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Abstract

Combatrelated blast injuries are occurring more frequently with the increased use of improvised
explosive dewies in current military conflictsThoughmuch research has focused lww the

body responds to the relatively low loading rates associatedblittt trauma, little is known
regarding lhe response of the body to the higher loading rates associatedlagthiirauma

While soldiers are survivingncelethal blast eventslue to enhanced protective equipment,
injuriessuch as those to the eye and fi were onceonsiderednconsequentialkcan now be
detrimental to longerm healtlbarecosts and qualityf life. Although it is suggested primary
blast overpressure (i.e., the shock wave) can cause severe eye injuries, there remains few
empirical data in théiterature that confirms this. Adding to this, there are currently no testing
standards to assefise effectiveness of personal protective equipment during blast exposure.
Expanding uportraditional researchtechniqueswithin the field of injury biomechanicsthe
research in this dissertation focuses spedificn developing experimental and physiozodels

of the eye, face, and orbit for blasterpressurexposure Foremost, a porcine eyaodel is

used to quantify eye injury risk from blast overpressure exposusebsequentlythese
biomechanical data are used to develop a physical model of¢hth& can be used in lieu of
cadaver specimen®r blunt and blast loading Lastly, military spectacles and gogglase
examinedor effectiveness at protecting the eye during blast expostoenbined with detailed
computeraided design geometriediebe data can be used to validate computational models of
the eye, orbit, and face to blast loadingesultsfrom these testsupportonetheory that shock
waves may enter the skull through tieit, alludingto futurework thatis essentiato more fully
understanithg the physiologicatesponsef the brain and ocular motor systémblast exposure
Ultimately, the experimental methods and analysis techniques disseminated herein serve as a

framework for future experimental work related to blast and dtigkrrate loading scenarios.
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Introduction
Research Motivation

Annually, approximately two million people in the United States suffer from eye injuries that
require treatmenfl]. Common sources of eye injuries include automobile accidents, sports
related impacts, misuse of consunpgoducts, and military comhat These events result in
nearly 500,000 cases of lost eyesight in the United States each2jeaEye injuries affect
quality of life and are expensive to treat, given an estimated annual cost of $51.4 billion
associated with adult vision problems in the United Stg8ed]. Furthermore, vision is one

focus of the Congressionally i2cted Medial Research Programs (CDMRP). Since its inception

in 2009, nearly $50 million was awarded to research projects through the CDMRP Vision
Research ProgramMitigating eye trauma and reducing injury risk requires knowledge of the
specific injury mechanisms underlying injuries. Previous research documented various
etiologies of eye injuries, studied parameters that affect eye injury risk, and developed
computational and physical models of the eye that can assess eye injury risk during various
loadng schemes. However, much of the historical research has focused on blunt trauma to the
eye from automobiles, sports, and consumer produantsl human injury thresholds and
tolerances are established for various body regions.

Eye injuries caused by ntary conflicts account for an increasing percentage of all reported war
injuries. Compared to themerican Civil War (18641865)where 0.57% of all injuries were to
the eye, this percentagéeadily increased to 2% for both World War | (19818) and Wdd

War Il (19411945), 2.8% for the Korean War (193053), 59% for theVietnam War (1962
1972)[5]. Presumablythe increased rate of eye injuriesrelated toadvancemestin modern
westernmedicine betterdocumentation anchedical reportingand the type ofombattypical d

each conflict.

Combatrelated blast injuries are occurring more frequently with the increased use of explosives
and improvised explosive devices (IEDs) current military conflicts. Explosive events
accoungd for more than 75% of combatlated fatalities in Operation Iragi Freedom and
Operation Enduring Freedom (OIF/OER]. Reduced fatality rates during recent military

conflicts have been linked to the increased use of personal protective equipmen{{PPE)
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While unprotected aifilled organs such as the lung are most susceptible to blast injury, the use
of improved PPE has left the face and eysprdportionally vulnerable to concomitant blast

injuries[8, 9].

Despite the availability of protective eyewear, eye injunage been reportedith and without
documentediuse of protective eyewear at the time of injury. A review of over 30@nts
treated for combatelated traumaduring OIF/OEF between March 2003 and September 2006
reported injuries to the eya 17% of cases where protective eyewear was, @&t jumped to

26% when protective eyewear was not u$éf]. These included both closegobe and
penetrating injuries, which could have been caused by various mechanisms, including blast
exposure. Studies have reported more than 80% of all severe ocular injuries sustained during
military combat are the result of munitions fragmentatma debrig11, 12]. Many military
explosives are buried or impregnated with shrapnel, thereby increasing the risk of injury from
projectiles. The high incidence of eye injuries that occur even when protective eyewear is used
further motivates the need to more fullpderstand primary blast overpressas an eye injury

mechanism.

Although many eye injuries do not pose a high threat to life (a globe rupture, which often results
in enucleation and therefore total functional loss of the eye, would likely only béiethss a
moderate injury), the economic and psychological effects are alarming. Injuries to the eye and
visual system are particularly debilitating from a military perspective because they can severely
decrease the ability of a soldier to achieve retarduty standards required for service.
Not withstanding, the time and finances invest
to duty. Similarly, lack of adequate vision limits the type of jobs that can be acquired following
return to civilan life. Decreased quality of life compared to-pijeiry levels can leave a veteran
feeling depressed and anxious about their current state, andelomgconsequences of
survivable injuries are still being characterized. R@stmatic stress disord€PTSD), which
continues to be an increasing concern for health care providers, affected over 100,000 deployed
soldiers between 2000 and 2012, a rate that exceeded thaileptmyed counterparts by over

three time49]. An understanding of primary blast overpressaoferies and injury mechasins

may shed light on the role of injury to the eye and brain with such outcorsisle from

military combat, blast events occur in daily civilian life in the form of r@saialty events and



industrial accidents. The blast events at the 2013 Bostortidarécommonly referred to as the
Boston Marathon Bombing) and the fertilizer plant explosion in West, Texas, which happened
within 48 hours of each other resulteckiye injuries that required medical treatmjgird]. Both

military and civilian triage unitserve tdoenefit from understanding blast eye injuries.
Eye Anatomy and Injuries

The eye serves as a visuahsery organ with many structures within the eye that allow it to
function properly. Though the eyes only represent a fraction of the total volume of the human
body, their function is critical visual sensory perception. Briefly, light passes througledne c
cornea, is focused through the lens, and projected to thesbgisitive retina at the back of the

eye, which transmits neural signals to the brain for image processing.

Figure 1 shows a crossectional viewof a human eye, indicating the major structures within the
eye. Structures that are assessed through gross dissection in the studies presented in this

dissertation include the sclera, cornea, iris, ciliary body, zonules, lens, and retina.

Human Eye Structures

Rectus
lateralis  |[H

Figure 1. Human eye structures, left eye, tapw.
Graybs fjl4ure #8629

Eye injuries range in severity, and though many are noitHieatening, they are often
debilitating in terms of economic and psychological costs. Promineningyges assessed
experimentally include corneal abrasion, hyphema, lens damage, retinal damage, and globe
rupture. The research proposed herein will focus on these injuries. Corneal abrasion (or corneal

ulceration) is the scraping off of the top layeli€ of the cornea. This often occurs when enough
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force is applied to the cornea that epithelia detach. However, epithelial cells can regenerate and
as suchgcorneal abrasions oftdrealon their own ina few days. Hyphema is bleeding into the
anterior chamber of the eye. Unless the volume of blood is sufficiently large, the eye can
generally drain this extra fluid without treatment. Lens damage, in terms of trauma, often
describes lens dislocation or opacification. Lens dislocation occurs wheridarsehe zonules,

the small fibers that hold the lens in placéens trauma can lead to cataract formation
Dislocated lenses and lenses with cataracts may require surgical intervention for removal and
replacement with artificial lensesRetinal damageoftena retinal tear odetachment, requires
prompt surgical intervention toreserve eyesightThe retina is the ligkgensitive layer of cells

at the back of the eye and requires contact with the choroid (blood supply) to maintain function.
When theretina detaches from the choroid, reattachment must be performed to preserve
function. Globe rupture is a severe eye injtirgt occurs when the sclera and/or cornea tears,
exposing the inside of the eyeBlunt trauma can cause severe equatorial anddioesi
expansion that resslin scleral tearing. Penetrating trauma can compromise scleral integrity and
leave intraocular foreign bodies (IOFB) in the eydnless promptly treated, this and other
traumatic mechanisms of injury may be related to sequateluding infection and eventual
enucleation Lastly, often related to eye trauma is the temporary increase in intraocular pressure
due to the impact. This might be relatedstmuela including thdevelopment of glaucoma,
which is characterized by stained elevated intraocular pressure. Glaucoma is one of the
leading eye diseases that result in vision loss.

Primary Blast

A blastwave follows the detonation of a higiplosive (e.g.trinitrotoluene (TNT), composition

B (CompB), compositior4 (C-4)) in which the supersonic explosion in a flaictatesa shock

wave. The nearly instantaneous increase in pressure, temperature, and density cause the wave to
move faster than the speed of sound in the flaidhd waves fAshock upo ac
compressed increasingly faster upon each other. A&, ssitock waves are compression
(longitudina) wavesand their propagation depends on the pressure, temperature, and density of

the medium through which they travel.



The Friedlander waveform repressrdn idealized blasbverpressure responser a freefield

(i.e., no reflective surfacesgxplosion (Figure 2). It is mathematically represented lan
equationthat specifies the peak overpressuf®)(and positve duration i*) of the wave[15).

This ovempressure tracas characterized byan instataneous riseabove ambient pressuyre
followed by an exponential decéglow ambient pressuraith an eventual return tambient
pressure Ambient pressure ig/pically atmosphed pressure Shock vave characteristicthat

can be determined from tipeessuretime historyaretime of arrival,peak overpressure, positive

and negativeduratiors, and positive and negativempulses (Figure 2, Table 1). These shock

wave charateristics are calculatetthroughout this dissertation, anghy factor in blasspecific

injury mechanisms. The degree to which each parameter alone or various combinations of

parameters affects injury risk is a focus of current research.

Friedlander Waveform
150 T,
P(t) = Pse_t_*(l _E)
. 100 «— Peak Overpressure
? 50 (+) Impulse
2
5
8 0 ToA — (-)Irilpulse
N —
it T !
(+) Duration (-) Duration
-50
-1 0 1 2 3 4
Time (ms)

Figure 2. Idealized blast overpressure response represented by the Friedlander waveform.

Table 1. Shock wave parameter definitions.
Definition

Time of Arrival (ToA) | Time at which the trace iridlly rises above ambient pressure.

Peak Overpressur| Maximumpressure recorded.
Time interval between the time of arrival and the time at which overpressure
returns to zero.
Time interval between immediately folldg the positive duration and ends
when the trace rises above ambient pressure.
Areaunder the tracécalculated ging trapezoidal integration)ppitive impulse is
calculatedover the positive duration.
Areaunder therace(calculated ging trapezoidal integration); negativepulse is
calculated over thaegative duration.

Positive Duration

Negative Duration

Positive Impulse

Negative Impulse




Potential Primary B last Injury Mechanisms

Blast loading often provides complex injury mechanisms due to theraigature of these
events. Bastrelated injuries can be characterized by primary, secondary, tertiary, or quaternary
mechanisms. Primary blast injuries are caused solely by the pressure wave (blast overpressure)
that passes an object. Ailled organs (i.e., the lung and bowelganost susceptible to primary

blast injury due to the large difference in acoustical impedance at the interface between these
organs[16-18]. Secondary blast injies are caused by projected material (kinetic energy) that
impacts an object. Military explosives and especially IEDs often have fragments in them or are
buried, thus increasing the amount of projected material. Projected material can cause
penetratingor perforating injuries that require prompt medical attention. Tertiary blast injuries
are caused by falls and impacts associated with objects impacting other objects. Regarding
military combat, tertiary blast injuries are most often observed whemijined person fell or

was located in a structure that collapfe@. Quaternary blast injuries emmpass the remaining
injuries that do not fall into primary, secondary, or tertiary blast injury mechanisms, and include
thermal and chemical injuries sustained due to blast. The underlying injury mechanisms for
blunt trauma and thermal/chemical burns wasdl documented in the literature. Therefore, the

research described in this dissertation focuses the primary blast injury mechanisms.

Spalling, cavitation, and brisance are wddfined destructive mechanisms for building
construction materials such gtass, metal, and concreteSpalling refers to theprocess of
surface failure that results in flakes of material being broken off a largervloey a shock
wave contacts a material. It is often observed in modern combdaaktiactics as a method of
breaching armored vehicles whereby high explosives are attached to the outside of the vehicle
that upon detonation, cause damage as the shock waves conducts through the vefi€le hull
Fragments from the material become hggleed projectiles that can causengtrating or
perforating injuries. When applied to biological specimens, spallisghought to cause tissue
damage at aitissue interfacegl7]. Cavitation refers to the almost instantaneous formation and
implosion of small bubbles in a fluid that is generally caused by a rapid change in prdssure.
has been hypothesized that cavitation of flurdwivo, caused by a decrease in pressure, can
result in tssue injury[20]. The threshold for cavitation is affected by temgiure, surface

tension, dissolved gases, impurities, and viscosity of the fldd 22]. A previousstudy
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modeled cavitation in the brain due to blast overpressure using a cavitation thresthdl® p&i

[23]. Brisance refers to the shattering effect of a high explasivkisrelated to the denation
pressure of the explosivel'he shock wave caused during detonation of a high explosive can be
transmitted through solid objects; this wave can cause the material to fraghieighly brisant
explosive material will project smaller fragmenthana lower brisant explosive, though the
velocity of the resulting fragments may be the samée fragments caused by spalling and

brisance can cause secondary blast injuries.

The neatinstantaneous pressure differential caused by blast overpressureavie @mther

method of bodily injury. The destructive potential of pressure differentials is commonly
observed during tympanic membrane rupture. The tympanic membrane is a thin tissue in the ear
that often serves as an (albeit unreliable) indicat@xpbsure to primary blast injury due to its

low rupture threshold of approximately 5 p&4]. Furthermore, it is thought that conjunctival
hemorrhage (bleeding in the white of the eye) is one of the most common injuries caused by
blast overpressure exposufe, 25. This specific injury is plausible because incredibly small
vasculature that coats the sclera is potentially susceptible to damage at low pressure levels.
Lastly, the body is susceptible to damage from the inertial effects of blast.

Shock Tubes and Advanced Blast Simulators (ABS)

Shock tubes andBSs are commonly used to simulate friéeld blasts without the use of live
fire high energy explosives such as TNT, CeBijpand G4. One advantage of using such a
deviceinstead offreefield testing is that it allows for the study of isolated, idealized shock
waves and therefore, the isolated effects of primary blast overpresquosure While some
systems use combustion to provide the energy for a shock wave, most-drevgyas Due tats

low molecular weight, helium is typically used as the driving gas.

A standard gasd r i ven shock tube consists of equally
separated by a frangible membrane. Theedrsection is pressurized with tigas until tle
membrane ruptures (either passively or actively) and sends a burst of gas down the driven
section. As the gas compresses upon itself, a sthockforms and the shock wave propagates
through the tube.An ABS differs from a shock tube because it isigiesd to provide a more

realistic pressure pulse. An ABS is designed for wshagping, which allows the resulting wave
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to be more representative of a ffegd shock wave from a spherical charge. The goal for a
shaped wave is to observe both the prinzgary subsequent shocks in the pressure trace, which is
similar to the pressure trace observed for spherical chf2§fesAn ABS has a contoured driver
section, which is typically linear but can also be positively or negatively cumated with a
convergent driven sectidi27]. An endwave eliminator (EWE) at the open end of the driven
secton serves both as a shock diffuser and energy dump tank. Regardless of the system used,
testspecimensre placed inside tube at a point where the shock wave is fully develBjgeole

3is a computerided desig side viewschematic of an AB®ith an EWE

Advanced Blast Simulator

end-wave eliminator

driven section w

N

membrane test region

Figure 3. Schematic (side view) of a gdsiven Advanced Blast Simulator (ABS)

All blast overpressure testdescribed in this dissertation were conddctesing thesmall VT
ABS (Figured4). This is a helium gadriven tubewith a 12 in x 12 ircrosssectional test area,
specifically designed for testing smalbecimens It hasa linear driver section mated Wwiia
convergent driven section,céear windowthat allowsaccess to samples inside the tuded an
endwave eliminator with plates angled at 16diffuseand absorb energy frothe shock wave
This ABS is currently able to producenitial peak overpressas at the test regionup to
approximatel\80 psi(static overpressur&ith a positive duration around®ms. Depending on
the membrane material used, secondarypeak overpressur¢hat follows the initial peak
overpressureould be as high as 40 psi.h&pter 1 examines various membranaterials and
peak overpressuresligher peak overpressures and various positive durations could be achieved
by further modifying the ABS.A fully planar flowcan exist with a specimen that occludegaip
20% of the cressectionalareabefore the tesspecimencreates a turbulent flow that is not
representative of realistic shock wave propagatiotheatre Therefore, all specimertsested
inside this tubewill have a crossecticmal area no larger thatme 20% occlusin area, or
approximatel\30inZ.



Small VT ABS

‘
: s

Figure 4. Photograph of the small VT ABS, side view.

The driver and driven sections are separated ®ynax 13 inrectangular opening. A piece of
rubber on the driver side @tes a seal and a piece of rubber on the driven side provides friction
between the driven section and the membrahkis rubberdoesnot protrude into the driven
section, as this often causes lower test pressures. Similarly, cleaning the rubber vuittp rubb
alcohol before testing ensurdmtdustdoes not affecthis seal. Membranes aréhenplaced in

the opening and sealed withpaeumatic clamping systemith a 7000 psi clamping pressure

All testsconducted with the VT ABSvere performed with eninimum relium gas tank pressure

of 1000 psi. The driver is pressurized using compressed helium until the membrane passively
bursts, sending the gas down the tube and thereby simulating a blast €kentharacteristic

responses of various membrane materaé quantified in Chapter 1.

Three high frequency response pressure sensors (Model 102B15, PCB Piezotronics, Depew, NY)
are mounted flush tthe inside wall of the tube. These sensors are locateddigaitfrom each

other, with the middle sensdocated at the test regiorShock wave velocity can be quantified

using the time of arrival of the shock wave at these sengboperly choosing instrumentation

is critical to accurately assessingdtlaonditions. Due to the high loading rates asgediwith

blast, instrumentation should have the highest sampling rate possible (>>100 kHz) to properly
capture the blast event. Blast rise times are often on the order of tens of microseconds, and can
be easily missed or greatly distorted at samplingsraess than 100 kHz. Similarly,
instrumentation should be chosen for its ability to capture these high rates, and should have high
frequency responses§80kHz) and f as't r i doeavotd distoetien of( theSsignals )

Low-pass hardware filters should be avoided, as these may further attenuate frequencies that may
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be important to blast loadingThe effects of filtering higitate data are further examined i
Chapter 2.

Pressure Measuremerg and Definitions

The main output measure of the experimental blast overpressures tests presented herein is
pressure. As such, specifically denoting the type of pressure measured during testing is of
utmost concern aambiguity often leads to confusionPressureefers toa normal force applied

to a surface of an object per unit area over which the force is applied, and is used tthdefine
state of a fluid Gauge pressure refers to a pressure measurement relativdient pressure

(i.,e., achange in pressureManysea s or s are desbgmed ambdi,amalt 6 pe eg
therefore measurgauge pressureBlast overpressuréa gauge pressuregfers to a pressure
measurementabove atmosphericpressurecaused » a shock wave. Blast overpressure
measurements are further described as static overpressure or reflected overpressure based on the
orientation of the sensor that measures blast overpressure as we#l ssrface around the
sensor. Static( A s-0 rd @essurds the pressure experienced by a point within the flow (that
does not obstruct the flow) and describes the state of the fhoaticpressure isneasured with a
sensororientedparallel to fluid flowpropagation Re f | e c t-e d pr§{ssufasatite gressure
experienced by reflectivesurfacewithin a flow. Reflected overpressuoecurs when an object
obstructghe flow. Reflected pressure measured with a sensor oriented perpendicular to fluid

flow propagation Dynamic pressurés a freestream parameter that characterizes the kinetic
energy of the flow and does not refer to an actual loading on a suBtagnation pressure is the
pressure measured when fluid velocity is zero. Stagnation pressure accounts for both the static
and dynamiccomponents of the freeream pressure, and is measured with a pitot tube. Total
pressure is equivalent to the stagnation pressuresdotropic,compressiblelows. Table 2

indicates these pssures and theirefinitions.
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Table 2.

Definitions and common symbols of pressure types.
Modified from[27].

Pressure Type

Symbol

Definition

Pressure

p

A normal force applied to a surface of an object per unit area over which
force is appliedhat is sed to define the state of a fluid

Gauge Pressur

Pp

A pressuraneasuredelative to ambient pressur&auge pressure can be
higher or lower than ambient pressure. Sensors measure gauge pressu
relative to ambient or atmospheric pressure.

BlastOverpressure

BOP

A gaugepressuraneasure@bove atmodperic pressure caused by a shock
wave.

Static Pressure

Ps

Pressure experienced by a point within the flow that does not obstruct th
flow. This is oftenreferredtoasisideon 6 pressur e.

Reflected Pressur

Pr

Pressure experienced by a reflective atefwithin a flow This is often
referredtoas&faceon 0 pressur e.

Dynamic Pressurg

Pad

Describes the local specific kinetic energy of the flow. This cannot be
directly measured, but can be deduced using agtigtic probdi.e., the
difference betwen the measured stagnation and static pressures)

Stagnation Pressur
(Total Pressure]

Pressureneasured when fluid velocity is zero. This is measured with a p
tube. Stagnation pressure is equivalent to total pressure when the flow
isentropc.
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Literature Review

Previous research has investigated ocular injuries from projectile impacts for a variety of blunt
objects with known projectile characteristics to determine the eye injury tolerance. These studies
comprise much of the historicaixperimental eye tests that are currently used to assess and
predict eye injuries from blunt impacts. Data from these experiments have been used as
motivation for further experimental studies and the development and vatid#ta number of
computationh finite element, and physicahodels of the eye for various loadinghemes As

many eye injuries are physiologic in nature, and because it is unethical to test human volunteers
in potentially injurious conditions, live or anesthetized animals have Umsghto model human

eye injury. Human cadaver eyes and postmortem animal eyes can, however, be used to assess
gross injury such as corneal abrasion and globe ruptopery risk for physiologic injuries can

be predicted using injury risk functions déyged based on these experimental studies.
Therefore, this section is split into subsections to cover histoexaérimentalanimal and

human cadaver eye testsreating eye injury risk functions, and developing physical,
computational and finite elememodels of the eye for various loading scenaribable 3 at the

end of this section summarizes results from studies mexttarein.

