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Abstract 

 

Combat-related blast injuries are occurring more frequently with the increased use of improvised 

explosive devices in current military conflicts.  Though much research has focused on how the 

body responds to the relatively low loading rates associated with blunt trauma, little is known 

regarding the response of the body to the higher loading rates associated with blast trauma.  

While soldiers are surviving once-lethal blast events due to enhanced protective equipment, 

injuries such as those to the eye and face that were once considered inconsequential, can now be 

detrimental to long-term healthcare costs and quality of life.  Although it is suggested primary 

blast overpressure (i.e., the shock wave) can cause severe eye injuries, there remains few 

empirical data in the literature that confirms this.  Adding to this, there are currently no testing 

standards to assess the effectiveness of personal protective equipment during blast exposure.  

Expanding upon traditional research techniques within the field of injury biomechanics, the 

research in this dissertation focuses specifically on developing experimental and physical models 

of the eye, face, and orbit for blast overpressure exposure.  Foremost, a porcine eye model is 

used to quantify eye injury risk from blast overpressure exposure.  Subsequently, these 

biomechanical data are used to develop a physical model of the eye that can be used in lieu of 

cadaver specimens for blunt and blast loading.  Lastly, military spectacles and goggles are 

examined for effectiveness at protecting the eye during blast exposure.  Combined with detailed 

computer-aided design geometries, these data can be used to validate computational models of 

the eye, orbit, and face to blast loading.  Results from these tests support one theory that shock 

waves may enter the skull through the orbit, alluding to future work that is essential to more fully 

understanding the physiological response of the brain and ocular motor system to blast exposure. 

Ultimately, the experimental methods and analysis techniques disseminated herein serve as a 

framework for future experimental work related to blast and other high-rate loading scenarios. 
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Introduction  

Research Motivation 

Annually, approximately two million people in the United States suffer from eye injuries that 

require treatment [1].  Common sources of eye injuries include automobile accidents, sports-

related impacts, misuse of consumer products, and military combat.  These events result in 

nearly 500,000 cases of lost eyesight in the United States each year [2].  Eye 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 States [3, 4].  Furthermore, vision is one 

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

in 2009, nearly $50 million was awarded to research projects through the CDMRP Vision 

Research Program.  Mitigating 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 

loading schemes.  However, much of the historical research has focused on blunt trauma to the 

eye from automobiles, sports, and consumer products, and human injury thresholds and 

tolerances are established for various body regions.   

Eye injuries caused by military conflicts account for an increasing percentage of all reported war 

injuries.  Compared to the American Civil War (1861-1865) where 0.57% of all injuries were to 

the eye, this percentage steadily increased to 2% for both World War I (1914-1918) and World 

War II (1941-1945), 2.8% for the Korean War (1950-1953), 5-9% for the Vietnam War (1962-

1972) [5].  Presumably, the increased rate of eye injuries is related to advancements in modern 

western medicine, better documentation and medical reporting, and the type of combat typical of 

each conflict.   

Combat-related blast injuries are occurring more frequently with the increased use of explosives 

and improvised explosive devices (IEDs) in current military conflicts.  Explosive events 

accounted for more than 75% of combat-related fatalities in Operation Iraqi Freedom and 

Operation Enduring Freedom (OIF/OEF) [6].  Reduced fatality rates during recent military 

conflicts have been linked to the increased use of personal protective equipment (PPE) [7].  
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While unprotected air-filled organs such as the lung are most susceptible to blast injury, the use 

of improved PPE has left the face and eyes disproportionally vulnerable to concomitant blast 

injuries [8, 9].   

Despite the availability of protective eyewear, eye injuries have been reported with and without 

documented use of protective eyewear at the time of injury.  A review of over 3000 patients 

treated for combat-related trauma during OIF/OEF between March 2003 and September 2006 

reported injuries to the eye in 17% of cases where protective eyewear was used, and jumped to 

26% when protective eyewear was not used [10].  These included both closed-globe 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 fragmentation and debris [11, 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 fully understand primary blast overpressure as 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 be classified as 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 return-to-duty standards required for service.  

