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Abstract

Blast-induced traumatic brain injury (bTBI) has become increasingly prevalent among
military personnel over recent years. Head protection is fielded to mitigate the amount of
energy imparted to head, as a result of ballistic and impact exposure. Despite the efficacy of
contemporary headgear in protecting the wearer from ballistic and impact threats, rates of bTBI
have been continuing to rise. Limited biomechanical literature exists to determine whether or
not modern military head protection is able to alter the transmission of blast energy into the
head and brain. Using a simulant-based surrogate model of the human head, equipped with a
novel array of instrumentation, this thesis aims to investigate the effect of protective headgear

on the transmission of energy into the head and brain during blast and impact experiments.

The development and validation of an in-fibre Bragg grating (FBG) transducer for
measuring kinetics on the inner skull table are first presented. The developed FBG force
transducer contains a multi-layered composite superstructure (6 mm nominal diameter) and
demonstrates linearity and repeatability under both dynamic impact-response calibrations and
blast-loading conditions. Spectral analysis indicates that the presented transducer captures
transient kinetics of blast overpressure with an average of 0.12% difference in normalized
Fourier amplitudes captured by the FBG and validated reference piezo-electric transducer.
Time-domain analysis indicates that the FBG force transducer is repeatable with maximum
coefficient of variance for repeated measures at 7.9% whereas the validated reference
transducer coefficient of variance is 9.1% (maximum), based on the normalized blast exposure
data. The novel force transducer is the first application of FBG technology to measure inner
skull kinetics under blast loading and can be used to evaluate the mechanisms of energy

transfer into the head during blast exposure.

The newly developed transducers were then integrated into a biofidelic simulant-based
surrogate model of the head and used to assess whether or not helmets and eye protection can
alter mechanical measures during both blast and impact loading scenarios. Free-field blast
simulations at an outdoor test range (DRDC Valcartier) were conducted to create realistic blast
exposure on the head surrogate using various protection scenarios. Impact loading on the

headform was created in a laboratory setting, using a linear monorail drop tower, for the cases
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with a bare headform and for cases wearing a combat helmet. Specifically, inner skull forces
and pressure within the brain parenchyma were investigated for the various blast and impact
loading conditions and protection scenarios. Results suggest that adding head protection can
attenuate the measured kinetics relative to the case when the surrogate model is unprotected,
in both blast and impact. Measurements also demonstrate a propensity towards more spectral
content at lower frequencies, relative to an unprotected head, for measurements nearest to the
site of loading. Overall, adding head protection was found to attenuate pressure in the brain
parenchyma by as much as 49% during blast and 53% during impact, and forces on the inner
table of the skull by as much as 80% during blast and 84% during impact, relative to an

unprotected head.

In summary, this work presents a developed transducer that is a repeatable tool with the
capacity to assess inner skull kinetics during blast and impact events and therefore can be
applied towards the assessment of relative headgear protection efficacy. A simulant-based
surrogate headform, with integrated instrumentation, documents the mitigation of internal
kinetics and shift of frequency content with the addition of protective headgear. These results
are an important contribution to documenting how the skull and brain react during blast and

impact loading when the head is protected relative to when the head is unprotected.
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Chapter 1: Introduction

The issue of blast induced brain injury and the importance of studying energy transmission
into the head is described in this chapter, along with the objectives and organization of this

thesis.

1.1 Motivation

Traumatic brain injury (TBI) has an immense effect on the overall health of combat
veterans and civilian society, with long-term physical and psychological consequences. The
overall economic costs of TBIs, including medical expenses and lost productivity for all
society, have been estimated to be upward of $76 billion for the United States alone [1,2]. In
military demographics, rates of TBI have been rising during recent conflicts [3—7], with nearly
25% of US deployed soldiers to Afghanistan (Operation Enduring Freedom; OEF), and Iraq
(Operation Iraqi Freedom; OIF) exhibiting symptoms of TBI [8-10]. For soldiers on
deployment, blast exposure accounts for the vast majority of injuries sustained, with reports as
high as 80% of total injuries [11-14]. Additionally, it is estimated that over 50% of head
injuries that involve blast exposure are also attributable to blunt trauma [15]. This is because
blast events will often launch an individual or part of their body and can induce blunt impact
through collision with surrounding objects. The increased rates of blast-induced traumatic
brain injury (bTBI) is considered to be partially attributed to the increased use of explosive
devices in modern warfare, such as land mines, rocket propelled grenades (RPGs), and
improvised explosive devices (IEDs) [16]. Effective mitigation strategies could halt or reverse
the increasing rates of bTBI, but in order to accomplish this, a proper understanding of the

bTBI injury mechanisms must be known [14].

The desire to understand and effectively mitigate bTBI has led towards intense research
efforts on several possible injury mechanisms and evaluation methods for protective devices.
Combat helmets are fielded to protect the user from impact and ballistic threats and are
commonly considered to be effective at mitigating these threats [15,17-22]. Despite the
efficacy of contemporary head protection towards mitigating ballistic and impact threats, bTBI
rates continue to rise [14], and it appears to be unknown whether or not modern helmets are

effective at protecting against blast waves. Currently, there is limited literature that exists to
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address this issue and determine whether head protection is capable of altering the transmission

of blast energy into the head and brain.

1.2 Thesis Objectives

The objectives of this thesis are twofold. The first objective is to design a force
transducer that integrates into the interior skull of a simulant-based surrogate headform such
that mechanical interactions between the simulant skull and brain can be detected. The second
objective of this thesis is to use the instrumented surrogate headform, equipped with pressure
transducers within the brain parenchyma along with novel force transducers on the inner skull
table, to ascertain whether or not protective headgear alters the transmission of blast and impact

energy into the brain.

1.3  Thesis Organization

This thesis begins with a brief overview of relevant theory and literature on blast waves
and traumatic brain injury. Following that, an outline of head models that have been used for
blast experiments is presented. An overview of head protection devices and how they are tested
is then discussed, proceeded by a summary of optical sensing technologies and their

applications towards biomechanics.

Chapter 3 documents the development and validation of an optical fibre force transducer
for measuring inner skull forces during blast and impact loading. The transducer presented in
this section is the first application of FBG technology towards the measurement of inner skull
kinetics during blast loading. This chapter is a re-formatted version of the manuscript that has
been accepted to the journal of IEEE Sensors and published on October 8, 2018 (© 2018 IEEE),
titled “An optical fibre transducer for measuring kinetics of skull-brain interaction in a
surrogate model of the human head subjected to blast overpressure.” The first author of this

manuscript is also the author of this thesis.

Chapter 4 documents the effect of contemporary protective headgear on the transmission
of energy into the head and brain of a simulant-based surrogate model during blast and impact.

The content in this chapter has been reformatted from a manuscript that is under preparation
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for submission into the ASME Journal of Biomechanical Engineering. The first author of this

manuscript is also the author of this thesis.

Finally, the concluding chapter will summarize the contributions of this thesis as well as

provide suggestions for future work.

In reference to IEEE copyrighted material which is used with permission in this thesis, the
IEEE does not endorse any of University of Alberta's products or services. Internal or personal
use of this material is permitted. If interested in reprinting/republishing IEEE copyrighted
material for advertising or promotional purposes or for creating new collective works for resale
or redistribution, please go to the following link to learn how to obtain a License from

RightsLink:

http://www.ieee.org/publications standards/publications/rights/rights link.html

Chapter 2: Background

2.1 Blast Physics

An explosion occurs from the nearly instantaneous phase change of a solid or liquid into
gas form [23]. Immediately post-detonation, these converted gasses temporarily occupy the
same volume as the parent solid or liquid, resulting in extremely high pressures and rapid
expansion outwards in all directions away from the source. The ensuing compression of
surrounding air molecules, thereby forming what is known as the shock front, propagates away
from the point location of the detonation site [24]. The increase in pressure above atmospheric

conditions is commonly referred to as the blast overpressure.

Blast dynamics in close proximity to the detonation site is highly complex and may
involve two-dimensional wave motion, ballistics, and substantial thermal radiation effects
[14]. Further away from the detonation, blast physics are much more simplistic and
approximately one-dimensional. This far-field flow regime is often referred to as the “free-

field” region and is typically where most blast wave injury research is focused [14].

In free-field conditions, static overpressure can be estimated using the Friedlander

equation [14]. An ideal representation of the Friedlander waveform shown in Figure 1.
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Initially, the shock front arrives at the observation location and pressure increases up to the
peak blast overpressure nearly instantaneously. The pressure then drops exponentially and
returns to atmospheric over an interval known as the positive phase. As the gases further
expand, the pressure continuous to decrease, creating a relative vacuum known as the negative
phase, or blast underpressure [25]. Eventually, pressure returns to atmospheric conditions after

the blast wave subsides.

#——Blast overpressure

Pressure

4}——Positive-pressure phase
Atmospheric
_‘ pressure

Megative-pressure phase

Time

Figure 1: An ideal theoretical blast wave (Friedlander waveform) with indications of the positive
and negative phases [26]. The dashed line indicates atmospheric pressure. Image used with
permission from Elsevier.

The time to peak pressure during a blast event occurs over a much shorter timescale
relative to kinetics measured during ballistic and blunt impact loading. Typically, the time to
peak mechanics will occur in 3 to 100 microseconds for a blast wave, approximately 100 to

200 microseconds in a ballistic impact, and 3 to 50 milliseconds for blunt impact [27].

The speed of the gases moving behind the blast front is referred to the ‘blast wind’ and
can reach velocities of several hundred miles per hour, which is greater than the wind speeds

recorded during even the most severe hurricanes [26]. Although occurring for shorter durations
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than a sustained hurricane wind, a blast wind can still propel objects and individuals into the

air and induce a variety of injurious scenarios.

2.2 Classifications of Blast Injury

A blast event can result in many different types of injuries, which are broadly classified
into four categories [ 14,16,26,28,29] (Figure 2). Primary blast injuries are due to the blast wave
propagating through the body and damaging living tissue, also referred to as barotrauma [14].
These injuries typically affect organs containing gas or interfacing with air, such as the lungs,
ears, eyes, and gastrointestinal tract [ 16], but the effects of primary blast on the central nervous
system (CNS) remain unresolved. Secondary blast injuries occur when the explosion propels
shrapnel or other debris at the victim and inducing either blunt or penetrating trauma. Tertiary
blast injuries are due to displacement of an individual following a blast exposure, and the
subsequent impact of the victim into surrounding structures. These injuries typically occur for
individuals in close proximity to the detonation location, and can induce significant blunt
trauma [16]. Quaternary blast injuries are due to thermal radiation or chemical exposure from
the explosion, often manifesting as burns [14]. Typically, blast events are polytraumatic [16],
implying that multiple mechanisms will induce injury simultaneously, and often multiple of
the above-mentioned pathways do not occur in isolation on the battlefield.
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Figure 2: Classifications of injury from blast events [30]. Image used with permission from
Wolters Kluwer Health, Inc.
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2.3 Traumatic Brain Injury (TBI)

TBI affects the lives of millions of people around the world, with an estimated range of
occurrence between 60 to 720 cases per 100,000 individuals [31,32]. Brain injuries are
typically classified as either focal or diffuse, with focal injuries comprising damage to a

localized area and diffuse injuries involving damage over a large generalized area [33].

Diffuse axonal injury (DAI), contusion, and subdural hemorrhage are the most prevalent
forms of TBI [23], and have all been observed following a blast exposure [34]. DAI is a broad
term to describe the scattered disruption of white matter tracts within the brain [35,36]. DAl is
generally associated with the shearing, elongation, or bending of axons within brain matter that
can result in impaired neuronal transport from focal axonal swelling and may result in axonal
disconnection [35]. DAI typically manifests in the internal capsule, deep gray matter, upper
brainstem, cordicomedullary junction, and the corpus callosum [36]. Cerebral contusion is the
bruising of brain tissue, and is associated with microhemorrhages of blood vessels and edema
within the brain parenchyma [24]. Contusions often occur in the cortical tissue, typically within
the superficial gray matter of the inferior, lateral, and anterior aspects of the temporal and
frontal lobes [23]. Subdural hemorrhage, or hematoma, manifests when the brain moves within
the skull to an extent that ruptures bridging veins which connect the brain to the encapsulating

dura mater [23,37]. This injury most commonly occurs for the frontal and parietal convexities

[23].

For blast exposure, it is commonly assumed that elevated levels of internal mechanics
such as intracranial pressure (ICP) will lead towards symptoms of TBI [14,38-42], however

the exact thresholds or injury risks have not yet been determined for humans.
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2.4 Blast TBI

Blasts are the most common cause of injury during modern conflicts, with reports as high
as 80% of total sustained injuries [11,12,14,43]. The Walter Reed Army Medical Center
(WRAMC) reported that out of all the individuals that sustained injuries during the Iraq and
Afghanistan wars, 28% of them had a TBI [44]. Because of the polytraumatic nature of blast
events, it is difficult to clinically define which forms of blast injuries are most prevalent when
considering TBI [14]. Often during research, the effects of primary blast are investigated in
isolation from other forms of injury such as blunt or penetrating trauma, but it is important to
note that real blast events are likely to trigger multiple mechanisms. For example, it has been
estimated that 50 to 60 percent of head injuries that involve blast exposure were also
attributable to low-rate blunt trauma [27]. This section describes various mechanisms of bTBI
that have been proposed in current literature with a specific focus on primary, secondary, and

tertiary blast effects.

The effects of primary blast on the brain have been challenging to define and remain yet
to be fully understood [14,45]. Current theories of primary bTBI mechanisms include
transosteal wave propagation, skull orifice transmission, skull flexure dynamics, thoracic
surge, and cavitation [ 14]. A blast wave could transmit directly into the brain through the skull
by way of transosteal wave propagation [46—48], also known as the “direct cranial transmission
theory,” however, it is a theoretically unlikely mechanism due to the acoustic impedances of
the cranium and surrounding tissue [14]. Acoustic impedance is defined as the product of
density and speed of sound within a material, and a blast wave can only transmit effectively at
an interface when two materials have similar acoustic impedances, otherwise the majority of
the wave will be reflected. It has been demonstrated that due to the high acoustic impedance
discrepancies within the human head, less than 0.001% of the blast wave would transmit
through the scalp, skull, and cerebrospinal fluid (CSF) and into the brain [14]. A blast wave
could also disrupt brain tissue by propagating through skull orifices such as nasal sinuses [49],
auditory canals [50,51], and/or eye orbits [52—55]. Sensory organs located at these orifices are
frequently injured during blast exposure [24], however a blast wave may not be able to transmit
effectively into the brain through these orifices since blast waves are very sensitive to large

reductions in area [14]. Even if transmission through skull orifices does not induce brain
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damage directly, it could lead towards indirect brain injuries through focal injuries at the
orifice. For example, disruption of cranial nerves in close proximity to the eye orbits could
induce secondary brain injury effects such as neurodegeneration in the occipital visual cortex
[14]. It has also been hypothesized that modes of skull flexure can be excited under blast
loading [56—58], which results in elevated pressure within the cranial vault [14,59]. The blast
wave travels faster through the skull relative to other human tissues, resulting in a complex
strain profile surrounding the brain [ 14]. This mechanism could manifest as diffuse brain injury
patterns [60], which has been documented in several rodent models [61-64]. This theory is
supported by high-frequency oscillations in ICP that has been observed during animal [57],
cadaver [65,66], and computational finite element models [58,67]. A blast wave could also
propagate indirectly into the brain through vulnerable cavities in the thorax and abdomen
region [ 14]. This theory, referred to as “thoracic surge,” speculates that the rapid compression
of organs within the thorax and abdomen following blast exposure can create a shock front that
propagates towards the brain through soft tissue and vascular mediums [68—70]. This theory is
supported by significant increases in pressure within the internal carotid artery following a
thoracic blast exposure [71]. It is important to note that thoracic and abdominal injuries on the
battlefield have become much less prevalent in recent conflicts due to advancements in body
armor [72-74], which would also contribute towards reductions in the prevalence of the
thoracic surge mechanism. Cavitation is another primary bTBI theory which postulates that
regions of negative pressure within the cranial vault could yield the formation of cavitation
bubbles [14]. These bubbles may damage surrounding brain tissue when they collapse [14,75].
Studies using surrogate and PMHS models found negative ICP responses following blast
exposure [65,75], however further work is required to prove whether or not negative ICP
actually causes cavitation. A study using an ellipsoid brain model with a transparent
polycarbonate skull imaged cavitation bubbles under blast loading with ICP signals around

150 kPa underpressure [75], but this has not been fully demonstrated for biological tissue.