Experimental Animal Eye Studies

Historical experimental data using i@rs animal models have reported eye injuries caused by
blunt trauma. Weidenthal conducted blunt impact tests on 28 anesthetimedica mulatta
(rhesus) monkeys using a brass rod projected at the eye at various energy levels. Hyphema,
contusion deformityand globe rupture were report¢d8]. Ten of the 28 eyes had hyphema,

five of the 28 eyes had contusion deformity, and five of the 28 eyes had globe rupture. The eyes
that sustaiad a globe rupture may have rendered assessment of other intraocular injuries
difficult, if not impossible. Weidenthalatereye mounted in various materig29]. Some of the
porcine eyes were testedsitu before enucleation for comparison with enucleated eyes mounted

in a 10% gelation solution or in a stone mold. Additionally, eyes were mounted in plasticene and
20%gelatin solution. Most of the data are insufficient to account for specific test conditions and
injury pathologies. However, it was concluded that eyes mounted in a 10% gelatin solution best
matched the response ofes tested before enucleatioBelori conducted blunt impact tests on
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75 enucleated porcine eyes using a BB projected at the eystedon a 10% gelatin solution

[30]. Unfortunaely, the data presented are insufficient to account for the specific injury
pathologies and frequency at which these injuries occurred. However, this study presented the
time-history of anterior pole, posterior pole, and corneal deformation due to ilmpaaialyzing
high-speed video of each tesMcKnight conducted blunt impact tests on 20 anesthetized cats
that had previously undergone radial keratotomy (RK) in one eye (three cats had bilateral RK)
using a BB projected at the ey81]. Twentythree eyes were impacted with BBs at various
velocities. The remaining 17 eyes were tested as controls. While all eyes suffered a hyphema,
only four of the opated eyes ruptured; nonetbe unoperated eyes rupture@reen conducted

blunt impact tests on 11 anesthetizadcaca fascicularisnonkeys to observ&acture of the

orbital floor[32]. This was done by dropping a brass cylinder down a tube to directly impact the
globe. These testresulted in 16 eyes with bleswut fracture, and six eyes with no blawt
fracture. Globe rupture was observed in five of the 16 eyes with-tbviracure. Duma
conducted blunt impact tests on 13 porcine eyes using foam objects projected atithsiteye

[33]. This study presented injury results for corneal abrasion by quantifying the area of the
cornea damaged due to impact. Eigh the 13 eyes resulted in corneal abrasions affecting
between10% and 75% of the corneaScott conducted blunt impact tests on 21 enucleated
porcine eyes using three steel rods projected at eyeatawbin a 10% gelatin solutidgrd4].

These tests presented injury results for corneal abrasion, hyphema, lens damage, retinal damage,
and globe rupture. Injuries werategorized as: Level 0 (no injury), Level 1 (injury to the iris or
ciliary body, disruption of anterior chamber angle, lens injury without dislocation), Level 2 (lens
dislocation or retinal damage), Level 3 (lens dislocation and retinal damage, pos#ihlysvar

ciliary body injury), or Level 4 (globe rupture). Five tests resulted in Level O injury; two tests
resulted in Level 1 injury; six tests resulted in Level 2 injury, six tests resulted in Level 3 injury,
and no tests resulted in Level 4 injurftwo tests had no injury level listed. An interesting
observation of this study was that injury outcome suggested lens damage occurred concurrently
with retinal injury 100% of the time, but that the reciprocal was not true; i.e, retinal injury did
not always occur oncurrently with lens damageKennedy conducted blunt impact tests on 65
enucleated porcine eyes using various objects (airsoft pellets, BBs, paintballs, foam particles,
plastic rods, aluminum rods) projected at eyes mexiin a 10% gelatin &dion [35]. These

tests preseted injury results for globe rupture. Tweiityee of the 65 tés resulted in globe
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rupture. Duma conducted a series of 36 blunt impact tests on 12 enucleated pyesnasing

metal rods and BBE36]. These tests presented injury results for globe ruptoewr of the 36

tests resulted in globe rupturBumalaterconducted a series of 38 tests on 8 porcine eyes using
two water streams and various stream velocities to investigate the safety of water streams (i.e.,

watea toys and water park streanj8y]. Globe rupture wanot observed in this study.
Experimental Human Cadaver EyeStudies

Historical experimental data using cadaveric eye models have reported eye injuries caused by
blunt trauma. Delori conducted blunt impact tests on two enuckk&eman cadaver eyes using

a BB projected at eyes mated in a 10% gelatin solutid80]. Unfortunately, the data presented

are insufficientto account for the specific injury pathologies and frequency at which these
injuries occurred, with the exception of a single test on a human cadaver eye which resulted in
globe rupture.Vinger conducted blunt impact tests on two enucleated human cagegeusing
baseballs projected at eye®umted in 10% gelatin solutidi38]. One eye was impacted by a
CD-25 baseball at 75 mph and did not rupture. The other eye was impacted by2&0CD
baseballt 55 mph and did rupturestitzel conducted blunt impact tests on 22 enucleated human
cadaver eyes using foam projectiles, BBs, and baseballs projected at eyesdmountl0%

gelatin solution 24]. These tests presented injury results for globe rupture. Specifically, four of
the eight BB tests and four of the five baseball tests resulted in globe rupture. None of the foam
particles resulted in globe ruptureKennedy conducted blunt impact tests on 61 enucleated
human cadaver eyes using various objects (airsoft pellets, BBs, paintballs, foam particles, plastic
rods, aluminum rods) projected at eyes mounted in a 10% gelatin solRfijon These tests
presented injry results for globe rupture. Twertwo of the 61 tets resulted in globe rupture.
Alphonse studied the response of the human eye tocimwitgh a toy helicopter bladg39].

Minor corneal abrasions were observed, bugluie ruptures were observedliphonselater

studied the response of the humaye to firework overpressufdQ]. Six human eyes were
exposed to a charge that simulated fireworks at three standoff distances (22am, 7.2m).

While corneal abrasions were observed to be caused by projected, unspent gunpowder, it was

concluded that the pressure wave itself did not cause injury at this energy level.
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Table 3. Summary of experimental eye tesing animal and human cadaver eyes.

Study

Eye Model

Test Conditions

Outcomes

Weidenthal 1964

20 anesthetized
monkey eyes

Brass rod projectile
(1.26 Ji 2.96 J)

10/28 eyes resulted in hyphema
5/28 eyes resulted in globe rupture

Weidenthal 1966

235 (n situand
enucleated) pig eyes

Air rifle BB
projectile
(0.78 J)

Insufficient data to account for specif

test conditions and injury pathology

10% gelatin solution best matched
response oih situeyes

Delori 1969

75 enucleated pig eye
2 enucleatediuman
cadaver eyes

Air rifle BB
projectile
(0.68J)

Insufficient data to account for specif
test conditions and injury pathology
High-speed video of each test used

track anterior pole, posterior pole, an

corneal deformation

McKnight 1988

20 anesthetizedat
eyes (radial

keratotomy performed

in one or both eyes)

BB gun
(0.34 Ji 0.99)

4/23 operated eyes ruptured
0/17 unoperated eyes ruptured

11 anesthetized

Brass rod drop test

Green 1990 monkey eyes (0.89 Ji 3.56 J) 5/16 eyes resulted in globe rupture
Vinger 1999 2 eg:glae\?et?iy:sman I?)(zsé(-afilll&pgg.ezcgl)e 1/2 eyes resulted in globe rupture
Foam particle . .
Duma 2000 13 (in situ) pig eyes projectile 8/tgveeyr?nsgriglg/:[?g%noﬁ?ggiﬂrig;as"(
(0.034 J 1.446 J)
5/21 eyes had no injury
2/21 eyes had injury to iris/ciliary
body, anterior chamber angle
disruption, or lens damage without
. Steel rod projectile dislocation
Scott 2000 21 enucleated pig eye (0.36 Ji 1.89J) 6/21 eyes had lens dislocationretinal
damage
6/21 eyes had lens dislocation and
retinal damage
2 eyes had no specific injuries listeg
BB, foam particle,
Stitzel 2002 22 enucleated humar and paseball 8/22 eyes resulted in globe rupture
cadaver eyes projectile
(0.004 J 134.5J)
Airsoft pellet,
paintball, delrin
65 enucleated pig eyel impactor, plastic rod, .
Kennedy 2006 61 enucleated human foam particle, 23/65 pig eye tests gnd 22/61 huma
. eye tests resulted in globe tupe
cadaver eyes aluminum rod, BB
projectile
(0.01 Ji 20.75J)
Aluminum rod, BB
Duma 2012 12 enucleated pig eye projectile 4/36 eyes resulted in globe rupture
(0.047 Ji 2.257 J)
Duma 2012b 8 enucleated pig eyeq Water streams No globe ruptures observed

Alphonse 2012a

6 enucleated human
cadaver eyes

Toy helicopter bladeg

No globe ruptures observed

Alphonse 2012b

6 enucleated human

cadaver eyes

Consumer fireworks

Minor corneal abrasions were obsery,
in all tests; no globe ruptures observg
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Injury Risk Functions for the Eye

Injury risk functions are toolshat relate measurablgarameters to injury outcomesThe
development of accurate injury risk functions relies on compiling experimental injury data and
guantifiabletest parametersMany of the historicalexperimental eye impact studiesportdata
thatcanbe utilized for this purpose. Several experimental studies, in addition to providing injury
results and measured parameters, also presented injury risk models for eye injuries. Each of
these studies investigated the development of injury risk mbdséd on various parameters and

their relationship to injury outcome.

Duma determined kinetic energy was the most significant parameter related to injury among
univariate models (mass, velocity, energy) using linear logistic regression of data from
expermental impact tests with foam particld®]. This study presented an injury risk function

that used kinetic energy to predict the probability of corneal abraSionilarly, Scott correlated
kinetic energy to resulting injury. Using a «guare analys, this study showed a strong
association between kinetic energy and lens dislocation, and a strong association between kinetic
energy and retinal damag2(]. This study also correlated projectile momentum to resulting
injury; however, a chéquared argsis indicated no association between projectile momentum
and injury. Duma presented armnalysis of eight previous experimental eye impact studies.
Projectile mass and velocity were shown to be poor predictors of injury. This study presented
injury risk curves that used either normalized energy or kinetic energy to predict the probability
of corneal abrasion, lens dislocation, retinal damage, and globe ruptlrdtwas determined

that normalized energy was a better predictor than kinetic energyd®it accounts for the size

of the projectile. Additionally, confidence intervals and 50% risk of injury values were
determined for corneal abrasion, hyphema, lens dislocation, retinal damage, and globe rupture,
for both kinetic and normalized energennedy presented binary logistic regression injury risk
functions that used either kinetic energy or normalized erargyprojectileto predict the risk of

globe rupture for porcine eyes and human cadaver é&s [This study corroborated the
findings of Duma that normalized energy is a better predictor than kinetic endgyed on
resistance to globe rupture, it wastermined that porcine eyes were significantly stronger (2x)
than human cadaver eyk® projectile impactgp=0.01). Kennedy preseptl a comprehensive

metaanalysis of over 250 eye impacts reported in the literaf9je [This study presented injury
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risk functions for hyphema, lens damage, retinal damage, and globe rupture. However, in
contrast to earlier efforts to develop eye igjwnctions with logistical regression, the final risk
functions presented in this study were determined using a more robust survival analysis. The
final recommended risk functions employ survival analysis using the maximum likelihood
metod to estimategrameters. A Wibull distribution was assumed for all injury types. Using

this methodology, final risk functions and 59%5% confidence intervals were presented for
hyphema, lens damage, retinal damage, as well as globe ruptgtee 5 shows the injury risk
curves based on normalized energy as an injury pred&agr

Eye Injury Risk Curves

100%
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0% : | | CrlobeI Rupture
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Figure 5. Eye injury risk curves
Image modified from [2P

When projectile characteris§ are unknown or there is no known projectile impact (i.e., water
streams, pressure wave loading), it becomes necessary to use a parameter atbemtimed

energ for injury risk assessment. Previous work has indicated niva@oicular pressur@dOP)

can be usetb predict injury riskin these casesKennedydetermined a static loading threshold

for human eg rupture to be 0.36 = 0.2 MH41]. This and another studpy Bisplinghoff
determined a dynamic loading threshold for human globe rupture to be 0.91 + 0.290\/&al |

0.97 £ 0.29 MPadl]. Internal pressurization was used as a method to both statically and
dynamically load the eye. A small pressure sensor was inserted into the eye to measure IOP for
these testsBisplinghoff also conducteéxperimental tests to tlmine the failure threshold of

the eye due to an increase in IOP and to determine the material properties of the eye under high
rate loading32]. This study calculated an average maximum true stress of 18.89 + 4.81 MPa for

both equatorial and meridiohdirections of the eye, an average maximum true strain along the
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equator of 0.041 = 0.014, and an average maximum true strain along the meridian of 0.058 +
0.018. Intraocular pressure measurements were used to calculate stress. High speed video
analysis of markers printed on the sclemsere used to calculate strainOverall, these
experimental studies illustrate that measuring IOP during experimental tests provides another
paraneter for injury risk analysisDuma investigated the correlation betwe@® land kinetic
energyand the correlation between IOP and normalized enédjgy Ihtraocular pressure was
measured throughout each test and normalized energy was calculated for each projectile.
Overall, kinetic energy showed better correlation to IOP timmalized energy for all points.
However, when separated by projectile type, there was a higher correlation between IOP and
normalized energy than between IOP and kinetic energy for both cylinders. Three separate
correlation curves were presented f@Pl and normalized nergy, one for each projectile
(Figure 6) [36]. Normalized energy was previously determined to have a stronger correlation
with injury than kinetic energy. The correlation between IOP and normalizegyemesented

in this study can be used with previously developed injury risk curves based on normalized
energy to determine injury risk for eye injuries in cases where projectile characdedasti

unknown or incalculable

Correlations between IOP and NE
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Figure 6. Correlatiors between intraocular pressure and normalized energy.
Image modified from [3p

Duma comlucted a series of 38 tests on eigbicine eyes using two water streams and various
stream velocities to investigathe safety of water streams (i.e., water toys and water park
streams) 22]. As water streams flow continually they do not have a tangible mass associated

with them; therefore, kinetic and normalized energy cannot be directly quantified for these cases.
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This study implemented the correlations from Dwmsang the 6.3%nm projectileto predict eye

injury risk from water streams based on IC¥. [The 6.35mm diameter projectileorrelation

was used because the water stream diameters were approximatelyn 28d 6.4nm. Globe

rupture was neither predicted nor observed in this study. Risk for hyphema was predicted to be
as high has 20.7%; however, because cadaver tissue cannot be properly perfused, hyphema could
not be directly assessed. Risk for lensatiation and retinal damage was less than or equal to
1.3% for all tests Alphonse et alconducted a series of 30 tests on six human cadaver eyes using
five remote control toy helicopter blades to invgaste the safety of these toj@9]. This study
implemented the correlations from Dumsing the 6.3%nm projectile to predict eye injury risk

from toy helicopter bladevased on IOP2]. The 6.35mm diameter projectileorrelationwas

used because the ingieng area of the toy helicopter blades was less tharminl Globe
rupture was neither predicted nor observed in this study. Risk for hyphemaedmsqul to be a
maximum of 02%. Risk for lens dislocation and retinal damages 0.0% for all dsts.
Alphonse studied the responeé six human cadaver eyes firework overpressurat three
standoff distances (2@n, 12 cm, 7 cm)26]. As firework explosionsdo not have &alculable

mass, this study implemented the correlations from Dusiag the 11.16nm projectileto

predict eye injury risk frontommercial fireworksdased on IOP2]. The 11.16mm diameter
projectile correlation was used becausemibst closely matches the exposed area of an
unprotected eye.While corneal abrasions were observed to be caused by projected, unspent
gunpowder, it was concluded that the pressure wave itself did not cause injury at this energy
level. Injury risk for hyphema, lens damage, retinal damage, and globe rupture was less than or
equal to 0.01%or all tests

Physical Models of the Eye

Many anthropomorphic test devices (ATRK) not have the capability to gjifecally assess eye
injuries. However, e Facial ad Ocular CountermeasUre Safety (FOCUS) headform is an
advanced anthropometric test device (ATD) specifically designed to quantify and assess injury
risk due to facial and oculéwading(Figure 7). It has eight sgments that represent facial bones
(two frontal, two zygoma, two maxilla, one mandible, one nasal) and two [Eigese 7). Each

bone segment and eye is instrumented with a load cell, allowing the FOCUS tdyqhanibad

19



applied to each region during an impaQurrently, the FOCUS headform is the only ATD that

has the sensitivity to detect eye injury during impact to the head and face.

FOCUS Headform FOCUS Eye and Load Cell

|

Synthetic Simulated
Eye Orbit

Synthetic FOCUS Eye
Extraocular Load Cell
Tissue (Optional)
Figure 7. FOCUS headform and biofidelic synthetic eye.
Eye load cells are models 8065J (left) ab8@] (right) by Humanetics ATD.

Experimental Blast EyeExperiments

HinesBeard used a modified paintball shooter to simulate a blast wave for exposuieet

[42]. Mice were placed with one eye a maximum of 0.5 cm from the end of the hadel
exposed to a single blast at 23.6 psi, 26.4 psi, or 30.4Rygliminary results indicatedape
rupture and extraocular muscle tears were caused dtigjvertest pressure levels (43.8 psi and
35.0 psi) and subsequenthgsts were not conducted at these pressure levels due to the severity
of the injuries observed. Remaining test pressure levels were 23.6 psi, 26.4 psi, and 30.4 psi.
Mortality rates wihin 24 hours of exposure at these levels were 24%, 22%, and 46%,
respectively. Intraocular pressure and visual acuity tended to decrease over time following blast
exposure at thedestpressure levelsCorneal edema was observed in samee, but was ot
conclusive. Ultimately, however, this study further corroborates other work in this area,
concluding that isolated primary blast overpressure does not cause severe injury to #eueye.
exposed Spragti@awley rats to one of two primary blast presdexels (~26 psi, ~70 psysing

5 kg of 2,4,6trinitrotoluene (TNT)[43]. The rats werexamined at 24 h, 72 h, and 2 w post
blast for retinal injury Results of this study indicate that the retina experienced inf&tion,
edema, and apoptosis follow blast exposuBricker-Anthony also used a modified paintball
shooter to simlate a blast wave for exposure of mice to blast overpressures of 23 psi, 26 psi, or

30 psi[44, 45. Acute injury to the eye and its structuress not noted, howevergorneal
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edema, hyphema, cataracts, neuronal death, retinal pigment epithelium vaodotggic nerve
degenerationvere present in some eye® to tventy-eight days following blastywhen all

animals were sacrificed. Further work by Brickerthony found that blast exposure causes cell
death and changes in visual acydp]. Sherwood exposed enucleated porcine eyes potted in
synthetic orbits to primary blast overpressure and examined injuries tos/agieuissues using
B-scan and ultrasound biomicroscop6]. This study reported injuries inaing corneal
epithelial disruption, scleral delamination, angle recession, chorioretinal detachments, lamellar
lacerations, and cyclodialysis clefts. Corneal epithelial disruption and scleral delamination could
have been caused by the preparation teclesigs noted by the authorResults of this study
indicated that injury severitgoincided with increasing peak pressure and impulse. While this
study reported retinal damage was caused by blast overpressure exposure, it failed to quantify
baseline damagin the enucleated porcine eye model. Choi exposed anesthetized rats to either a
single or repeated blasts at approximately 10 psi using a shocfdijbeRepeated blasts were
conducted daily for five days. Both the single exposure as well as the repeated exposure showed

retinal damage at the cellular level, with repeated exposure showing significantlydagiege.

While the anesthetized animal models indicate blast overpressure exposure may cause physical
injuries to the eye as well as dysfunction of the structures and visual system, many of these
models do not account for the anatomic dissimilitude betvtlee animal model and the human

eye. As such, these results, while promising for the development and testing of treatments for
ocular dysfunction, cannot be directly assumed to be true for the human eye and visual system.
Future work in this field may igld scaling techniques between the animal eye and human
models that will allow for a better correlation between injuries in both models. Similarly,
particular care should be taken when comparing results from various methods of producing blast
overpresswg waves. Using a modified paintball shooter to replicate a blast wave is somewhat
misleading, as the pressttime histories do not accurately represent a blast wave. The shape of
these pulses is more similar to a higlte blunt impact than a blast wavkastly, a combination

of shock wave parameters can be used to compare results between studies, where peak
overpressure, positive duration, and positive impulse can help scale the pulse from varous

studies.
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Computational Models of the Eye

Computatonal models are integral tools used in the field of injury biomechanics to quickly
assess many hypothetical loading situatioNsimerous computational models of the eye have
been developedfbr dynamicblunt loading, and more recently, blast loadinglany of these
models were specifically designed to assess blunt trauma and have beealidagikdfor their
biofidelic responsematerial propertigsand boundary conditionsHowever, due to the paucity

of experimentablastdata required to fully validatdhem, many models of the eye that strive to
assess blast loadiack rigorous validation Therefore, experimental daia the response of the
eye and its properties at high loading rates necessary to validate these modélse research
proposed here will yield datathat can be usetb validate such models. Brief synopsis of
relevant computational models of the eyenisntioned herein.This is by no means exhaustive

of the number of computational eye modaisrently being developed

Many canputational models of the eye have been developed and validated for blunt loading.
Uchio developed a model of the human eye and determined material properties of the cornea and
sclera using uniaxial tensile teg#8]. The eye was sectioned into three laylrsthe model:
superficial layer of the cornea and sclera, deep layer of the cornea and sclera, iris, ciliary body,
choroid, and retina, and inner aqueous humor, lens, and vitré&rgectile impactsat various
diameters and velocitiesere simulatecard suggested that intraocular foreign bodies (IOFB)
occur at velocities above 30 m/s, though there was nzaliavidence to support thisStitzel
developed a nonlinear finite element model of the &yeVirginia Tech Eye Model (VTEM),

and validated iwith experimental data taccuratelypredict globe ruptur¢49]. This model
consisted of many eye structuresofnea, sclera, lens, ciliary body, zonules, agsehumor,
vitreous bodyin a fluid flow. The model assumes a Lagrangi@mmulation for theeye and its
structures, with an Eulerian formulatidar the aqueousyitreous and fluid around the eye
These assumptions greatly improvetklity over priormodels. Material properties for various

eye structures were pulled from the literatundigher stresses were predicted than previous
models due to the increase biofidelity of the boundary conditions and model assumptions.
Corneoscleral stress (>23 MPahd local pressure (>2.1 MPa) were used to predict globe
rupture. While thisstudy increased the biofidelity of the eye and orbit, with the added benefit of
validation for globe rupture prediction wa&ls based on experimental tests, failure was not
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specfically modeled Weaverevaluated projectile eye impaaisinga computational model of

the eyeand matched experimental impacts from the literafg@. This study used the VT

WFU Eye Model(an adaptation of the original VTEM)Computational results were showmn t
match experimental result€Corneoscleral streg317.21 MPajnd internal eye pressufel.01
MPa)were used to predict globe rupturk.was determined araaormalized kinetic energy was

the best single predictor of peak stress and pressure inghmeigating that projectile size may

be of imporénce to eye injury predictionVeaveralsostudied the effect of orbit anthropometry

on eye injury ris51]. Specifically, this model varied orbital apee, brow protrusion angle,

eye protrusion, and eye location within the orbit and measured the corneoscleral stress and strain,
internal eye pressure, and contact forces between the orbit, eye and impactor for 27
anthropometries Anthropometry measuremesnwere previously determined from CT images of
nearly 40 human subject51]. Smulations of eye impact with a baseball at 30.1 m/s were run
usng a Lagrangiattulerian fluid flow finite element model fohé eye. The modgindicated

that greater brow protusion, smaller eye protrusion, and smaller orbital apertures were protective
characteristics.Overall, this study computationally illustrates the effect of human variation and
provides a large datasetrfearious factors that affect orbital anthropometry that can potentially

be protectivao the eydor impact scenarios.

Few computational models have been designed specifically for blast lodsliizel subjected

the VT-WFU Eye Model to a 1 Ib chargé TNT at distances of 5 ft and 10 ft direcipterior to

and 6 feebffsetto theright of the corned52]. Peak stress (maximum principal stress in the
cornealscleral shell elements) and pressure{eeof the eye in the vitreous) were quantified.