Notwithstanding, the time and finances invested in training is ólostô when a solider cannot return 

to duty.  Similarly, lack of adequate vision limits the type of jobs that can be acquired following 

return to civilian life.  Decreased quality of life compared to pre-injury levels can leave a veteran 

feeling depressed and anxious about their current state, and long-term consequences of 

survivable injuries are still being characterized.  Post-traumatic stress disorder (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 their non-deployed counterparts by over 

three times [9].  An understanding of primary blast overpressure injuries and injury mechanisms 

may shed light on the role of injury to the eye and brain with such outcomes.  Aside from 

military combat, blast events occur in daily civilian life in the form of mass-casualty events and 
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industrial accidents.  The blast events at the 2013 Boston Marathon (commonly referred to as the 

Boston Marathon Bombing) and the fertilizer plant explosion in West, Texas, which happened 

within 48 hours of each other resulted in eye injuries that required medical treatment [13].    Both 

military and civilian triage units serve to benefit from understanding blast eye injuries.   

Eye Anatomy and Injuries 

The eye serves as a visual sensory 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 through the clear 

cornea, is focused through the lens, and projected to the light-sensitive retina at the back of the 

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

Figure 1 shows a cross-sectional view of 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 

 
Figure 1. Human eye structures, left eye, top-view. 

Grayôs figure #869 [14]. 

 

Eye injuries range in severity, and though many are not life-threatening, they are often 

debilitating in terms of economic and psychological costs.  Prominent eye injuries 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 layer cells 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 such, corneal abrasions often heal on their own in a 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 when force tears the zonules, 

the small fibers that hold the lens in place.  Lens trauma can lead to cataract formation.  

Dislocated lenses and lenses with cataracts may require surgical intervention for removal and 

replacement with artificial lenses.  Retinal damage, often a retinal tear or detachment, requires 

prompt surgical intervention to preserve eyesight.  The retina is the light-sensitive layer of cells 

at the back of the eye and requires contact with the choroid (blood supply) to maintain function.  

When the retina detaches from the choroid, reattachment must be performed to preserve 

function.  Globe rupture is a severe eye injury that occurs when the sclera and/or cornea tears, 

exposing the inside of the eye.  Blunt trauma can cause severe equatorial and meridional 

expansion that results in scleral tearing.  Penetrating trauma can compromise scleral integrity and 

leave intraocular foreign bodies (IOFB) in the eye.  Unless promptly treated, this and other 

traumatic mechanisms of injury may be related to sequelae, including infection and eventual 

enucleation.  Lastly, often related to eye trauma is the temporary increase in intraocular pressure 

due to the impact.  This might be related to sequela including the development of glaucoma, 

which is characterized by sustained elevated intraocular pressure.  Glaucoma is one of the 

leading eye diseases that result in vision loss.       

Primary Blast  

A blast wave follows the detonation of a high explosive (e.g., trinitrotoluene (TNT), composition 

B (Comp-B), composition-4 (C-4)) in which the supersonic explosion in a fluid creates a shock 

wave.  The nearly instantaneous increase in pressure, temperature, and density cause the wave to 

move faster than the speed of sound in the fluid, and waves ñshock upò as molecules are 

compressed increasingly faster upon each other.  As such, shock waves are compression 

(longitudinal) waves and their propagation depends on the pressure, temperature, and density of 

the medium through which they travel.     
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The Friedlander waveform represents an idealized blast overpressure response for a free-field 

(i.e., no reflective surfaces) explosion (Figure 2).  It is mathematically represented by an 

equation that specifies the peak overpressure (Ps) and positive duration (t* ) of the wave [15].  

This overpressure trace is characterized by an instantaneous rise above ambient pressure, 

followed by an exponential decay below ambient pressure, with an eventual return to ambient 

pressure.  Ambient pressure is typically atmospheric pressure.  Shock wave characteristics that 

can be determined from the pressure-time history are time of arrival, peak overpressure, positive 

and negative durations, and positive and negative impulses (Figure 2, Table 1).  These shock 

wave characteristics are calculated throughout this dissertation, and may factor in blast-specific 

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 

 

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 initially rises above ambient pressure. 

Peak Overpressure Maximum pressure recorded.   

Positive Duration 
Time interval between the time of arrival and the time at which overpressure 

returns to zero. 

Negative Duration 
Time interval between immediately following the positive duration and ends 

when the trace rises above ambient pressure.  