Understanding which bTBI mechanisms are most prevalent during a blast event, and
how their prevalence may vary based on the blast loading scenario [76], can help direct the
development of future protective combat headgear and ultimately mitigate the occurrence of

bTBI.
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2.5 Blast Surrogate Models

Surrogate models are an engineering method to provide robust and repeatable
approximations to complex problems that cannot be easily examined directly. In biomechanics
research, a surrogate model attempts to approximate key anatomy, in terms of shape,
dimensions, and mechanical properties of human tissue, in an effort to achieve a model with a
mechanical response that is similar to a human. Robustness is an important quality for a
surrogate model, which requires that the model’s integrity will not degrade after use which
would effect future measurements. Repeatability is another important quality of a surrogate
model such that repeated measurements can be expected to be similar and very high sample
sizes and resources are not required when using the model. If measured mechanics within a
validated model can be linked to injury, then such models can be useful in estimating the

mitigation in injury risk via protective gear.

Blast headforms are surrogate models of the human head, designed to study the effect of
blast exposure to the head and to evaluate the efficacy of protective headgear under blast
loading. In order to have a biofidelic response to blast, it is necessary to effectively and
accurately model the aspects and regions of the human head that influence blast wave
transmission [16]. Material selection and geometry are important factors in developing a
surrogate model with a biofedelic response to blast [16]. Several headforms have been

employed for the assessment of blast loading and are briefly outlined in this chapter.

The Hybrid III is an anthropomorphic test device (ATD) developed in 1973 for use in
the automotive industry, and has been used in blast experiments [16]. The headform comprises
an aluminum skull and an external vinyl rubber for skin. The Hybrid III is very durable,
however, it lacks appropriate biofidelity towards blast due to the lack of important internal

features/materials and the wavespeed within aluminum is far greater than a human skull.

The Manikin for Assessing Blast Incapacitation and Lethality (MABIL) was designed
by at Defence Research and Development Canada (DRDC) Valcartier to evaluate personal
protective devices under blast loading [16]. MABIL comprises a solid urethane head, with
facial features based on the Canadian Standards Association’s (CSA) headform

anthropometry. MABIL was instrumented with a pressure transducer in the ear canal and
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another in the eye, along with a photodiode in the eye to measure light intensity during a blast

event [16].

The Dynamic Event Response Analysis Man (DERAMan) headform was developed by
Britain’s Defence Evaluation and Research Agency [16], and was designed to suffer car
crashes, sports collisions, and automotive seat ejections [77]. The DERAMan is made with a
polyurethane outer skin, a skull (hard plastic — undisclosed composition) and a soft gelatinous
brain (undisclosed composition). The headform is instrumented with 40 piezoelectric pressure
transducers within the brain, 45 piezoelectric pressure transducers on the inner surface of the
skull, two accelerometers, and one three-dimensional force gauge. The DERAMan has

reportedly been used for blast experiments but results have not been published [16,77].

Johns Hopkins University (JHU) developed a human surrogate head model (HSHM)
based on a finite element model of the human head [78]. The skull of this head model is
composed of a glass/epoxy composite and the brain is made from Sylgard gel. The JHU HSHM
has been instrumented with two pressure transducers and four displacement transducers, all
within the surrogate brain material, and has been subjected to blast overpressure within a shock

tube [78].

The Warrior Injury Assement Manikin (WIAMan) blast manikin was developed for
studying underbody blasts to improve military vehicle design [79], however it lacks any

approximation of the brain and inner skull anatomy.

The Realistic Explosive Dummy Head (REDHead) was developed at the University of
Nebraska using various surrogate materials for the skin, skull, and brain [77]. The final version
consisted of a polydimethylsiloxane (PDMS) skin and a polyurethane skull assembly, with an
opening for the brain and CSF [80]. Water was used to model the CSF, and a silicone gel was
used for the surrogate brain. The headform was instrumented with polyvinylidene fluoride
(PVDF) piezoelectric pressure transducers within the brain and on the outer surface of the
skull, strain gauges (Vishay MR1-350-130) on the outer surface of the skull, a micro electro-
mechanical systems (MEMS) accelerometer (unreported location), and a fibre optic pressure

transducer within the surrogate brain.

Page | 10



The Blast Injury Protection Evaluation Device (BIPED) is a simulant-based surrogate
model of the human head, fully developed by researchers at DRDC Valcartier [81]. The BIPED
comprises surrogate skin, skull, falx and tentorium membranes, a brain, and CSF. The
surrogate skin is composed of a tough urethane rubber with facial features based on the CSA
headform anthropometry [82]. The skull, nominally 6.35 mm thick, is made from polyurethane
with internal features based on an available CAD model [83]. Falx and tentorium membranes
are composed of neoprene sheets (70 Shore A hardness). The surrogate brain is made from a
silicone gel (Sylgard 527, Dow Corning) and CSF is modelled as saline solution. The BIPED
has been instrumented with pressure transducers within the brain and on the outer surface of
the headform and used during free-field blast experiments [81]. The BIPED has also been
directly compared to post mortem human subjects (PMHS) within a shock tube and results

suggests similar responses in terms of ICP both in magnitude and frequency [66].

2.6 Head Protective Devices

Helmets are commonly attributed as being the primary protection device for the head. In
the military, combat helmets have been shown to be effective at protecting the wearer from
impact and ballistic threats [15,17,84—89]. Originally, combat helmets comprised a formed
steel bowl with a web-based suspension system [90] and were widely employed during World
War L. Today, modern combat helmets involve the use of light-weight and high strength fibrous
materials, such as Kevlar 129 or Twaron [90], with a phenolic resin, along with an elastomeric

foam suspension system.

Helmets for both sport and military purposes are all designed to protect the wearer from
relevant environmental threats, while constrained to being sufficiently lightweight and
ergonomic in order to not inhibit performance or morale. During ballistic and blunt impact,
helmets are designed to mitigate the energy imparted to the head and reductions in energy
transmission to the underlying head is generally associated with reduced risk of head injury.
The outer shell of the helmet protects the head from focal damage through deformation of the
shell material and redistribution of the loading over a larger area. The inner liner of the helmet

further attenuates the re-distributed energy transmitted from the shell and provides an
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ergonomic interface for the user. For sport helmet certifications, which focus on protecting the
wearer from blunt impact, helmets are traditionally evaluated by their ability to attenuate linear
head acceleration below a threshold value [91-93]. Modern combat helmets are tested by their
ability to mitigate ballistic penetration and behind-helmet blunt trauma (BHBT), as well by
their ability to withstand other environmental stressors such as exposure to temperature
extremes [14]. The mitigation of mechanics under blast loading is lesser documented compared

to ballistic and impact loading.

In combat scenarios, no existing protective headgear is able to completely protect the
wearer against all the potential threats that can exist on the battlefield [58]. Combat helmet
certifications do not currently have a paradigm for directly mitigating bTBI, yet it is commonly
assumed that protecting the wearer against other threats, such as ballistics, will also provide
protection from blast. With the current state of biomechanics research, the extent of validity
for that assumption remains unknown. However, despite the efficacy of modern combat
helmets in mitigating injury from ballistic threats and impacts, bTBI rates continue to rise [65],
and it appears to be an open-ended question whether or not modern combat helmets are

effective at protecting military personnel from blast waves.

2.7 FBG Technology and Applications Towards Biomechanics

Fibre Bragg gratings (FBGs) have become increasing popular in recent years for sensing
applications within the field of biomechanics [94], in addition to a wide range of other
applications [95]. FBGs offer attractive advantages such as biocompatibility, small size, light
weight, chemical inertness, immunity to electromagnetic interference, and capacity for

multiplexing [94,96].

Fibre-optic sensors operate by modulating properties of light, such as intensity, phase,
polarization, and frequency, in response to specific environmental stimuli. Optical fibres
consist of a core, cladding, and will often also have a buffer coating and protective jacketing.
The core is a very thin strand of glass where signals in the form of light are transmitted through.
The cladding surrounds the core and is composed of a higher refractive index material than the

core. This mismatch of refractive indices causes light to reflect back internally within the core
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and allows for transmission of light with minimal losses. This phenomenon is known as total
internal reflection. An outer coating and other protective layers are often employed to guard

the optical fibre from any harsh external conditions.

FBGs are the most widely employed type of optic fibre sensing technology, and are
particularly common among the research community [97]. Other forms of optical sensing
technology include interferometry, scattering, faraday rotation, luminescence, blackbody, fibre
optic gyroscope (FOG), among others [97]. FBG technology was discovered accidentally in
1978 at the Canadian Research Center in Ottawa [98]. Just over a decade later, improved
fabrication methods for the gratings were developed [99], allowing for more intensive research
to follow. Many forms of gratings exist (uniform, long-period, chirped, tilted, sampled [97]),
however FBGs all operate based on the common principle of reflecting specific wavelengths
of forward propagating light from the source to a backwards propagating mode through the
core and sometimes through the cladding. The reflected spectrum of the backwards
propagating light can be interpreted using a form of wavelength interrogation or demodulation

technology. The peak of the reflected spectrum is known as the Bragg wavelength, As.

For uniform FBGs, the grating period A, or the distance between similar edges of one
grating to another, is constant and the reflected light is transmitted back through the core of
the fibre. The reflected Bragg wavelength changes as a function of the grating period A and

the effective refractive index of the core, nesr, as follows [97]:
;\’B = ZneffA (I)

FBGs are useful for sensing applications because when the gratings are subjected to strain
or temperature, the grating period will change, resulting in a shift in the Bragg wavelength
based on the above equation. Multiple sets of Bragg gratings can be fabricated within a single
optical fibre, each with a distinct Bragg wavelength, allowing for distributed measurements
along the length of a fibre. Transducers based on FBG technology have been developed and
employed to measure a wide variety of physical parameters such as strain [100,101],

temperature [102,103], pressure [104], force [105,106], and refractive index [107].
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Chapter 3: An optical fibre transducer for measuring kinetics of skull-brain
interaction in a surrogate model of the human head subjected to blast

overpressure

The following manuscript has been accepted to the journal of IEEE Sensors and published
on October 8, 2018 (© 2018 IEEE). The first author of this manuscript is also the author of
this thesis.

3.1 Introduction

Before measurement of skull kinetics during blast can be achieved, a novel transducer
needs to be developed and integrated into the BIPED. This chapter describes the development,
calibration, and validation of the optical fibre force transducer for blast and impact
measurements, along with the integration of the transducer into the BIPED. This transducer is
the first application of FBG technology towards the measurement of inner skull kinetics under

blast loading, and can be used for evaluating the mechanisms of energy transfer into the head.

3.2 Background

Mild traumatic brain injury (mTBI) has become increasingly prevalent among personnel
in the armed forces over recent years [3,108—110]. This has been partially attributed to the
increased use of explosive devices in modern warfare [16], including devices such as land
mines, rocket propelled grenades (RPGs), and improvised explosive devices (IEDs). While the
mechanisms of injury are not universally agreed upon, exposure to these devices can lead to
injury through: (1) an overpressure wave that couples energy into the torso and head; (2) high
velocity projectiles and fragments that can cause severe penetrating injury; and (3)
displacement of the head and torso by overpressure, leading to acceleration/deceleration
injuries and possibly blunt impact, which can cause both focal and diffuse tissue damage. The
underlying mechanisms of these three exposures, in particular exposure to blast overpressure,
that lead to brain injury are as yet not completely understood despite the wealth of clinical and
pre-clinical research that is available [23,111,112]. The fact that underlying injury mechanisms
are not completely characterized is potentially worrisome because statistics indicate rates of
mTBI are elevated in warfighters and could be increasing [108]. A retrospective study from
1997 to 2007 looking at mild traumatic brain injury (mTBI) in US warfighters indicated 98,012
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mTBI injuries over the decade with an average increase of 8.5% per year [108]. Prevention
strategies could halt or reverse the increasing trend, but to prevent an injury the mechanisms

must be understood.

The desire to understand and ultimately prevent blast-induced brain injury has led to
intense research efforts focusing on both injury mechanisms and protection devices. It is
generally accepted that the mechanism of injury comprises both mechanical and biological
factors. Specific to mechanical factors, it has been hypothesized that overpressures can couple
energy into the brain and through various mechanisms result in tissue damage [16]. This
coupling could lead to elevated pressure in cerebrospinal fluid spaces and stress in brain tissue,
both of which could be relevant in brain injury. This hypothesis has led to biomechanical
studies using animals and post-mortem human subjects, both of which have confirmed that
exposure to blast can significantly elevate pressure and stress in the anatomy of the brain
[113,114]. At the same time, research using small animal models has examined the role of blast
overpressure in the onset and long-term cascade of biological processes that characterize brain
injury. This research also suggests the mechanics of the overpressure are relevant in the onset
and progression of the complex biological processes of brain injury [11]-[12]. As a result of
this research, the mechanics of overpressure exposure and the stress that it can create in the
brain has been a focus for researchers attempting to develop repeatable models with which

protective headgear can be tested.

The majority of mechanical models used in assessing protection devices attempt to
recreate the mechanics of the human response to an injury event and, through instrumentation,
measure mechanics that quantify injury risk mitigation. A contemporary example of this
paradigm is mechanical models of the human head used in the assessment of sport helmets.
These head models recreate the physical size and mass of human heads and measure head
accelerations, which is thought to relate to risk of severe focal head injury (the injury that sport
helmets are credited with preventing [18,117-119]). Head models for blast include the
Dynamic Event Response Analysis Man (DERAMan) [16], Johns Hopkins Human Surrogate
Head Model (HSHM) [16], the Realistic Explosive Dummy Head (REDHead) [77,80], and the
Blast Injury Protection Evaluation Device (BIPED) [66,76]. Developed for military blast injury

investigations, the Warrior Injury Assessment Manikin (WIAMAN) lacks any approximation
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of the brain and inner skull anatomy. Pioneered by Defence Research and Development
Canada (DRDC), MABIL was designed to measure only blast pressure at the mouth and ear
canal. The British contributed the DERAMan headform, but to-date there has been no data
released for this model. The Applied Physics Laboratory (APL) of Johns Hopkins University
developed an experimental head-brain model and a computer model designed to match

experiment measurements [78].

The BIPED, again designed by researchers at DRDC, comprises skin, skull, falx and
tentorium membranes, a simulant model of the brain, and a fluid layer between the skull and
brain. This model is designed to measure pressures on the head exterior and within the brain
parenchyma [66]. The BIPED also measures global head acceleration to allow quantification
of inertial loading of the head and brain. In this paper, we present research on the development
of an optical transducer system to measure interaction kinetics between the skull and brain
within the BIPED. These transducers quantify the transient forces that occur between the skull
and brain, which can lead to compression/tension in brain tissue. Skull interaction and resulting
compression of brain tissue is a known mechanism for brain injury [38,120-122] and therefore
it is desired that the BIPED have instrumentation capable of quantifying mitigation of this

mechanism.

This manuscript presents a transient force transducer for detecting contact force between
the BIPED simulant skull and brain. The transducer is built around an optical approach using
in-fibre Bragg grating (FBQG) technology. Our research group previously reported on transient
force transducers designed specifically for characterizing forces applied on the head exterior
by protective sport helmets subjected to low speed blunt impact [105]. The work presented in
the current manuscript is an advancement of these previous efforts and builds upon our
previous work by developing a transducer that: is physically smaller than previous variants, is
amenable to being arrayed within the interior (not exterior) of head models within simulated
cerebrospinal fluid layers, and perhaps most importantly, is verified to be capable of resolving
force transients that occur over much shorter timescales (typical of blast) than blunt impact

force transducers that we have previously reported on utilizing FBG technology.