Both stress and pressure were used to determine injury risk for hyphema, lens damage, retinal
damage, and globe rupture. Stress predicted higher injury risk than pressure in three of the four
test conditbns, with the closest charge location with respect to the eye having the opposite trend.
Esposito developed &agrangiarEulerian finite element model of the eye using simple
constitutive modelg53]. This model consisted of many eye structures (sclera, cornea, lens,
retina, aqueous) as well as thibital fat around the eye. A TNT explosion was simulated at
various distances and charge sizes to determine isodamage and isolethalitybesetn
Stuhmiller[54]. A maximum anticipated injury was modeled at approximately 50% survival rate
for lung injury levels. Isolethality was assessed at a lower level of threshold lung injting.

pressure wave was directed frontally to the eye, and resulted in an oscillating presstre trace
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the eye Four eye regions were studied and it was shown that the macula was rmeptibleto

this oscillation. Experimental tests will confirm if this oscillation occurs in theatBhardwaj
developed a thredimensional fluidstructure interaction computational model of the eye to
study stresses and deformations of the eye indugegkposure to primary blast overpressure
[55]. This study modeledxposure o human face and eye geometryan explosion of 2 kg of

TNT at a distance of 2.5 in both a frontal ¢harge at level of fageand angled (ground charge
relative toface. Specifically, this work sidied the influence of facial features on wave
propagation and predicted an areanmdximum pressure in thaasalside corner of the eye.
Watson recently developed a finite element model of the eye that includes many internal
structures that is similar tthe model previously developed by Stitfe6]. Computational blast

tests were modeled to simulate matched experimental test conditions from a previously published
study by one of the authofS6]. Results from these tests indicated high stresses at the interface
between the ciliary body andelvitreous fluid, which could possibly account for angle recession
and cyclodialysis clefts observed in the experimental styidiés However,a major limitation

of this this finite elementmodelis that it wasonly validated using blunt impact data from the
literature due to the lack of higepeed video analysis of the response of the eye durasg bl

loading.
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ResearchObjectives

The researcin this dissertatiomims to examinetheresponse of the eyluring exposure to blast
overpressure Chapters 1 and 2 encompass experimental methods and analysis techniques that
can be transferretb studies beyondvhat is reportecherein Chapters3 and 5 focus on
examining the effects of increasing biofidelity of the facial geometry surrounding the eye, with
respect to injury risk and overall response to blast overpressure exposure. Gleypards

upon the experimental methods and results presented in Chapter 3 to assess the ability of military
spectacles and goggles to mitigate injury risk to the eye from blast loa@hmgpter 6 examines

the current FOCUS headform for blast loadiri¢hapter7 describes the development of an area
sensitive physical model of the eye that can be used to distinguish between blunt and blast
loading regimes in the absence afpriori knowledge of the injury scenarioThe dapter

specific research objectives arefalfows:

Chapter 1: Characterize the response of various materials for useABS or shock tube

Chapter 2: Determine if filtering experimental blast data can simultaneously preserve shock

wave parameters and remove experimeanrt#acts.

Chapter 3: Experimentally quantify injury risk fothe unprotectegorcine eye exposé to

primary blast overpressure using three boundary conditions and three pressure levels.

Chapter 4: Evaluate if militaryspectacles and gogglaffect shock wave parameters asared
in the eye, within the orbit, and around the fadexperimentally quantify injury risk for the
protected porcine eyexposedo primary blast overpressure.

Chapter 5: Characterize the response of the eye, orbit, and face for the unproteciad pyec

exposed to primary blast overpressure
Chapter 6: Assess the FOCUS headfofar eye injuryduring lowlevel blastoading

Chapter 7. Assess the ability of an arsansitive physical model of the eye to distinguish

between blunt and blast loading, \&ell as various projectile impactor sizes.
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Chapter 1

Membrane Characteristics for Biological Blast Overpressure
Testing Using Blast Simulators

Introduction

Full-scale blast field trials using actual munitions or military explosives such as tritozl or

are important for investigation of certain aspects of blast effects and injury. However, such
experiments are highly problematic with respect to repeatability, application of advanced
instrumentation, availabilityweather, anaost of sites with qudied personnelwith potential

scheduling constraints. Specially designeddjasamic shock tubes that use highly compressed

gas as the energy source isolate the effects of pure blast waves without fragmentation and ejecta,
and allow for systematic studien the laboratory in a controlled, repeatable manner. A gas

driven shock tube or blast simulator consists of two chambers separated by a membrane that
ruptures passively. One <chamber (the o6dri vi
ruptures,ceating a pressure wave that travels dowt
The pressure wave fishocks upo as it travels

wave at the test region that resembles afiedd blast.

A number of fators affect the performance and output of shock tubes and blast simulators such
as size, shape, driving gas, driven gas, temperature, humidity, membrane material, and
membrane thickness. The relationship between driving and driven gas and the effeckof sh
tube configuration on the resulting pressure trace are well undefsigodNornideal diaphragm
rupture wasidentified from the earliest shodkbe research as described in that reference:
fiDespite the wealth of shotkbe literature published in recent years, relatively little
information of a systematic nature has been reported on the behaviour and bursting
characteristics of suitable diaphragm mategal Three widely wused mem
Mylar, acetate, and aluminum, each of which behaves differently. The purpose of this paper is to
compare and contrast these three membrane materials at three gistssare levels to provide
guidance for future studies that use passive rupture membranesdrivggisshock tubes or blast

simulators.
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Methods

The gasdriven Advanced Blast Simulator (ABS) at Virginia Tesfas used to simulate peak

overpressures dfO psi, 20 psi, and 30 psiPressure measurements for the Mylar and acetate
membrane tests were recorded at 500 kHz (Dash®H8&FAstreMed®, Inc., West Warwick,

RI). Pressure measurements for the aluminum membrane tests were recorded at 300 kHz (TDAS

PRO, Diversified Technical Systems, Inc., Seal Beach, @39al pressures at the test location

were chosen as incremental steps for three distinct pressure [E¥gisj, 20 psi, and 30 psi

Mylar and acetate sheets were cut to3he x 13 inmembranesize using scissors and stacked to

thicknesses between -B® mil* to achieve the desired pressure levdlable 4). Mylar and

acetate thickness may vary + 5 mil depending on temperaflueinum sheets were ct the

9innx13inme mbr ane

S i

ze using

a

bandsaw.

5A.xhor i

9 in. region of the sheet using a CNC mmtli machine with an accuracy of 1 millt was

previously shown that scoring metal membranes in this fadhimlitates even and repeatable

openng of the membrane upon rupty&s]. The unfinished edges were filed by hand to remove

any burrs that could potentially damage the driver/driven interfagkeiminum alloy, sheet

thickness, and scoring depth were varied to provide a range of rupture presabted). All

tests were performed with a Helium gas tank with a pressurel6datpsi

Table 4. Mylar and acetate membranes.

Goal Pressure No. Tests Material Sheets Stacked Thickness
20 psi (n=3) Mylar 2 x 10 mil 20 mil
30 psi (n=1) Mylar 3 x 10 mil 30 mil
30 psi (n=2) Mylar 5x 10 mil 50 mil
10 psi (n=10) Acetde 15 mil 15 mil
20 psi (n=10) Acetate 20 mil + 15 mil 35 mil
30 psi (n=10) Acetate 3 x 20 mil 60 mil

Table 5. Aluminum membrane characteristics.

Goal Pressure No. Tests Material Thickness Scoring Depth
10 ps (n=10) Aluminum 3003 25 mil 7 mil
20 psi (n=10) Aluminum 2024 20 mil 6 mil
30 psi (n=10) Aluminum 2024 32 mil 13 mil*

*Note: ore test was scored at a depth of 14 mil

11 mil = 0.001 in.
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A customMATLAB ® (version 7.11.0.584 (R2010b), The MathWorks, Inctidka MA) script

was written to determine the peak overpressure, positive duration, and positive impulse for each

test. Peak overpressure was defined as the maximum pressure value recorded during the test.

Positive duration was defined as the time irdébetween initiation of positive overpressure and
the time at which overpressure returned to zero. Impulse was defined as the area under the
positive portion of the pressurdime history. Impulse was calculated using trapezoidal

integration of the presire trace over the positive duration.

Results

A total of 66 tests were conducted; Mylar membranes (n=6), acetate membranes (n=30), and
aluminum membranes (n=30). Each membrane material had a unique rupture pafteeng).

Peak overpressure, positive duration, and positive impulse were determined for eagbusst (

9). The Mylar membranes tended to bulge before rupturing and did not rupture consistently.
Data forthe Mylar membranes are limited to tP@ psilevel due to this inconsistency in rupture.

The acetate membrane tended to fragment while the mlimmembranes did not fragment

The acetate and aluminum membranes produced pressure traces represerttativeeafized

Friedlander waveformHjgure 10).

Mylar Acetate Aluminum

(Left) Bulged and blown out Mylar membranes. (Cenfertate membranes missing middle portion due to
fragmentation. (Right) Typical #dApetald rupture
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Discusson

Each membrane material produced unique rupture patterns and pressure traces at the test region.
Ideally, a membrane ruptures instantly with no obstruction of material, thereby producing a clean
pressure trace at the test region. The acetate memlwanesighly frangible and sent many
fragments down the driven section, leaving little material at the driver/driven interface. The
alumi num membranes ruptured in a fApetalingo p
and being heavier materiahvolved a relatively slow opening. Despite these nuances, both the
acetate and aluminum membranes produced ttemkeal pressure traces at the test region.
Conversely, the Mylar membranes tended to cause leaking at the driver/driven interface, which

for a number of tests, resulted in failure to rupture. Failed rupture tests were omitted from the
current study. Being highly plastic, when the Mylar membranes did rupture, tears formed near
the central bul ge but di d fronothe didver passied throughsa s u c t
small opening, developing a jetting flow which caused poor shasle development in the

driven section.

A number of factors further affect how the membrane ruptures, which affects the pressure trace
at the test locatn. Helium gas filling rate, which is related to the pressure in the gas tank, can
dictate disruption of the shock wave, with lower pressures causing slower filing rates that yield
poor or uneven membrane ruptures. Therefore, it is important to moeliomhtank pressure

levels during testing. A pressure gauge can be used to ensure a consistent clamping force is
applied between the driver and driven sections to minimize potential gas leaks. It is critical to

note that the pressure at the test locatmay vary with changes in temperature.

Ease of use and cost may further affect the choice between Mylar, acetate, and aluminum
membranesTable 6). Mylar and acetate membranes are relatively easy to produbeyasnly

need to be cut to the desired membrane size. As these plastic materials are relatively thin, this
can be done with scissors. Conversely, aluminum membranes require more complicated
machining and less common equipment. The process of fabgidagnaluminum membrane

took approximately 20 minutes, about four times as long as preparing the Mylar or acetate
membranes. The Mylar membranes cost between(¥L3 each and the acetate membranes
cost between $0-82 each, depending on sheet thicknekkwever, stacking multiple acetate

membranes to achieve higher pressures will increase the cost per test. Depending on the alloy
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and size of sheet stock purchased, the aluminum membranes cost betvi#®epafB for the

current study.

Table 6. Considerations for membrane choice itufe shock tube or ABS studies.

Mylar Acetate Aluminum
9 Does not fragment 9 Produces good pressure tracg Y Does not fragment
Pros | ¢ Relatively inexpensive 1 Relatively inexpensive 1 Produces good pressure trac
1 Easy to manufacture
c 1 Bulges and may not rupturf 1 Numerous large and small 1 Relatively expensive
ons ) . .
1 Inconsistent rupture fragments 9 Requires CNC mill
Conclusions

This study provides a number of factors that affect the peak overpressure, poséti@ndand

positive impulse of pressure traces recorded imMAB® using Mylar, acetate, and aluminum
membrane materials. It is recommended that aluminum membranes be used if finances and tools
are available to manufacture them, due to their consistemtyagk of fragments that could
potentially damage biological test specimens. Acetate membranes should be used to ensure
consistent results between tests for large scale studies where producing the number of aluminum
membranes is not a viable option amdgimentation is not a large concern. As the acetate
membranes were highly frangible biological test specimens should be protected from impact
from potential membrane fragments. This can be accomplished using fabric or mesh deflector
screens upstream ofig specimen which do not greatly affect the propagation of the wave.
Although Mylar membranes have performed very well with conventional shock tubes, Mylar
membranes are not recommended for ABS use due to the inconsistency in rupture and poor
representatin of an idealized pressure wave when rupture does fegjur As the current study
focused on individual materials, the role of combining different materials to yield better pressure

traces and relative cost effectiveness needs to be further explored in futkre wo
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Chapter 2

Effects of Filtering on Experimental Blast Overpressure
Measurements

Introduction

The increased frequency of blastated injuries in current military conflicts, terrorist events, and
industrial accidents has created the need to quantifahunjury tolerance to exposure to shock
waves. Experimental studies that use laboratory equipment to mimiwadd| freefield blast
overpressure events are becoming increasingly common. One approach to examining the effects
of blast exposure is toorrelate diagnosed injuries to measurable, quantifiable shock wave
parameters (e.g., peak overpressure, positive duration, and positive impulse). Here,
Aoverpressureo refers to the -prdeeexmosiveeDuetav e c a
the hgh-rate nature of blast, low pass hardware and software filters that prevent aliasing for
impact and crash data are typically not applied to blast data. Furthermore, signals recorded at the
high sampling rates required to capture blast events are egpsosteptible to experimental
artifacts. Posprocessing blast data with a properly designed filter can yield smoother
overpressure traces and remove artificial responses of the sensor during shock wave loading.
The purpose of this study is to examifi@i4" order low pass Butterworth filter can remove

artifacts from overpressure traces while preserving the integrity of the shock wave parameters.

Methods

The small VT ABS(Figure 4) was used for this & series. Aluminum membranes (alloy 2024,
32 mil thickness7-8 mi | i Xwere used tb prodace shoalaves of approximately 30

psi static overpressure measuredra the inside wall of the tuba the test region.All data

were recorded using aigh performance data acquisition system (TDAS PRO, Diversified
Technical Systems, Inc., Seal Beach, CA). The interqpadl& Butterworth low pass hardware
antialias filter ¢€3dB of 4300 Hz) for TDAS PRO was bypassed for all tests. The sampling
frequency for each channel was 301.887 kHz, which was determined by the maximum
bandwidth of TDAS PRO (25 kHz).
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Five tests were conducted dhe empty ABS. Data were collected using highgquency

response pressure sensors (Model 102B15, 200 psi, PCB Piezgitidepew, NY) located flush

with the inside wall of the tube at 4 ft and 5 ft from the initiation of the shock wae

resonance fregncy of these pressure sensors was greater than 500 kHz, and the rise time was
O1 . 0 The soaxial cables supplied with these sensors had an internal crimp strain relief at the
connector, and were shielded f orr eesliescttarniccea |> 1i
As these sensors were mounted to the ABS, they were subjected to any mechanical vibrations
caused by the propagating overpressure. Therefore, the sensors were snugly inserted in plastic

holders that dampened the effects of vibration.

Three tests were conducted on the ABS under the same conditions as the empty tube tests but
with a test object inside the tube. The test object consisted of a porcine eye potted in a synthetic
orbit that was mechanically coupled to the ABS walls, locatédfom the initiation of the

shock wave. The preparation methods for eyes in synthddits avere previously published

[36]. Intreocular overpressure (IOP) was collected using a miniature pressure sensor inserted
into the eye (Model 060, 100 psi, Precision Measurement Company, Ann Arbor, Ml). As this
sensor was designed to be minimally invasive for biological applications, the serswas a

simple unshielded Teflenoated copper wire.

Data were zeroed based on the average value of the first 10,000 points in the trace. Time of
arrival (ToA), peak overpressure, positive duration, and positive impulse wanéfeed at each
sensor location for all tests using a custom MAT%Agript (version 7.11.0.584 (R2010b), The
MathWorks, Inc., Natick, MA) A 4™ order phaseless low pass Butterworth filter was applied to

the raw data. The difference equation and @nstdescribing the filter are defined by SAE
J211/160]. The filter passed data through twice, forward then backward, to avoid phase shift.
The channel frequency class (CFC) of the filter was incrementally increased m&#€el000

and CFC 10KTable 7). The overall shape of the overpressure trace was monitored. The average
raw shock wave parameters were quantified and used to establish +2.5% thresholds for
comparison with the ltered data. A Fast Fourier Transform (FFT) was used visualize the

frequency spectrum of each channel.
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Table 7. Cutoff frequencie€3 dB)for a 4" order low pass Butterworfiter.

CEC CFC CFC CFC CFC CFC CFC CFC CFC CFC CFC
1000 2000 3000 4000 5000 6000 7000 8000 9000 10k

Cuttoff Freq. (Hz)] 1650 3300 4950 6600 8250 9900 11550 | 13200 | 14850 [ 16500

Results

Lower cutoff frequencies attenuated the peak to a greater extent than higher cutoff frequencies,
effectively decreang the peak overpressure and increasing the rise time and positive duration.

The positive impulse remained relatively constamoss the filters tested.

Table 8 reports the average raw data values thaeweed as a standard for comparison with the
average filtered data. Shaded cells indicate that the average filtered value falls within +2.5% of
the average raw value. No filter preserved the rise time. The lowest cutoff frequency to preserve
the remainig raw parameter values for both sensors was the CFC 6000 fiigure 11
illustrates the effect of filtering on the raw and filtered Empty Tube test data collectedtbspthe
sensors for a single tesEigure 12 shows the FFT of the empty tube test data for a single test.
Many of the peak frequencies are harmonics of 60 Hz, indicating sensitivity {poA€red

equipment in the room.

Table 8. Average shock wave parameters for empty tube data (n=5).
Shaded cells indicate that the average filtered value falls within £2.5% of the average raw value.
Raw | CFC CFC CFC CFC CFC CFC CFC CFC CFC CFC
Data 1000 [ 2000 [ 3000 [ 4000 [ 5000 [ 6000 [ 7000 [ 8000 | 9000 10k
Pk. Overpress. (psi] 35.90 | 26.29 | 31.20 | 33.57 | 3463 | 3514 | 3544 [ 3565 [ 3582 | 3595 | 36.05
Ri se Ti| 3644 | 32462 | 167.61 | 11991 | 96.06 | 80.82 | 69.56 | 62.94 | 958.64 | 49.02 | 45.71
(+) Dur. (ms)| 1.88 2.02 1.91 1.88 1.87 1.86 1.86 1.86 1.86 1.85 1.85
(+) Imp. (psi'ms)| 22.07 | 22.16 | 2213 | 22.12 | 2211 | 2210 | 22.10 | 22.09 | 22.09 | 22.08 | 22.08

Sensor 01

Raw CFC CFC CFC CFC CFC CFC CFC CFC CFC CFC
Data 1000 2000 3000 4000 5000 6000 7000 8000 9000 10k

Pk. Overpress. (psi| 28.53 | 25.21 | 27.08 | 27.11 | 27.43 | 27.68 | 27.86 | 28.00 | 28.12 | 28.23 | 28.31
Ri se Ti| 3114 | 35444 | 20272 | 14310 | 90.10 | 7287 | 60.95 | 53.00 | 47.70 | 43.72 | 40.41
(+)Dur. (ms)| 234 | 260 | 242 | 239 | 237 | 236 | 236 | 236 | 235 | 235 | 235

(+) Imp. (psi*ms)| 2340 | 2341 | 2336 | 23.38 | 2338 | 2339 | 2339 | 23.39 | 23.40 | 23.40 | 23.40

Sensor 02
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Figure 11. Raw and filtered pressuteme histories for Empty Tube Test.01
Plotsshowpeak overpressure (fiPk.o), N2.5% thresholds for

raw rise time (circles). Note the decreased magnitude and tempeanabdéhe peak overpressure, and early time
of arrival for the lower cutoff frequencies. (Left) Sensor 01 was located 4ft from the bursting membrane. (Right)
Sensor 02 was located 5ft from the bursting membrane. (Top) Overpressure traces. (Middle)idaoeneof the

peak overpressure. (Bottom) Zoomed in view of the time of arrival.
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Figure 12. Raw and filteredrequency spectrior Empty Tube Test Q1
Axes tuncated at 20 kHfor clarity (maximum frequency ~150 kHz). Vertical lines represent the 3 dB cutoff
frequency for each of the filters applied to the data, and are-cottad respectively. (Top) Many of the peak
frequencies are harmonics of the 60 Hz utility frequencyfectrical power in the United States. (Bottom)
Zoomed in view t®% of the normalized magnitude.

Table 9. Average shock wave parameters for IOP test data (mef3rts the average raw data

values that were esl as a standard for comparison with the average filtered data. Shaded cells

indicate that the average filtered value falls within £2.5% of the average raw value. No filter

preserved the rise time. The lowest cutoff frequency to preserve the remawimgamrameter

values was the CFC 7000 filterFigure 13 illustrates the effect of filtering on the raw and

filtered

| OP

test

dat a

col

|l ected

for a

single

ms. This high magnitude, short duration spike was likely caused by the unshielded wire

whipping due to the shock wave win#ligure 14 shows the FFT of the IOP test data for a single
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test. Many of the peak frequeasiare harmonics of 60 Hz, indicating sensitivity to-pdvered

equipment in the room.

Table 9. Average shock wave parameters for IOP test data (n=3).
Shaded cells indicate that the average filtered value falls within £2.5% a¥éhnage raw value.

Sensor 01 Raw CFC CFC CFC CFC CFC CFC CFC CFC CFC CFC
Data 1000 2000 3000 4000 5000 6000 7000 8000 9000 10k
Pk. Overpress. (psi| 80.68 59.34 73.36 77.73 79.09 79.38 79.30 79.15 79.07 79.05 79.06
Ri se Ti|] 53.00 | 308.06 | 178.87 | 1328 | 119.25| 104.90 [ 99.37 96.06 92.75 93.85 90.54
(+) Dur. (ms)| 1.40 1.97 1.87 1.86 1.78 1.77 1.77 1.40 1.40 1.40 1.40
(+) Imp. (psi*ms)| 36.68 40.17 40.14 40.10 39.75 39.75 39.76 36.69 36.69 36.69 36.69
Empty Tube Test 01
Sensor 01 | Sensor 02
100 85
25% T2.5%
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Raw Raw
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Figure 13.10P Test 01 raw and filtered presstirée me hi st ori es, showing the peak
thresholds, and data points used to calculate the raw rise time (circles). (Top Left) Overpressure traces. Note the
spikein the trace around 4 ms, caused by the wire whipping due to the shock wave wind. (Top Right) Zoomed in

view of the spike. (Bottom Left) Zoomed in view of the peak overpressure. (Bottom Right) Zoomed in view of the
time of arrival.
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Figure 14. Normalized frequency spectrum showing the raw and filtered data for IOP Test 01, truncated at 20 kHz
for clarity (maximum frequency ~150 kHz). Vertical lines represent the 3 dB cutoff frequency for each of the filters
amplied to the data, and are colovded respectively. (Left) Many of the peak frequencies are harmonics of the 60
Hz utility frequency for electrical power in the United States. The high frequency noise in the spectra can be
attributed to spikes in the expressure traces caused by the wire whipping from the shock wave wind. (Right)

Discussion

A 4™ order phaseless low pass Butterworth filter applied to blast overpressure data during post
processing washde to attenuate the high frequency signals caused by experimental artifacts.

However, as the filter cutoff frequency decreased, the raw signal was increasingly rounded. This
caused the ToA to occur earlier and increased the positive duration.
decreased and was temporally delayed. The temporal shifts in ToA and the time at peak

overpressure caused the rise time to increase. The changes to rise time, peak overpressure, and
positive duration, are not surprising.
affected by filtering than the other parameters.

simultaneous decrease in peak overpressure and increase in positive duration associated with

Zoomed in to view 5%f the normalized magnitude.