Positive Impulse 
Area under the trace (calculated using trapezoidal integration); positive impulse is 

calculated over the positive duration. 

Negative Impulse 
Area under the trace (calculated using trapezoidal integration); negative impulse is 

calculated over the negative duration. 
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Potential Primary B last Injury Mechanisms 

Blast loading often provides complex injury mechanisms due to the high-rate nature of these 

events.  Blast-related 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.  Air-filled organs (i.e., the lung and bowel) are most susceptible to primary 

blast injury due to the large difference in acoustical impedance at the interface between these 

organs [16-18].  Secondary blast injuries 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 

penetrating or 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 when the injured person fell or 

was located in a structure that collapsed [16].  Quaternary blast injuries encompass 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 are well documented in the literature.  Therefore, the 

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

Spalling, cavitation, and brisance are well-defined destructive mechanisms for building 

construction materials such as glass, metal, and concrete.  Spalling refers to the process of 

surface failure that results in flakes of material being broken off a larger body when a shock 

wave contacts a material.  It is often observed in modern combat anti-tank tactics 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 vehicle hull [19].  

Fragments from the material become high-speed projectiles that can cause penetrating or 

perforating injuries.  When applied to biological specimens, spalling is thought to cause tissue 

damage at air-tissue interfaces [17].  Cavitation refers to the almost instantaneous formation and 

implosion of small bubbles in a fluid that is generally caused by a rapid change in pressure.  It 

has been hypothesized that cavitation of fluids in vivo, caused by a decrease in pressure, can 

result in tissue injury [20].  The threshold for cavitation is affected by temperature, surface 

tension, dissolved gases, impurities, and viscosity of the fluid [21, 22].  A previous study 
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modeled cavitation in the brain due to blast overpressure using a cavitation threshold of -14.5 psi 

[23].  Brisance refers to the shattering effect of a high explosive and is related to the detonation 

pressure of the explosive.  The shock wave caused during detonation of a high explosive can be 

transmitted through solid objects; this wave can cause the material to fragment.  A highly brisant 

explosive material will project smaller fragments than a lower brisant explosive, though the 

velocity of the resulting fragments may be the same.  The fragments caused by spalling and 

brisance can cause secondary blast injuries.   

The near-instantaneous pressure differential caused by blast overpressure may provide another 

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) indicator of exposure to primary blast injury due to its 

low rupture threshold of approximately 5 psi [24].  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 exposure [17, 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 and ABSs are commonly used to simulate free-field blasts without the use of live-

fire high energy explosives such as TNT, Comp-B, and C-4.  One advantage of using such a 

device instead of free-field testing is that it allows for the study of isolated, idealized shock 

waves and therefore, the isolated effects of primary blast overpressure exposure.  While some 

systems use combustion to provide the energy for a shock wave, most are gas-driven.  Due to its 

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

A standard gas-driven shock tube consists of equally shaped ñdriverò and ñdrivenò sections 

separated by a frangible membrane.  The driver section is pressurized with the gas until the 

membrane ruptures (either passively or actively) and sends a burst of gas down the driven 

section.  As the gas compresses upon itself, a shock-front forms and the shock wave propagates 

through the tube.  An ABS differs from a shock tube because it is designed to provide a more 

realistic pressure pulse.  An ABS is designed for wave-shaping, which allows the resulting wave 
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to be more representative of a free-field shock wave from a spherical charge.  The goal for a 

shaped wave is to observe both the primary and subsequent shocks in the pressure trace, which is 

similar to the pressure trace observed for spherical charges [26].  An ABS has a contoured driver 

section, which is typically linear but can also be positively or negatively curved, mated with a 

convergent driven section [27].  An end-wave eliminator (EWE) at the open end of the driven 

section serves both as a shock diffuser and energy dump tank.  Regardless of the system used, 

test specimens are placed inside tube at a point where the shock wave is fully developed.  Figure 

3 is a computer-aided design side view schematic of an ABS with an EWE.     

Advanced Blast Simulator 

 

Figure 3. Schematic (side view) of a gas-driven Advanced Blast Simulator (ABS). 

