 

113 3.12E-06 82 129 7.80E-06 67 

226 3.30E-06 79 200 4.67E-06 55 

300 1.82E-06 67 346 5.48E-06 39 

201 3.04E-06 66 301 3.77E-06 31 

147 3.38E-06 44 234 1.97E-06 29 

383 2.41E-06 39 443 5.12E-06 25 

330 1.80E-06 32 483 8.02E-06 14 

451 3.39E-06 16 709 3.89E-06 13 

564 2.93E-06 12 387 1.86E-06 11 

1611 1.04E-06 8 645 4.43E-06 11 

2723 4.29E-07 2 580 3.78E-06 10 

3916 4.83E-07 2 548 1.66E-06 8 
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Table 29: 63M FFT by impact location. 

63M 

Frontal Parietal Occipital Maxilla Zygomatic 

ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count 

113 4.01E-06 80 113 4.55E-06 67 177 3.17E-06 66 177 1.15E-06 72 121 1.15E-06 19 

181 2.27E-06 72 205 4.69E-06 50 306 3.28E-06 56 113 4.39E-06 56 177 3.15E-07 13 

129 3.46E-06 64 177 1.70E-06 41 258 2.97E-06 44 129 1.32E-06 42 306 4.22E-07 5 

284 2.74E-06 50 230 2.11E-06 38 129 4.55E-06 38 258 2.81E-06 33      

216 2.04E-06 48 129 2.74E-06 33 226 2.66E-06 34 306 4.12E-07 28      

254 1.36E-06 32 306 8.50E-07 25 113 7.16E-06 28 209 1.04E-06 18      

145 3.48E-06 21 282 3.38E-06 22 209 4.50E-06 26 153 1.23E-06 14      

161 2.13E-06 20 161 4.29E-06 14 274 3.78E-06 24 193 7.09E-06 14      

306 8.53E-07 16 419 8.00E-07 10 379 1.43E-06 19 242 1.04E-06 11      

355 2.19E-06 6 2143 1.30E-06 9 355 3.68E-06 15 290 6.98E-07 11      

1466 5.30E-07 6 500 5.69E-07 5 451 2.06E-06 11 371 9.99E-07 8      

387 9.03E-07 3 1354 5.73E-07 5 145 3.61E-06 10 274 1.50E-06 6      

2369 2.28E-07 3 935 4.64E-07 4 516 4.22E-06 9 548 7.88E-07 5      

1015 4.76E-08 3 1757 4.77E-07 4 290 1.04E-06 7 1338 3.90E-07 3      

      1273 5.30E-07 3 1595 1.00E-06 3 3336 2.54E-07 2       
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Table 30: 70M FFT by impact location. 

70M 

Frontal Parietal Occipital Maxilla Zygomatic 

ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count 

133 6.28E-06 99 113 2.66E-06 74 177 4.64E-06 56 209 7.65E-06 104 177 4.23E-06 53 

214 5.28E-06 93 261 3.46E-06 68 222 3.13E-06 54 129 9.98E-06 97 113 5.19E-06 35 

329 4.22E-06 61 132 4.16E-06 58 113 5.30E-06 45 285 4.99E-06 67 129 4.21E-06 30 

274 4.10E-06 60 322 3.75E-06 41 140 6.21E-06 42 306 4.24E-06 65 226 3.16E-06 29 

174 4.11E-06 59 344 3.73E-06 36 306 3.62E-06 34 113 7.11E-06 61 306 5.12E-06 18 

258 2.82E-06 55 177 1.50E-06 34 274 3.03E-06 33 183 5.00E-06 57 282 1.13E-06 17 

113 7.26E-06 42 215 2.93E-06 33 258 6.33E-06 23 258 3.18E-06 52 346 2.35E-06 17 

360 2.50E-06 33 381 2.83E-06 32 387 2.48E-06 22 145 9.84E-06 47 209 2.97E-06 16 

414 4.62E-06 28 298 2.87E-06 30 371 3.84E-06 20 230 6.59E-06 44 258 1.56E-06 11 

298 4.57E-06 19 467 1.73E-06 22 580 4.85E-06 13 330 4.23E-06 40 145 3.51E-06 9 

580 2.75E-06 14 419 3.72E-06 16    367 5.75E-06 36 435 4.84E-07 4 

645 6.77E-06 10 500 1.75E-06 9    161 5.23E-06 17 161 9.57E-06 2 

1209 1.75E-06 7 1047 1.52E-06 8    467 7.19E-06 13      

1386 1.80E-06 7 596 1.37E-06 7    612 1.43E-06 11      

3255 7.14E-07 6 628 8.77E-07 4       548 9.51E-07 7       
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Table 31: 60F FFT by impact location. 