FBGs comprise a short segment of an optical fibre, typically Imm to 10mm, in the core

of which a periodic modulation in refractive index is created. In single mode optical fibre,
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coherent light travels through the core and when it encounters an FBG, a single-peaked
spectrum of light is reflected and propagates back towards the light source. This spectrum has
a center wavelength called the Bragg wavelength, Ag. The Bragg wavelength can be
predictably modulated when the fibre length corresponding to the FBG is exposed to, among
other parameters, mechanical strain and temperature. If the FBG is contained in a transducer
that can convert a given measurand (e.g. pressure, force, humidity) to strain, then Ap can be
used to indicate the magnitude of the given measurand. Knowledge of this transduction
approach and the fact that FBGs possess highly desirable characteristics including
biocompatibility, potentially high frequency response, immunity to harsh environments and
electromagnetic interference, along with the capacity to be multiplexed allowing spatially
distributed measurements, has led the authors and other researchers to apply FBGs in basic and
trauma biomechanics [94]. In the present work, we exploit extremely small size and
compatibility with liquid that is offered by optical fibre to develop a force transducer that is
small enough to be implanted into the inner table, in contact with fluid, of a physical model of

the human head.

The specific objective of this work is to design a transducer that integrates into the interior
skull of the BIPED such that mechanical interaction between a simulant skull and brain can be
detected as contact forces. Strain-optic and linear elastic numerical modeling is used to predict
transducer sensitivity and to examine the mechanical resonances of the transducer,
respectively. Calibration experiments that expose the transducer to impact force and blast
overpressure demonstrate that the transducer is capable of detecting mechanics over the range
of frequencies characteristic of dynamic blast overpressures. Finally, exemplar measurements
of skull-brain contact force from a single exposure of the BIPED to an incident blast wave are

presented to verify the FBG transducer functions in its proposed application (in-situ).
3.3 Methods

3.3.1 BIPED Geometry and Instrumentation

Developed by the Weapons Effects and Protection section of DRDC-Valcartier, the
BIPED is a reusable anthropomorphic model of the human head with several biofidelic

features. Mechanical and physical properties for the BIPED are presented in previous literature
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[81]. Here, we present an overview of the physical and mechanical properties and
instrumentation that are relevant to the presented work. Surrogate materials were selected
based on their mechanical and physical properties, in order to exhibit a biomechanical response
to blast loading that is similar to literature for brain, skull, and soft tissues. External headform
geometry (Figure 3a-c) was engineered with anthropomorphic eye orbits, nasal cavities, a jaw,
and an upper skull geometry that matches the ISO Size J Headform (e.g. Model SB070, Cadex
Inc., QC Canada). The BIPED can be mounted onto a Hybrid III neck assembly, which acts as
a mechanical model of the adult human neck that is commonly applied in injury biomechanics
research [123—125]. Internal features were constructed using an available human skull model
(Anatomium 3D, 21st Century Solutions Ltd., CA United States). Water is used to simulate
cerebrospinal fluid layers between the skull and brain, which play an important role in the
mechanics of the brain in impact and blast events. Falx and tentorium membranes are also
important in the mechanical response of the brain and are modeled using polymer layers
(Neoprene, 70 Shore A hardness) [126]. The brain surrogate (Figure 3d) is composed of
homogenous Sylgard 527 (Dow Corning Corporation, MI United States) and consists of two
hemispheres and a cerebellum. The surrogate skull is composed of TC-854 A/B polyurethane
(BJB Enterprises Inc., CA United States), with nominal skull thickness of 6.35mm. The scalp
soft tissue layer is composed of a urethane rubber (Vytaflex 20, Smooth-On Inc., CA United
States). Biofidelity of the BIPED has been tested in experiments where both the BIPED and
isolated heads from post-mortem human subjects were subjected to dynamic overpressure [66].
In these trials, pressure was measured in the brain parenchyma using modified Kulite piezo-
resistive pressure sensors (XCL-062, Kulite Semiconductor Products Inc., NJ United States).
External overpressure measurements (Kulite LL-125 flat line series) and global headform
accelerations (PCB 350C02 linear accelerometers, NY USA) have also been monitored during
blast trials on the BIPED [81]. The force transducers developed in this work will reside at the
inner surface of the skull to measure the contact force between the brain and skull within the

BIPED (Figure 4).
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Figure 3: From left to right - (a) Frontal view of the BIPED skull and scalp soft tissue layer. (b)
Side view of the BIPED skull. (c) Bottom view of the BIPED skull showing the 4-point attachment
location for the Hybrid III neck. (d) Top view of the BIPED skull with the skull cap removed and
the surrogate brain material exposed. Permissions for reproduction of this figure were granted
by IEEE.

3.3.2 Force Transducer Design and Optical Instrumentation

The optical force transducer is fabricated using an in-fibre Bragg grating (FBG)
embedded within a multi-layered superstructure (Figure 4) composed of aluminum (6061-T6
alloy) and an acrylic-based photopolymer (VeroGray RGD850, Stratasys Ltd., MN United
States). The upper and lower polymer layers are 1.15 mm and 0.85 mm thick, respectively,
while the aluminum layer is 1 mm thick. The fully assembled transducer superstructure has an
overall height of 3 mm and diameter of 6.3 mm. An industrial silane adhesive (Loctite MS 930,
Henkel AG & Co., Germany) is used to bond the aluminum and polymer layers together at
their points of contact. The present transducer design houses a 1550nm centered Bragg grating
(Technica Optical Components LLC., GA United States), with a full-width at half maximum
(FWHM) of 1.5nm, a grating length of 1mm, and a 60% nominal reflectivity.

Force applied to the transducer, as shown in Figure 4, is transmitted to the aluminum
layer, creating strain in the center beam. Positioning the optical fibre along the beam
component of the aluminum layer (Figure 4), with the active sensing region (i.e. the Bragg
grating) in the center of the beam, allows for force transmission to induce linear bending of the
aluminum beam and thus linear strain along the FBG. The peak shift of the Bragg wavelength,
A\, for a uniform FBG under longitudinal mechanical strain, €, can be calculated as [127—
130]:

Alhg = Ap {1 - (n?z) P12 — v(p11 + p12)]}3 (1)
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Where p;; and p;, are components of the strain optic tensor, v is the Poisson’s ratio
for silica glass, and n is the index of refraction. Assuming common values for germanium-
doped silica, which is typically used for FBG manufacturing, gives values of p;; = 0.113,
P12 = 0.252, v = 0.16, and n = 1.45 [129]. This expression does not account for thermo-
optic effects on the Bragg grating, which is appropriate for the isothermal conditions in which
the presented transducer is characterized. Using this model, we can predict the Bragg
wavelength shift for a given range of FBG strain, and thus estimate the transducer sensitivity,
in units of picometer (pm) of Bragg wavelength change per newton force applied to the

transducer (pm/N), over that range.

The optical fibre is directly bonded at both outer edges of the aluminum bridge using
the Loctite MS 930 epoxy. The overall transduction mechanism of this transducer is therefore
converting an applied force upon the flat surface of the superstructure into a shift in the Bragg
wavelength. The Bragg wavelength shift for this study is monitored at 62.5 kHz using a Bragg
grating interrogator (SmartScan, Smart Fibres Ltd, UK), which is a dual purpose instrument
that supplies light to the Bragg grating transducers and also detects shift in their reflected Bragg

wavelength.

This transducer is designed to be mounted flush with the inner surface of the BIPED
skull (Figure 4), which requires skull material removal for the transducer to be integrated. In
order to not compromise the structural integrity of the skull material adjacent to the transducer
locations, and also not affect the frequency response of the headform, the overall height of the
transducer is limited to 3mm, which is less than half of the surrogate skull nominal thickness
of 6.35mm. The transducer width is 6.3mm such that the transducer can fit within a 4"’
(6.35mm) wide blind-hole. The presented transducer design is 50% smaller than our previously

reported transducer [105].
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Figure 4: (a) Transducer assembly and key dimensions, indicating the position of the FBG and
force transmission. (b) Schematic of the FBG force transducer located within the BIPED.
Permissions for reproduction of this figure were granted by IEEE.
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3.3.3 Finite Element Modelling

The mechanical resonance of the transducer was estimated using structural Finite
Element (FE) analysis (ANSYS AIM 19.0, ANSYS Inc., PA United States). The purpose of
this analysis is to verify that the frequencies observed during blast loading are sufficiently low
in comparison to the first resonance of the transducer, such that blast loading will not induce
resonance in the FBG force transducer. The FE model is designed to match the physical
dimensions of the transducer, using 6061 Aluminum Alloy (Young’s Modulus = 69 GPa) for
the aluminum layer and a custom plastic (Young’s Modulus = 2 GPa, based on a Stratasys
polyjet material catalogue) for the VeroGray rigid opaque polymer components. Bonded
contact set connections model the contact interfaces between the three layers of the transducer,
as shown in Figure 5. The optical fibre bends away from the superstructure in application, but
for simplicity in the simulation, it is treated as a perfectly horizontal remote mass, with material
properties of silicon dioxide (Young’s Modulus = 67 GPa). The bottom layer, which in
application will be resting against the BIPED skull, is modelled as fixed along all degrees of
freedom. All other surfaces within the model are modelled to move freely. Using a mesh
composed of linear tetrahedral solid elements (4 nodes per element), the number of nodes was
doubled iteratively until the lowest mode of resonance changed by less than 0.5% of the
previous magnitude. This resulted in a final mesh with a maximum element face size of 0.25

mm and 52,466 nodes.
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The same FE model and mesh is used to estimate the force sensitivity of the transducer
(Figure 6). Compressive loads are simulated from 0 N to 100 N in 10 N increments, applied
uniformly upon the upper surface of the model, and the strain at the nominal FBG location is
determined. Equation (1) is used to predict the shift in Bragg wavelength based upon the
computed FBG strain, which, in conjunction with the applied loading, can be used to assess

the model-predicted force sensitivity of the transducer.
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a remote mass
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Figure 5: Finite element model boundary conditions and mesh (a coarse mesh is used here for
better visualization). Visual indicators are displayed on top of the solid model to indicate the
applied structural conditions. Permissions for reproduction of this figure were granted by IEEE.
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Figure 6: Finite element model used to determine strain at the nominal FBG location. Visual
indicators are displayed on top of the solid model to indicate the applied structural conditions.
Permissions for reproduction of this figure were granted by IEEE.

3.3.4 Calibration Experiments

We first calibrate the force transducer for impact forces, using an impact-response
calibration that applies forces over a range which we speculate the skull could apply to the
brain due to relative skull-brain motion during blast. Then, we subject the transducer to a
simulated blast overpressure, to confirm that the force transducer captures all frequencies of

interest in blast loading.

3.3.5 Impact-Response Calibration

Calibration is required to develop a relationship between the shift in peak reflected
wavelength and the force applied to the transducer. In this study, the FBG force transducers
are dynamically calibrated using an impact-response calibration method [36], [37], which
involves dropping an impactor of known mass onto the force transducer. The experiment is
shown in Figure 7. The spherical impactor (5kg total falling mass) has a single-axis linear
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piezoresistive accelerometer (Xiamen Niell, Model CAYZ147V-2-2KA, China) attached so
that vertical acceleration of the mass can be accurately recorded. Acceleration of the impactor
is used to calculate the dynamic loading applied to the transducer, using Newton’s second law
of motion. The FBG transducer is fixed upon a Modular Elastomer Programmer (MEP) pad,
positioned directly underneath the impactor, and as close as possible to the vertical axis of the
accelerometer. The accelerometer is wired to a custom-built amplifier, containing an analog
anti-aliasing filter and a programmable gain amplifier. The analog output signal from the
amplifier is then directed to a data acquisition system (National Instruments, PXI-6251, TX
USA), with a custom LabView program that was developed to initiate data collection from the

accelerometer at a sampling rate of 100 kHz.

The applied forces on the transducer nominally range from 0 N to 100 N. Transducer data
is filtered using a 4th order low-pass Butterworth filter with a cut-off frequency of 1000 Hz.
The signals collected from the accelerometer and Bragg transducer are aligned using signal
correlation and post-processed (MATLAB R2016b, MathWorks, MA United States) to

compute the dynamic transducer sensitivity.
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Figure 7: (a) Experimental set-up for an impact response dynamic calibration. (b) Schematic of
the drop tower and close-up of the transducer position. Permissions for reproduction of this
figure were granted by IEEE.

3.3.6 Blast Exposure Simulation

A custom-built advanced blast simulator (ABS; approximately 30.5 cm in diameter and
5.79 m in length; see Figure 8), located at DRDC Suffield Research Center (Medicine Hat, AB
Canada), is used to produce simulated blast overpressure. The ABS utilizes a divergent driver
section designed to reproduce the correct waveforms for static and dynamic pressures within a
blast shockwave [38]. The ABS operates by pressurizing the driver section with helium gas,
separated from ambient-pressure conditions by a polymer diaphragm. The diaphragm
eventually ruptures as the driver pressure increases, thereby releasing the high-pressure gas
down the length of the ABS, simulating the front of a blast wave. Computer-controlled

pressurization of the helium gas and manual insertion of pre-determined thicknesses of
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reinforced cellulose acetate sheets (collectively forming the polymer diaphragm) allow for

control over the intensity of the shock front in order to achieve the required target overpressure.

For this work, a steel end plate is fixed to the end of the ABS, and contains five open holes
in it (see Figure 8). The larger center hole is left open to the external environment, while the
four outer holes were all filled to be flush with the inner surface of the ABS. Two of these four
holes are used to position the presented design for FBG transducers within the steel end plate,
mounted flush with the inner surface. Custom-built polymer components were designed to
house the transducers within these holes, and to wire the optical fibre out of the ABS. A third
hole in the steel plate is used for a reference pressure sensor (Model 133A28, PCB Piezotronics
Inc., NY United States) spaced at an equal distance from the center and also mounted flush
with the inner surface. This PCB pressure transducer is used for comparison with FBG force
transducer results in terms of time-domain traces and frequency domain profiles. FBG
transducer data is collected by the SmartScan wavelength interrogator at 62.5 kHz, while PCB
pressure transducer data is collected at 500 kHz. Both force and pressure signals were filtered

using a 4th order low pass butterworth filter with a 10 kHz cutoff frequency [39].
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Figure 8: Schematic and photographs of the ABS, indicating the positions of the FBG transducers
and the reference transducer. Permissions for reproduction of this figure were granted by IEEE.
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3.3.7 Free-Field Blast Experiment

An FBG force transducer was integrated into the frontal region of the BIPED headform,
located as shown in Figure 9 (also described in Figure 4), approximately 15mm above the
transverse plane located just above the eye sockets). A Kulite XCL-072 was molded into the
Sylgard 527 surrogate brain material at the approximate location shown in Figure 9 and used
to monitor intracranial pressure (ICP) in the frontal region. The ICP transducer is located in
roughly the same plane as the FBG transducer and approximately two-thirds of the distance
away from the center of the BIPED towards the front of the skull (based on an x-ray image of

the instrumented surrogate brain).

We performed a free-field blast trial using a Skg C4 charge detonated at a height of 1.5m
from the ground. The un-protected (un-helmeted) BIPED is positioned (measuring from the
nose on the urethane soft tissue layer) at the same height as the charge, with a S5m standoff
distance. A Hybrid III neck (Humanetics ATD, Farmington Hills MI), fixed rigidly at the
lower-neck to a steel pole, connects at the upper-neck to the base of the BIPED, and positions

the surrogate headform such that it rests vertically and facing towards the charge.

4

Transducer Plane  Surrogate skull
(top view) e
y
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Figure 9: Image of the BIPED with a- cross-sectional planar view of the instrumentation
integrated within the headform. Permissions for reproduction of this figure were granted by
IEEE.
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3.3.8 Statistics

From the impact calibration experiments, force transducer sensitivity is determined
using the least squares method. Force is the independent variable and Bragg wavelength shift
is the predicted or the dependent variable, with sensitivity as the predicted slope in the data
(reported in units of pm/N). The coefficient of determination, R?, is reported for each calculated
sensitivity and is interpreted as how well the linear model predicts the dependent variable (R?
ranges from 0 to 1, with 1 being an ideal model). Mean and standard deviation for transducer
sensitivity are calculated based on the results from three drop trials (n = 3), and repeated for

three transducers.