All blast overpressure tests described in this dissertation were conducted using the small VT 

ABS (Figure 4).  This is a helium gas-driven tube with a 12 in x 12 in cross-sectional test area, 

specifically designed for testing small specimens.  It has a linear driver section mated with a 

convergent driven section, a clear window that allows access to samples inside the tube, and an 

end-wave eliminator with plates angled at 15° to diffuse and absorb energy from the shock wave.  

This ABS is currently able to produce initial peak overpressures at the test region up to 

approximately 30 psi (static overpressure) with a positive duration around 2.5 ms.  Depending on 

the membrane material used, a secondary peak overpressure that follows the initial peak 

overpressure could be as high as 40 psi.  Chapter 1 examines various membrane materials and 

peak overpressures.  Higher peak overpressures and various positive durations could be achieved 

by further modifying the ABS.  A fully planar flow can exist with a specimen that occludes up to 

20% of the cross-sectional area before the test specimen creates a turbulent flow that is not 

representative of realistic shock wave propagation in theatre.  Therefore, all specimens tested 

inside this tube will  have a cross-sectional area no larger than the 20% occlusion area, or 

approximately 30 in
2
.   
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Small VT ABS 

 

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

The driver and driven sections are separated by a 9 in x 13 in rectangular opening.  A piece of 

rubber on the driver side creates a seal and a piece of rubber on the driven side provides friction 

between the driven section and the membrane.  This rubber does not protrude into the driven 

section, as this often causes lower test pressures.  Similarly, cleaning the rubber with rubbing 

alcohol before testing ensures that dust does not affect this seal.  Membranes are then placed in 

the opening and sealed with a pneumatic clamping system with a 7000 psi clamping pressure.  

All tests conducted with the VT ABS were performed with a minimum helium 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 event.  The characteristic 

responses of various membrane materials are quantified in Chapter 1.       

Three high frequency response pressure sensors (Model 102B15, PCB Piezotronics, Depew, NY) 

are mounted flush to the inside wall of the tube.  These sensors are located 12 in apart from each 

other, with the middle sensor located at the test region.  Shock wave velocity can be quantified 

using the time of arrival of the shock wave at these sensors.  Properly choosing instrumentation 

is critical to accurately assessing blast conditions.  Due to the high loading rates associated with 

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 sampling rates less than 100 kHz.  Similarly, 

instrumentation should be chosen for its ability to capture these high rates, and should have high 

frequency responses (>500 kHz) and fast rise times (<5 ɛs) to avoid distortion of the signal.  

Low-pass hardware filters should be avoided, as these may further attenuate frequencies that may 
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be important to blast loading.  The effects of filtering high-rate data are further examined in 

Chapter 2.     

Pressure Measurements 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 as ambiguity often leads to confusion.  Pressure refers to a normal force applied 

to a surface of an object per unit area over which the force is applied, and is used to define the 

state of a fluid.  Gauge pressure refers to a pressure measurement relative to ambient pressure 

(i.e., a change in pressure).  Many sensors are designed to be ózeroedô at ambient pressure, and 

therefore measure gauge pressure.  Blast overpressure (a gauge pressure) refers to a pressure 

measurement above atmospheric pressure caused by 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 well as the surface around the 

sensor.  Static (ñside-onò) pressure is the pressure experienced by a point within the flow (that 

does not obstruct the flow) and describes the state of the flow.  Static pressure is measured with a 

sensor oriented parallel to fluid flow propagation.  Reflected (ñface-onò) pressure is the pressure 

experienced by a reflective surface within a flow.  Reflected overpressure occurs when an object 

obstructs the flow.  Reflected pressure is measured with a sensor oriented perpendicular to fluid 

flow propagation.  Dynamic pressure is a free-stream parameter that characterizes the kinetic 

energy of the flow and does not refer to an actual loading on a surface.  Stagnation pressure is the 

pressure measured when fluid velocity is zero.  Stagnation pressure accounts for both the static 

and dynamic components of the free-stream pressure, and is measured with a pitot tube.  Total 

pressure is equivalent to the stagnation pressure for isentropic, compressible flows.  Table 2 

indicates these pressures and their definitions. 
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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 the 

force is applied that is used to define the state of a fluid. 

Gauge Pressure ȹp 

A pressure measured relative to ambient pressure.  Gauge pressure can be 

higher or lower than ambient pressure.  Sensors measure gauge pressure 

relative to ambient or atmospheric pressure.   