This can be attributed to an extent by the

Thevyeepkessure

Interestingly, plositive impulse appeared to be less

filtering the data and the relie@ on both of these parameters in calculating impulse.

Peak overpressure, positive duration, and positive impulse could be preserved within the
predefined +2.5% thresholds of the raw parameter values, using a CFC 6000 and CFC 7000 filter
for the Empty Tbe tests and the IOP tests, respectively. Rise time was not preserved within the

+2.5% thresholds for either test condition for the cutoff frequencies examined. Although the

maximum sampling rate was just over 300 kHz, the extremely fast rise time8 (< 40s )

38

resul

t



in a limited the number of data points during the initial loading phase, which made it difficult to

obtain rise times within the £2.5% thresholds.

A number of factors can be attributed to the slower convergence of all parameters foP the 10
tests (i.e., the conclusion that higher filters were required to preserve the same parameters for
IOP tests as compared to Empty Tube tests). While both the Empty Tube tests and IOP tests
were conducted at the same pressure level (30 psi), the walirsmmd intraocular sensor
produced characteristic traces. Compared to the Empty Tube tests, the IOP tests tended to have
higher peak overpressures, rise times, and positive impulses, but lower positive durations. As the
eye in the test setup had a fordracing orientation to the direction of shock wave travel, the
intraocular overpressure measured could be loosely considered a reflected overpressure.
Reflected overpressure accounts for both the static and dynamic components of a shock wave,
and therefoe has a higher magnitude than static overpressure. The IOP test responses exhibited
greater variation than the Empty Tube tests, which is likely due in part to the inherent variation

between biological tissue samples obtained from different animals.

The FFTs for both the Empty Tube tests and IOP tests indicated that both types of sensors
responded to the 60 Hz utility frequency for electrical power in the United States, as many of the
peak frequencies observed in the FFTs were multiples of 60. Asnfilteras able to preserve

the general shape of the overpressure trace and most of the shock wave parameters, presumably
these frequencies were inconsequential to the overall analysis of the overpressure traces for this
study. Future work could examine tlefect of removing as many powered electronics as
possible from around the test are&.similar analysis can be conducted to examine if the 60 Hz
harmonic noise can be reduced by testing outdoors, wherpod@red equipment around the

test site may berthited.

The IOP test FFT indicated that the miniature pressure sensor was more sensitive to higher
frequencies than the wall sensors used for the Empty Tube tests, as there were numerous peaks
well beyond 10 kHz. This high frequency content, whicls wat present for the Empty Tube

test data, can be attributed to the unshielded sensor wire being whipped by the shock wave wind.
Al |l three | OP test overpressure traces had at
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overpressure that appro@&chor exceeded the maximum range of the pressure sensartatiadl

duration around 10 ¢s.

Engineering controls can be implemented during experimental design to eliminate or minimize
the cause of common artifacts. When possible, shielded cables should be chosen; otherwise,
unprotected wires can be routed througbraunded braided steel sheath to achieve a similar
effect. Frequently used equipment is exposed to mechanical vibrations during testing, and can
cause damage or loosening. Connections between sensors and wires and between sensors and
the tube should beoutinely examined to ensure secure contact. Properly seléving any

wires that contact the tube walls can prevent damaging the sensor and minimifredughcy
responses due to physical shaking or whipping during testing. Lastly, electries aablwires

connected to sensors should not be coiled or placed too close to other powered equipment.

Conclusions

The methods disseminated in this paper serve as an initial investigation of the effects of filtering
high rate blast data collected indsaising an ABS and two different pressure sensors." A 4
order phaseless low pass Butterworth filter with increasing cutoff frequencies (CFC OB

10k) was applied to the data. Filtered shock wave parameters were compared to +2.5% of the
raw data prameters. Peak overpressure, positive duration, and positive impulse could be
preserved within these thresholds.

These techniques focused on manually assessing filters. A multiobjective optimization routine
could be used to more quickly and accuratebate an optimal filter that can be used for a wider
range of blast applications. This would be especially useful when multiple parameters are used
simultaneously to assess injury risk. As with all analyses, caution should be taken to ensure the
data ae not misrepresented by pgsbcessing techniques, including filterin@esides altering

the overall shape of the recorded signal, changes in quantifying the shock wave parameters
caused by pogtrocessing filtering could drastically affect injury pretdhn that relies on the
fidelity of these parameters.
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Chapter 3

Eye Injury Risk to the Unprotected Eye due to Primary
Blast Overpressure Exposure

Introduction

The increased use of improvised exgide devices (IEDs) in curremilitary conflicts begond
what has beemrreportedin historical military efforts necessitates the need to understand human
tolerance to blasbverpressurexposure (shock waveskExplosive events accowd for more
than 75% of combatelated fatalities in Operation Iraqi Fresd and Operation Enduring
Freedom (OIF/OEF)6]. Reduced fatality rates during recent military conflicts have been linked
to the incrased use of personal protective equipment (HIPE) While unprotected aifilled
organs such as the lung are most susceptible to blast injury, the use of inthoovaedtPPEhas
reduced the incidence of these injuries, leawirggface and eyes disproportionally vulnerable to
concomitant blast injurie§8, 9]. Despite the availability of protective eyewefr soldiers
involved in OIF/OEF between 20006 eye injuriesreportedlyoccurred in 17% of cases
where protective eyewear was used and jumped%o\26enprotective eyewear was not used at
the time of combatelated injury[10]. These injuries could have been sustained by multiple
injury mechanisms, potentially including primary blast overpressurie incidence of eye
injuries thatoccur even when protective eyewear is used further motivates the need to understand

primary blast overpresseiias an eye injury mechanigar the unprotected eye

Studies have reported more than 80% of all severe ocular injuries sustained during military
combat are the result of munitions fragmentatod debrig11, 12]. Many military explosives

are buried or impregnated with shrapnel, thereby increasing the risk of injury from projectiles.
While injury mechanisms for blunt trauma are well understoaa specific injury mechanisms

and injuries caused by primary blast overpres@ige the increase in pressusXposure araot

well understood28-39].

Although many eye injuries do not pose a high threat to life, the economic and psychological
effects are alarming. An example of this is that globe rupture, which often results in
enucleation and therefore total functional loss of the eye, would likéyykmnclassified as a

moderate injury. Injuries to the eye and visual system are particularly debilitating from a

41



military perspective because they can severely decrease the ability of a soldier to achieve return
to-duty standards required for service. otiNithstanding, the time and finances invested in
training is O6lostd when a solider cannot retu
the type of jobs that can be acquired following return to civilian life. Decreased quality of life
compaed to prenjury levels can leave a veteran feeling depressed and anxious about their
current state An understanding of primary blast overpressure as an injury mechanism may shed

light on the role of injury to the eye with such outcomes.

Due to the patity of studies in the literature that specifically examine the response of the eye to
primary blast overpressure exposure, it is necessary to experimentally quantify the physical
response of the eye. Therefore, the purpose of this study is twofoldtdfiggtantify and predict

eye injuries caused by survivable primary blast overpressures, and second, to examine the effect
of increasing biofidelity of the boundary conditions surrounding the éyegng blast

overpressure exposure

Methods

All tests vere conducted using the smalll ABS with aluminum membranes prepared as
described in Chapter Figure 4). Briefly, this is a helium gadriven tubespecifically asigned
for testing small specimens, aiglableto produce peak overpressures up to approximately 30

psi (static overpressur&ith a positive duration around®msusing aluminum membranes
Main Study

A total of 88 porcine eyes were used in this study. Fresh porcine eyes were shipped overnight on
wet ice, stored in a refrigerator, and tested within three days of slaughter (Ar@oalologies,

Tyler, TX, USA). Control eyes were used to assess postmortem effects and damage from tissue
procurement. Sham eyes were used to quantify potential injindes pretest preparation
techniques, including the insertion of a pressure sensomaassurizatiortube into the eye

through the optic nervandsetting the eye in a rigid concave cup or in gelaéll. eyes were

prepared with the following techniquesSkin and musculature was removed to expose only the

globe and optic nerve. Eyes were identified as left (OS) or right (OD). Cornea clarity was
gualitatively assessed (clear, not clear), an

Fluorescanr dye was applied to the cornaad a blue light was used helpvisualizecorneal
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abrasions. Any existing corneal abrasions were noted. Control eyes were dissected at this point
to assess and quantify baseline damage to the eye caused by postmortmmatidagand
procurement from the abattoirThe remaining eyes were further prepared by applying a dot
pattern on the surface of the sclera using permanent black ink. A miniature pressure sensor
(Model 060S,100 psj Precision Measurement Company, Anrbér, MI) and a small tube were
inserted through the optic nerve into the vitreous fluid and secured in ydagg a cable tie

Normal physiologic intraocular pressure (IOP) vpasvidedthroughout the duration of the test

using a gravityfed system Speifically, abagof Lact at ed Ri nognreactedto s ol u:
the small tubeand suspended 8 in. above the &y@rovide normal physiologic pressure to the

eye during the duration of testing (0.29 psi or 14.95 mmHigyaocular pressure was measured
before and after each test using a veterinary tonometer {fenocAVIA Vet® Veterinary
Tonometer, Reichert Technologies, Depew, NY, USA). Due to minor variations, measurements
were taken using the tonometer until three sequential measurements recoishedeHOP at a

95% confidence.

Eyes were placed in one of Ey®r,eel Symurhckari v Oan
Orbitodo) and exposntat 10tpsi, 2@&psisor 30 gsiatic oelprassureThe v e
synthetic obit and the 3D @bit represented the left orbit geometryhese pressure levels were

chosen to examine the effedf increasingly severe, yet survivable blagents[15]. The three

boundary conditions surrounding the eye were tested to assess the effects of increasing
biofidelity of the orbit and facial geometrie®hotographs of these three test setwpshown in

Figure 15, andTable 10 summarizes the final test matrix.

Isolated Eye anthetic Orbit 3D Orbit

v “ A N
R —————

Figure 15. Photographs ohie three test setups, shown inside the ABS.
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Table 10. Unprotected eye test matrix

16 eyes in gelatin

4 eyes at 30 psi

Control Sham Isolated Eye Synthetic Orbit 3D Orbit
Quantify damage , Quantify isolated| Quantify responsg Quantify response
from postmortem gg;ntlg d;rgt?gr? eye response witl  with simplified with human orbit
degradation and miﬂhgds no reflected orbit using flat using complex

procurement surfaces reflective surfaceg reflective surfaces
. S5ewsatlOpsi| 5eyesatlOpsi| 6eyesatl0 psi
16 eyes 8 eyes in isolated 6eyesat20 psi| 6eyesat20psi| 5 eyes at?20 psi

5 eyes at 30 psi

6 eyes at 30 psi

The isolated ge test conditionwas designedo isolate the eye from the orbital bonesuscle,
and fat. This expandedipon previous work conducteah isolated human eyes exposed to
fireworks [40]. The isolated ye testcondition consisted of a rigid concave cup with a hole in
the back through which the optic nerve, IOP sensor, and pressurization tube couldlpass.
was designed to provide support for the eye during the testprawdled minimal reflective
surfacesaround the eye. Approximatebne third of the posterior portion of the ey@ntacted
the concave cupEyes were preppedith the experimental apparatus orientemitically, such
that the cornea faced the ceiling, so that gmbvity affected the eye and no additional tension
was placed on the optic nerve or the back of the éyealligator clip attached to the cable tie
held the eye in place. When the experimental apparatus was rotated such that it was oriented
horizontally for testing, he eye loosely rested on a smkdbge to prevent drooping A

photograph of the isolategein the horizontal orientatiois shown inFigure 16.

Isolated Eye

Sensor Wire
Optic Nerve Pressyre Tuk

S

Ledge  Cable Tie Alliga

Figure 16. Isolated eye boundary condition.

The synthetic abit had smooth, flat surfaces that approxinthta firstorder human orbital

geometry. The eye was suspended within the orbit using fishing line, with approximately one

44



third of the anterior portion of ¢heye exposedA 10% Knox® gelatin solution was poured
around the eye within the orbit to simulate the fat angcles within the orbit.The orbit was
refrigerated for at least 45 minutes to allow the gelatin toAgthotograph of theynthetic obit

is shown inFigure 17.

anthetic Orbit

Figure 17. Synthetic orbit boundary condition.

The 3D abit test condition has the facial geometry, including skin, of the Global Human Body
Models Consortium (GHBMC) hed®é1]. This geometry was used twanufacturea clearrigid
plastic orbitusing 3D printing Similar to the synthetic orbit preparation, the eye was suspended
within the orbit using fishing line A negative mold of the eye was required for preparation of
the 3D orbit because of the curved surface of the 3D orbit facial geoméirjt0% Knox®
gelatin solution was poured around the eye within the trlsimulate the fat anghuscles within

the orbitas well as the soft tissue around the eye and eyPlubtograpk of the negative mold
andthe 3D orbit areshown inFigure 18 andFigure 19, respectively
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18. Negaive mold used to add gelatin around eye in 3D orbit.
(Images shown with a synthetic eye.)

Figure

3D Orbit

Figure 19. 3D orbit boundary condition.

Evaluation of Test Condition Biofidelty using the Synthetic Orbit

As the synthetic oiiband 3D @bit represented only half the human faoel occluded a larger
crosssectional area of the tubdhan the isolated ye, the biofidelity of these setupsas
systematically assessed prior to conducting the final sestdescribed abovier this gudy.
Special care was taken to ensthresetest conditions did not restrict fluid flow \kin the test
section of the ABS, and twmodifications wereexaminedupon recommendation of a blast
physicist.
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The first modification was a plane of symmetrp@) that usedreated a more realistic condition

for the tests conducted with a bisected facial geometry by preventing pressure relief around the
nasal side of the face that would not odcutheatre The PoSwvasevaluated by adding &long

the nasal sie of thesynthetic orbit, which corresponds to the line of symmetry in the human

head along the midagittal plane.The PoS was fabricated fronDa 2 thiok piece of aluminum

and had a beveled leading edge facing away from the nose. This allowmdsbiere wavéo

easily pass around the test orbit, thereby providing a more realistic boundary condition around
the bisected portion of the face represented by the ofbit.te PoS ext ended 30 i n

Figure 20illustrates the location of the PoS with respect to the human face and orbit.

The second modification was the addition of forehead and chin blocks around the orbit that
allowed for tests to include as much of the human face as possible. Expalitest sizdased

on crosssectional occlusiormreawas assessed by testing and comparing the responses of the
synthetic orbit with and withoutextension blocks that simulatediest-order approximation of

the forehead and chinThe synthetic orbit without the blocks had erosssectional occlusion

area of 10% of the tube. The addition of the blocks increased thesexdsmal area to 20% of

the tube. Figure 20illustrates the area of the face tested il PoS and with and without the

blocks.

Sagittal View Coronal View
PoS—»

PoS

<+—w/blocks
3.50
3¢

8 w/o blocks
: 3.50

Figure 20. Plane of symmetry and occlusion area overlaid on image of GHMBC.
Tests were conducted in duplicate at each pressure level using four tesbsc&mpty Tube,
PoS with 10% occlusion, No PoS with 20% occlusion, and PoS with 20% occlEgjone(21).
Porcine eyes were not used for thi&tatic overpressure was measured along the wall of the tube
at thetest region and reflected overpressure wassured at the forehead of tlyathetic orbit.

The Empty Tube tests provided baseline overpressure profiles for static overpressure measured
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along the wall of the tube at the test region for comparison wétlbitsfidelity tests Adding the

synthetic orbit with a 10% occlusional cresectional area provided a minimum occlusion that

still mimicked a facial geometry. Adding the PoS created a more realistic condition for pressure
relief. Lasabdy, aaddificgi ibobélbeks to the synt
sectional occlusion area, and is more realistic because of the addition of the forehead and chin
geometry. Testing this last condition with a PoS was the most realistic condition in tdrotls of

size and pressure relief.

Orbit Biofidelity Test Conditions
P0S,10% Occl. No P0S,20% Occl.

POS o » No PoS o
4
No Blocks

Empty Tube P0S,20% Occl.

Blocks

Figure 21. Orbit biofiddity test conditions using the synthetidod.

Pressure was measuredaatumber of locations in and around the &yrethe final test matrix

Intraocular pressure (IOP) was measured inside the eye throughout thsingsthe miniature

pressure sensor Static overpressure in the fhsbruid f
mounted 2 inches from the temporal side of the orbite sensing element of the pencil sensor

was aligned with the front of the corne@otal ovepressure was measured for the isolatgsl e

condition using a sensor mounted above the eye. Reflegtporessure was measured for the
synthetic obit condition using a sensor mounted in the forehead of the orbit, flush with the flat
surface. Reflected Overpressure was measured for the 3D Orbit condition using a sensor
mounted in the forehead of the drlfiush with surface of the 3D Orbifigure 22illustrates the

locations of these sensors.
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Isolated Eze anthetic Orbit 3D Orbit

—

Reflected> P —+DAS

Total-» Reflected>® | DAS

A 10P
10y, ay ( 1 /DAS

NPress
I?nmmwwm _DAS ICEP #DAS
( —_— “Npress. ( “Press

Static in flow) Static in flow) Static in flow)

Figure 22. Pressure measurement locations foregxpental setups.

Additionally, a pressure sensor inside thever of the ABS measuredmembrane rupture

pressure, and three sensors were mounted flush with the inside wall of the tube, 12 inches apart
from each other, with the middle sensor at the tegbreto measure static overpressure along

the wall of the tube. The middle of these th
tests that were completed before testing each day to ensure the test pressure level was within
specification. Information for all sensors used in this test series is summariziabie 11.

Table 11. Pressure Sensors used for Experimental Tests.

PressureLocation Pressure Sensor Information :
Company Model # Pressure Range (psi)
Intraocular PMC* 060, 060s 100
Static (in flow) PCBA 137A24 250
Total, Reflected, Facial PCBA 113B21 200
Driver %l AAOAT ¢ 8510B 500
Static (along wall) PCBA 102B16 100

*Precision Measurement Company (Ann Arborl, MSA)
APCB Piezotronics (Depew, NY, USA)
yMeggitt Sensing Systems (lrvine, CA, USA)

All datawere collected at@®L.887kHz (TDAS PRO, Diversified Technical Systems, Inc., Seal
Beach, CA). The standard TDAS PRO aliasing filter was bypassed becatise frequency
content of the blast overpressure excedtied,300 Hzcutoff frequency However, the TDAS
PRO sensor input modules (SIMs) bandwidth e250kHz acts as a lowass filter with a
frequency cutoff of 25 kHz. All pressure data were zeroea poithe event. High speed video
of each test was captured at 20 kiy3.{, Vision Research, Wayne, NJMovement of astring
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hung from the top of the tube located near theveg® usedo quantify the time of arrival of the

shock wavausing high speedideo analysis

A customMATLAB® (version7.11.0.584 (R2010b), The MathWorks, Inc., Natick, MEyipt was

used to quantify the shock wave characteristics of each pressure sensor location (time of arrival,
peak overpressure, positive duratiandpositive impulse). Pressure measured inside the driver
was used to quantify the time at which the membrane burst, which was considered t=0. Time of
arrival (ToA) for each sensor location was based on the time of membrane rupture. Peak
overpressure was defines the maximum pressure value recorded during the test. Positive
duration was defined as the time interval between initiation of positive overpressure and the time
at which overpressure returned to zero. Impulse was defined as the area under the positive
portion of the pressur¢ime history. Impulse was calculated using trapezoidal integration of the
pressure trace over the positive duratiéigure 2 graphically illustrates these parameters using

an idealizedriedlander pressure waveform. oneway ANOVA was conducted on the average
peak IOP positive duration, and positive impulse for each boundary condititbrntukey-kramer

multiple comparison test to determine significance between groups with a p < 0.05.

Peak intraoculapressure was correlated peak static overpressure measured at the wall and
within the flow field. Peak intraocular pressure was also correlated totpiedKisolated eye

test condition only) ompeakreflected overpressure (syntleetind 3D orbit conditions only).

Further, peak static pressure measured at the wall was correlated to peak overpressure measured
in the fluid flow. Average + standard deviation of all the shock wave parameters (time of arrival,
peak overpressure, posiivduration, and positive impulsejere quantified for each sensor

location and are tabulated Appendix B.

Injuries were assessed in two ways. First, gross dissection of each eye following the test was
used to quantify physical damage to the tissudsstmictures of the eyeSecond, injury risk for
physiologic injuries was calculated using the peak intraocular pressure measured for each test.

Specific methods for each of these techniques are described below in further detail.

All eyes were disseetl using the following techniquéhe cornea and sclera were examined for
damage.Fluorescein dye was reapplied to the cornea and a blue light was used to help visualize

any new corneal abrasions incurred during preparation and testhng.cornea wasut off to
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expose the iris and anterior portion of the lefke iris was cut away to expose the anterior sides
of the ciliary body, zonules, and lenBamage to these structures was noteding a surgical
microscope, damage to the zonules Wumther assessed by gentjyushingon the lenwith a ¢

tip and tuggingon iris flap contralateral tathe zonulesbeing examined. The eye waghen
bisected to expose the retina and the posterior sides of the ciliary body and\ ldissection
microscope was usdéd magnify andexamine thesstructures in detaihs many were not visible

to the naked eye. Photographere taken of each step of the dissection. Any damage that may

have been caused by dissection techniques was noted.

Injury risk curves exist fothe prediction ohyphema, lens damagestinal damage, and globe
rupture using normalized enerfy2]. Normalized energy is the parameter required to calculate
eye injury risk usig published injury risk curves developed for projectile impadtsrmalized
energy is defined as the kinetic energy of an impgabbjectdivided by the projected area of
the object Neither kinetic energy nor projected areauld be calculated for blasscenarios
because blast is inherentlyffdrent from projectile impactTherefore, NEwas quantified using
three published correlations between IOP and Mt were developed based on projectile
impacts to the eyg36]. Normalized energy was quantified for eaahthe three correlations
based orthe projectile diameters: 6.35 mm, 9.25 mm, and 11.15 nAs thecurrent test series
was designed to study the effeétblast on an unprotected eylee 11.15 mm diameter projectile
correlation was used for the finaljury risk prediction. This was chosen becaube area ofin
open eye affected by a blast, ithe area of theye not covered by the eyelid most similarto

the projected areaf the 11.16 mm diameter rodHowever, the two remaining correlationgng
also used to predict injury risk for comparison and to provide a more conservative injury risk

prediction.