From ABS experiments, the mean, standard deviation, and coefficient of variation (COV)
of peak measurements are calculated for both FBG force transducer results and PCB pressure
sensor results, along with the driver overpressure. For comparing spectral results, the average
normalized FFT magnitude, root mean square (RMS) difference, maximum deviation, and the
ratio of RMS to average FFT magnitude are reported. The mean and standard deviations of

these are also presented.
3.4 Results

3.4.1 Numerical Prediction of Mechanical Resonance

The ANSYS FE modal analysis predicts a first mechanical resonance for the force
transducer at approximately 24.8 kHz, and the mode of deformation associated with this
resonance is shown as the insert in Figure 10, with exemplar data from FBG transducer #1.
This figure also shows the strain optic model predictions for Bragg wavelength shifts as a
function of applied loading. The model predicts a force sensitivity of 16.6 pm/N with R? greater
than 0.99.
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Figure 10: Modal analysis result for the first mechanical resonance of the transducer and strain
optic predictions for transducer sensitivity. Permissions for reproduction of this figure were
granted by IEEE.

3.4.2 Dynamic Calibration Results

From the impact-response calibration method, typical force versus time and typical
wavelength versus time plots are shown in Figure 11. Subsequent peaks at lower amplitudes
are due to rebounding and subsequent impacts of the impactor, resulting in the damped

oscillatory behavior observed.

Plotting the rising edges of the initial impact peak for both wavelength shift and force
against each other, up until a peak wavelength shift of approximately 1 nm, is shown in Figure
10 for three transducers. The average sensitivity from the three transducers in Figure 12 is 19.7
pm/N, which is within 16% of the model predicted sensitivity of 16.6 pm/N. Sensitivity,
standard deviation, and R? for individual calibrations of the three transducers (n = 3 for each)
are tabulated in Table 1. Full scale uncertainty (F.S.U.) represents the standard deviation in
force, based upon the standard error (i.e. one standard deviation) of the calibration, relative to
a force output of 10 N (i.e. the full scale output based on the results shown later in section D).
Stated another way, F.S.U. conveys a +/- range on force about the magnitudes shown in Figure

14 that the true force value is expected to lie within.
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Spectral results from the discrete Fourier transform of the transducer outputs and
accelerometer readings (normalized with respect to the maximum amplitude in the trial) are
shown for a sample trial in Figure 13. Similar spectral results were found for different trials
with the same transducer, as well as for other transducers. To analyze the repeatability from
dynamic calibrations in the frequency domain, the RMS difference between normalized force
and wavelength Fourier amplitudes are tabulated in Table 2. The average of normalized force
Fourier amplitudes are also reported, along with the maximum deviation between force (F) and
wavelength (WL) normalized magnitudes in the frequency domain. The Fourier analysis
associated with impact calibration (Figure 13) showed amplitudes in applied force signals that
were less than 1000 Hz (<4% of the frequency at first resonance), suggesting that based on the
dynamics of the transducer, the impact loading experiment could be viewed as quasi-static.
Therefore, we did not complete static calibration experiments where loads were incrementally

applied to the FBG transducer.
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Figure 11: (a) Typical impact force applied to the FBG transducer plotted against time, and (b)
the corresponding impact-induced wavelength shift vs. time. Permissions for reproduction of this
figure were granted by IEEE.
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Figure 12: Sample calibration characteristics from three FBG transducers, showing their
sensitivities and coefficients of determination from a linear regression analysis. The strain optic
model prediction of 16.6 pm/N sensitivity is shown in the plot as well. Individual data points are
not visible at this scale because all data captured at 62.5 kHz is presented and the distance
between points at this rate is not discernable with the unaided eye. Permissions for reproduction
of this figure were granted by IEEE.
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Table 1: Sensitivity, predicted Standard Deviation in sensitivity, and COV (standard deviation
divided by sensitivity) for three sets of FBG transducer dynamic calibration experiments (n =3

for each). Permissions for reproduction of this table were granted by IEEE.

Tx Drop # Sx S.E. cov F.S.U. R?

# [p/N] [p/N] [p/N] [N] []
1 12.206 0.024 0.20% 0.020 >(0.99
1 12.153 0.023 0.19% 0.019 >0.99
1 12.109 0.021 0.17% 0.017 >(0.99
Mean: 12.156 0.023 0.19% 0.019 >(0.99
2 18.807 0.036 0.19% 0.019 >0.99
2 19.014 0.038 0.20% 0.020 >(0.99
2 20.483 0.026 0.13% 0.013 >(0.99
Mean: 19.434 0.033 0.17% 0.017 >(0.99
3 27.019 0.040 0.15% 0.015 >(0.99
3 28.012 0.025 0.09% 0.009 >(0.99
3 27.852 0.026 0.09% 0.009 >(0.99
Mean: 27.627 0.030 0.11% 0.011 >(0.99

Tx = transducer, Sx = sensitivity, S.E. (Sx) = standard error of sensitivity, COV = coefficient of variation of
sensitivity, F.S.U. = full scale uncertainty.

Table 2: Comparison of normalized accelerometer and FBG transducer fourier amplitudes from
the dynamic calibrations of three transducers (n = 3 for each). Permissions for reproduction of
this table were granted by IEEE.

Tx Drop FFT Average® RMS Difference ® Max Deviation ° RMS/Average
# # [] [] [] []
1 1 3.80E-03 1.11E-06 2.31E-02 0.03%
1 2 3.80E-03 1.90E-06 2.56E-02 0.05%
1 3 3.82E-03 3.78E-06 4.48E-02 0.10%
2 1 3.78E-03 3.29E-06 3.80E-02 0.09%
2 2 3.80E-03 2.04E-06 2.59E-02 0.05%
2 3 3.89E-03 5.21E-06 3.77E-02 0.13%
3 1 3.85E-03 1.62E-06 2.74E-02 0.04%
3 2 3.87E-03 1.38E-06 2.08E-02 0.04%
3 3 3.84E-03 3.75E-06 2.83E-02 0.10%
Mean: 3.83E-03 2.68E-06 3.02E-02 0.07%
STD: 3.75E-05 1.39E-06 8.08E-03 0.04%

2 FFT average is calculated as the average normalized magnitude in the frequency domain for the reference

transducer.

b RMS difference is determined based on the differences between the FBG transducer and the reference transducer
magnitudes in the frequency domain.
¢Max deviation is calculated as the maximum difference between the FBG transducer and the reference transducer
magnitudes in the frequency domain.
STD = sample standard deviation.
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3.4.3 Blast Simulation Results

Figure 14 shows pressure transducer output and FBG force transducer output from a
sample ABS trial, normalized with respect to the maximum value observed from each sensor.
Spectral results from these normalized outputs are shown in Figure 15. The peak results, mean,
standard deviation, and coefficient of variation from 11 ABS experiments are tabulated in
Table 3. From the spectral results in Figure 15, the average of reference transducer normalized

output, RMS difference, max deviation, and the RMS/average ratio, are tabulated in Table 4.
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Figure 14: Normalized amplitude vs. time from a sample ABS experiment for both the reference
pressure transducer and an FBG force transducer. Permissions for reproduction of this figure
were granted by IEEE.
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Figure 15: Spectral results from an ABS experiment, comparing the normalized output from the
reference pressure transducer and an FBG force transducer. Permissions for reproduction of this
figure were granted by IEEE.
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3.4.4 Free-Field Blast Experiment Results
Frontal FBG force and ICP measurements and spectral results from the free-field blast

experiment are shown in Figure 16.
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Figure 16: FBG force and ICP measurements, along with FFT transforms, from a free-field blast
experiment using Skg C4 at a Sm standoff. The presented data is for an un-helmeted (un-
protected) BIPED. Permissions for reproduction of this figure were granted by IEEE.
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Table 3: Driver overpressures and corresponding sensor peak measurements during ABS
experiments. Permissions for reproduction of this table were granted by IEEE.

Reference Pressure

Driver FBG Transducer #1 FBG Transducer #2 .
Target Pressure . . Transducer Normalized
Overpressure Normalized Peak Output ? Normalized Peak Output ?
Level [kPa) [pm/pm] [pm/pm] Peak Output *
[kPa/kPa]

283.23 0.395 0.367 0.447
Low (n=3) 270.57 0.416 0.331 0.429
208.13 0.362 0.314 0.360
Mean: 253.98 0.391 0.337 0.412
STD: 32.83 0.022 0.022 0.037
COV: 12.9% 5.7% 6.7% 9.1%
531.55 0.661 0.493 0.682
Medium (n = 3) 526.67 0.570 0.581 0.666
527.84 0.652 0.511 0.642
Mean: 528.69 0.627 0.528 0.663
STD: 2.08 0.041 0.038 0.016
COV: 0.4% 6.5% 7.2% 2.5%
1045.14 1.000 0.812 1.000
1056.06 0.934 0.885 0.896
High (n=5) 1059.14 0.840 1.000 0.897
1059.83 0.846 0.958 1.000
1051.15 0.814 0.995 0.994
Mean: 1054.26 0.887 0.930 0.957
STD: 5.49 0.070 0.072 0.050
COV: 0.5% 7.9% 7.7% 5.2%

2 Peak measurements were normalized based on the greatest observed value from that transducer in all 11 trials.
STD = sample standard deviation, COV = coefficient of variation.
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Table 4: Spectral comparison of normalized reference pressure transducer and normalized FBG
force transducer amplitudes. Permissions for reproduction of this table were granted by IEEE.

Target Pressure . FFT Average® RMS Difference ® Max Deviation © RMS/Average
Trial #
Level [l L] L] L]
1 1.34E-04 7.97E-08 1.47E-02 0.06%
Low (n=3) 2 1.36E-04 9.64E-08 1.50E-02 0.07%
3 1.42E-04 9.71E-08 1.34E-02 0.07%
4 1.15E-04 8.15E-08 1.65E-02 0.07%
Medium (n = 3) 5 1.17E-04 8.57E-08 1.72E-02 0.07%
6 1.19E-04 1.08E-07 1.98E-02 0.09%
7 1.11E-04 1.35E-07 2.00E-02 0.12%
High (n = 5) 8 1.19E-04 1.19E-07 2.21E-02 0.10%
9 1.10E-04 2.56E-07 2.66E-02 0.23%
10 1.06E-04 2.18E-07 3.10E-02 0.21%
11 1.05E-04 2.14E-07 3.04E-02 0.20%
Mean : 1.19E-04 1.36E-07 2.06E-02 0.12%
STD: 1.25E-05 6.33E-08 6.24E-03 0.06%

2 FFT average is calculated as the average normalized magnitude in the frequency domain for the reference
transducer.

> RMS difference is determined based on the differences between the FBG transducer and the reference transducer
magnitudes in the frequency domain.

¢Max deviation is calculated as the maximum difference between the FBG transducer and the reference transducer
magnitudes in the frequency domain. Although the values for max deviation seem relatively large, they represent
the maximum deviation at a single frequency, whereas the overall weighted difference is better represented by
the RMS/average ratio.

STD = sample standard deviation.

3.5 Discussion

This work focuses on the development of Bragg grating techniques to measure skull to
brain interaction forces in a surrogate head model designed to study head protection in blast.
The presented transducer provides repeatable peak measurements and also captures all
important transients associated with blast overpressure as indicated by our repeated
experiments yielding data in both the time and frequency domain. To our understanding, this
is the only FBG-based force transducer designed for the study of blast-induced kinetics in the

brain.

Overall, the numerical and experimental results convey that the transducer has
appropriate sensitivity and resonances for blast research. This is demonstrated by successfully
capturing necessary characteristics in both time and frequency domains, under blast and impact

loading conditions, while not inducing transducer resonance.
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Finite element simulations predicted a first mechanical resonance of 24.8 kHz for the
FBG force transducer, which is well above the impact-induced frequencies observed during
dynamic calibrations, as well as for blast-induced loading observed during ABS experiments.
Furthermore, we speculate that when the transducer is integrated into the BIPED interior, that
the frequencies of excitation on the transducer will be lesser than those associated with our
ABS experiments because the BIPED exterior skin and skull will provide considerable
mechanical damping. Therefore, we are confident that the resonances of the presented
transducer are appropriate for our ongoing research with the BIPED. Further, these results
suggest that when the transducer is applied in the BIPED, that blast energy will not induce
resonant vibration in the transducer structure and therefore measurement artefacts associated

with mechanical vibrations are not predicted when the transducer is in-situ.

Under impact loading conditions during the dynamic calibration experiments, the FBG
force transducer exhibits linearity (R? > 0.99 in all trials) and repeatability (mean coefficient
of variation is less than 1% in all trials). Mean sensitivity from the three transducers is 19.7
pm/N, which is within 16% of the model predicted sensitivity of 16.6 pm/N. Variation in
transducer sensitivity is due to the assembly process; specifically when the FBG is fixed along
the aluminum bridge. Any deviation of the Bragg gratings from the nominal center position
yields a drastic effect on sensitivity. Determining an appropriate sensitivity of the FBG
transducer for the proposed application requires knowledge of what forces might be observed
at the skull-brain interface during blast loading, however, literature does not suggest what these
forces might be. Based on previously reported intracranial pressures during free-field blast
experiments on the BIPED [27] and using the exposed surface area of the FBG transducer, we
estimate that peak forces during similar blast trials would be on the order of 5-10 N. By
designing the transducer to have a nominal sensitivity between 10-20 pm/N, combined with
the fact that using higher acquisition rates on the SmartScan wavelength interrogator reduces
the wavelength interrogation range to 1000 pm, allows the FBG transducer to capture forces
up to 50-100 N. This is tenfold greater than the estimated upper limit, nevertheless we wanted
to ensure a larger force range for this transducer since skull-brain interaction forces under blast
loading have never been reported on before. Our pilot measures of skull-brain force (Figure

16), suggest that our estimates on the required force measurement range are appropriate.
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For the nine calibration experiments performed on three force transducers, Fourier
analysis suggests that the Bragg transducer is capturing all frequencies of interest in impact
loading, which, for this dynamic calibration procedure, appear to lie below approximately 200
Hz. RMS differences between normalized force and wavelength magnitudes in the frequency
domain were small relative to the average normalized value (ratios of RMS/Average were all
less than 0.13%), indicating that the FBG transducers consistently capture similar spectral

profiles when compared to the applied force signals.

Blast simulations in the ABS indicate that the FBG force transducer and reference
pressure transducer both capture similar loading in the time-domain (Figure 14) and frequency
domain (Figure 15). Because of the lesser sampling rate for the FBG transducer (62.5 kHz)
when compared to the reference pressure transducer (500 kHz), it is possible that the time-
series data for the FBG transducer could omit to capture the true peak captured by the reference
transducer. To investigate this, we downsampled reference transducer data to 62.5 kHz and
found that the peak amplitudes were reduced by approximately 7-10% relative to data collected
at 500 kHz. We remind the reader that in this manuscript, we present normalized data for sensor
calibration experiments in the shock tube and therefore the stated 7-10% reductions should not
affect the trends noted in data tables, due to our normalization approach. Peak measurements
are repeatable between trials (5.7-7.9% COV for FBG Transducer #1, 6.7-7.7% COV for FBG
Transducer #2) and are comparable to the variation observed by the reference pressure
transducer (2.5-9.1% COYV). Figure 14 indicates that the force transducer can also capture the
short-duration negative gauge pressure immediately following the positive phase, which is a
characteristic of blast overpressure waves [40], viewed as the negative force section following

the positive shock.

From the 11 ABS experiments, Fourier analysis suggests that the majority of the blast
spectral content lies below approximately 5000 Hz, with similar Fourier amplitude shapes
between FBG force and reference pressure. RMS differences between normalized FBG force
and reference pressure in the frequency domain were small relative to the average normalized
value (all ratios of RMS/Average were less than 0.23%), indicating consistency between the
FBG transducer and reference pressure transducer. An important factor to note from these

spectral results is that the FBG force transducers do not appear to resonate when subjected to
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blast loading, which is indicated by an approximately zero amplitude observed at frequencies
above 5 kHz. As mentioned previously, exciting this resonance would lead to mechanical
vibration and force measurement artefacts in the output signal. This also suggests that our data
acquisition rate (62.5 kHz) is sufficient to acquire transient signals in the presented application.
However, we acknowledge that other demodulation approaches based on edge filters and

photodetectors [41] could be employed to achieve greater acquisition rates.