Blast Overpressure BOP 
A gauge pressure measured above atmospheric pressure caused by a shock 

wave. 

Static Pressure ps 
Pressure experienced by a point within the flow that does not obstruct the 

flow.  This is often referred to as a ñside-onò pressure. 

Reflected Pressure pr 
Pressure experienced by a reflective surface within a flow.  This is often 

referred to as a ñface-onò pressure. 

Dynamic Pressure pd 

Describes the local specific kinetic energy of the flow.  This cannot be 

directly measured, but can be deduced using a pitot-static probe (i.e., the 

difference between the measured stagnation and static pressures). 

Stagnation Pressure  

(Total Pressure) 
pt 

Pressure measured when fluid velocity is zero.  This is measured with a pitot 

tube.  Stagnation pressure is equivalent to total pressure when the flow is 

isentropic.   

 

  



12 

 

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 historical experimental 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 validation of a number of 

computational, finite element, and physical models of the eye for various loading schemes.  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 been used to 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 rupture.  Injury risk for physiologic injuries can 

be predicted using injury risk functions developed based on these experimental studies.  

Therefore, this section is split into subsections to cover historical experimental animal and 

human cadaver eye tests, creating eye injury risk functions, and developing physical, 

computational and finite element models of the eye for various loading scenarios.  Table 3 at the 

end of this section summarizes results from studies mentioned herein.       

Experimental Animal Eye Studies   

Historical experimental data using various animal models have reported eye injuries caused by 

blunt trauma.  Weidenthal conducted blunt impact tests on 28 anesthetized macaca mulatta 

(rhesus) monkeys using a brass rod projected at the eye at various energy levels.  Hyphema, 

contusion deformity, and globe rupture were reported [28].  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 sustained a globe rupture may have rendered assessment of other intraocular injuries 

difficult, if not impossible.  Weidenthal later eye mounted in various materials [29].  Some of the 

porcine eyes were tested in situ 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 of eyes tested before enucleation.  Delori conducted blunt impact tests on 
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75 enucleated porcine eyes using a BB projected at the eye mounted in a 10% gelatin solution 

[30].  Unfortunately, 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 impact by analyzing 

high-speed video of each test.  McKnight 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 eye [31].  Twenty-three 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 operated eyes ruptured; none of the unoperated eyes ruptured.  Green conducted 

blunt impact tests on 11 anesthetized macaca fascicularis monkeys to observe fracture of the 

orbital floor [32].  This was done by dropping a brass cylinder down a tube to directly impact the 

globe.  These tests resulted in 16 eyes with blow-out fracture, and six eyes with no blow-out 

fracture.  Globe rupture was observed in five of the 16 eyes with blow-out fracture.  Duma 

conducted blunt impact tests on 13 porcine eyes using foam objects projected at the eye in situ 

[33].  This study presented injury results for corneal abrasion by quantifying the area of the 

cornea damaged due to impact.  Eight of the 13 eyes resulted in corneal abrasions affecting 

between 10% and 75% of the cornea.  Scott conducted blunt impact tests on 21 enucleated 

porcine eyes using three steel rods projected at eyes mounted in a 10% gelatin solution [34].  

These tests presented injury results for corneal abrasion, hyphema, lens damage, retinal damage, 

and globe rupture.  Injuries were categorized 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, possibly with iris or 

ciliary body injury), or Level 4 (globe rupture).  Five tests resulted in Level 0 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 injury.  Two 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 concurrently with lens damage.  Kennedy 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 mounted in a 10% gelatin solution [35].  These 

tests presented injury results for globe rupture.  Twenty-three of the 65 tests resulted in globe 
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rupture.  Duma conducted a series of 36 blunt impact tests on 12 enucleated porcine eyes using 

metal rods and BBs [36].  These tests presented injury results for globe rupture.  Four of the 36 

tests resulted in globe rupture.  Duma later conducted 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., 

water toys and water park streams) [37].  Globe rupture was not observed in this study.   