High speed videos were analyzed for displacement of the cornea as well as-postanor
translation of the entire orbitFrameby-frame anlysis of the high speed video was conducted

for a handful of testat eachpressure level. A minimum of five ifbrinted dots on the sclera
(chosen in a cross pattern) as well as several locations along anatomical structures of the surface
of the cornea ere selected for analysis. The location of these points was matraakgdfor

the first 3 ms of the test event (30 frames). The movement patterns were plotted on top of the

first frame of this analysis.
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Computeraided asign (CAD) geometries of th@mall VT ABS with the Driver and EWE as

well asthe three boundary conditions used in this experimental study eveaéed forfuture
computational model validation purpogdésitodesk Inventor Professional 2013, Autodesk Inc.,
San Rafael, CA, USA Theséfiles can be providetdy the authoupon requestWhile these did

not include the geometry for the eye, they did include the pencil sensor used for static
overpressure measured in the flow, as well as the PoS for the synthetic and 3D orbit test

conditions Images of the CAD geometries are showRigure 23.
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Small VT ABS

Wall-Mounted Sensors =

EndWave Eliminator

Driver (EWE)
Test Region
(transparent)
Membrane
Isolated Eye Synthetic Orbit 3D Orbit*

*GHBMC facial geometry from Philip J. Brown.
Figure 23. CAD geometrés of experimental test setups.
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Results

Evaluation of Test Condition Biofidelty using the Synthetic Orbit

Static and reflected overpressiime histories foreach pressure level dfie biofidelity tests

using the syntheticrbit are shown irFigure 24. The lack of the PoS created the most different
response measured by the static sensorsrapared to the empty tube tests, as can be seen by

the second peak in static overpressure around 0.4 ms for theseNesker the addition of the

PoS or the extension blocks changes the response of the static overpressure compared to the
empty tube tests. Therefore, all final tests were conducted using the PeSemsion blocks.
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Static and Reflected Overpressure Rifiles
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Figure 24. Pressurdime histories fothe synthetic orbit biofidelity tests
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Evaluation of Boundary Condition Tests for Final Test Matrix

The PoS and blocks were used for all tests in the final matrixusecthey did not adversely
affect the static or reflected overpressure tra€®gerall, peak overpressures increased as the test
pressure level increased foll ¢hree boundary conditions. Average = 1 standard deviation
pressuretiime histories for stati(in flow), and total or reflected overpressure are shown for each
boundary condition ifrigure 25. A secondary peak at ~0.25 ms in the static overpressure trace
was exacerbated with the addition of the PoS Her synthetic and 3D orbitsAverage + 1
standard deviation presstiime historiesfor IOP are shown for each boundary condition in
Figure 26. Correlations between peak overpressure (static, total, and reflecteég)eak IOP

are shown for each test condition ligure 26. Correlations between static overpressure

measured at the wall and static overpressure measured in the fluid flow are skoyumar2?7.
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Static Overpressure (in flow)

Total or Reflected Overpressure
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Figure 25. Static (in flow), total, andeflected overpressureunprotected porcine eye tests.

57




Intraocular Overpressure (IOP)

Injury Risk
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Figure 26. Intraocular overpressure for unprotected porcine eyewstsorrelations
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Correlation between Static Overpressure Measurement Locations
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v=13041x
R*=0.9436

10 20 30 40
Static Overpressure (at wall)

50

Figure 27. Correlations between static overpressure measured at two locations

Exemplar images for the synthetic orbit tests showing point tracking are shdviguire 28.

Deflection of the cornea was less than 3 mm for alisteMovement of the gelatin surrounding
the eye in the 3D orbits made analysis of the high speed videos for the 3D orbit tests difficult.
Notably, there wasippling on the surface gelatimhich made it impossible to accurately locate

the inkprinted das on the scleraF{gure 29).

Overall, esults of the video analysis were

inconclusive because of the lack of large deformations in the corneal or scleral tissues.

Isolated Exe

anthetic Orbit
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Figure 28. Typical photographs from high speed video analysis for synthetic orbit

3D Orbit




Unprotected Eye
t=400 € s t=800 ¢ s

Figure 29. Still images from higkspeed video of the 30 psi blast with the unprotected eye

Full injury summaries for all testare tabulated irAppendix C. A number of the injuries
observed athte lens and ciliary body upon dissection were incurred during dissection, and are
noted as such in this summary. Due to the low number of eyes with reported injuries, significant
differences between the proportiomjured sham eyes and the proportion mured testeyes

could not be accurately quantifiedrigure 30 shows images from a typical dissectionue to

rapid postmortem degradation, retinal damage was present in all eyes and was therefore not
correlatedto exposure to blast overpressui@gure 31 shows three photographs of the retinal

folds and partial retinal detachments observed in control eyesmajw injuries were recorded

as being caused by primary llaserpressure exposure.
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Pre-Test Photo PostTest Photo Cornea Removed

Figure 30. Typical photographs from porcine eye dissection

Retinal Folds in Control Eyes

o

-

Figure 31 Retinal folds in control eyes

Predicted mjury risk was<5% for all eye injuries in allestconditions at all overpressure levels
tested calculatedusing peak IOP and the 11.16nmorrdation between IORNd NE. Figure 32
shows the peakhock wave parameters (peak IOP, positive duration, and positive imfarlse)
all three boundary conditiond?eak IOP was significantly higher for the synthetibit than for
the isolated eye at the 20 psi level. Positive duration and positive invpetlgeaot significantly
different for any of the boundary condition&igure 33 shows the injury risk for hyphemarfo
the three boundary conditionsSignificant differences are notetith an asterisk. Table 13

61



shows the average + standard deviation for injury risk calculated for hyphema, lens damage,

retinal damage, and globe rupt using the largest correlation.
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Peak IOP for Three Boundary Conditions
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Figure 32. Peakshock wave parameteisr three oalar boundary conditions.
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% Injury Risk for Hyphema
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Figure 33. Injury risk for hyphema for three boundary conditions

Table 12. Predcted injury riskpercentusing 11.15 mm diameter aluminum rodredaition(avg+ stdev)

Hyphema Lens Damage | Retinal Damage | Globe Rupture
% Injury Risk % Injury Risk % Injury Risk % Injury Risk
Isolated
10 psi 0.07 £ 0.04 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20 psi 0.26 +0.12 0.00 + 0.00 0.00 + 0.00 0.00 + 0.0
30 psi 0.67 £ 0.26 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00
Synthetic
10 psi 0.09 + 0.03 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
20 psi 0.94 £ 0.35 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
30 psi 1.54 + 0.30 0.01 £0.00 0.01 £0.00 0.00 £ 0.00
3D
10 psi 0.07 £ 0.02 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20 psi 0.49+0.21 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
30 psi 1.89+1.37 0.01 + 0.02 0.02 + 0.03 0.00 + 0.00

Only when using the 6.35mm correlation does injury risk increase aBé\obhyphema only)

which is the most conservative predictiomnjury risk for lens damage, retinal damage, and
globe wpture are virtually nomxistent at these overpressure levéds even the most
conservative prediction.Table 13 and Table 14 show the average * standard deviation for
injury risk predictedfor hyphema, lens damage, retinal damage, and globe rupture using the

correlations developed withhediumandsmallimpactorsfor compaison, respectively
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Table 13. Predicted injury rislpercentusing 9.25 mm diameter aluminum rod correlation.

Effects ofPlane of Symmetrgnd Occlusion Area on Pressure Profiles

Neither the addition of the PoS or maximum occlusion area nelyatiffected the reponse of
the systemas compared to the empty tube. Therefore, all tests in the fatakmsing porcine
eyes in the synthetic and 3D orbits used both the PoS and the maallowatbleocclusionarea
Notalelstst
conductedwith the PoS recorded a secondary peaktatic overpressure (in flovgt ~0.25 ms

(20%) in the form ofextensionblocks that simulated the forehead and chin.

that was not observed in the empty tube tedthis secondary peak is shown in the pressure
traces shown ifrigure 25. This peakwascaused by reflection of the presswave df the side

of the orbit to the wall of the ABS, and back to the orfiihe pressure traces for the 10% and
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Hyphema Lens Damage | Retinal Damage | Globe Rupture
% Injury Risk % Injury Risk % Injury Risk % Injury Risk
Isolated
10 psi 0.02+0.01 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00
20 psi 0.10+ 0.05 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00
30 psi 0.34+0.18 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00
Synthetic
10 psi 0.02 £0.01 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20 psi 0.54 + 025 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
30 psi 1.06 + 0.29 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
3D
10 psi 0.02+0.01 0.00 = 0.00 0.00 + 0.00 0.00 + 0.00
20 psi 0.22+0.12 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
30 psi 1.57 £ 1.60 0.01 +0.02 0.02 + 003 0.00 + 0.00
Table 14. Projected injury rislpercentusing 6.35 mm BB diameter correlation.
Hyphema Lens Damage | Retinal Damage | Globe Rupture
% Injury Risk % Injury Risk % Injury Risk % Injury Risk
Isolated
10 psi 0.36 £0.24 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20 psi 1.52 +0.70 0.01£0.01 0.01£0.01 0.00 £ 0.00
30 psi 411+1.70 0.05+ 0.04 0.07 = 0.06 0.00 + 0.00
Synthetic
10 psi 0.46+0.16 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
20 psi 5.89 + 2.27 0.11 + 0.07 0.15 + 0.09 0.00 + 0.00
30 psi 9.93 £ 2.03 0.30+£0.13 0.39+£0.16 0.00 £ 0.00
3D
10 psi 0.37£0.12 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20 psi 294 +1.31 0.02 + 0.02 0.04 + 0.03 0.00 + 0.00
30 psi 12.27 £9.10 0.78+1.25 0.91+1.36 0.00 + 001
Discussion




20% occlusional areas did not vargnsiderablyindicating that the addition of the forehead and

chin blocks did not inhibit the shock waresponse.
Pressure Level and Injury Risk

Injury risk increased as test pressure level increased for all three boundary condijoing. |
risk was highest for the syntheticb@t. The low predicted injury risk was consistent with the

lack of injuries observed upon dissection.

This study used extreme careisolate the shock wave to assess primary blast overpressure by
preventingfragmentationof the membrane Many shock tube studies use acetate membranes

which are frangible and potentially causecondary blast injuries in addition to primary blast

injuries. High speed videavas used to note if anythirgptentially impacted the eyeTests in
which the eye wasii mpactedo by a string that was pl ac:
wave time ofarrival. Tests weremittedf r om t he final matrix only i

resulted inan increase in the IOP, as this increase would not be obsertreghtre

This study is the first of its kind to both quantify gross injury to the eye esdigb physiologic

eye injury risk from primary blast overpressure exposure. A previous study used a similar test
matrix to exposeenucleated porcine eyes potted in plastic otbiis single overpressure event at

10 psi, 20 psi, or 30 psi within the exp#on cone of a standard gdisven shock tubg46].
Results fromthe currentstudy are consistémvith results from thepublishedstudy,i.e., at the
pressure levels tested, no severe eye injuries were noted to be caused by primary blast
overpressure. Similarlyjeither study rules out the possibility that primary blast overpressure
exposure couldgtentially affect the eye and visual system. However, there are discrepancies in
the interpretation of the injury results garnered from each study. Notabhalrdamage was
observedn eyes usedor bothstudies. While theublished studyndicated hatretinal damage

may have beertaused by exposure to primary blast overpressure exposure, it was noted in the
current study that all eyes, including control eyes, had some degree of retinal folding or
detachmentat the macroscale level Furthermore,pogmortem retinal degradation has been
previously been documentg@i3]. Despite the use of ultrasound biomicroscopy, which was used
to exclude prelamaged tissue in the published study, theeoled damage at the macroscale

level makes it difficult, if not impossible, to accurately correlate retinal injury to primary blast
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overpressure exposurélherefore, retinal damage wagcluded from potential injuries caused

by primary blast for the cugnt study A notabledifferencein the current studwasthe addition

of a pressurization system ansgeof a miniature pressure sensor for const&i measurement
throughout the duration of the testhis allowed for the prediction of physiologic injes using
published injury risk functionshat could nototherwisebe quantified in either study The
published study only pressurized the eye through the anterior chamber prior to testing, which

could further account for some of the damages observeddegie recession).
Correlationsbetween Sensor Locations

Peak IOP was more similar to peak total or reflected overpressure than to peak static
overpressure for all three boundary conditions. Tas due to the forwardacing nature of

both the eyeand total/reflected sensorahich were perpendiculdo the propagation of the
shock wave. The measurement of puessn this orientation accountéor both the static and
dynamic components of the shock wave; therefore, both IOP and reflected cuamdsould

be higher than static overpressure. Thesnd was observed faidl boundary conditions, though

the correlationwas strongest for thesynthetic orbit condition, where the correlation between
reflected pressure and IQ@Rasnearly 1:1.

Static overpressure measured at the wall of the tube and within the fluid vilasvalmost
identical for the isolated eye test condition, whietisdue tominimal obstructionto fluid flow

for this condition Effectively, the small occlusion area of the isolat@ provideda minimal
reflective surfaces that produce reflections around the eyenverselyfor the synthetic orbit

and 3D orbit,the wall pressure sensor measumedower static overpressurethan static
overpressure in the flow. Thisascaused byhe addition of surfaces upon which the shock
wave can reflect. The PoS, while providing a more realfisiit flow condition for tle orbit and

face itself, created surface directly across from the static pressure sensor mounted in the wall
which shietled the walmounted sensor from reflectian®\s suchyeflections off theorbit and
PoSwereobserved as secondary peagproximately 0.1 ms aftehe initial peak onlyin the

static overpressur@n the flow).

Effects of Boundary Condition Biofidglibon Shock Wave Parameters
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This study serves as the first of its kind to examine the effects of increabih@iofidelity on
porcine eye response durisgrvivable blast overpressure exposufée isolated ge condition
allowed for the greatest amount pressure relief around the eye, as there were minimal
reflective surfaces surrounding the egyehe isolated eye tesetup. Consequentlyof all three
boundary conditions, IOP walowest for the isolated eye. Thgnthetic orbit produced the
highestreflected of the three test setupst due to the fact that the synthetic orbit consisted of a
large perpendicular surface upon which the shock wave must reflect. Similarly, the synthetic
orbit produced the highest IOP of the three test setups at th& 26d 20 psi test level$Vhile

the synthetic orbit and 3Drloit had matched crossectional occlusion areas, the curved surface
of the 3D orbit allowed the pressure wave to more easily pasadithe face. Therefore, tB®

orbit allowed for more prssure relief, which resulted in the lower reflected pressures for all test
levels and lower IOP for the 10 psi and 20 psi test levels.

Limitations

A number of limitations are inherent to the tests conducted in the current study. Using cadaveric
tissueprovides a model to examigeoss injury to the tissue and structures of the eye, but cannot
be used to quantify physiologic injuries that may be presemivo. This studyattemptedto
accounffor this limitation by predicting physiologic injuries usipgaklOP measured during the

test. However, he injury risk curves used for this purpose were originally developed and
validated for blunt loadingand have not been extensively validated for blast loaditayvever,

these risk curves providine only physiologic injury risk assessment methddr the current

model at this time. Future work developing bisggécific injury risk curves for the eye will

provide a more realistic prediction plfiysiologicblastrelated eye injuries.

A porcine model was dsen for the current study due to its anatomical and geometrical
similarities to the human eyeThe most importandifference between the porcine and human

eye models is perhaps thetructuralpropertiesat various loading regimeslt was previously
edablished that the porcine eye sgynificantly stronger (nearly twice) tharthe humaneye

which is likely due to the greater scleral thickness of the porcine eye in comparison to that of the
human eye[41]. The tests conducted to quantify this difference involved staticallyd an
dynamically pressurizing human and porcine eyes and measuring the pressure at rupture. As

such, t is possible that a human eye would experience greater deflection than a porcine eye
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exposed to the samielast testpressure level. Therefore, results irthis study potentially

underestimate the risk 6iman eyenjury.

The tests in this study were designed to simulate atleegé forwardfacing blast event. This
only accounts for one loading direction, and does not take into account the effecitgaé obl

loading or ground charges, both of which are possible scenarios during combat.

Future Directions

The current study focused oarsivable pressure levels. Althougb blastrelatedinjuries were
observed at these pressure leviéleemains pesible that severeyeinjuries could be caused by

higher pressure levelddowever, it is likely that other more |Héareating injuries may be caused

at the pressure levetequired to cause severe eye injuries, making the presence of eye injury
comparawely insignificant. It is critical to the development of blaspecific human eye injury

risk curves that tolerances and thresholds for the eye and its structures be quantified. This
necessitategesting at higher pressure levedad potentially longedurations. Due to the
physical limitations of current shock tubasd ABSs,this may only be possible with liviere

testing using high order explosives suchtrastrotoluene (TNT) or C4. Given that the eye is
susceptible to injury from projectilesare should be taken to minimize debris and fragmentation

from live-fire tests.

While highspeed video was taken for edebt in the current studthe structuratesponse of the
eyecould not beguantifieddue to the fact that there was minimal deflattid the tissue at these
pressure levels. It is possible that future work with higher pressure levels would create greater
deflection that would provide the necessary strains to quantify material properties of the sclera.

Results of this study can be ustxd develop and validateomputationalmodels of the eye
specific for blast loading As a number of CFD and FE models of the eye have already been
developed for this purpose, results from the current study provide critical data to viletste
models Oncevalidated thesecomputational modslcould be used to more quickly assess a
wider array of blast loading conditions, including higher pressamd oblique loading

orientations, thus accounting feome of thdimitations of the current experimentaldy.
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Conclusions

This studyis the first of its kindto assessye injuries fora porcine eyemodel exposedto
survivable primary blast overpresserrlevels with increasing biofidelity of the boundary
conditionssurrounding the eyeThree boundary contibns (filsolated Eye, AiSynthetic Orbib,

A3D Orbitd) weretested at 10 psi, 20 psi, and 30 fpsexamine the effects bbthincreasingest
pressure level and experimental test sétiofidelity on the response of the ey€are was taken

to ensure thexperimental test setups maintained a realistic fluid flow. All test setups occluded
<20% of the crossectional ara of the tube. A plane of symmetry (PoS) was added along the
nasa& side of the synthetic and 3Drhits to prevent unrealistic pressureigelround the nose.
Pressire relief around the eygas greatest for the isolategeedue to the lack of largeflective
structuressurroundingthe eye in this condition. The syntheticbid produced the highest
pressures at each test level duettie flat reflective surfaces perpendicular to shock wave
propagation.Despite thisdl tests resulted in low predicted injury rislEurthermore, no injuries
could be attributed solely to primary blast overpressureerefore, it was concluded that at
thesetest pressure levels, eye injury risk is extremely lditimately, these results indicate that
boundary condition fidelity is critical to evaluating, modeling, and predicting eye injuries caused
by primary blast overpressure exposufteseresultsexpand the field byroviding realistic test
conditions that can be repeatmdmodeledor future studies and bgdding the prediction of eye

injury risk using intraocular pressure
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Chapter 4

Protective Effects of Spectaclesand Gogglesduring Blast
Overpressure Exposure

Introduction

Recent military conflicts have relied heavily on improvised explosive devices (IERspften
include shrapnel to maximize injuriesReduced fatality ratem military conflicts have been
linked to the use oddvancedpersonal protective equipment (PREYhich is oftendesigned to
minimize the effects of ballistics and shrapf®@l Despite the availability of protective eyewear,

eye injuries occurred in 17% of cases where protective eyewear wasnasgdrgped to 26%

when protective eyewear was not ugkd. Theincidence of eye injuries that occur even when
protective eyewear is used motivates the need to more fully understand primary blast

overpresswg as an eye injury mechanism footected eye

The United States Armprovides soldiers witlprotective eyeweatfor use duringraining and
combat. The Authorized Protective Eyewear List (APEL) supplies information on each of the
approvedspectacles and gogglésat are available tpersonnel Each pair of eyeweas tested

for protection from ballistic impaaisingrigorous test procedures frothe American National
Standards Institute (ANSI Z87.1 201@r occupational safety as well as specific military
standards (MIEPRF 32432) However eyewear is noftcurrenty evaluated orrated for
protection during primary blast overpressure expos@@nsequently, there is a neteddevelop

test methods to evaluatbe effectiveness of PP&yewearduring blast overpressure loading

events

While initial experimental and computational models suggest eye protection can reduce peak
overpressurexposurdo the eye, it is imperative to understand @lotialocularresponseluring

blast overpressure exposuf]. However, there is a paucity of experimental data that can be
used to validate computational modelBurthermore, the question remains whether spectacles
and/or goggleseduce eye injury risk from primary blast. Therefore, the gagf this study is

to quantify eye injury risk when wearirgye PPE, specificallgpectacles and goggleduring
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primary blast overpressure exposaral evaluate the effectiveness of these PPE by comparing

the results to those obtained for the unproteetge

Methods

All tests were conducted using the smé&ll ABS with aluminum membranes prepared as
described in Chapter Figure 4). Briefly, this is a helium gadriven tubespecifically eesigned
for testing small specimens, ans able to produce peak overpressures up to approximately 30

psi (static overpressur&ith a positive duration around®msusing aluminum membranes

A total of 33 porcine eyeswere acquired for this studyFresh porcine eyes werédigped

overnight on wet ice, stored in a refrigerator, and tested within three days of slaughter (Animal
Technologies, Tyler, TX, USA)Threeeyeswere tested ahe 10 psi and 20 psi levels and five

eyes were tested at the 30 psi lelegleach piece oéyewear. An additionaleleveneyes were

used as controlén=8) and shamgn=3). Control eyes were used to assess postmortem effects

and damage from tissue procurement. Sham eyes were used to quantify potential injuries from
pretest preparation technigsg, including the insertion of a pressure sensor and pressurization
into the eye and setting the eye ingidiconcave cup or in gelatirAll eyes were prepared with

the following technique. Skin and musculature was removed to expose only the glapiand

nerve. Eyes were identified as left (OS) or right (OD). Cornea clarity was qualitatively assessed
(cl ear, not <c¢cl ear), and visibility of the HAYc
applied to the cornea and a blue light was usedlfJigualizecorneal abrasions. Any existing

corneal abrasions were noted. Control eyes were dissected at this point to assess and quantify
baseline damage to the eye caused by postmortem degradation and procurement from the
abattoir. The remaining ey&gere further prepared by applying a dot pattern on the surface of

the sclera using permanent black ink. A miniature pressure sensor (Model IDEDPHs]

Precision Measurement Company, Ann Arbor, MI) and a small tube were inserted through the
optic nerveinto the vitreous fluid and secured in place using a cable tie. Normal physiologic
intraocular pressure (IOP) was provided throughout the duration of thesteg a gravityfed

system. Specifically, 8 ag of Lactated Ri ngerhésmalstobeandi on w
suspended 8 in. above the eye. Intraocular pressure was measured before and after each test

using a veterinary tonometer (ToRen AVIA Vet® Veterinary Tonometer, Reichert
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Technologies, Depew, NY, USA). Due to minor variations, measents were taken using the

tonometer until three sequential measurements recorded the same IOP at a 95% confidence.

Test eyes were placed in the 3D orbit described in Chapter 3. Seven facial pressure sensors
located around the eye were used to quaptiessure around the face during the eyEntor!
Reference source not found. These were | abeled O0nasal 6,

,  OAb sensingetlements deatel e 0 ,
flush with the external geometry of the 3D orbithe nasal sensor was located adjacent to the

temporal 6, 6bottom medial 6

eye. The top and bottom sensors are located on the forehead and chin, respectively.

Facial Sensor Locations
JT Medial* JT Medial*
<«T Middle* <«T Middle*

<« T Lateral* <«T Lateral*

/
////,
/I/I
//,,/

* (—

B M <« B Lateral B Medial —» <«B Lateral

tB Middle* tB Middle*

Figure 34. Facialpressure sensor locatiofts 3D orbit
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One pair of spectacles and one pair of goggles were selected from the Authorized Protective
Eyewear List (APEL)rovided by tle Program Executive Office (PES8boldien [65]. The Eye

Safety Systems, Inc. (E§SCrossbow and Profile NVG were chosen because of their popularity
asreported through multiple cortis with PEO SoldierHigure 35).

Spectacle: Goggle:
ESS Crossbow ESS Profile NVG

—

APEL, UPLC Approved APEL, UPLC Approved
Manufacturer Part Number: 74615 Manufacturer Part Number: 74027
Cost:$4000 Cost:$100.00

Figure 35. Spectacles and goggles used for protected porcine eye blast tests.