Other sensing technologies, such as resistive or capacitive based force transducers, could
be used for this application but arguably they could be considered to have drawbacks. First,
transducers based on resistance and capacitance can require several conductors for excitation
and signal retrieval, per sensor. The number of excitation and signal conductors increases in
direct proportion to the number of transducers used. Second, because they are electronic these
transducer technologies are not typically capable of operating when submerged in fluid, and if
they are submerged in fluid, they typically require the transducer element to be sealed (i.e.
shielded from the fluid). Optical fibre-based transducers, like that presented in this manuscript,
require only one optical conductor for each measurement location and are intrinsically immune
to the effects of fluid (including the fluid layer in the BIPED). Therefore, because they require
relatively lesser conductors and are not sealed from fluid, optical transducers can typically be
constructed to be relatively smaller and arguably less complicated than electronic alternatives.
Small size and design simplicity offset a primary drawback of using optical transducers: the
requirement for relatively more expensive instruments that supply and detect light. Specific to
application in the BIPED, because the integration of the force transducer into the BIPED skull
requires material removal from the skull, such that the embedded instrumentation appears flush
with the inner surface, it is desirable for the instrumentation (both the transducer itself and the
transmission medium — either wire or optical fibre) to be as small as possible such that the
amount of material removed from the skull is minimized. By minimizing the material removed,
we also minimize the corresponding change to overall skull stiffness, a parameter which we
desire to remain unaltered such that the BIPED continues to offer a mechanical response
similar to previous validation experiments [18]. Therefore, we argue that the use of optical
fibre based transducers (i.e. Bragg gratings in this case) is justified when one considers the

above factors and the requirements of in situ measurements in the BIPED.
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Temperature compensation is not implemented for this work due to the short timescales
over which blast wave loading occurs. Despite high temperature exposure during a free-field
detonation experiment, the blast wave interacts with the transducer too rapidly to induce a

significant temperature shift in the FBG transducer.

Data in Figure 16 from a free-field blast experiment shows that the FBG force transducer
is capable of capturing similar time domain traces to the ICP transducer, in both time and
frequency domains. Of note, the FBG force measures exhibit negative magnitude (Figure 16)
when ICP measures reach a local maximum. In ongoing work, we will scrutinize our data in
an attempt to understand these mechanics. In the present paper, we present the exemplar data
(Figure 16) to convey that the FBG transducer is capable of detecting kinetics in-situ during a
blast event. Higher frequency components observed more predominantly in the force
transducer signals could be due to localized skull flexure. The ICP time-series trend and peak
magnitude are similar to previously reported BIPED free-field blast experiment results [27].
Peak force magnitude of 7 N from this blast experiment is within the force range that we

anticipated.

In forthcoming work, the presented transducer will be used to measure skull to brain
interaction forces in multiple locations during free-field blast experiments that expose the
BIPED to realistic overpressures. These blast experiments will be repeated for scenarios both
with and without protective headgear. While the exact threshold forces for skull-brain
interaction and injury are not universally agreed upon, the presented transducers can be used
to measure force mitigation, if any, offered by contemporary military protective headgear.
These force measurements, in parallel with pressure measurements in the brain parenchyma,
will allow us to determine the open question on whether or not protective headgear mitigates
blast energy transfer into helmeted soldiers. It is also possible that the FBG transducer
presented could be applied in other surrogate models used in impact and blast research. Such
application would necessitate minor transducer re-design to ensure the transducer can capture

kinetics over ranges appropriate for the application.

In summary, this study presents the development of a FBG force transducer to measure
skull-brain interaction forces within a mechanical surrogate headform used to assess protective
headgear during blast loading. The presented transducer exhibits repeatability in both impact
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force and blast overpressure loading and exhibits excellent agreement with calibration
reference transducers in both the time and frequency domain. The transducer can be arrayed
within the surrogate headform and used to assess the forces that are created as a result of blast

overpressures interacting with both unprotected and protected (i.e. helmeted) heads.

3.6 Conclusions

This paper detailed the development of an FBG force transducer for measuring blast
kinetics and the capacity for these transducers to be integrated into the surrogate skull of the
BIPED. The main contribution from this paper is providing a validated and repeatable
transducer for blast and impact scenarios that can measure inner skull forces within a surrogate
headform. The novel force transducer is the first application of FBG technology towards
measuring inner skull kinetics under blast loading. While brain pressure and inner skull forces
are not directly linked towards TBI, these metrics provide insight towards how the brain and
skull react under blast loading and may present an appropriate paradigm towards assessing the
relative efficacy of protective headgear at mitigating internal kinetics. The next objective of
this thesis, which is the topic for the following chapter, is to investigate the transmissions of

blast and impact energy into the BIPED for various protection scenarios.
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Chapter 4: Protective headgear attenuates forces on the inner table and
pressure in the brain parenchyma during blast and impact: an
experimental study using a simulant-based surrogate model of the

human head.

The following manuscript is under preparation for submission into the ASME Journal of
Biomechanical Engineering (to be submitted in January 2019). This paper does not identically
match the version to be submitted to ASME Journal of Biomechanical Engineering. The first

author of this manuscript is also the author of this thesis.

4.1 Introduction

In order to document the effect that head protection has on skull and brain kinetics, the
BIPED was instrumented with an array of transducers and subject to blast and impact
experiments. This chapter describes the effect of contemporary protective headgear on
mechanical measures within the cranial vault of a simulant-based surrogate headform during
both blast and impact events. Specifically, pressures within the brain parenchyma and forces

on the inner table of the skull are investigated.

4.2 Background

Rates of traumatic brain injury (TBI) among warfighters have been rising during recent
conflicts and have had a profound impact on the health of combat veterans [3,131-135]. For
soldiers deployed to Afghanistan (Operation Enduring Freedom; OEF) and Iraq (Operation
Iraqi Freedom; OIF), it has been estimated that nearly 25% of all deployed warfighters suffered
from symptoms of TBI [136—-138]. Blast exposure accounts for the majority of total injuries
among contemporary military personnel, with reports as high as 80% [14,139-141]. It is
estimated that 50-60 % of head injuries involving blast exposure on the battlefield also
involved blunt trauma [85]. During the OEF and OIF conflicts, the use of explosive devices
increased, with improvised explosive devices (IEDs) becoming the weapon of choice against
coalition forces [142], resulting in increased blast exposure for the modern warfighter
[143,144]. The US Navy-Marine Corps combat trauma registry reported that [EDs were found

to be the most common mechanism responsible for TBI cases (52%) during OIF [145].
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Effective mitigation strategies are strongly desired by Canadian and US militaries, but in order
to reduce the occurrence of blast-induced traumatic brain injury (bTBI), a proper understanding

of the bTBI injury mechanisms is required [14].

An explosive blast can cause many different types of injury, which are broadly classified
into four categories [14,146]. Primary blast injury is due to the direct effects from the blast
wave propagating through the body and damaging living tissue. Secondary blast injury
involves the propulsion of debris or fragments that can cause blunt or penetrating injury.
Tertiary blast injury occurs when the explosion induces global acceleration of the body,
propelling it into collision with surrounding structures in the environment. Quaternary blast
injuries are due to post-detonation environmental stressors, such as chemical exposure or burns
from thermal radiation. There is limited information available on the effect of primary blast on
the human head [14,141], and it is not yet clear how significant primary blasts are relative to
blunt impact as sources of injury [85]. Due to the sensitivity of brain tissue to loading rate
[147], the mechanisms of injury for primary blast TBI (bTBI) may not be similar to
conventional blunt TBI [141,148,149]. In this work, we focus on studying primary blast
exposure using free-field detonation experiments and compare results with low-speed impact

trials that can simulate a tertiary blast injury scenario involving direct head impact [150].

The mechanisms of primary bTBI remain poorly understood, however several theories
exist [14,151]. One theory suggests that blast waves can damage brain tissue by travelling
through skull orifices such as nasal sinuses [49], auditory canals [50,51], and/or eye orbits [52—
55]. It has also been suggested that a blast wave could directly transmit into the brain through
the skull via transosteal wave propagation, referred to as the direct cranial transmission theory
[46—48], however acoustic impedances suggest that this is an unlikely mechanism [14].
Another theory suggests that skull deformation can be induced from a blast wave [56-58],
either through localized deformation or by exciting a mode of skull resonance. These skull
deformations can then cause significant intracranial pressure (ICP) fluctuations [14,59].
Another theory referred to as thoracic surge is proposed to cause bTBI indirectly through the
rapid compression of the thorax and abdomen from the blast wave, which then transmits a
pressure wave towards the brain through soft tissue and vascular mediums [68—70]. Cavitation

has also been proposed as a primary blast injury mechanism, in which localized regions of
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negative ICP may result in the formation of cavitation bubbles that cause damage to
surrounding brain tissue when they collapse [65,75]. These theories on primary bTBI remain
under dispute, but likely do not occur in isolation from one another during a realistic blast
scenario, and may vary based on the loading magnitude and exposure duration [14,151].
Understanding which mechanisms are most prevalent during a blast scenario and how they can
effectively be mitigated could help direct the development of future protective combat

headgear.

The mechanisms of impact induced head injury are relatively better documented than are
the mechanisms of blast injury [121]. Impact forces on the head create abrupt head motions
comprising both linear and rotational mechanics. These impact forces are first applied to the
scalp and then skull, which can in turn create relative motion between the skull and the brain
within the cranial vault. These relative motions are believed to be a possible cause of disruption
to bridging veins (usually implicated in subdural hematoma) [152,153] and also of contact
between the brain and skull leading to disruption of brain tissue (proposed as a mechanism for
coup and contre-coup injuries) [ 154]. Impact to the head and brain also elicit accelerations that
are both linear and rotational which are thought to result in inertial loading of tissue leading to
both local (focal) and widespread (diffuse) tissue damage [155]. Impact induced injuries are
generally classified as either focal or diffuse. Examples of focal injuries include contusion,
laceration and localized skull fracture, the latter of which is typically considered to be caused
by localized forces on the skull and has in a large amount of literature been correlated with
linear head acceleration following impact [156—158]. Examples of diffuse injuries include
widespread subdural hematoma due to bridging vein rupture and diffuse axon disruption, the
severity and risk of each have both been correlated with rotational impact mechanics including
acceleration and velocity [155,159-161]. Often, after a head impact, both linear and rotational
kinematics result and therefore it is possible to have both head and brain injuries that are focal

and diffuse, affecting both the skull and brain.

Helmets are the primary protection device fielded to protect the head of the wearer from
impact, as well as ballistic threats for military personnel, and they are commonly
acknowledged as being effective in protecting the wearer from these threats [15,17,84-89]. In

combat scenarios, no existing protective headgear is able to fully protect against all the
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potential threats that can exist on the battlefield [85]. Current combat helmets are tested by
their ability to prevent ballistic penetration, mitigate blunt trauma, and behind-helmet blunt
trauma (BHBT) from projectiles and by their ability to withstand environmental stressors such
as exposure to temperature extremes [85]. Ballistic protection of the head is achieved by the
helmet exterior shell that is struck by projectiles, and through a process involving permanent
deformation and failure of shell materials, the exterior shell redistributes the loading over a
larger area and reduces the amount of energy available for transmission to the helmeted head.
These reductions in energy transfer are typically inferred from head models that use clay to
measure depth of deformation of the helmet interior [ 162], and more recent proposals use head
models capable of measuring forces exerted on the head exterior during helmet deformation.
Reduction in energy transmission to the underlying head is generally associated with reduced
risk and severity of head injury. Similarly, for impact protection, helmets are tested for their
ability to attenuate impact energy transmission to an underlying head [85], typically quantified
by measuring linear head acceleration during the impact event. A helmet that leads to lesser
head acceleration than that measured with another helmet is typically thought to offer superior
impact attenuation, and head protection [163]. It is evident from the above that the paradigm
for assessing head protection is quantifying reductions in energy transfer. Despite the efficacy
of contemporary combat helmets in mitigating injury from ballistic threats and impacts, bTBI
rates continue to rise [164], and it appears to be an open question whether modern combat
helmets are effective at protecting military personnel from blast waves. Indeed, there is scant
biomechanical literature that assesses whether or not contemporary military head protection is

capable of altering the transmission of blast energy into the head and brain.

The objective of this study is to ascertain whether or not protective headgear alters the
transmission of blast and impact energy into the brain, using a biofidelic surrogate of the head
based on simulant materials. Free field blast simulations at an outdoor test range were
conducted to create realistic blast loading on the head surrogate for cases where the head was
unprotected, wearing a contemporary military helmet, and wearing both a helmet and eye
protection. Impact loading on the head surrogate was also created in a laboratory setting for
the cases where the head surrogate was unprotected and protected using a helmet. Within the

surrogate head, forces on the inner table of the skull were measured, along with pressures
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within the brain parenchyma. Transmission of energy into the brain was quantified through
peak measures in force and pressure as well as quantification of frequency components in the
force and pressure data. Descriptive statistics of repeated experiments were quantified for the
purposes of comparing measured mechanics between cases of unprotected and protected

headform scenarios.
4.3 Methods

4.3.1 Surrogate Headform and Instrumentation

For this work, we instrument a surrogate blast headform known as the Blast Injury
Protection Evaluation Device (BIPED), fully developed by Defense Research and
Development Canada (DRDC). An in-depth report on the BIPED, including the history of
development, along with current headform geometry and physical properties, is presented in
previous literature [81]. The BIPED has been subjected to simulated blast overpressure in blast
tube experiments and has been shown to measure ICP of comparable peak magnitude, time
duration, and frequency content to cadaver heads that were subjected to overpressure in the
same blast tube [66]. In this paper, we outline key headform properties and provide details on

the instrumentation used for this study.

The BIPED, shown Figure 17, has several internal and external biofidelic features such
as anthropomorphic eye orbits, nasal cavities, a brain, cerebrospinal fluid, skin, a jaw, ears, a
cerebellum cavity, along with falx and tentorium membranes. Surrogate skull material is
nominally 6.35 mm thick and composed of TC-854 A/B polyurethane (BJB Enterprises Inc.,
CA United States). Surrogate brain tissue (exposed in Figure 17a) is composed of the silicone
Sylgard 527 (Dow Corning Corporation, MI United States), and water is used to simulate
cerebrospinal fluid. The external soft tissue layer (Figure 17a) is composed of a tough urethane
rubber (Vytaflex 20, Smooth-On Inc., CA United States). Internal falx and tentorium
membranes are modelled using 70A hardness Neoprene layers. External feature locations and
size are based upon head models used in, for example, Canadian Standards Association
CAN/CSA 7262.6-02, helmet test standards [82]. The upper skull geometry matches the top
half of the ISO Size J Headform (Cadex Inc., QC, Canada), and internal skull features are based
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upon an open-source CAD model of the human skull [83]. The BIPED has a 4-point attachment

location at the base of skull where it can be mounted onto a Hybrid III neck.
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Figure 17: (a) BIPED with the upper skull cap removed and surrogate brain exposed on the left,
with the surrogate scalp to the right. (b) Right to left side view X-ray image of the instrumented
BIPED showing front and back ICP and force transducer locations. (¢) Front to back view X-ray
image of the instrumented BIPED showing side ICP and force transducer locations.

For the experiments performed in this study, a BIPED is instrumented with several
pressure transducers, similar to work done previously [66,81], but it is additionally equipped
with novel force transducers within the surrogate skull material. X-ray images showing some
of these transducer locations can be seen in Figure 17. In our previous work, in-fibre Bragg
grating (FBG)-based optical force transducers were developed for measuring forces with
frequency content characteristic of blast [165], and for this study, multiple FBG-based force
transducers are calibrated and integrated into the surrogate skull material and mounted flush
with the inner surface (inner table) of the skull. These transducers are composed of an FBG
embedded within an aluminum and acrylic based multi-layered cylindrical superstructure, with
an overall size of 3 mm in height and 6.3 mm in diameter. The approximate transducer plane
for which these transducers are integrated is shown in Figure 18a. This transducer plane is
parallel to the transverse plane and offset by approximately 20 mm above the eye sockets on
the surrogate skull. Individual transducer locations are shown in Figure 18b, with four locations
for front, right, left (impact only), and rear transducers. Two surrogate skull caps are
instrumented with an array of force transducers (one for blast experiments and one for impact

experiments). After performing the blast experiments, the BIPED skull cap was replaced with
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another instrumented skull cap for impact experiments with an additional force transducer on

the left side. The transducers are fixed into the headform using high strength epoxy (Loctite
MS 930, Henkel AG & Co., Germany).