60F 

Frontal Parietal Occipital Maxilla Zygomatic 

ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count 

178 4.27E-06 150 129 4.33E-06 46 177 3.26E-06 48 209 4.96E-06 84 226 2.94E-06 10 

221 5.21E-06 125 262 2.60E-06 39 113 6.36E-06 41 113 7.98E-06 75 177 2.41E-06 7 

135 7.08E-06 103 230 1.84E-06 31 129 7.22E-06 40 177 4.42E-06 74 145 2.51E-06 5 

114 5.05E-06 93 306 1.78E-06 29 317 3.56E-06 35 226 4.70E-06 73 306 1.46E-06 5 

277 5.35E-06 77 185 5.05E-06 26 145 4.51E-06 34 306 3.47E-06 70 113 5.66E-06 3 

258 2.73E-06 73 113 2.58E-06 16 285 2.00E-06 33 129 5.29E-06 59      

326 4.59E-06 60 475 1.86E-06 16 209 2.89E-06 29 367 4.43E-06 53      

415 5.99E-06 53 355 4.00E-06 14 258 1.35E-06 28 145 7.69E-06 40      

355 2.87E-06 52 322 7.16E-07 5 242 3.06E-06 18 274 5.16E-06 32      

306 1.76E-06 43 6027 6.19E-07 5 226 2.92E-06 12 161 8.88E-06 28      

371 5.66E-06 18 661 1.92E-06 4 161 1.73E-06 8 258 6.00E-06 26      

467 3.80E-06 18 919 2.04E-06 4 355 5.26E-06 7 290 4.66E-06 21      

516 5.89E-06 13 435 1.15E-06 3 419 8.54E-06 7 242 2.44E-06 19      

902 1.03E-06 3 1064 3.40E-07 3 2546 7.22E-07 5 330 4.54E-06 18      

1998 4.24E-07 3 387 1.42E-07 2 1757 5.30E-07 4 193 1.15E-05 7       

 

  



85 

 

Table 32: 95F FFT by impact location. 

95F 

Frontal Parietal Occipital Maxilla Zygomatic 

ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count ƒ |P| Count 

121 6.67E-06 84 451 3.53E-06 24 177 4.57E-06 71 129 4.88E-06 106 113 2.19E-05 68 

258 3.80E-06 77 129 4.38E-06 21 258 3.86E-06 62 113 3.85E-06 63 177 7.32E-06 39 

155 5.00E-06 62 157 2.51E-06 18 113 4.24E-06 60 258 2.58E-06 62 129 6.43E-06 30 

177 4.92E-06 60 209 1.46E-06 18 129 7.01E-06 39 209 2.46E-06 50 209 1.94E-06 19 

200 5.42E-06 54 387 1.42E-06 18 371 2.26E-06 31 177 1.59E-06 32 290 1.92E-06 18 

232 3.07E-06 47 145 2.41E-06 14 226 2.43E-06 30 306 1.54E-06 32 266 1.34E-06 15 

306 2.95E-06 37 709 3.89E-06 13 355 1.12E-05 26 226 3.98E-06 28 387 3.31E-06 15 

274 6.47E-06 34 564 2.40E-06 12 491 1.07E-05 25 285 1.34E-06 21 161 2.91E-06 12 

443 5.92E-06 31 645 4.43E-06 11 193 5.83E-06 22 145 4.59E-06 17 193 3.38E-06 11 

355 7.50E-06 26 177 6.63E-06 10 274 5.05E-06 22 191 3.84E-06 17 790 2.82E-06 10 

290 4.07E-06 24 580 3.78E-06 10 298 2.80E-06 21 338 4.09E-06 13 1611 1.04E-06 8 

328 2.00E-06 24 226 9.43E-07 8 338 4.37E-06 20 242 7.10E-07 8 306 9.06E-07 7 

403 4.00E-06 14 548 1.66E-06 8 419 1.90E-05 14 161 7.99E-06 3 242 1.39E-06 5 

564 2.93E-06 12      580 4.92E-06 13 2723 4.29E-07 2 145 7.33E-06 3 

677 1.44E-06 7       645 4.14E-06 12 3916 4.83E-07 2       
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