The spectacles and goggles were placed on the 3D printed orbit that was previously used for the
unprotected porcine eye tesBBgure 36). A single pair of each the spectacles and goggles was
used for alltests The eyewear was cut in half in order to fit over the 3D orbit and against the
plane of symmetry (PoS). As the lens for both the splest@and gogglewasseparate from the

rim and nosepiegesuper glue was used to secure these pieces togettner.spectacles and
goggleswerebothrigidly held in place at the bridge of the nose using a screw to attach the lens
to a small aluminum blockyhich was rigidly mounted tthe PoS(Figure 37). Theearpiece of

the spectaclesvasheld in place at the temple using a plastic cable fasteree position of the

cable fastener simulatatle position above thear where the spectacles would rest, without the
addition of aheadstrap. The goggles were held in place at the temple by securing the strap to
the back of the experimental test setdjgnsion on the strap was strong enough for the goggle to
remain incontact with the face, but nstrong enough to compretfge goggles. Thipreparation
techniqgue was developed aftarnumber of users were instructed to adjust the goggles for
comfort, as would be done theatre Additionally, the goggles were placet the FOCUS
headform to compare fénd contacbetweernthe goggleand the headforsa While both the ESS

2 Eye Safety Systems, Inc. (ESS) did not provide financial support for this test series.
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Crossbow and ESS Profile NVG are Universal Prescription Lens Carrier (UPLC) compatible,
allowing soldiers who require prescription lenses to useetygsvear, all tests were conducted
without the prescription lens attachmenrthe spectacles did not contact any of the seven facial
pressure sensors. The goggéemtacted fiveof the facial pressure sensors. The nasal and

bottom nasal sensors remairpeged with the goggles in place.

Figure 36. Experimental test setups for protected porcine eye tests.
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Attachment of Spectacles and Goggles to 3D Orbit and PoS

J

4

Figure 37. Eyewear contact with face.

Pressure measurement locations are the samdessibed in Chapter 3. Briefly, static
overpressure was measured at three locations along the wall of the tube and at one location in the
fluid flow near the test setup, intraocular pressure was measured inside tlaaciydraorbital
overpressure was measured aurf locations inside the orbit.  Additionallyeflected

overpressure was measuregiatnew laations around the face.

All datawere colected at 81.887kHz (TDAS PRO, Diversified Technical Systems, Inc., Seal
Beach, CA). The standard TDAS PRO aliasing filter was bypassed because the frequency
content of the blast overpressure excedtied,300 Hzcutoff frequency However, the TBS

PRO sensor input modules (SIMs) bandwidth e250kHz acts as a loywass filter with a
frequency cutoff of 25 kHz. All pressure data were zeroed prior to the event. High speed video

of each test was captured at 20 kiy3.{, Vision Research, Wayne, J\

A customMATLAB ® (version 7.11.0.584 (R2010b), @MathWorks, Inc., Natick, MA¥cript
was used to quantify the shock wave characteristiesach pressure sensor location (time of
arrival, peak overpressure, positive duratiand positive impulse). Using MATLAB®, aone
way ANOVA was conducted on theverage peak IOP, reflected overpressure, static

overpressure (in the flow), and static overpressure (along the faathe spectacles,oggles,
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and umprotected 3D orbit tests conducted in Chaptsvith tukey-kramer multiple comparison

testto determine significance between growpth a p < 0.05

Injuries were assessed in two ways. First, gross dissection of each eye following the test was
used to quantify physical damage to the tissues andwgtesof the eyeSecond, injury risk for
physiologic injuries was calculated using the peak intraocular pressure measured for each test.

Specific methods for each of these techniques are described below in further detail.

All eyes were dissected ugiithe following technique. The cornea and sclera were examined for
damage. Fluorescein dye was reapplied to the cornea and a blue light was used to help visualize
any new corneal abrasions incurred during preparation and testing. The cornea wasocut off
expose the iris and anterior portion of the lefke iris was cut away to expose the anterior sides

of the ciliary body, zonules, and lenBamage to these structures was noteding a surgical
microscope, damage to the zonules Wuamther assessetly gentlypushingon the lenswith a ¢

tip and tuggingon iris flap contralateral tathe zonulesheing examined. The eye waghen

bisected to expose the retina and the posterior sides of the ciliary body and\ ldissection
microscope was used to nmaky and examine these structures in detail, as many were not visible

to the naked eye. Photographs were taken of each step of the dissection. Any damage that may

have been caused by dissection techniques was noted.

Injury risk curves exist for the pdéection of hyphema, lens damagestinal damage, and globe
rupture using normalized enerfy2]. Normalized energy is the parameter required to calculate
eye injury risk using puldhed injury risk curves developed for projectile impacts. Normalized
energy is defined as the kinetic energy of an impact divided by the projected area of the impact.
As neither the kinetic energy nor the projected area of the impact can be calculahastfo
scenarios because blast is inherently different from projectile impact, NE was quantified using
published correlations between IOP and N¥ormalized energy was quantified for each of the
three correlations based on projectile diameters: 6.35%%#8%,mm, and 11.15 mf36]. As the
current test series was designed to study the edfdaiast on an unprotected eyke 11.15 mm
diameter projectile correlation was used for the final injury risk predictibhis was chosen
becausdhe area of an open eye edfed by a blast is the area of #ye not covered by the

eyelidis most closely related to the projected avkthe 11.16 mm diameter rod. However, the
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two remaining correlations were also used to predict injury risk for comparison and to provide a

more conservative injury risk prediction.

Results

Pressurdime histories for all tests with the spectacles and goggles are shokiguire 38,

Figure 39 andFigure 40. The unprotected eye IOP time histories from Chaptare included

for comparison. Static overpressutiene histories for empty tube tests conducted at each
pressure level can be foundAppendix A for comparison.Peak IOP increased with increasing

test level. Compared to the unprotected eye, the recorded pressure pulses for both the spectacles
and goggledhada delayed time to peak overpressufiéiis wa observed to a greater extent for

the goggles than for the spacles. Peak IOP decredseith the addition of the spectacles on at

the 20 psi and 30 psi test levels. Peak IOP deatedisie the addition of the goggles at all three

test levels.
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Figure 38. Intraocular overpressure for porcine eye téstsprotected and spectacles
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Figure 39. Intraocular overpressure for porcine egstsi unprotected and goggles
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Figure 40. Intraocular overpressure for porcine eye téstpectacles and goggles




Figure 41, Figure 42, andFigure 43 respectively shovwthe averag@eak overpressure, positive
duration, and positive impulse ft®OP, reflected overpressure, static overpressure éirflolv),

and static overpressure (alotig wall) for the spectacles, goggles, and unprotegtedest from
Chager 3. Peak overpressure measured at all locations increased with increasing test pressure
level for both the spectacles and goggldhe gggles resulted in a greatezduction in peak

IOP than the ectacles at all three test level8oth the spectacles and goggles showed a
decrease in peak IOP at the 20 psi 3dgsi levels. However, he reduction in peak IOP at the

20 psi and 30 psi lel@was not significantly different from the unprotected eybe spectacles
recorded a significant increaseperak IOPcompared to the unprotected eyred the goggles at

the 10 psi level. Thegoggles recordea significant decrease in peak IOP compaiedhe
unprotected eye and spectactsthe 10 psi level.Generally, positive duration did not vary
significantlyat each sensor locatiorPositive duration for the spectacles was significantly lower
than the unprotected eye at the 20 psi level for D, significantly higher than the goggles at

the 10 psi for reflected overpressure. Similar to peak overpressure, positive impulse showed
significant differences at the 10 pevel for all four pressure measurement locations. Positive
impulse was higér for the spectacles than the unprotected eye &t g@&ssure measurement
location andwas significantly higher than the goggles at the IOP, reflected overpressure, and

static overpressure (along the wadigations
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Figure 41. Peak IOP for unprotected and protected porcine eyes during blast
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Figure 42. Positive duration for unprotected and protected porcine eyes during blast
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Figure 43. Positive impulse for unprotected and protected porcine eyes during blast

Peak static overpressure (measured in the flow as well as along the wall) and peak reflected
overpressurewere plotted againspeak IQP for tests with spectacles and googleShe
unprotected eye tests were also plotted for comparison. Linear correlations between the peak
pressure measured at each location and peak IOP are illustrétigdiia 44. Compared to the
unprotected eye tests and based on the slopes of theserégesgsion linesIOP was most

similar (that is, closest to a 1:1 ratio) to reflected overpressure for the unprotected eye and
spectacle tests, and static overpressure measured in the flow for the goggle tests. The Pearson

correlation coefficient is greater than 0.8 for all three conditions.

Correlations between static overpressure measured at the wall and static overpressure measured
in thefluid flow are shown irFigure 45. The correlation for the unprotected eye from Chapter 3

is included again for comparison. Peé&dtis overpressurmeasuredn the flow was higher than
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peak static overpressureeasuredalong the wall forthe unprotected eye as well as for the

addition of the spectacles and the goggles
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Figure 44. Correlations between peak intraocular pressure and peakessupe.

86



Correlation between Static Overpressure Measurement Locations
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Figure 45. Correlations between static overpressure measured & dations

Full injury summaries for all tests are tabulatedAppendix C. A number ofthe injuries
observed at the lens and ciliary body upon dissection imetgred during dissectiorandare

notedas suchin this summary. Other than two cases of lens damage, only ciliary body was
reported as potentially being independent of preparagicmiques. However, using efguare

tests, it was determined that there was no significant difference between the proportion of ciliary
body injury observed between sham eyes and any of the unprotected eyes, eyes with spectacles,
or eyes with gogglesTherefore, it was concluded that there was a lack of consistently reported

injuries caused by exposure to primary blast overpressure.

Predicted mjury risk increased with increasing test pressure I€vable 15). Injury risk was
<2% for all eye injuries for both spectacles arafygles. Predicted injury risk calculated for the

spectacles and goggles was lower than the unprotected eye.
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Table 15. Predicted percent injury ridlr porcine tests witlspectacles andoggles.
Hyphema Lens Damage | Retinal Damage | Globe Rupture
% Injury Risk % Injury Risk % Injury Risk % Injury Risk
Unprotected Eye
10 psi 0.07 £ 0.02 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
20 psi 0.49 £ 0.21 0.00+ 0.00 0.00 + 0.00 0.00 + 0.00
30 psi 1.89 +1.37 0.01 £0.02 0.02 £0.03 0.00 + 0.00
Spectacles
10 psi 0.11 £ 0.02 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20 psi 0.24 £ 0.05 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
30 psi 1.00 £ 0.51 0.00 £ 0.00 0.00 £ 000 0.00 £ 0.00
Goggles
10 psi 0.03 +0.01 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
20 psi 0.20 £ 0.06 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
30 psi 1.11+£0.76 0.00 £ 0.01 0.01 +£0.01 0.00 + 0.00

Note: Injury risk calculated using the correlation betwaenl1.16 mm diameteod and intraocular pressure.

Still images of Igh speed videaduringthe first 800ss of the blast event shoavrippling effect

on the gelatirsurrounding the eye amdinor defletion of the las for both the spectacles and
goggles Figure 46, Figure 47). The rippling effect was previously observed with the
unprotectedeyes, and was more noticeable with th@ectacles as compared to theggles
Deflection of the lens could not be accurately quantified from this singleosidgéew video
imagedue to thefact that deflections occurred in multiple axes. The nosepiece of the goggle
which initially contacts the nose moved off the nose during the event, causing a slapping motion

on the nose and gelatiffhis can be seen in the third frame-igure 47.

Spectacles

__t=400[s

Figure 46. Still images from higkspeed video of 30 psi blast with spectacle.
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Goggles
t=0s t=400 s 7 t=800 s

Figure 47. Still images from higkspeed video 080 psiblast with goggles.

Discussion

Results from this study indicate that both the spectarid goggletested wergenerallyable to
reduce the magnitude of the pressure exposed to the eye gunmary blast overpressure
exposureas compared to the unprotected .eylmterestingly, the addition of the spectacles
consistently increasepeak |OP only at the 10 psi level This resulted in an average »8%
increase in pealOP as compared to an protected eye at the 10 psi level, Bu7% and a23%
reduction in peakOP as compared to an unprotected eye at the 20 psi, and 30 psi levels,
respectively. The goggeshowed 885%, 34%, and &24% reduction in peakOP as compared to

the unprotected eyat the 10 psi, 20 psi, and 30 psi levels, respectii@ased on these results,

it appears that the spectacles aodgles have similar protective abilities at the 30 psi level.

Thegreater reduction in ped®P for the goggle as compared to the spacles at the 10 psi and

20 psi test levelsan bepartially attributed to the physical differences in geomefiryhe lenses

The goggle has largerlens area as well as padding that contacts the forehead and cheek. A thin
mesh connects the lensttos padding, providing aurfacearound the goggle that prevents large
fragmentation from entering the ocular space. It is likely thatsimall open area anaddded

mesh minimizes the amount of pressilna can enter the space between the goggles aegd¢he
resulting in reduced pealOPs Conversely, the spectasjewhich during normal wear only
contacts the face along the bridgfethe nose and at the ear, wiot provide any protection from
pressure entering trepace between the lens and the fronthef eye. The fact that padding of

the goggles contacts the face might cause distributed loading and partial energy absorption when

exposed to a shock wave. However, this further complicates the boundary condition around the
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eye, because if the gogglesngaress due to the shock wave, it is possible that pressure in the
space between the lens and the eye can increase. While the spectacle may also experience this
phenomenon of increased pressure in this space, it would likely be to a lesser extenheue to t
open nature of the spectacles in comparison to the goggles. Furthermore, both the spectacle and
goggle appear to absorb and/or reflect some of the energy of the shock wave and may
redistribute the initial loading to other regions of the face sucheasabal bone, forehead, and

cheek that mafave various susceptibilitiés injury.

The addition of the spectacles and goggles resulted oscillations within the eye that were not
observed in the unprotected eyghis was illustrated ifrigure 39 andFigure 40. It is possible

that these oscillations could correspond to expansion and contraction of the eye, potentially
straining structures within the eye. Presumatilis could damage interfaces between tissues

and fluics in the eye, such as the ciliary body, zonules, and vitreous hulivtiile no gross

damage to these structures were observed to be caused by primary blast overpressure exposure in
the current study, temains possible that damage could occur at the microscopic lewgher
examination othese structures using an animal model will elucidabetter understanding of

thephysiological response of the eye and its structures at the cellular and @wolecet.

The general shape of the pressure profile changed with the addition of eye protection as
compared to the unprotected gyagure 38, Figure 39, and Figure 40). The rise time of the

initial peak (not necessarily the peak overpressure) increased with the addition of eye protection.
Examining the 30 psi conditiomhere peak IOP was similar for spectacles avghtes, théime

at the peak is diffeent for these conditions. Theextacles shows an initial peak at the
beginning of the shock wave, similar to what was observed fourtheotected ye. However,

the gggles shows an approximately 1 ms delay in peak overpres$his delayed rise time

may be caused by the increased timeeded for the pressure wave to passind the lens. The
goggles with padding that contacts the face further delays the rise time in comparison to the
spectacls. Furthermore,dns shape caaffect wave propagatioto the eye andround the face.

Both the spectacdeand goggle are curved in the transverse plane to match the curvature of the
human head However, in the sagittal plaribe lens of thespectacleis curvedwhile thelens of

the goggles is flat. Sideview photographs of the spectacles and goggles mounted on the 3D

orbit in Figure 48 shows this lens curvature. The curvature in the spectacle results in
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asymmetrical loading on the surfagkthe lens which results in uneven pressure profiles around
the lens, similar to an airfoil. The characteristic loading pattern could potentially affect the

overall response of the eye during exposure.

Spectacle

Figure 48. Lens shape for spectacles and goggles

The results of the current study are $imito those predicted by previously published
computational modslof the eye with and without spectacles and gogi#ds The published

study developed a 3D fluistructure interaction computational model of the face and goggles

and validated the response using experimental blast tests conductedunprarected and
protected FOCUS headformi64, 66]. The computational model wawalidated using
experimental data from a test series gptosedwo FOCUS headforsto blastoverpressure

from a free hanging cylindrical chargd. he char ge was suspended in
height. Each headform wamount ed such that the eye was 56
FOCUS headform was tested with goggles and spectacles frenmMilitary Combat Eye
Protection (MCEP) systems, while the other was tesiéd no eye protectian Varying stane

off distances were used to create multiple peak overpressure levels. The computational model
showed that pressumeasured with virtual pra@s around the facgas highest near the nose and

decreased temporally around the fdoe the unprotected face A similar decrease in peak
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pressure was observed for the protected face teBt® spectacles and/or goggles caused a

decreased peak overpress measured at the eye.

Although injury risk for the unprotected eye was previously shmw@hapter 3o be less than

5% for the pressure levels tested in this study, it was important to understand whether the
addition of eye protection coultffect pe& IOP and thereforealterinjury risk for primary blast
overpressurexposure.This study showed that the addition of the spectacles increaakd@ie

at the 10 psilevel, which resulted in an increased risk of eye injury as compared to the
unprotecteceye Peak IOP for the remainingst levels for thespectacles and all test levels for

the goggleslecreasegeak IOR which resulted in a decreased risk of eye injury as compared to
the unprotected eye It remains important that protective eyewear bedusluring combat
scenarios where blast exposure is a thrédhile the injury risk from primary blast overpressure
was shown to be lowoverpressure exposurg only one potential injury mechanism. Other
threats associated with blasts, such as impaaoh febris, can be mitigated with the use of
protective eyewearFurther, the experimental methods described in this study can be used for
future work evaluating new forms of eyewear or eventually for developing blast testing standards
such as those thatrcantly exist for ballistic loading.

Limitations

A limitation of the current test setup is that the lens of the spectacles and goggles were rigidly
held in place in front of the eye where they would be locatesstu. It is possible that the lens

may deflect translate,or become dislodgeduring normal use Tests conducted with the
FOCUS headform only reported one test where eyewear came off the headform during blast
exposure[66]. However, ahuman wearing spectacles or goggles has more friction due to
eyewear contact with skin and hair than the FOCUS headform. Similarly, a soldier wearing
spectales or goggles is also probably wearing a helmet, wbachd also prevent the PPE from
coming off during normal wearThis further complicates the blast phenomena around the eye
and face. The effects of both eyewear and a helmet provide an arearerésearchWhile a

helmet may reflect some of the energy of the blast, depending on the direction of the shock wave
propagationthe addition of the helmet could create alterr@mplexloading patterns for the

blast wavearound the eye, face, and drbi
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A porcine model was chosen for the current study due to its anatomical and geometrical
similarities to the human eye. The most important difference between the porcine and human
eye models is perhaps their structural properties at various loadjimges. It was previously
established that the porcine eye is significantly stronger (nearly twice) than the human eye,
which is likely due to the greater scleral thickness of the porcine eye in comparison to that of the
human eye[41]. The tests conducted to quantify this eliffince involved statically and
dynamically pressurizing human and porcine eyes and measuring the pressure at rupture. As
such, t is possible that a human eye would experience greater deflection than a porcine eye
exposed to the samielast test pressureevel. Therefore, results in this studyotentially

underestimate the risk 6iman eyenjury.

The tests in this study were designed to simulate atleegé forwardfacing blast event. This
only accounts for one loading direction, and does not tale daccount the effect of oblique

loading or ground charges, both of which are possible scenarios during combat.

Conclusions

This study quantified peak intraocular pressiareporcine eyes protected by spectacles and/or
gogglesto assess the aliifi of military protective eyeweato minimize eye injury risk from
primary blast overpressur&he addition of the spectacles increased IOP at the 10 psi level, but
decreased IOP at the 20 psi and 30 psi test levélewever, these changes were only
significantly different for the 10 psi levelThe addition of the goggles decreased IOP at all test
levels. The reduction of peak IOP measured in this study correlates to a lower risk of eye
injuries from primary blast overpressuoe scenarios where eyeqtection is used This further
supports the need to increaselitary personnelcompliancewith properly using protective
eyewear during combat. Interestingly, the spectacles and goggles produced similar reduction in
peak IOP at the 30 psi conditiofit. is possible that the 30 psi test level represents the threshold
between spectacles and goggles where lens shape and/or contact with the face does not affect the
resulting propagation of pressure toward the eye. Futork with higher pressure levels Wil
elucidate further trends in the ability of spectacle and goggles to protect the eye from primary
blast overpressure.Further, the combined effects of protective eyewear and helmets will

increase the fidelity of the results for comparison to combat sosna
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Chapter 5

Pressure Propagation within the Orbit and around the Face
of Unprotected and Protected Eyes during Primary Blast
Overpressure Exposure

Introduction

Although a number of computational and finite element models of thewyentlyexist, none

have beerrigorously validated for blast loading conditiofs2, 53, 55]. One computational

model of a head wearing spectacles and goggles was validated against experimental data
collected for matched tests using the FOCUS headform duringdirévélast testing 64, 66].

Results from this computational model and the experimental tests used to validate it were similar
to those reported in experimental testaducted in Chapter 3, as discussed in Chapter 4 of this
dissertation. However, the overphucity of experimental data for blast loading to the eye and
face necessitates quantifying the pressure response at various locations around the face and orbit.
Therefore, the purpose of this study isteasure pressure within the orbit and around the face
during blast loading to the unprotected and protected human eye in order to develop response
corridors thatcan be usedo validate computational and finiteeehent models of the eye

specificallyfor blast loading.

Methods

The full experimental methods for this study are described in detail in Chapter 3 and Chapter 4

of this dissertation. Briefly, enucledt@orcine eyes were placed in an orbit and exposed to

single blast overpressure event at 10 psi, 20 psi, or 30 psi (static overpressure) using an
Advanced Blast Simulator. Two orbit geometries were tested with unprotected eyes to examine

the effect of orbital geometry. The first orbit had a fosler aproximation of the human
orbital geometry (ASynthetic Orbitwajbhasedohhe se
the Gl obal Hu man Body Model s Consortium ( GHE
Orbito). Using t he 3Wergconducteccwdth tleradditian of maitdrg i t i o
spectacles or goggledll test conditions occluded less than 20% of the eeasdional area of

the tube.A minimum of three tests were conducted for each condition at each test level.
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Pressure was measdr at ten novel locatiorsround the eyéor the current study:ntraorbital
pressure was measured at four locations within the orbit and facial pressure was measured at
seven locatiorfsaround the face Intraorbital pressure was measuneith miniature pessure

sensaos (Model 060, 100 psi, Precision Measurement Company, Ann Arbormdi)ntedalong

the intraorbital bonesl nt r aor bi t al pressure sensaonghewer e
intraorbital surfaces that simulate the maxilla, lacrimall &ontal bones. Two sensors were

pl aced on the frontal bone, with tThesessnsocso n d
were secured in place using a small piece of f@peed on the sensor wijast behind the
sensing element. No glue svased to adhere either the sensing element or the wire to the orbit
surface. Figure 49 illustrates the intraorbital sensor locatidios both the synthetic and 3D
orbits. All pressure data were recorded at 38Y.&Hz (TDAS PRO, Diversified Technical
Systems, Inc., Seal Beach, CAJigh speed video was recorded at 10 kHz.