: Transducer Plane  Back External Pressure
Front External Approximate (top view) Back FBG

Transducer Transducer Plane | Left FBG
- 59 Surrogate (Impact Only)

Side
External
Pressure

Right FBG

Front FBG =« Front External

Pressure
(C) Blast/Impact LoadingI TT TT

Figure 18: (a) BIPED front view showing the transducer plane and front external transducer. (b)
BIPED side view showing the transducer plane and side external transducer. (c) Top view of the
transducer plane showing the instrumentation locations.

In addition to the force transducers, the BIPED used for this study is instrumented with
several pressure transducers for measuring internal pressures within the surrogate brain
parenchyma, as well as the external pressure profile. Three Kulite piezo-resistive pressure
transducers (modified XCL-072, Kulite Semiconductor Products, NJ United States) are used
to monitor ICP. These transducers have a linear output for pressures up to 14 bars, a resonant
frequency over 550 kHz, and are relatively insensitive to acceleration (less than 0.0001% full
scale output per g). These ICP transducers are molded into the surrogate brain material
(locations shown in Figure 18) in approximately the same plane as the force transducers.
External pressure measurements are collected by pressure transducers (modified LL-125 flat
line series, Kulite Semiconductor Products, NJ United States) located on the front, side, and
back locations of the headform (shown in Figure 18). These external pressure transducers were
retrofit into the surrogate skin material and mounted to be flush with the outer surface of the
BIPED. The BIPED is filled with water to model CSF and then sealed using thread sealing
cord (Loctite 55-10, Henkel AG & Co., Germany) and self-fusing silicone (Loctite SI 5075,
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Henkel AG & Co., Germany) for blast experiments. For impact experiments, the BIPED was
sealed using an industrial silane adhesive (Loctite MS 930, Henkel AG & Co., Germany).

4.3.2 Blast Exposure

The instrumented BIPED described in the previous section is exposed to blast
overpressure at a free-field testing facility located in Valcartier, Quebec, Canada. For these
experiments, a 5 kg cylindrical C4 charge is detonated at a height of 1.5 m above the ground.
The BIPED is positioned 5 m away horizontally, with the nose of the headform positioned at
approximately the same height as the charge. Unprotected and protected side views of the
BIPED can be seen in Figure 19. For helmeted cases in this study, we use a Tactical Ballistic
Helmet (TBH-II HST Size Large, Gentex Corporation, PA United States). This helmet meets
the modified and abbreviated NIJ Standard 0106.01 [166] for ballistic helmets using the NI1J
Standard 0108.01 threat level IIIA [167] (9mm 124gr FMJ RN at 1400 fps). It also meets the
modified and abbreviated US Army ACH Helmet CO/PD-05-04: 2007 specification.

Approximate
Transducer Plane

i &

,||'||,_?n""'.

Figure 19: (a) Unprotected BIPED. (b) Protected BIPED with TBH, showing the appr0x1mate
plane in which the transducers are located relative to the helmet rim. (c) Protected BIPED with
TBH and visor.

For blast experiments, the BIPED is fixed upon a Hybrid III neck (Humanetics
Innovative Solutions, MI, USA), in which the base of the neck is fixed upon a rigid vertical
steel pole that is held secure to a concrete pad at the ground. The steel pole also helps to protect
wires and optical fibres running external to the headform. ICP and external pressure signals

were collected at | MHz and force signals on the inner table of the simulant skull were gathered
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at 40 kHz, using a commercial interrogator (SmartScan, Smart Fibres Ltd., UK). A schematic

of the test platform can be seen in Figure 20, in which the BIPED is facing the charge, and a

visual of the fireball and BIPED immediately post-detonation is shown in Figure 21.

BIPED mounted on
Hybrid Il neck and
steel pole

‘ 5m standoff distance ‘

3

Suspended 5kg
C4 charge, 1.5m
above ground

‘ Instrumentation Cables ‘

2

High Speed Camera To Acquisition

@]

Equipment

Figure 20: (a) Top-view schematic of the free-field blast experiment setup. (b) Free-field blast
experiment setup showing the suspending charge and mounted BIPED with a TBH helmet.
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Figu;"e 21: Blast test site shdwing the résultihg fireball from a Skg C4 detonation and BIPED
location during experiments.

Four blast experiments are repeated using an unprotected (bare) BIPED, and seven
experiments are conducted using various headform protection scenarios, for a total of 11 blast
experiments and 4 protection scenarios. The different test scenarios for the 11 blast
experiments are outlined in Table 5. For the protected scenarios: three trials were performed
using a TBH, two trials were performed using the TBH and a visor (Baltskin Cobra, Revision
Military Ltd., VT USA), and two trials were performed using the TBH, visor, and a lower
stiffness neck scenario. The lower stiffness neck scenario was achieved by replacing the
standard Hybrid III rubber nodding blocks with a retrofit foam insert. Because the Hybrid I11
neck is known to have much greater stiffness than a human neck [168,169], this lower stiffness
neck scenario was created in an attempt to exhibit increased global headform motion in

response to a blast wave.
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Table 5: Test conditions of the free-field blast experiments

Scenario # Number of Repeats Protection Neck Stiffness
1 n=4 None (Unprotected) Normal (Regular Hybrid III neck)
2 n=3 Gentex TBH Normal (Regular Hybrid I1I neck)
3 n=2 Gentex TBH + Visor Normal (Regular Hybrid III neck)
4 n=2 Gentex TBH + Visor  Low (Hybrid III neck with foam nodding blocks)
Total Blast Experiments: n=11

4.3.3 Impact Loading

An instrumented BIPED (identical to the one used for blast experiments except lacking
external pressure transducers, and has an additional force transducer on the left side) is
subjected to impact experiments using a custom-built linear guided monorail drop tower
[170,171]. All impacts are to the high forehead of the BIPED. High speed cameras (Phantom
vol1, Vision Research, Wayne, NJ) are used to track global headform movement at 1000
frames per second. A soft impact surface consisting of sportsfield turf (SouthWest Greens GB-
011, 100% Polyethylene, 1.75 in pile height) with a crumb rubber infill was fixed upon a steel
anvil at the base of the vertical drop tower. This soft impact surface was used instead of the
bare steel anvil in order to protect the bare BIPED headform from potentially rupturing and
leaking internal fluids at higher drop velocities. The BIPED is mounted onto a Hybrid III neck,
which in turn is fixed to an adjustable gimbal that moves freely along the vertical axis of the
drop tower. A still-image of a protected and unprotected BIPED drop tower setup can be seen

in Figure 22.

R
\ .
Gentex TBH : *:-z \“
-

Drop Tower Gimbal

Optical Fibre Bundle

Sportsfield Turf

Figure 22: Unhelmeted (left) and helmeted (right) BIPED headform fixed to a Hybrid III neck
and drop tower gimbal during an impact experiment.
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The height in which the headform is dropped from is controlled to achieved three tiers
of impact velocity, termed “low” (1.47-1.54 m/s), “medium” (2.31 — 2.37 m/s), and “high”
(3.25 — 3.33 m/s). For each velocity tier, five drop experiments were repeated for an
unprotected BIPED and a protected BIPED (using the same TBH model that was used for blast
experiments), totaling 30 impact experiments. A test matrix for the BIPED impact experiments
can be seen in Table 6. For these impact experiments, ICP data is collected at 25 kHz and force

data is gathered at 20 kHz.

Table 6: Test matrix for laboratory impact experiments

Impact Velocity Head Protection Number of Repeats Impact Surface
Low (1.47-1.54 m/s) None n=>5 Sportsfield Turf
TBH n=>5 Sportsfield Turf
Medium (2.31 - 2.37 m/s) None n=>5 Sportsfield Turf
TBH n=>5 Sportsfield Turf
High (3.25 - 3.33 m/s) None n=>5 Sportsfield Turf
TBH n=>5 Sportsfield Turf

Total Impact Experiments: n=30

4.3.4 Signal Conditioning and Time Synchronization

Data for this study is post-processed using MATLAB R2016b (MathWorks Inc., MA
United States). For the instrumentation used during blast experiments, including external
pressure, ICP, and force signals, the raw data is filtered using a 4th order Butterworth low pass
filter with a cutoff frequency of 10 kHz, based on CFC 6000 [66,172]. Data from impact
experiments is filtered using a 4th order Butterworth low pass filter with a cutoff frequency of
1650 Hz (CFC 1000). This filtering approach uses filter specifications described by the Society
of Automotive Engineers (SAE) Standard J211 for processing head kinematics and head/neck
forces in impact experiments [173]. We acknowledge that the SAE standard does not discuss
filtering approaches for forces on the inner table or parenchyma pressures. Nevertheless, our
impact measurements indicate frequency content well below CFC1000 cutoff frequency,
therefore we feel this filtering approach is appropriate because it will not remove mechanical

energy at key frequencies in our signals.

For blast experiments, pressure signals are all time synchronized and triggered by the

signal sent to the detonator. Force signals are collected on a separate data acquisition system
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triggered manually just before detonation. During impact experiments, ICP and force signals
are also collected on separate data acquisition systems. For comparison of data from different
blast trials, signals are aligned based on the incident peak of the front external pressure
transducer. For comparison within trials, force signals are aligned by shifting the initial peak
of the front force transducer to be approximately halfway between the front external incident
peak and the front ICP initial peak. For example, in many blast trials the front external pressure
incident peak occurs around 2.6 ms and the front incident ICP peak occurs at approximately
2.8 ms, therefore the force signals are shifted such that the front initial force peak occurs at 2.7
ms in this instance. We acknowledge that this may not be the exact time where the force signal
peaks would occur, however for the visualization purposes in this work, the error from using
this synchronization method should be no greater than 100 usec and the true difference would
not be distinguishable for the figures shown in this paper. In addition, our subsequent analysis
focuses on magnitudes of measured mechanics as opposed to their relative order of sequence
in the time domain, and so we believe our data analysis approaches are justified. Consequently,

any conclusions drawn are limited to magnitudes of measured mechanics.

For spectral analysis, we use a fast Fourier transform (FFT, implemented using
MATLAB R2016b) to investigate whether the various protection scenarios have an effect on
frequency content [174] in measured data. We also examined the accumulation of amplitudes
with increasing frequency using normalized cumulative FFT data, which contain the
cumulative sum of FFT amplitudes normalized by the total value of all amplitudes accumulated
up to the Nyquist frequency for the given blast or impact experiment. For blast experiments,
the Nyquist frequencies are 250 kHz (pressure data) and 20 kHz (force data). For impact
experiments, they are 12.5 kHz (pressure) and 10 kHz (force). These normalized data convey
the proportion of amplitudes accumulated up to a given frequency in a measured parameter

(e.g. pressure or force).

4.3.5 Statistics

For blast experiments, we report the mean results of peak measurements for each
scenario. For impact experiments, we report mean, sample standard deviation (STD), and

coefficient of variation (COV) of peak measurements for each scenario.
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4.4 Results

4.4.1 Blast Exposure

Representative blast data for each transducer location from an unprotected and protected
headform scenario can be seen in Figure 23. Peak results and means for each protection
scenario are tabulated in Table 7 for the incident blast and ground reflected waves, as measured
by the external pressure transducers. Pressure versus time and FFT data from the ICP
transducer measurements are shown in Figure 24 for the four protection scenarios, with
maximum and minimum values summarized in Table 8. Similarly, Force versus time and FFT
data from the force transducer measurements are shown in Figure 25 for the four protection
scenarios, with maximum and minimum values tabulated in Table 9. Finally, normalized
cumulative FFT data, which contain the cumulative sum of FFT magnitudes normalized by the

total value accumulated up to the Nyquist frequency, are shown in Figure 26.
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Figure 23: Representative blast data for all transducer locations in an unprotected scenario
(Scenario #1, trial T4, shown at left) and a protected scenario (Scenario #3, trial T1, shown at
right). The top row contains external pressure measurements for each transducer location. The
middle row contains ICP measurements from each transducer location, along with the front
external pressure measurement for reference. The bottom row contains force measurements
from each transducer location, along with the front external pressure measurement for reference.
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Table 7: Peak pressures measured with external transducers on BIPED, for incident blast and
ground reflected waves. Means are tabulated for each of the different protection scenarios.

Peak External Pressure Magnitudes

Incident Shock Ground Reflected Shock

Front Side Back Front Side Back
Scenario # Trial # (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
1 T1 225.1 97.4 86.7 171.1 91.0 110.6
1 T2 220.8 101.9 89.3 152.2 102.4 94.9
1 T3 230.0 103.0 92.4 180.5 81.8 98.3
1 T4 222.2 102.8 176.6 181.2 97.2 90.3
Mean: 224.5 101.3 111.3 171.3 93.1 98.5

2 T1 187.1 96.6 104.4 249.3 139.5 85.7
2 T2 170.7 91.0 111.9 232.6 125.8 98.0
2 T3 224.7 78.2 94.2 212.3 87.8 77.7
Mean: 194.2 88.6 103.5 2314 117.7 87.1
3 T1 114.1 89.3 112.4 173.3 120.2 107.2
3 T2 107.6 90.3 115.6 229.1 120.2 114.1
Mean: 110.9 89.8 114.0 201.2 120.2 110.7
4 T1 116.6 90.4 129.3 172.5 109.9 113.3
4 T2 75.3 135.5 135.5 225.0 74.5 74.5
Mean: 96.0 113.0 132.4 198.8 92.2 93.9
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Figure 24: ICP time series and FFT data from blast experiments for various protection scenarios.
External overpressure data for each location is also shown for trial #4 from scenario #1. The top
row shows front ICP data, the middle row shows side ICP data, and the bottom row shows back
ICP data.
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Front Force Transducer Blast Data
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Figure 25: Force time series and FFT data from blast experiments for several protection
scenarios. The top row shows front force data, the middle row shows side force data, and the

bottom row shows back force data.
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Table 8: Maximum and minimum magnitudes in the ICP data for each trial, with means for each
scenario.

Peak ICP Magnitudes

Maximum Minimum
Front Side Back Front Side Back
Scenario# Trial # (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
1 T1 53.5 38.1 10.9 -28.5 -29.2 -25.9
1 T2 79.6 31.7 24.9 -33.4 -26.7 -23.5
1 T3 77.6 35.8 25.6 -34.1 -34.5 -27.4
1 T4 79.2 38.3 34.3 -37.8 -31.4 -30.5
Mean: 72.5 36.0 23.9 -33.5 -30.4 -26.8
2 T1 52.4 40.7 21.1 -30.3 -31.9 -33.5
2 T2 43.3 37.2 13.8 -24.5 -25.2 -26.5
2 T3 39.8 39.2 15.5 -31.0 -26.3 -16.5
Mean: 45.2 39.0 16.8 -28.6 -27.8 -25.5
3 T1 38.4 35.8 28.8 -40.5 -37.3 -31.9
3 T2 35.6 33.9 20.7 -30.3 -28.7 -25.4
Mean: 37.0 34.8 24.8 -35.4 -33.0 -28.6
4 T1 48.4 35.0 31.5 -32.2 -25.9 -29.9
4 T2 51.5 50.0 34.2 -40.1 -41.1 -30.0
Mean: 50.0 42,5 32.8 -36.1 -33.5 -30.0

Table 9: Maximum and minimum magnitudes in the force signals for each trial, with means for
each scenario. Greyed cells containing no values are assigned to results lacking a continuous
signal, in which excessive bending occurred in the optical fibre for these trials. When excessive
bending occurs, an optical fibre cannot transmit a signal adequately for interrogation, and thus
a discontinuity appears in the data until the bending is alleviated.

Peak FBG Force Magnitudes

Maximum Minimum
Front Side Back Front Side Back
Scenario# Trial # (N) (N) (N) (N) (N) (N)
1 T1 8.20 2.83 -4.74 -3.64
1 T2 8.23 3.94 -3.83 -4.62
1 T3 9.23 3.62 -3.80 -4.65
1 T4 8.41 3.11 2.62 -5.99 -4.66 -5.75
Mean: 8.52 3.56 2.72 -4.59 -4.64 -4.70
2 T1 1.37 -2.34
2 T2 3.60 7.28 -2.80 -5.11
2 T3 1.77 3.62 -3.13 -3.84
Mean: 2.24 5.45 -2.76 -4.47
3 T1 1.79 5.98 3.02 -4.75 -5.54 -4.96
3 T2 1.55 4.75 3.39 -6.17 -4.96 -3.11
Mean: 1.67 5.36 3.20 -5.46 -5.25 -4.03
4 T1 1.33 5.96 1.95 -4.91 -4.88 -3.44
4 T2 2.49 4.14 1.74 -5.50 -3.59 -2.44
Mean: 191 5.05 1.85 -5.21 -4.23 -2.94
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Figure 26: Normalized cumulative FFT data for force and ICP measurements from blast
experiments. These figures are plotted up to 6000 Hz, the frequency at which the majority of
signals spectral content falls below. Data is normalized based on the accumulated frequency at
the Nyquist frequency (250 kHz for ICP and 20 kHz for force data). Therefore, the normalized
cumulative results do not reach a value of 1 until higher frequencies than what is shown.
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Figure 23 shows representative external pressure field traces, which show near-
instantaneous rises in pressure for the incident and ground reflective waves once they reach
the headform, with an exponential decay in pressure after their arrival. For these experiments,
the ground reflected wave arrives approximately 2 ms after the incident wave. Adding a helmet
to the surrogate headform (Scenario #2) reduced front incident shock magnitudes, shown in
Table 7, from a mean of 224.5 kPa (Scenario #1) to a mean of 194.2 kPa (attenuation of 13%),
however it increased the ground reflected shock magnitudes from a mean of 171.3 kPa to a
mean of 231.4 kPa (amplification of 35%). It is important to note that this difference in trends
noted in Table 7 for incident and ground reflected peak magnitudes is due to directionality of
the arriving blast waves. The incident wave propagates directly towards the BIPED from the
charge (at approximately the same height), resulting in purely frontal loading. Because the
helmet brim in protected scenarios covers the external pressure transducers (Figure 19b), the
result is attenuation of the incident wave for helmeted trials relative to unhelmeted trials as the
blast wave propagates through the helmet prior to reaching the external transducer. Conversely,
the ground reflected wave propagates towards the BIPED at an upward angle, resulting
complex interactions between the helmet brim and scalp of the BIPED, yielding amplification
of the ground reflected wave external pressures for helmeted trials relative to unhelmeted trials.
Adding eye protection to the surrogate headform (Scenario #3), in addition to a helmet, further
attenuated the incident shock from a mean of 194.2 kPa to 110.9 kPa (attenuation of 43%,
relative to Scenario #2), measured by the front external transducer. No systematic changes in
overpressure measurements for the various protection scenarios were observed for the side and

back external pressure transducers.

Measures from instrumentation at the front of the head suggests the addition of head
protection affected ICP magnitudes and frequency content. From Table 8, peak frontal ICP
measurements were reduced from a mean of 72.5 kPa in the unprotected trials (Scenario #1)
to means of 45.2 kPa, 37.0 kPa, and 50.0 kPa in Scenarios #2, 3, and 4, respectively. Adding
a TBH helmet alone (Scenario #2, relative to Scenario #1) reduced mean frontal peak ICP
measurements by 38%, while mean frontal external incident peak overpressure was reduced
by only 13%. From Table 8, peak ICP signals for the side and back transducers did not convey

obvious systematic alterations due to addition of protective headgear (despite a large reduction
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in the incident wave overpressure and front ICP). The FFT data in Figure 24 demonstrate a
shift in the ICP signal towards lower frequencies for the front and back ICP transducers, with
reduction in amplitudes between frequencies from 1500 Hz to 2000 Hz. The side ICP data,
however, did not convey the same shift in frequency. Side ICP data indicates greater spectral
content in the 1000 Hz to 1500 Hz range (protected relative to unprotected). The normalized
cumulative distribution plots in Figure 26 better illustrate the shift in frequency content,
showing that more of the front ICP transducer signal is accumulated at lower frequencies,
particularly below 2000 Hz, when head protection is used (Scenarios #2-4) relative to an
unprotected headform (Scenario #1). This shift in spectral content towards lower frequencies
is visualized in the normalized cumulative pressure plots as a leftward shift in the normalized
cumulative pressure. For the exemplar plot in Figure 26, approximately 60% of the front ICP
transducer spectral content is accumulated by 1000 Hz for Scenarios #2-4, in comparison to
approximately 47% for Scenario #1. The side ICP data did not indicate change in normalized

cumulative pressure for the various protection scenarios.

Relative to an unprotected head, using head protection under blast loading affects the
force transducer measurements and their frequency content and the effects noted are largest
for instrumentation located at the front of the head. From Table 9, front peak forces at the front
are reduced from a mean of 8.52 N in unprotected blast trials (Scenario #1) to means of 2.24
N, 1.67 N, and 1.91 N, for protected Scenarios # 2, 3, and 4, respectively (attenuation of 74%
to 80%). In contrast, the side force increased from a mean of 3.56 N in unprotected trials
(Scenario #1) to means of 5.45 N, 5.36 N, and 5.05 N, for protected Scenarios #2, 3, and 4,
respectively (amplification of 42% to 53%). The FFT data in Figure 25 also demonstrate a shift
in spectral content towards lower frequencies for the front and back force transducers, with a
particularly substantial attenuation in frequencies in the 1000-1500 Hz range for the front force
transducer. Conversely, the side force transducers observe a shift towards more spectral
content at higher frequencies, particularly in the 1000-1500 Hz range. Similar to the analysis
of ICP signals, the normalized cumulative distribution plots in Figure 26 better illustrate this
phenomenon, showing that a greater amount of the force transducer signal is accumulated at
lower frequencies when head protection is used (Scenarios #2-4), relative to an unprotected

headform (Scenario #1). This shift in spectral content towards lower frequencies is shown as
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a leftward shift of the normalized cumulative force. For the plot in Figure 26, between 40%
and 50% of the front force transducer spectral content is accumulated below 1000 Hz for
Scenarios #2-4, in comparison to 30% for Scenario #1. The normalized cumulative forces for
the side transducers appear to accrue more in the 1000-1500 Hz range for the protected

scenarios relative to the unprotected trials.

In Figure 23, the reader can note increases in ICP (up to 4 kPa) and force (up to 0.5 N)
that occur approximately 1 ms prior to the arrival of the incident blast. These increases have
been noted in previous trials and are due to transmission of blast energy from the charge,
downward to the ground, through the concrete at the test-site, and then into the head by way
of the support post and Hybrid III neck. Because these ICP signals do not correspond to either

the incident or ground reflected blasts, they are not considered in our analysis and discussion.

4.4.2 Impact Loading

Representative impact data for each transducer location for both the unprotected and
protected headform is shown in Figure 27 and Figure 28 for ICP and force measurements,
respectively. Peak magnitudes with means of ICP and force are tabulated in Table 10, Table
11, and Table 12 for low, medium, and high-speed impacts, respectively. Plots comparing
results (time series, FFT, and normalized cumulative measurements) for unprotected and
protected BIPED scenarios, at each transducer location, are shown in Figure 29 and Figure 30

for ICP and force data, respectively.
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Figure 27: Representative ICP impact measurements from a medium speed impact for an
unprotected scenario (left) and protected scenario (right), showing results from each transducer
location within the surrogate brain.

Page | 65



Inner Skull Force During Impact (Unprotected BIPED) Inner Skull Force During Impact (Protected BIPED)

3
- - Front
! ! Back
. - Left
sl B ——Right
EF 5r
o~ o~
< 4t Z 4t
R R
] - 5 ] -
S0 S
2 a2 [= I
L F
11 1T
I -\1777 °l \/,
o 20 40 80 80 100 120 140 1680 180 200 o 20 40 80 a0 100 120 140 180 180 200
Time (ms) Time (ms)
___ Itmer Skull Force During Impact (Unprotected BIPED) __ Inner Skull Force During Impact (Protected BIPED)
—Front Front
ne Back ne b Back
o= Left o= Left
Right Right
0.5 05|
Pt Fa
z Z
e 0.4 e 04
B ] L
2 =
S 03 5o0af
= =
02 02r
0.1 0.1 L
EQ\\__
o I’\W\‘“:r:»-_ - s . , . , , p Plo—5m . . . . . . )
o 50 100 150 200 250 300 350 400 450 500 o 50 100 150 200 250 300 350 400 450 500

Frequency (Hz) Frequency (Hz)

Figure 28: Representative force data from a medium speed impact, for an unprotected scenario
(left) and protected scenario (right), showing data from each transducer location.
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Table 10: Low speed impact data: peak ICP and force measurements from unprotected (Scenario
#1) and protected (Scenario #2) trials. Trials lacking force data due to bending losses in the optical
fibres are highlighted in grey. Means, standard deviations, and coefficients of variation are
reported in bold text for both Scenario #1 and Scenario #2.

Low Speed (1.6 - 1.7 m/s) Impact Measurements

Impact Peak Force Peak ICP

Velocity Front Back Left Right Front Back Side
Scenario # Trial # [m/s] [N] IN] [N] [N] [kPa] [kPa] [kPa]

1 (Unprotected) T1 1.63 6.75 31.50 20.07 5.15
1 (Unprotected) T2 1.72 6.88 32.24 20.77 5.25
1 (Unprotected) T3 1.69 6.83 -0.68 -0.16 -0.07 32.88 21.27 5.12
1 (Unprotected) T4 1.66 6.77 -0.69 -0.25 -0.14 33.27 21.39 5.06
1 (Unprotected) T5 1.68 6.91 -0.64 0.00 -0.33 32.45 20.83 5.07
Mean: 1.67 6.83 -0.67 -0.14 -0.18 32.47 20.87 5.13

1 (Unprotected) STD: 0.03 0.07 0.03 0.12 0.13 0.67 0.52 0.08
COV: 2.0% 1.0% 39% 91.2% 74.6% 2.1% 2.5% 1.5%

2 (Protected) T1 1.45 15.66 9.83 3.66
2 (Protected) T2 1.42 -0.30 -0.75 -0.84 15.59 10.19 3.62
2 (Protected) T3 1.42 -0.31 -0.84 -0.97 15.23 10.68 3.49
2 (Protected) T4 1.41 -0.31 -0.84 -0.97 15.54 10.92 3.51
2 (Protected) T5 1.43 1.18 -0.31 -0.66 -0.83 15.57 10.86 3.40
Mean: 1.43 -0.31 -0.77 -0.90 15.52 10.50 3.54

2 (Protected) STD: 0.01 0.00 0.08 0.08 0.17 0.47 0.10
COV: 1.0% 1.6% 11.0% 8.7% 1.1% 4.5% 3.0%

Table 11: Medium speed impact data: peak ICP and force from unprotected (Scenario #1) and
protected (Scenario #2) trials. Means, standard deviations, and coefficients of variation are
reported in bold text for both Scenario #1 and Scenario #2.

Medium Speed (2.3 - 2.4 m/s) Impact Measurements

Impact Peak Force Peak ICP
Velocity Front Back Left Right Front Back Side
Scenario # Trial # [m/s] IN] IN] IN] [N] [kPa] [kPa] [kPa]
1 (Unprotected) T1 2.36 7.40 -0.90 0.30 0.58 50.28 32.46 7.40
1 (Unprotected) T2 2.32 7.00 -0.86 0.18 0.51 49.55 31.83 7.45
1 (Unprotected) T3 2.35 7.12 -0.94 0.18 0.48 50.01 32.25 7.34
1 (Unprotected) T4 2.35 6.92 -1.01 0.17 0.50 50.31 32.66 7.41
1 (Unprotected) T5 2.35 7.00 -1.14 0.17 0.48 51.24 32.95 7.33
Mean: 2.34 7.09 -0.97 0.20 0.51 50.28 32.43 7.39
1 (Unprotected) STD: 0.02 0.19 0.11 0.05 0.04 0.62 0.42 0.05
COV: 0.7% 2.7%  11.5% 27.2%  8.7% 1.2% 1.3% 0.7%
2 (Protected) T1 2.31 1.12 -0.33 -2.03 -1.11 24.94 15.52 5.63
2 (Protected) T2 2.37 1.00 -0.43 -1.90 -1.24 27.50 16.85 6.35
2 (Protected) T3 2.38 1.06 -0.37 -1.89 -1.16 28.02 17.62 6.48
2 (Protected) T4 2.37 1.28 -0.34 -1.77 -1.30 28.34 18.29 6.44
2 (Protected) TS5 2.37 1.36 -0.29 -1.66 -1.35 29.60 19.22 6.52
Mean: 2.36 1.16 -0.35 -1.85 -1.23 27.68 17.50 6.28
2 (Protected) STD: 0.03 0.15 0.05 0.14 0.10 1.72 1.41 0.37
COV: 1.2%  129% 14.6% 7.5% 8.0% 6.2% 8.1% 5.9%
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Table 12: High speed impact data: peak ICP and force from unprotected (Scenario #1) and
protected (Scenario #2) trials. Means, standard deviations, and coefficients of variation are
reported in bold text for both Scenario #1 and Scenario #2.

High Speed (3.3 - 3.4 m/s) Impact Measurements

Impact Peak Force Peak ICP
Velocity Front Back Left Right Front Back Side
Scenario # Trial # [m/s] [N] [N] [N] [N] [kPa] [kPa] [kPa]
1 (Unprotected) Tl 3.31 8.11 -1.63 0.34 0.97 82.22 54.60 12.75
1 (Unprotected) T2 3.30 8.06 -1.22 0.19 0.74 81.21 53.39 11.46
1 (Unprotected) T3 3.29 8.06 -1.10 0.24 0.74 82.50 53.84 11.66
1 (Unprotected) T4 3.34 7.76 -1.28 0.26 0.86 82.06 53.66 11.73
1 (Unprotected) T5 3.30 9.18 -1.38 0.17 0.83 81.78 53.30 11.25
Mean: 3.31 8.23 -1.32 0.24 0.83 81.95 53.76 11.77
1 (Unprotected) STD: 0.02 0.55 0.20 0.07 0.10 0.49 0.52 0.58
COVv: 0.5% 6.7% 14.9% 27.8% 11.7%  0.6% 1.0% 4.9%
2 (Protected) Tl 3.14 2.62 -0.96 -1.67 43.45 26.34 8.84
2 (Protected) T2 3.29 2.83 -1.19 -2.62 -1.68 45.00 26.50 10.11
2 (Protected) T3 3.33 2.42 -2.15 -2.77 -1.78 45.95 27.31 10.64
2 (Protected) T4 3.36 2.44 -0.15 -2.70 -1.85 47.83 28.82 10.15
2 (Protected) TS 3.43 2.52 -1.85 -2.66 -1.86 49.07 29.45 10.47
Mean: 3.31 2.57 -1.26 -2.69 -1.77 46.26 27.68 10.04
2 (Protected) STD: 0.11 0.17 0.79 0.06 0.09 2.23 1.39 0.71
COVv: 3.3% 6.5% 624% 2.4% 51% 4.8% 5.0% 7.0%
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Figure 29: Unprotected vs. protected BIPED impact ICP data showing ICP versus time in the
first column, spectral content from an FFT transform in the second column, and normalized
cumulative pressure in the third column. The first row shows front transducer measurements,
the second row shows side transducer measurements, and the third row shows back transducer
measurements.
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Figure 30: Unprotected and protected BIPED impact force data. Force versus time is shown in
the first column, spectral content from an FFT transform in the second column, and normalized
cumulative force in the third column. The first row shows front transducer measurements, the
second/third rows show side transducer measurements, and the fourth row shows back
transducer measurements.
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During impact experiments, ICP and force peaks, measured nearest the impact site
(front), are reduced by the addition of a helmet. In low speed scenarios (Table 10), peak front
ICP reduced from a mean of 32.5 kPa to 15.5 kPa with the addition of a TBH helmet (53%
reduction) and peak front force reduced from a mean of 6.83 N to 1.18 N (83% reduction). In
medium speed impacts (Table 11), peak front ICP reduced from a mean of 50.3 kPa to 27.7
kPa (45% reduction) with the addition of a TBH, and peak front force reduced from a mean of
7.09 N to a mean of 1.16 N (84% reduction). In high speed impacts (Table 12), peak front ICP
reduced from a mean of 82 kPa to a mean of 46.3 kPa with the addition of a TBH (44%
reduction), and peak front force reduced from a mean of 8.23 N to a mean of 2.57 N (69%
reduction). Data from the back ICP transducer indicates decreases in pressure magnitudes with
the addition of helmet. However, the side ICP transducer measurements do not indicate any
systematic trend that could be attributed to the presence of head protection. In contrast, specific
to force data (Table 10, Table 11, Table 12), the back sensor did not exhibit trends of force
reduction with the addition of a helmet. However, data from side located force transducers

showed amplification of force with the addition of a TBH.