®Pressure data from the top middleighsensor were previously discussed in comparison to the peak static and peak
IOP in Chapter 3 for the unprotected porcine eye tests. These data are included herein for comparison with the six
other facial pressure sensors.
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Intraorbital Sensor Locations

Synthetic Orbit 3D Orbit
Frontal Anterior
- Frontal Posterior e, 1 Frontal
R0, ' Iy, Posterio
/1] //,////
Lacrimal

Lacrimal
v

Maxilla

<« FrontalAnterior

<« ErontalPosterior <+FrontalAnterior

<« FrontalPosterior

Lacrimal—

- ila

Figure 49. Intraorbitalpressure sensaodationsfor synthetic and 3D orbits
(Eye not illustrated for simplicity.)
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Facial pressure was measured with sensors specifically designed for measuring blast loading
(Model 113B21, 200 psi, PCB Piezotronics, Depew, NYjacial pressure sensors were niedn

inside the 3D printed orbit, with the sensing elemeré¢ntednormal to theexternalfacial
geometry at each locatiorit should be noted that for the tests involving the goggles mounted on
the 3D orbit, sveral of the facial sensowere covered byhe goggles: Top Medial, Top Middle,

and Bottom Middle. The sensing surface of these sensors was in direct contact with the goggle
padding, and was therefore subject to loading by this surtater! Reference source not found.

in Chapter 4 illustratethe facal sensor locations for the 3Dbit.

A customMATLAB ® (version 7.11.0.584 (R2010b), &MathWorks, Inc., Natick, MA¥cript
was used to quantify the shock wave characteristics at each pressure cegitsam [time of
arrival, peak overpressure, positigeration, positive impulse)Pressurdgime histories for each
test were plotted at matched locatioriBesponsearridors for each location were created using
theaverage response of the sermod +1standard deviation from the average

Results

Example corridor plots are shown Higure 50. Example pressurBme histories for the
intraorbital sensors and facial sensors at all three pressure levels areistegure 51 and
Figure 52, respectfully. Individual pressure traces as well as corridors baseth@mverage
response +ktandard deviation for all pressure sensealmns can be found iAppendix A.

Static overpressure pressidime histories for empty tube tests conducted at each pressure level

can also be found iAppendix A for comparison.
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Figure 50. Corridor plots for the nasal sensor.
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Intraorbital Sensors
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Figure 51. Presste traces for intraorbital sensors at the 30 psi test level.
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Figure 52. Facial sensor response at the 30 psi test level.
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Average shock wave parametéos the ntraorbital sensors in the synthetic orait listed in
Table 16. Average shock wave parameters for the intraorbital sensors in the 3D orbit with no

eye protection, with spectacles, and with goggles are listed in
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Table17, Table 18, andTable 19, respectively. Average shock wave parameters for the facial
sensors in the 3D orbwith no eye protection, with spectacles, and with goggles listed in
Table 20, Table 21, andTable 22, respectively. Averageshock wae parameters for the static
overpressure measured tae remaining pressure sensor locations for the tests described in
Chapter 3 and Chapter 4 aabulated imMAppendix B.

Table 16. Average shock wave parameters faraorbital sasors- synthetic orbit.

Pressure | Test Condition | 10 psi | 20 psi | 30 psi

Peak Overpressure (psi)
Synthetici Maxilla 2463 + 2.95 7434 + 13.77 96.08 + 8.98
Orbital Synthetici Lacrimal 23.08 + 3.37 73.38 £ 15.39 99.45 + 10.28
& Msynthetici FrontalA. 2328 + 162 | 7289 + 18.48 | 103.40 + 20.93
Synthetici Frontal P. 2773 + 3.21 79.90 + 16.46 96.97 + 7.65

Time of Arrival (ms)

Synthetici Maxilla 3.61 £ 0.09 256 + 0.13 239 + 0.06
Orbital Synthet!c'l' Lacrimal 3.61 + 0.08 255 + 0.13 239 + 0.06
Synthetici Frontal A. 3.61 + 0.08 255 = 0.13 238 = 0.06
Synthetici Frontal P. 3.63 + 0.09 256 = 0.14 239 = 0.06

Positive Duration (ms)
Synthetici Maxilla 1.30 + 0.17 156 + 0.39 1.73 + 0.39
Orbital Synthel(_:'l' Lacrimal 132 + 0.17 133 + 0.19 156 + 041
Synthetici Frontal A. 1.30 + 0.23 1.37 + 0.27 122 + 0.31
Synthetici Frontal P. 1.37 £ 0.02 1.33 £+ 0.26 1.38 + 0.56

Positive Impulse (psi*ms)
Synthetici Maxilla 930 + 1.46 28.05 + 4.76 3820 + 242
Orbital Synthetici Lacrimal 9.20 £+ 1.32 26.58 + 4.60 35.88 + 243
Synthetici Frontal A. 949 + 1.35 2713 + 6.65 3524 + 5.80
Synthetici Frontal P. 10.35 £+ 1.04 26.78 + 5.67 3483 + 6.72
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Table 17. Average shock wave parameters for intraorbital seraamprotecte®D orbit.

Pressure | Test Condition | 10 psi | 20 psi | 30 psi
Peak Overpressure (Avg + Stdev)
3D Maxilla 16.17 + 2.38 43.66 + 4.13 79.10 + 13.07
Orbital 3D Lacrimal 1733 + 1.85 39.54 + 6.39 85.76 + 10.67
™ 301 Frontal A, 1662 + 275 | 41.03 + 496 | 80.36 + 13.89
3D7 Frontal Post. 20.09 + 3.62 46.77 £ 3.70 95.12 + 12.68
Time of Arrival (ms)
3D Maxilla 3.63 + 0.05 270 + 0.09 242 + 0.03
Orbital 3D:|: Lacrimal 3.67 + 0.09 270 + 0.08 242 + 0.04
3D Frontal A. 3.65 + 0.07 270 + 0.09 242 + 0.03
3D7 Frontal Post. 3.66 + 0.07 271 + 0.09 243 + 0.04
Positive Duration (ms)
3D Maxilla 133 + 0.30 043 + 0.24 072 + 0.29
Orbital 3D:|: Lacrimal 0.96 =+ 0.54 0.87 £+ 0.44 0.60 + 0.32
3D Frontal A. 1.15 = 0.52 0.69 + 0.45 0.70 + 0.43
3D Frontal Post. 1.04 =+ 041 0.81 + 0.21 0.62 + 0.39
Positive Impulse (psi*ms)
3D Maxilla 8.87 + 1.04 8.10 + 4.30 21.79 + 7.19
Orbital 3D:|: Lacrimal 6.24 + 3.83 15.19 =+ 6.60 19.25 + 10.55
3D7 Frontal A. 844 + 3.36 13.08 + 8.15 21.71 + 10.60
3D7 Frontal Post. 8.23 + 3.59 16.35 + 4.03 1956 + 13.11
Table 18. Average hock wave parameters for intraorbital sens@B orbit with spectacles.
Pressure | Test Condition | 10 psi | 20 psi | 30 psi
Peak Overpressure (Avg + Stdev)
3Di Maxilla 29.52 + 11.57 41.80 + 5.62 88.20 + 9.06
Orbital 3Di Lacrimal 1943 + 3.29* 4477 + 5.34 82.65 + 28.17
™ 301 Frontal A, 2060 + 478 | 4308 + 550 | 8226 * 11.77
3D Frontal Post. 35.00 + 4.03 73.45 + 19.52 106.34 + 12.66
Time of Arrival (ms)
3D Maxilla 333 + 0.11 284 + 0.02 251 + 0.03
Orbital 3D:|: Lacrimal 349 + 0.06* 287 + 0.03 255 + 0.03
3D Frontal A. 3.32 + 0.10 282 + 0.03 249 + 0.04
3D Frontal Post. 337 £+ 0.12 2.85 + 0.06 254 + 0.04
Positive Duration (ms)
3D Maxilla 0.38 + 0.25 066 + 0.16 049 + 0.40
Orbital 3D:|: Lacrimal 0.69 =+ 045 056 + 0.32 054 + 0.39
3D Frontal A. 0.71 £ 0.23 0.83 £+ 0.06 0.62 + 0.37
3D Frontal Post. 1.11 = 0.45 0.88 + 0.00* 222 + 1.86
Positive Impulse (psi*ms)
3D Maxilla 392 + 221 1040 + 2.84 11.09 + 10.69
Orbital 3D:|: Lacrimal 6.32 + 510 10.68 £ 7.55 1760 + 15.34
3D Frontal A. 858 + 1.27 14.66 + 0.5 18.09 + 12.69
3D Frontal Post. 16.56 + 3.57 2546 + 8.71 63.71 = 37.35
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Table 19. Average shock wae parameters for intraorbital senseBD orbit with goggles.

Pressure | Test Condition | 10 psi | 20 psi | 30 psi
Peak Overpressure (Avg + Stdev)
3D Maxilla 1774 + 4.62 35.28 + 11.61 66.80 + 1957
Orbital 3D Lacrimal 2576 * 12.64 63.72 + 18.03 7039 + 14.38
rorta 3D Frontal A. 17.49 = 0.92 38.73 + 2.79 7591 + 22.10
3D Frontal Post. 2284 + 297 54.44 + 16.03 101.41 = 19.05
Time of Arrival (ms)
3D Maxilla 381 + 0.33 347 + 0.33 3.64 +* 0.31*
Orbital 3D:|: Lacrimal 3.86 + 0.02 3.18 + 0.17 274 + 0.10
3D Frontal A. 3.68 + 0.06 3.04 + 0.13 266 = 0.07
3D Frontal Post. 3.75 + 0.07 1.87 £+ 2.08 266 = 0.09
Positive Duration (ms)
3D1 Maxilla 0.90 + 0.18 091 + 0.11 1.06 =+ 0.3%
Orbital 3D7 Lacrimal 0.72 + 0.19 0.58 + 0.54 0.70 + 0.31
3D Frontal A. 0.71 £ 0.38 0.88 + 0.16 0.67 + 0.08
3D Frontal Post. 148 = 091 1.35 + 0.08 232 + 1.88
Positive Impulse (psi*ms)

3D1 Maxilla 7.17 = 0.26 13.24 + 155 25.27 + 1419
Orbital 3D:|: Lacrimal 8.11 + 274 13.27 + 5.73 1996 + 6.79
3D Frontal A. 529 = 344 13.11 £+ 2.24 19.29 + 3.73
3D Frontal Post. 1145 + 6.36 31.21 + 12.40 63.52 + 33.62

*Only three tests becausesufficient DAS available for two tests
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Table 20. Average shock wave parameters for facial sensonprotecte®D orbit.

Pressure | Test Condition | 10 psi | 20 psi | 30 psi
Peak Overpressureg))
3D Nasal 2573 + 1.65 68.47 + 3.33 101.16 + 12.34
3Di TopMedial 1940 + 1.30 48.10 = 4.12 76.08 + 7.66
3D Top Middle 15.17 + 0.93 36.47 + 492 56.49 + 6.91
Facial 3D7 TopLateral 1333 + 1.50 29.06 + 5.31 51.84 + 11.02
3D Bot. Medial 2041 + 0.83 4933 + 581 8194 + 7.47
3D1i Bot. Middle 1735 + 1.18 4485 £ 3.06 66.99 + 3.73
3D7 Bot. Lateral 12.02 + 1.71 22.17 £+ 3.60 30.36 + 3.53
Time of Arrival (ms)
3D Nasal 3.61 £+ 0.06 2.68 + 0.09 238 + 0.04
3D TopMedial 3.60 + 0.06 2.67 + 0.08 237 + 0.04
3D Top Middle 3.63 £+ 0.06 2.69 + 0.09 239 + 0.04
Facial 3D’ Top Lateral 3.69 £+ 0.06 274 £ 0.09 185 + 141
3D Bot. Medial 3.60 £ 0.06 2.67 = 0.09 238 + 0.04
3D’ Bot. Middle 3.63 £+ 0.06 2.70 £+ 0.09 240 + 0.04
3D Bot. Lateral 3.71 £ 0.06 276 + 0.09 246 + 0.04
Positive Duration (ms)
3D Nasal 152 + 0.19 1.82 + 031 1.60 + 0.30
3D Top Medial 115 + 0.52 1.18 + 0.36 120 + 0.30
3D Top Middle 125 + 0.22 1.04 + 0.25 1.02 + 0.36
Facial 3D’ Top Lateral 0.92 + 0.28 122 + 0.24 154 + 0.33
3D Bot. Medial 152 + 0.56 129 + 0.20 159 + 0.29
3D’ Bot. Middle 133 + 0.07 1.39 + 0.18 132 + 0.04
3Di Bot. Lateral 137 + 040 1.16 + 0.44 186 + 0.49
Positive Impulse (psi*ms)
3D7 Nasal 10.89 + 1.73 23.61 + 2.33 3473 + 312
3D TopMedial 842 + 2.85 18.69 + 3.66 29.35 + 574
3D Top Middle 790 + 1.20 1529 + 2.42 2298 + 493
Fecial 3D1 TopLateral 6.45 + 1.42 1559 + 2.60 3259 + 514
3D Bot. Medial 1040 £+ 2.80 19.10 £+ 1.48 35.42 * 4.34
3D Bot. Middle 7.09 + 0.43 1499 + 1.09 2192 + 1.36
3D7 Bot. Lateral 6.80 + 1.23 10.88 + 1.59 1951 + 485
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Table 21. Average shock wave parameters firial sensors 3D orbit with spectacles.

Pressure | Test Condition | 10 psi | 20 psi | 30 psi
Peak Overpressureg))
3D Nasal 26.37 + 2.70 3750 + 0.78 62.22 + 214
3Di Top Medial 2716 + 241 45.67 + 2.57 79.18 + 2.28
3D Top Middle 20.52 + 131 3226 + 1.11 52.77 + 1.36
Facial 3Di Top Lateral 2487 + 1.50 40.13 + 3.50 67.72 * 25.258
3D Bot. Medial 29.22 + 242 4282 + 245 73.96 £ 2.39
3D1i Bot. Middle 27.32 + 2.96 4519 + 1.29 73.65 + 3.54
3D Bot. Lateral 1593 + 0.74 23.31 £+ 2.05 4264 + 8.7%
Time of Arrival (ms)
3D Nasal 3.27 £ 0.11 277 £+ 0.01 246 + 0.05
3D TopMedial 3.19 £+ 0.12 278 + A 172 + 152
3D Top Middle 3.19 £+ 0.05 277 £ 0.02 245 + 0.04
Facial 3D Top Lateral 3.27 £ 0.24 2.80 + 0.05 2.47 £ 0.09
3D Bot. Medial 3.12 £+ 0.01 269 + 0.13 240 + 0.10
3D’ Bot. Middle 3.21 £+ 0.14 278 £ 0.02 246 + 0.04
3D Bot. Lateral 3.35 £+ 0.11 285 + 0.01 254 + 0.04*
Positive Duation (ms)
3D Nasal 1.09 + 1.00 120 + 0.14 148 + 0.34
3D Top Medial 146 + 0.89 117 + A 183 + 0. 4
3D Top Middle 148 + 0.44 1.07 + 0.44 138 + 047
Facial 3D’ Top Lateral 0.90 + 0.44 153 + 0.54 157 + 0.2
3D Bot. Medial 1.07 + 0.48] 145 + 0.07 146 + 0.27
3D’ Bot. Middle 129 + 0.1 1.29 + 0.03 141 + 0.20
3Di Bot. Lateral 0.93 + 0.08 139 + 047 130 + 0.39*
Positive Impulse (psi*ms)
3D7 Nasal 7.83 + 3.90 14.02 + 216 24.09 + 259
3D Top Medial 16.10 £+ 9.57 16.74 + A 3558 =+ 5.21
3D Top Middle 1147 + 3.04 13.10 £+ 2.52 2422 = 3.95
Facial 3D7 TopLateral 866 + 4.16 25.41 + 16.05 2510 + 1. 4
3D Bot. Medial 11.09 + 3.76) 21.99 + 278 35.21 + 2.39
3D Bot. Middle 936 + 0. 6 1448 + 1.27 22,19 + 2.05
3D7 Bot. Lateral 750 = 0.80 16,50 + 5.70 22.15 + 5.85*

*Only three tests at this level because testsdo not return to zero after initial peak.
A O n dng tesatthis level because two tests do not return to zero after initial peak.
yOnly four tests at this level because ¢est didnot return to zero after initial peak.

80nly four tests at this level because one test did not return to zero after initial peak.
iOnly two tests at this test level because one test recorded an uncharacteristic response after initial peak.
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Table 22. Average shock wave parameters for facial sens8Bsorbit with goggles.

Pressure | Test Condition | 10 psi | 20 psi | 30 psi
Peak Overpressureg))
3D1i Nasal 10.30 + 0.84 18.63 + 4.02 30.90 + 2.69
3D TopMedial 1397 + 3.70 28.77 + 6.05 35.28 + 4.06
3D Top Middle 11.06 + 0.65 2274 + 1.86 39.24 + 1.50
Facial 3D7 TopLateral 1491 + 0.34 2487 + 3.91 63.33 + 22.67
3D Bot. Medial 18.83 + 3.63 37.47 + 10.35 105.33 + 61.19
3D1i Bot. Middle 10.72 + 0.23 29.96 + 10.47 68.54 + 6.21
3D7 Bot. Lateral 1462 + 1.49 23.78 + 0.93 50.01 + 12.36*
Time of Arrival (ms)
3D1i Nasal 349 + 0.03 288 + 0.08 245 + 0.07
3D TopMedial 339 + 0.11 282 + 0.09 240 + 0.10
3D Top Middle 3.33 + 0.15 276 + 0.18 243 + 0.07
Facial 3D1i TopLateral 350 + 0.12 282 + 0.03 251 + 0.05
3D Bot. Medial 348 + 0.02 256 + 0.38 239 + 0.11
3Di Bot. Middle 3.50 + 0.03 297 + 0.09 247 + 0.04
3D Bot. Lateral 355 + 0.03 291 + 0.09 250 + 0.05*
Positive Duration (ms)
3D1i Nasal 1.65 + 0.07 207 + 0.08 153 + 0.39
3D TopMedial 1.12 + 0.46 1.12 + 0.98 154 + 0.18
3D Top Middle 0.77 + 0.19 098 + 0.57 132 + 0.12
Facial 3Di TopLateral 081 + 0.19 1.37 + 0.59 218 + 1.07
3D Bot. Medial 152 + 1.5 149 + 0.12 151 + 0.99
3Di Bot. Middle 243 + 0.09 1.63 + 0.58 138 =+ 0.14
3D7 Bot. Lateral 135 + 0.55 243 + 0.42 202 + 1.32*
Positive Impulse (psi*ms)
3D7 Nasal 799 + 0.28 1461 + 2.00 20.59 + 2.60
3D TopMedial 6.84 + 1.25 11.19 + 3.86 22,52 + 3.83
3D Top Middle 489 + 0.63 9.25 + 4.38 19.34 + 1.13
Facial 3Di Top Lateral 591 =+ 1.04 1254 + 3.03 52.04 + 34.65
3D Bot. Medial 871 + 8.0 23.89 + 2.85 33.65 + 17.95
3D Bot. Middle 1242 + 1.77 1488 + 3.24 24,18 = 1.15
3D Bot. Lateral 7.28 + 1.37 17.70 + 6.18 26.26 + 13.91*

*Only two tests at this level becausee test dichot return to zero after initial peak.

Discussion

Intraorbital Pressure Sensors

This study showed that the shock wave propagated throughvidimd the intraorbital space.
This yields credibility taonetheory thasshock wave may entetthe skull throughsmall openings
in the bones of the skule.g.,orbital forameh However, it remains unclear whether the shock

wave could propagate through small ojpgs such as theptic canalin vivo due to the fact that

other structures, such as the optic nerve, occupy this space.oplibenerveitself may be

susceptible to damage from shock waves that propagate through the eye and orbital cavity.
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Various expemental models using rodents have previously reported retinal and optic nerve
damage following blast exposur@ne study placed mice in a sida configuration and reported
chronic damage to both eygs/]. Anotherstudy previously examined the optic nerve and retina

for acute changes in these tissues following blast overpressure exposure up to approximately
17.5 psi in a rat mael [68]. This study showed that both the optic nerve and retina experienced
apoptosis following blast exposureRecently, it was shown that both single and repeated
exposure to blast overpressure caused retinal damage and@pe inflammation in ratgl7].

Though there aralifferences in the methadof producing the blast overpressure for these
studies, and the inherent limitation that a rodent model may not accurateiate to human

injury, these preliming studies all indicate the possibility of physiologic injury due to the

propagation of a shock wave into the ocular space.

The synthetic and 3D orbits showed characteristically different shapes for the response of the
intraorbital sensors. Thé to say, the time to peak overpressure in the 3D orbit was delayed by
approximately 0.5 ms. Conversely, the synthetic orbit shows a response much more similar to
the idealized Friedlander waveform with peak overpressure closely following the ToA of the
wave at the sensor locatioithe flat surfaces of the synthetic orbit provide a simplified response

of intraorbital pressure propagatiof.he resulting pressure pulses for the synthetic orbit were
more similar to the theoretical response to primary loestpressure exposure than the 3D orbit
pressure pulsesThe complex surfaces of the 3D orbit provide a realiggometryand the

results of this boundary condition are very different from that of the synthetic oflbie
posteriorsensor located on ehfrontal bone in both the synthetic and 3D orbit tests tended to
record a higher overpressure than the three sensors located anterior to this one. This indicates
that the pressure wave may be reflecting off the intraorbital surfaces and compounding the
response; i.e, the waves may be interacting to effectively increase the peak magnitude of the

wave beyond that was originally transmitted into the orbital cavity.

The addition of the spectacles and goggles on the 3D orbit did not have a considezableneff

the IOP response. However, the goggles attenuated the oscillating response of the intraorbital
sensors that was observed in the unprotected eye and spectacle tests. This is likely caused by a
reduction inthe magnitude of the wavethat propagatedavithin the gelatin when the goggles

were used. Photographs of the gelatin waves were shown in Chapter 4.
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Facial Pressure Sensors

The general trends in facial pressure response were thatahewas delayed and peak
overpressure decreasesltae pressursensor location moveahedially-laterally acoss the face.

This was due to the expected reduction in pressure as the wave propadatadioosfurther

away from the bursting membraas well wave propagation around the curved surface of the
face As the pressure sensor location moved medialtgrally across the face, the sensing
elements became less normal to the direction of shock wave propagation. As such, these sensors
measured decreasing amounts of dynamic pressure, thereby decreasing thpealemdbsure

at these locationsFurthermore, eergywas effectivelylost as the wave traveletbwn the tube

and around the faceThese trends are consistent with the physics of blast wave propagstion

well as the type of pressure measured by sensors

Experiments with the goggles recorded an oscillating response on the temporal sensor. This was
attributed tothdi s | appi ngo o f esenkirg swfacg ahis seasardConseguently,

the addition of protective equipment may make the bodycepiible to relatively minor
secondary blast injuriesuch ascontusiors or laceratios that could be caused ltlye spectacles

or goggles themselvesThat isto say without protective equipment, the secondary effects of
impacting the face with the speclas or goggles would not existPotential injuries such as
bruising of the forehead and cheek caused by loading the spectacles or goggles will likely be
minor in comparison to their protective effects from other secondary blast injtiosgever, he
magnitude of force applied to the face by the
below the injury threshold for serious injury. Additionally, it was shown in Chapter 4hat

use ofspectacle®r gogglesreducedhe pressure transmittedto the orbital spacend absorbs

and dissipateloading of the pressure wave.

Response Corridors

The development of response corridors remains debated within the field of injury biomechanics.
Two published studiesotably describe techniqués develop response corridors for biological
specimens that have been used since their original ptibhicdn 200469, 70]. These exemplify
techniques using postmortem human surt@gdata from blunt thoracic impacts to develop

response corridors for the chest. The first describes a technique febaseeé responses that
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uses discreet points chosen along the general path of the regpdefiae a corrido{69]. This
technique remains subjéat, as the discreet points chosen to develop corridors are only loosely
defined. The second describes a rigorous, repeatabirigeie that removes the subjectivity of

the corridors[70]. This normalization technique uses a characteristic average response with
ellipse corridors based on horizontal and vertical standard deviations to preserve the overall
shap of the individual data traces. Arguably, this works well for structural response corridors
(force-deflection corridors) but does not work well for thbased responses. Therefore, the
current study is dissimilar from both of these techniques.

Conclusions

This study provides novel experimental data for wave propagation withinuth@norbit and

around the fac¢hat can be used to validate computational and physical models of the eye and
face. Pressure response corridors for pressure measurematibtscwithin the orbit and around

the face were quantified for three scenarios: unprotected eye, eye with spectacles, and eye with
goggles. The shape of the bony human orbit produced a complex response that indicated the
wave was reflecting and interawgi within this space. The delayed time of arrival and decreased
magnitude of the pressure measured as sensor location varied-teetialally across the face
showed that the pressure wave propagated around the face as anticfpeteie shock wave
pamameters (time of arrival, peak overpressure, positive duration, and positive impulse) were
guantified for each locationThe benefit ofthesedata beyondheir theoretical calculations is

that these experiments account for the effects of a biofidelic gfepm Computationaimodels

of the eye and face can use these specific pressure measurement locations to match the response
of individual geometries and models. It is possible that select computational models might
account for the additional structureghin the eye as well as the skin and underlying bones of

the face, thereby providing additional biofidelity of the response of the model system.
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Chapter 6

Evaluating the FOCUS Headform Eye for
Exposure to Primary Blast Overpressure

Introduct ion

Anthropomorphic test devices (ATDsyhich are colloquially r e f er r e d t o as
d u mmi aesfréquently used to assess trauma in lieu efperimental tests usinguman
cadavers. However, for an ATD to simulate a realistic response, it naididivalidated for the
loading regime at which testing will occur. Historically, ATDs were developedutymotive
safety, with cash pulses on the order 00 ms in duration The increase in blastlated
injuries in recent military conflicts neceties an understanding of specific injury mechanisms
associated with blast loading conditionBlast events are an order of magnitude shorter than a
typical car crash pulse, oftéretweern2-5 ms in duration. Given the nei@stantaneous increase

in pressire associatedith a blast, a blast pressure pulse varies not only in duratioaldnin
pulse shapevhen compared tautomotivecrash pulses Therefore, ATDs that were originally
designed and validated fassessing injury automotive collisioioadng rates may not provide

an accurate assessmentrpdiry risk during blast loading events

The Facial and Ocular CountermeasUre Safety (FOCU&dform is an advancedTD

headformoriginally designed and validated for blunt impacts to the eye arel(Femanetics
Innovatve Solutions, Plymouth, MI, USAJFigure 7). ATD headformsareofteninstrumented
with triaxial accelerometer arrays and angular rate semsogsiantify headaccelerationand
angularvelocity during impacs. TheFOCUS headform is unique in thataddition to a triaxial
accelerometer arrait, has eight faal bone segments and two eyastrumentedvith load cells
(Figure 7). Injury risk curves wer previously developealsing peak load and validatémt blunt
loadingwith experimental data from matched tests using cad4@€fs Additionally, thesize
and geometry of thEOCUS headform was developéd be representative af 50" percentile
male soldier and has a more realigggometry than other headformd herefore the FOCUS
headformis the best option for a headform that gaotentially assesmjury risk during blast

loading events that mimign theatre military scenarios However, éta from various
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experimentalcadaveric models of blast loading the eye and faces neededo validate the

response of thEOCUS headfornduringtheseevents

Previously, lowlevel blas testswere conducted orsolated human eyes using fireworks and
homemade chargdd0]. This study measured pressure in and around the eye to quantify the
responsenf the eyeand predict injury risk associated wigxplosions that mimied low-level
blastloading The purpose ofhe currentstudy is to expose the FOCU@adform toa similar

test matrix, compare the response of the isolated human eye and the FOCUS &yeyaldte
theability of theFOCUS headform eyt® predict eye injury riskor blast loading rates.

Methods

A total of nine tests were conducted on the FO®@8&dfom thatwas instrumented with tHeft

eye load cell(Model 8065J,Humaneticsinnovative Solutions, Plymouth, MI, USA).The
experimental test setup was described in detail previdaslihe isolated human eytsts,and
modified for the current test sesipd0]. Briefly, the FOCUS headform was rigidly attached to a
custom metal frame ugnthe standard Hybrid 11l neck and lower ndmtacket The headform

was mountedsuch that it was orientefdcedown at a distance of approximately 3 ft from the
ground (Figure 53). Custom 10 g charges &fyrex® gunpowderwere explodech t  8(226 6 0
cm),  4(12tm) o r (7Zm)frdndhe cornea of the eyéds many commercial fireworks

were found to explode inconsistently, the charges were designed to repeatedly simulate the
severity of commercial fireworks. These pressure | evels are ref
O6medi umbé, Tberchafd wapffisét from the eye by0 . 7 9 6 i6 the supaior
direction (i.e., toward the foreheaid)order to minimize the amount of debri®cteddirectly

attheeye.
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FOCUS Headform Blast Testing

‘ frame sensgf

Figure 53. FOCUS headform blast test éetub.
(Note: Theside frame sensor is out of the im3gge

A total of six pressure sensors (Model 113B21, PCB Piezotronics, Depew, NY, USA) were
mounted aroundhe eye and to the fram(€igure 54). The sensor array consisted of a total
pressure sangora (Sdtaati &l &)r eadjacent ® the eyl $wo static ( 0 s t
pressure sensor26)( o6nsduarttdartinladpolycatbsnata airfebaped

bl oc k, one total pressure sensor (6t opd) mo u
pressure sensor (6si ded) mounted to the side
mounted to thenetal frame were used to measure the blast wave at minireflitgting surfaces
surrounding the eye. As the test setup was designed to measure primary blasts in an open field,
pressures measured from the frameunted sensors ensured that possible teflewaves would

cause insignificant pressure change or damage to theWpde both eyes were placed in the

FOCUS headformpad was measureazhly usingtheleft FOCUS eye load cell.
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FOCUS Headform Sensor Locations
Front View

mn<—Static R2

< Static R1

Static

Side View

Static

Figure 54. FOCUS headform sensor locations.

All pressure and load cetlata werecollecied at 301.887 kHz (TDAS PRO, Diversified
Technical Systems, Inc., Seal beach, CA, USAhe standard TDAS PRO asgiiasing filter

(4,300 Hz2) was bypassed for this test sesexethe frequency content of the overpresswent
exceeds 4,300 Hz. However, the TDAS PRO sensor input modules (SIM) have a bandwidth of
0-25 kHz, which acts as a lepass filter with a frequency cutoff of 25 kHA Phantom v9.1
camera (Vision Research, Wayne, NJ, USA) was used to capture high speed video at 20k frames
per second with a resolution of 256x192 pixedscustom MATLAB® script (version 7.11.0.584
(R2010b), The MathWorks, Inc., Natick, MA) was usedjt@ntify peak pressure or load for
each sensdpocation. The time of arrival (ToA) of the pressure wave at the two static pressure
sensors mounted in the airfoil was used to quantify wave veloGiteway ANOVA was used

to determine statistical signiicn c e ( U= 0 . e durreit #DCWE eye tests and the
previously publishethuman eye tesfer matched locations.

Eye injury risk for the FOCU®ye tests was quantified using previously published injury risk
curves for peak loafb2]. Theseinjury risk curveswvere developed using projectile impacts, and

the final curves arepecific to impactor size (3.2 mm, 4.5 mm, 6.4 mm, 9.5 mm, 12.7 mm, 15.9
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mm, and 17.5 mm)Injury risk was calculated using each impactor size for comparison of injury
risk prediction. It should be noted thalélargest impactor siz€l 7.4 mm diameterjnostclosely

matched the area of the unprotected eye.

Results

Figure 55 shows the relationship between FOCUS lexel andhuman eye intraocular pressure
during matchedverpressurevents. The relationship shows that while the FOCUS eye load
cells were not originally validated for blast events, the responseedF@CUS eye islmost
linearly proportional to theressureesponse of human eyegposed to matched overpressure
levels Shock wave velocity for all tests is plottedRigure 56. Although increasing standoff
distance decreased the shock wave velocity;@ICUStests were conducted above the speed of

sound in air, or Mach 1Two of the human eye tests were conducted just under Mach 1.

Correlation between FOCUS Load and IOP
8
o
[
26
(]
>
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G 4
£
>
z
o
o 2
y = 0.2037
R2 = 0.8744
0
0 10 20 30 40
Peak Load (FOCUS Eye Tests)

Figure 55. Correlation between average FOCUS eye load and average human IOP.
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Shock Wave Velocity
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Figure 56. Shock wave velocity based on standoff distance.

Response of the load cell to each test is showhigare 57. Injury risk for hyphema, lens
damage, retinal damage, and globe rupture was calculated based on peak load, using the
correlations for all seven projectile sizes. The eye injury risk function developed for a 17.4 mm
projectle, which is comparable to the area of the unprotected eye affected by blast loading,
predicted negligible eye injury risk. Specifically, all tests resulted predicted injury risk <1% for
these injuries. Comparatively, injury risk was still <1% for theparies even using the most
conservative eye injury risk functions developed for the 3.2 mm projecTites is consistent

with the experimental results and calculated injury riskigofatedhuman eyes exposed to the
sameoverpressuréading conditims published previouslj40Q]. Figure 58 compares injury risk

for hyphema, lens damage, retinal damage, and globe rupture using all seven projectile sizes.

Load for FOCUS Eye Tests
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Figure 57. Load cell traces for FOCUS eye tests.
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Figure 58. Eye injury risk for FOCUS eye tests predicted using peak load.

Peak overpressudecreaseavith decreasing distance between the charge andoeyd sensor
locations. Peakoverpressure wasignificantly higher for th&cOCUS eydests than th@uman
eye tests at the high test level for the total and static block 2 sensors lodatjomns $9). Peak
overpressure was significantly higr for the human eye tests than the FOCUS eye tests at all test

levels for the top frame location and at the lestlevel for the side frame levéFigure 59).

The time histories of the totaind static overgssure foithe FOCUS tests were plotted along
with human tests by standoff distance for comparisdfignre 60 andFigure 61. The pressure
pulses measured during FOCUSeetesting were extremely similar to the pressure pulses

measured during the human eye testing,ve@ie therefore considered matched tests.
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Figure 59. Peak overpressure around the eye for FOCUS and human eye tests.
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Total Overpressure for Human Eye Tests and FOCUS Eye Tests
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Figure 60. Total overpressure traces for human and FOCUS eye tests.
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Figure 61. Static overpressure traces for human and FOCUS eye tests.

Despite the offset in charge locatiaith respect to the front of FOCUS headforamspent

gunpowdemas projected onto the FOCUS headfdate during testingIncreasinghe standoff

distance (decreasing severity) produced less projected matdgatandoffdistance decreased

(increasing severity)the pattern ofgunpowderconcentraté around the forehead and orbit.

Analysis of the high speed video confirms the increas¢hén amount ofgunpowderthat

impacted the facaith decreasing standoff distanc@osttest photographs for a single test at

each test level are shownkigure 62. The human eyesting reported similar results.

119



Low Medium High

ug-Testoy

—

Figure 62 Projectéd unspemunpowdeion FOUCS headform after blast testing.

Discussion

The low calculated injuy risk determined via the FOCUS eye load cell is consistent with the
human eye experimental findings and associated injury risk. The correlation between FOCUS
eye force and intraocular pressure as well as the agreement of injury risk between FOCUS and
human eye tests indicate that the current FOCUS eye and orbit asseonhdybe used for
evaluating injury riskusing peak load measuretliring overpressure evenssmilar to those
evaluated in the current studypespite obvious differences in boundary dtinds surrounding

the eye for the FOCUS eye and human eye tests, the similarities in the test setup and pressure
measurement allows for the comparison between injury risk calculated from the load cell in the
FOCUS eye tests and injury risk calculated fnoeak intraocular overpressure in the human eye
tests. However, it must be notethat the load cellrecorded a pulse that was more similar in
shape to blunt loading than typical blastlioading. Thiscould affect the overall response of the

system to pmary blast overpressure loading.

Peak overpressure measured at the top of the framestatésticallyhigher for the human eye
tests than for the FOCUS eye tests. This is likely due to the addition of the FOCUS headform
which was located between theache and the top sensor. This cautexl pressure wavi®

reflect off the headform thereby decreasing the peak pressure observed above the head

compared to the isolated eye tests
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Limitations

The current study has a number of limitations. HBhiglyexaminestest pressure levethatare

very low. Althoughthe FOCUS eye load cell predicted injury risk similar to the injury risk
predicted using IOP from human eyes exposed to the same loading conditions, it is unclear if the
load cell would continue tgroduce matched responses at higher, more |dtlaak levels.

Despite the fact thatare was taken to minimize the effects of projected material, the FOCUS
headform was still subjected to debris from the charge. Other methods for simulating primary
blag, such as a shock tube, could be used farréustudies to eliminate debris. While the
FOCUS test results are compared to human eye tests conducted with a similar test setup, the
FOCUS accounts for the entire geometry of the face while the human &yevées conducted

in isolation. The additional structures around the eye (e.g., the forehead, nose, and chin) can
affect the overall response of the system due to the reflection of the pressure wave off of these.
Furthermore, the arespecific injury risk curves usedo predict eye injuriescan affect the

overall accuracy of the FOCUS headform as a sysfEnese injury risk curves were originally
developed for blunt loading, and may not be a direct correlate to injury induced during blast
loading. Futue work in this field could produce blaspecific injury risk curvesthereby

improving uporthe selection of the correlation fpredicted eye injury risk.

Conclusions

This study illustrated that theOCUS headforntould beusedto predict eye ijury risk using
peak load for lowlevel overpressuréoadingevent The matchedhjury risk predictionbetween
previously published human eye testsd the current FOCUS eye tesexves as a proof of
concept thathe FOCUScould beable to predict injuds similar to those predicted using peak
intraocular pessure in human cadaver ey&herefore, the FOCUS headform and eye load cell
was validated for predicting eye injury risk for ldawel primary blast overpressuigl0 psi
static overpressure)Future work examining other methods for injury risk prediction should be
evaluated. Furthermorthe FOCUS headforrshould be tested and evaluatdigher pressure

levelsthat could lead to more severe injuries
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Chapter 7

An Area-Sensitive Synthetic Eyehat Differentiates between
Blunt and Blast Loading

Introduction

The Facial and Ocular CountermeasUre Safety (FOCUS) headform is an advanced
anthropometric tesdevice(ATD) specifically designed to quantify and assess injury risk due to
facial and oculaloading. It has eightegments that represdiaicial bones (two frontal, two
zygoma, two maxilla, one mandible, one nasal) and two dyigaré 7). Each bone segment

and eyeis instrumented with a load cekllowing the FOCUS to quantifthe load appliedo

each regiormduringloading

A threepartstudy provided data tdevelopand \alidate the FOCU®yefor blunt loadinginjury

risk assessment.First, human cadaver eyes and synthetic eyes were tgstsdlation to
guantify the forcedeflection response of the e£l]. Next, human cadaver eyes were tegted
situ with and without oculamuscles intact, and synthetic eyes were tested in a simulated orbit.
It was determined that the effect of extraocular muscles was negligiltensidering the
response of the eyg2]. Lastly, the synthetic eye was placed in the FOCUS headform and
exposed to 82 impacts from BBs to quantifyurg risk. Nearly 400blunt impact tests were
conducted beyonthis initial gudy using $ spherical projectiles varying in size from 3.2 mm to
17.5 mm in diametdi62]. Using the peak load reported by tHR@CUSeye load cell for eacbf

the impacs reportd in this study injury risk functions for hyphema, lens damage, retinal
damage, and globe rupture welevelopedor each projectile. It was determined from this work
that the eye load cell response was proportional and highly correlatedriorthalizel energy

of the projectile which requires the projected area of the impactor to be knddawever, in
contrast to earlier efforts to develop eye injury functions \agistic regression, the final risk
functions presented were determined using sunawalysis which is more robust The final
recommended risk functions employ survival analysis ugsmgximum likelihood methodnd a
Weibull distribution to estimate parameterdJsing this methodology, finakye injury risk
functions and 5%95% confidece intervals were presented for hyphema, lens damage, retinal
damage, as well as globe ruptbesed on peak load measured with the eye load cell

122



The limitation of currentthe method for assessing eye injury riskhatc ont act or
area of tle eyemust be known.However, the sizend shape of the insulting objeate rarely
known in mostcases oblunt eyetrauma. Additionallyplast loading presentsuniqueloading
scenarioin which there is nop hy si c al chmpargbke da muntoloady. While a
conservative estimate of projectile size can be used to evahjiatg risk when the insulting
object is unknowr{i.e. calculating injury riskusing correlationgor the smallest projectile), this
could lead toan overestimation of injury ris. When projectile characteristics are unknown or
there is no known projectile impaets is the case with blast overpressure expogubecomes
necessary todevelop another method of quantifyitige affected area of the eye. Therefohne, t
purposethis studyis to developan aressensitive FOCUS eyand evaluateits ability to both
distinguish betweemarious impactor sizes in blunt trauma as well as distinguish between
loadingand blast loading.

Methods

The current FOCU®ye was modified to crda an areaensitive eygFigure 63). This was
done by bisecting the eye at 40% of the antgrasterior @pth ofthe eye. An array of nine
miniature pressure sensofdddel 060, 100 psi, Precision Measurementrpany, Ann Arbor,
MI) was placed along thposterior half of the cut surface. This array was designed to
distinguish between smal66 mm dia.), medium(12.7 mm dia.), and largél7.5 mm dia.)
impactor sizesluring direct corneal impactd thin layerof silicon adhesive was used to secure

theanteriorhalf of the cut surfact® theposteriorhalf.

FOCUS Eye Bisected Eye Pressure Sensor Array Silicon Adhesive

MU % % 1
iy

Figure 63. Areasensitive FOCUS eye development.

The ar@sensitive eye was tested in blunt and blast loading conditoas isolated eye test

setup The aressensitive eye was placed in a similar test setughasone used for the
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experimental isolated porcine eye blast loadiegt described previously @hapter 3(Figure

64, right). This consisted of a rigid concave cup that minimized boundary conditions around the
eye. The eye was secured in place within this rigid concave cup using a small amount of silicon
adhesive. The FOCUS eye load cell was attached to the back side of the rigid conctore cup
both blunt and blast tests

Blunt impact tests were conducted with a drop tower system using three different impactor tips
6.4 mm,12.7 mm, and 17.5 miffrigure 64, left). Tests were conducted in triplicate wbtdrop
heights (12 in. and 24 into simulatemultiple impactingenergies. Mass of the impac(d75 g)

was consistent for all tests. Blunt tests were dedidaea direct corneal impact for this test
series. Blast tests were conducted in triplicate at 10 psi, 20 psi, and 30 psi tatsrsurvivable
pressure levelssing theVT ABS (Figure 4). Pressure was measuratla number of locations
around the eydor these tests Static overpressure in the fluid flow was measured using a
Apencil 0 sensor mounted 2 inches from the te
Piezotronics, Depew, NY, USA). The sensing elenoénthe pencil sensor was aligned with the
front of the cornea. Total overpresswas measured for the isolategeecondition using a
sensor mounted above the eye (Model 113B21, PCB Piezotronics, Depew, NY, USA). Static
overpressure was also measurksh@ the wall for comparison with other tests (Model 102B16,
PCB Piezotronics, Depew, NY, USA).
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Blast Loading

>

sl

Figure 64. Experimental test setups for the asemsitive eye for blunt and blast loading.

All datawere collected a38 kHz for blunt testandat 301.887kHz for blast test§ TDAS PRO,
Diversified Technical Systems, Inc., Seal Beach, CA). The standard TDAS PR&iasitig
filter was bypassedbr the blast testbecause the frequency contefitthe blast overpressure
exceededthe 4,300 Hzcutoff frequency However, the TDAS PRO sensor input modules
(SIMs) bandwidth of @5 kHz acts as a loyass filter with a frequency cutoff of 25 kHz. All
pressureand loaddata were zeroed prior to the ate A custom MATLAB® script (version
7.11.0.584 (R2010b), EnMathWorks, Inc., Natick, MA) was used to quantify pulse parameters
(peakpressurepositive duration, and positive impujder each sensor for all testsligh speed
video of each test was daped atLl000 fps for blunt tests an@ kfpsfor blast test¢v9.1, Vision
Research, Wayne, NJ).

The array of pressure sensors was analyzed as a system; the simultaneous response of all nine
pressure sensors was assedsedoth peak pressureand posive durationin order tocreate
characteristic response profiles for each loading conditi®ositive impulse, whicliakes into
accountboth the pealpressure and the positive duration of the pulse, did not provide additional
sensitivity to distinguish le/een loading types and was therefore excluded from the current
analysis to preveredundancy.Normalizedpeakpressurevas quantified by dividing theeak
pressurdrom each channel by the maximypeakpressurevalueof all ninepressure sensors in

theeye Thresholds fopositive duration andormalized peakressuravere quantifiecht values

that were chosen tdistinguish between blunt loading and blast loading. Where possible,

thresholds to further distinguish between blunt loading impactor amkblast test levelaere
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also quantified. Furthermore, peak pressure for the ageasitive eye blast tests was compared

to the peak pressure for the unprotected isolated porcine eye tests conducted in Chapter 3.

The maximum force recorddaly the eye load cell duringach test was used to quantify injury
risk using the current FOCUS headform injury risk curv&s this calculation requires choosing
an appropriate sizgpecific correlation, the correlation was chosepriori based on the test
type. That is to say, for the blunt tests, the-specific correlation matched the test impactor
diameter closely. The largest impactor size was chosen for the bladidestse its size best

matcheshe area of an unprotected eye.

Results

Figure 65 andFigure 66 show representatiyeressurdraces forthe pressuresensor arraguring

blunt and blastoading respectively These figures show characteristically diffgreesponses

for blunt and blast loading. The notable differenceseiakpressureandpositivedurationof the

pulses indicate that these parameters can be used to distinguish between blunt and blast loading
Pulse parameters (peak pressure, positivatidu, and positive impulse) for all sensor locations

are summarized ifrigure 67. Normalized pealpressure for all tests is shown kigure 68.
Thresholds for normalizepeak overpressure are givenTiable 23. Positive duration for all

tests is shown ifrigure 69. Thresholds for positive duration are givenTable 24. Channel 7

of the ninesensor array was excluded from the analyses presented herein, because it consistently
responded differently from the three other s
sensor was damaged chgipreparabn of the areaensitive eye The areasensitive FOCUS eye
recorded peak pressures in the sensor array that were similar to those recorded for the isolated

porcine eye blast tests conducted in Chapt&igufe 70).
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Figure 65. Characteristic responsef areasensitiveFOCUS eydo blunt loading.
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Figure 66. Characteristic responsef areasensitiveFOCUS eydo blast loading.
Note: bottom graphs are zoomed in views of the blast event.
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Figure 67. Pulse parametefsr sensor arrajn areasensitive FOCUS eye.
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Blast Tests
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Figure 68. Normalized pealpressurareasensitive FOCUS eye tests

Table 23. Normalized pealpressure thresholds for arsansitive FOCUS eye.

Blunt v. Blast Loading

Blunt Loading

ABull seyedo

| estamddnitude atvcentethsenkor. g h

Blast Loading

All sensors approximately same magnitude at same time.

Blunt Loading

Small Projectile

Not all middle sensors above 60% maximum. All outer sensors below 60% max

Medium Projectile

Large Projectile

All middle sensors ah@ 60% maximum. All outer sensors below 60% maximum.

Blast Loading

10 psi

20 psi

30 psi

Cannot distinguish between chosen pressure levels.
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