ICP data for impact experiments do not exhibit shifts in spectral content with the addition
of a helmet. The normalized cumulative pressures shown in Figure 29 suggest that for pressure
data, both protected and unprotected, over 70% of the accumulation resides between 0 Hz and
100 Hz. Force data did exhibit alteration in the accumulation of force amplitude between the
cases of unprotected and protected BIPEDs (Figure 30). Relative to an unprotected BIPED, the
protected BIPED, for left and right located force transducer data, accumulates more amplitude
at lesser frequencies. Data for front located force transducers suggests that the accumulation
of amplitude with frequency is unaffected by the presence (or absence) of head protection.
Force data associated with the back of the head suggests the unprotected BIPED accumulates
amplitude at lower frequencies than the protected BIPED. Figure 30 shows a shift in the force
cumulative frequency distribution plots for the unprotected scenarios, in particular the left and
right located transducers, and the tendency is that head protection shifts mechanics to lower
frequencies than when the head is not protected. Front and back located transducer

measurements convey shift to higher frequencies when the head is protected.
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4.5 Discussion

Using a repeatable simulant-based surrogate headform, instrumented with transducers
capable of measuring pressure within the brain parenchyma and forces on the inner table of the
skull, the results of this work suggest that head protection can be associated with overall
reductions in pressures and forces. The surrogate, with novel instrumentation, and the data
presented are the first that document forces, along with pressure within the brain, and the
effects that adding head protection has on these measures in blast and impact loading. In both
blast and impact, the overall trend is that peak pressures and peak forces are lesser for a

protected head relative to an unprotected head.

Free-field blast experiments using 5 kg C4 charges at a 5 m standoff produced repeatable
blast loading overpressures measured on the outer surface of the BIPED. Between trials and
within a given protection scenario, variation in measured overpressure on the head exterior
was generally less than 10%. Relative to the alterations in peak pressures and peak forces in
the cranial vault, associated with the addition of head protection, which in some cases were
50% (pressure) and 80% (force), 10% variation is relatively small. Further, as shown in Table
7, while there was typically 10% variation (or less) in external pressure data within a given
group of data for a given protection scenario, the variations in external pressures between
protection scenarios were as high as 50% (reduced, relative to an unprotected BIPED).
Consequently, we speculate that the alterations in force and pressure that are noted in the
presence of head protection can be associated with the head protection, as opposed to non-
repeatability in loading between trials. Therefore, we argue that the blast loading conditions
were repeatable and further that the BIPED is capable of detecting alteration in the loading of

the head exterior due to the presence of head protection.

The overarching trend is that relative to an unprotected BIPED, head protection could be
associated with attenuation of peak metrics. The majority of attenuation occurs for the
transducer locations closest to the loading site, with peak forces at the front location attenuated
by as much as 84% and peak pressures at the front location within the surrogate brain
attenuated by as much as 53%. In contrast, back and side ICP transducer measurements were
altered less, and the side force transducer measurements appeared to be amplified. We

speculate the increased forces observed on the side of the skull when adding head protection
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could explain why the side ICP measurements were not attenuated in the presence of head
protection. This may indicate that adding head protection alters the mode of skull flexure [151]
and increases the amount of lateral skull deformation under frontal blast loading, which results

in increased lateral skull-brain interaction forces.

The measurements from the BIPED also suggest that the addition of headgear alters the
frequency content of mechanics experienced in the brain. For blast, Figure 24 shows that higher
frequencies are attenuated for the front ICP transducer, particularly in the 1500 Hz to 2000 Hz
range. Figure 25 also indicates attenuation for the front force transducer data, particularly in
the 1000 Hz to 1500 Hz range, but there is also attenuation from 800 Hz to 900 Hz. There
appears to be a shift in spectral content with the addition of protective headgear, in which lower
frequency peaks (observed below 600 Hz) are amplified while higher frequencies are
attenuated (Figure 24 and Figure 25). The shift in spectral content is demonstrated in Figure
26 where the normalized cumulative plots for the front ICP and force transducers accrue more
amplitude at lower frequencies for the protected scenarios relative to the unprotected scenarios
(observed as a leftward shift in the top two plots). Findings were mixed for instrumentation
located at the side and back of the head; in some cases the protected head accrued amplitude
at lesser frequencies, and in some cases greater, relative to the unprotected head. Figure 29 and
Figure 30 convey that relative to blast, alteration in frequency content due to head protection

was relatively lesser for impact.

ICP signals are significantly lower in comparison to the external overpressures (Figure
24 shows data from various protection scenarios and transducer locations), indicating that
energy attenuation occurs as the blast wave propagates through several materials (surrogate
scalp, skull, membranes, CSF, and then brain). Figure 23 shows that the most significant ICP
fluctuations occur shortly after the arrival of the incident wave, and again approximately 2 ms
later after the arrival of the ground reflection wave. Front ICP measurements, shown in Table
8, are approximately 20-40% of the front external pressure transducer, with a mean of 72.5 kPa
for the front ICP transducer in an unprotected case (Scenario #1), and means of 45.2 kPa, 37.0

kPa, and 50.0 kPa for protected cases (Scenarios #2,3, and 4, respectively).

In blast experiments, both ICP and force transducers measured negative pressures and
forces following positive values occurring earlier in the pressure-time and force-time data,
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despite a positive overpressure on the external head form. Arguably, this finding could be
construed as counter-intuitive. In this study, ICP signals are observed to be as low as -40.5 kPa
for blast and were not negative for impact. Inner table forces are observed to be as low as -6.2
N for blast and -2.2 N for impact. Negative pressures within the cranial vault have been
measured in other work using cadavers, under blast loading, and computed in numerical
simulations [65,75], in which it is suggested that skull flexure may be a mechanism through
which negative pressures are created and cavitation in fluid occurs. While the thresholds of
negative pressures that can lead to brain injury through cavitation in humans are not yet agreed
upon, and indeed cavitation as a contributor to brain injury is arguably as yet unproven, the
BIPED could be capable of quantifying negative valued pressure and force. While skull flexure
and resonance have been studied in detail for the BIPED [151], further study is needed to
ascertain whether or not the BIPED measurements are accurate in relation to cavitation

mechanics.

For the impact loading conditions we subject the BIPED to, the ICP data exhibit
similarities to what has been published for experimental cadaveric and numerical simulations.
A study on blunt impact to human cadaver heads reports coup and counter-coup pressures at
velocities of 3 to 4 m/s [17], using a football helmet for head protection. They found mean
peak coup pressures of 58 £ 21.9 kPa (mean + standard deviation) for a helmeted cadaver head,
and 68.1 + 47.6 kPa for mean peak coup pressures for an unhelmeted cadaver. Impact pressure
pulse widths varied significantly but were typically between 5 to 35 ms duration. ICP and force
versus time data from the BIPED exhibit similar pulse widths (approximately 10 to 20 ms for
most trials) to the average cadaveric results. Peak frontal ICPs of 82.0 kPa without a helmet
and 46.3 kPa with a combat helmet were observed within the BIPED for the high speed impact
scenario (3.3 — 3.4 m/s), which are within the pressure ranges observed during the previous
cadaveric study, for a similar impact velocity. Another study reconstructed NFL player impacts
that resulted in cases of mTBI and simulated, using finite-elements, ICP responses to be 90 +
24 kPa for injury cases, and 61 + 17 kPa for non-injury cases [175]. Based on their findings,
the high speed results from our study are comparable to the range of simulated ICP responses

from reconstructed impact scenarios that have induced mTBI in professional athletes.
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The BIPED surrogate model used in this study demonstrates repeatability in both impact
and blast measurements in both unprotected and protected scenarios. The measured ICP and
force signals report similar peak results and fluctuations, and capture similar spectral profiles
for trials of the same protection scenario. For high speed impact experiments, peak front force
signals and peak front ICP signals had coefficients of variation (COV) less than 7% in both
protected (n = 5) and unprotected scenarios (n = 5), which is lesser than the variation of peak
measurements observed within cadaveric tissue. Impact pulse widths (calculated based on the
initial impact signal width at 20% of the peak value, reported in a cadaver study by Hardy et
al. 2007 [17]) are also significantly more repeatable in the BIPED compared to experiments
with post mortem human subjects [17], with COV for ICP and force pulse widths less than

12% for each impact scenario.

We noted important differences in the forces measured at the inner table when comparing
impact results to blast results. During impact, force transducers at the side and back of the head
measure negative values, while at the front of the head measure positive values. The time-
duration of these forces (nominally 20 ms) are approximately the same when comparing front
located sensors to all other locations. The negative valued forces could be interpreted to suggest
that the separation between the inner table and simulant brain increases as the impact event
occurs causing net reduction in the amount of force that the brain exerts on the skull. The
separation could be due to either motion of the brain relative to the skull (while the skull
geometry is unchanged), or flexure of the skull toward or away from the brain, or a combination
of both. The positive increasing forces at the front could be due to the brain compressing the
skull due to relative motion, or skull flexure leading the skull to press against the brain, or both.
In blast, the force data exhibits high frequency sign reversal in force magnitude, at timescales
lesser than 3 ms, and these sign reversals appear at all locations. It is arguably plausible that
skull-brain motion and or skull flexure be responsible for the sign reversals measured. Detailed
examinations in previous studies suggest that for blast, these sign reversals correspond to skull
flexure mechanics [151]. In future work, we will attempt to ascertain whether the mechanics-
based explanation offered above for the BIPED in impact is valid, and if it is, the relative
contributions of skull flexure or relative motion between the skull-brain in the force versus

time data to ascertain which mechanism dominates. Strain sensors, that are mounted to the
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skull and co-located with force transducers, could transduct skull flexure and allow us to
ascertain the proportional contribution that skull flexure has on energy transfer in impact and

blast loading to the BIPED.

The findings in this study, as with any study that involves a surrogate model, are subject
to limitations and may not be indicative of how a human head would respond under the same
loading conditions. While the BIPED has been shown to measure similar ICP magnitudes and
fluctuation durations to a cadaver headform under a specific set of blast loading conditions
[66], this does not imply that the BIPED will respond equally to a human head in other loading
scenarios such as the free-field blast conditions and the impact loading conditions we tested in
this study. In addition, the Hybrid III neck arguably may not be an appropriate model of the
human neck for blast. It is often criticized as possessing too great a mechanical stiffness and
researchers have speculated the stiffness may lead to head kinematics that are unrealistic
relative to the living human, specifically in blunt impact [168,169]. Because the Hybrid III
neck has not been characterized or designed for applications in blast, we acknowledge that it
could be a poor model for application in blast and further that the findings of our study could
be different if neck mechanics are altered. In our study, we reduced flexion-extension neck
stiffness for blast experiments (Scenario #4) and observed greater peak ICP and skull-brain
forces relative to Scenario #3 (relative stiffer neck), suggesting that neck mechanics may have
affect energy transferred into the BIPED. For both blast and impact experiments in this study,
the loading into the head was always frontal. Further experiments would be needed to assess
whether head protection leads to reductions in mechanics in other loading directions. Future
work could also involve testing secondary blast injury due to ballistic/projectile threats from

debris/shrapnel [150].

In this work, we quantify mechanical measures of forces on the inner table and pressure
within the parenchyma of a simulant-based surrogate headform subjected to blast and impact
loading. Our results suggest that adding head protection can attenuate the measured mechanics
relative to the case when the surrogate model is unprotected. Head protection had the greatest
effect on measurements nearest to the site of blast/impact loading, with front forces attenuated
by as much as 80% under blast loading and 84% under impact loading, and front ICP signals
attenuated by as much as 49% under blast loading and 53% under impact loading. Additionally,
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results for forces and pressures (measured at the head front) for a helmeted head demonstrate
propensity towards more spectral content at lower frequencies, relative to an unprotected head.
It is premature to ascribe definitive statements regarding mitigation of brain injury risk based
on our mechanical measures. However, it is possible that with further biomechanical research
that elucidates how mechanics relates to injury likelihood in blast and impact, that
measurements like those presented here could indicate whether or not protective headgear

offers net protective effects to military personnel exposed to blasts and impacts.
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Chapter 5: Conclusions

5.1 Contributions

The primary goals of this thesis were to develop a transducer for measuring forces on
the inner skull table during high-rate loading scenarios and to apply this novel technology
towards investigating the effect of head protection on the transmissions of blast and impact
energy imparted to the head and brain. The main contributions of this thesis work are outlined

below:

1. A novel force transducer was developed to make the first measurements of inner skull
kinetics during both impact and blast loading scenarios. These transducers are
repeatable tools that, when integrated into the BIPED, can be applied towards the
evaluation of headgear by inferring the relative efficacy at mitigating energy
transmission into the head and brain.

2. The BIPED and embedded instrumentation were applied to blast and impact loading
scenarios to document the attenuation of peak internal mechanics, as well as the shift
in spectral frequencies, for various protection conditions. There is limited
biomechanical data in the literature on the effect of protective headgear on skull-brain
kinetics during blast and impact, and therefore these results are an important
contribution towards documenting how the skull and brain react under blast and impact
loading for a protected head relative to an unprotected head.

3. The BIPED is demonstrated to be a repeatable model for impact loading conditions, in
addition to blast. This is an important step towards having an all-encompassing bTBI
evaluation device, in which the surrogate headform can be used for evaluating multiple
bTBI mechanisms. Prior to this study, blast headforms were only applied towards the
investigation of primary blast effects. This work presents the first demonstration of a
biofidelic surrogate headform that has been applied towards both primary and tertiary

blast loading scenarios.

Overall, the results in this work suggest that protective headgear alters the transmission of
blast and impact energy into the head and brain. These results should not be construed to

indicate any efficacy or deficiency of the protective headgear that was used.
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5.2 Future Work and Recommendations

There are many opportunities for this work to be continued. The BIPED has been
shown to measure similar ICP magnitudes and frequencies to a cadaver head under primary
blast conditions [66], however validation experiments have not yet been performed for impact
or ballistic loading scenarios. For both blast and impact experiments in this work, the loading
orientation has always been frontal. Future work could assess the response of the BIPED and
the effect of protective headgear on internal mechanics for other loading orientations. The
Hybrid Il neck was used during this study and is widely employed amongst blunt impact injury
research; however, the Hybrid III neck is often criticized for having far greater mechanical
stiffness than a human neck. It has been postulated that increased neck stiffness can lead
towards unrealistic mechanics in the surrogate model relative to the human head, specifically
during blunt impact [168,169]. We acknowledge that the Hybrid III may not be an appropriate
model for blast, and future work could employ a more biofidelic neck model towards the
assessment of the BIPED and protective headgear under blast. Forthcoming work could also
investigate the effect of protective headgear on internal mechanics within the BIPED, along
with the repeatability of the surrogate model, under secondary bTBI loading scenarios (e.g.

ballistic exposure to shrapnel or other projectile threats).

In the current state of biomechanics research, it is premature to declare any definitive
statements regarding injury risk based on the mechanical measures presented in this thesis.
Further research on this topic can clarify how these mechanical measures relate to brain injury
likelihood during blast and impact events, allowing measurements like what is presented here
to indicate whether or not protective headgear can mitigate the risk of bTBI. All of the above-
mentioned future work presented in this section provides an opportunity to further develop a
complete head protection assessment paradigm against blast, which can ultimately be

employed towards reducing the occurrence of bTBI.
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