Experimental Human Cadaver Eye Studies 

Historical experimental data using cadaveric eye models have reported eye injuries caused by 

blunt trauma.  Delori conducted blunt impact tests on two enucleated human cadaver eyes using 

a BB projected at eyes mounted in a 10% gelatin solution [30].  Unfortunately, the data presented 

are insufficient to 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 cadaver eyes using 

baseballs projected at eyes mounted in 10% gelatin solution [38].  One eye was impacted by a 

CD-25 baseball at 75 mph and did not rupture.  The other eye was impacted by a CD-250 

baseball at 55 mph and did rupture.  Stitzel conducted blunt impact tests on 22 enucleated human 

cadaver eyes using foam projectiles, BBs, and baseballs projected at eyes mounted in a 10% 

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 rupture.  Kennedy 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 solution [21].  These tests 

presented injury results for globe rupture.  Twenty-two of the 61 tests resulted in globe rupture.  

Alphonse studied the response of the human eye to impact with a toy helicopter blade [39].  

Minor corneal abrasions were observed, but no globe ruptures were observed.  Alphonse later 

studied the response of the human eye to firework overpressure [40].  Six human eyes were 

exposed to a charge that simulated fireworks at three standoff distances (22 cm, 12 cm, 7 cm).  

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 tests using animal and human cadaver eyes. 

Study Eye Model  Test Conditions Outcomes 

Weidenthal 1964 
20 anesthetized 

monkey eyes 

Brass rod projectile 

(1.26 J ï 2.96 J) 

10/28 eyes resulted in hyphema 

5/28 eyes resulted in globe rupture 

Weidenthal 1966 
235 (in situ and 

enucleated) pig eyes  

Air rifle BB 

projectile 

(0.78 J) 

Insufficient data to account for specific 

test conditions and injury pathology 

10% gelatin solution best matched 

response of in situ eyes 

Delori 1969 

75 enucleated pig eyes 

2 enucleated human 

cadaver eyes 

Air rifle BB 

projectile 

(0.68 J) 

Insufficient data to account for specific 

test conditions and injury pathology 

High-speed video of each test used to 

track anterior pole, posterior pole, and 

corneal deformation 

McKnight 1988 

20 anesthetized cat 

eyes (radial 

keratotomy performed 

in one or both eyes) 

BB gun 

(0.34 J ï 0.99 J) 

4/23 operated eyes ruptured  

0/17 unoperated eyes ruptured 

Green 1990 
11 anesthetized 

monkey eyes 

Brass rod drop test 

(0.89 J ï 3.56 J) 
5/16 eyes resulted in globe rupture 

Vinger 1999 
2 enucleated human 

cadaver eyes 

Baseball projectile 

(46.4 J & 82.2 J) 
1/2 eyes resulted in globe rupture 

Duma 2000 13 (in situ) pig eyes  

Foam particle 

projectile 

(0.034 J ï 1.446 J) 

8/13 eyes resulted in corneal abrasion 

covering 10%-75% of the cornea 

Scott 2000 21 enucleated pig eyes 
Steel rod projectile 

(0.36 J ï 1.89 J) 

5/21 eyes had no injury 

2/21 eyes had injury to iris/ciliary 

body, anterior chamber angle 

disruption, or lens damage without 

dislocation  

6/21 eyes had lens dislocation or retinal 

damage  

6/21 eyes had lens dislocation and 

retinal damage 

2 eyes had no specific injuries listed  

Stitzel 2002 
22 enucleated human 

cadaver eyes 

BB, foam particle, 

and baseball 

projectile 

(0.004 J ï 134.5 J) 

8/22 eyes resulted in globe rupture 

Kennedy 2006 

65 enucleated pig eyes 

61 enucleated human 

cadaver eyes 

Airsoft pellet, 

paintball, delrin 

impactor, plastic rod, 

foam particle, 

aluminum rod, BB 

projectile 

 (0.01 J ï 20.75 J)  

23/65 pig eye tests and 22/61 human 

eye tests resulted in globe rupture 

Duma 2012a 12 enucleated pig eyes 

Aluminum rod, BB 

projectile  

(0.047 J ï 2.257 J) 

4/36 eyes resulted in globe rupture 

Duma 2012b 8 enucleated pig eyes Water streams No globe ruptures observed 

Alphonse 2012a 
6 enucleated human 

cadaver eyes 
Toy helicopter blades No globe ruptures observed 

Alphonse 2012b 
6 enucleated human 

cadaver eyes 
Consumer fireworks 

Minor corneal abrasions were observed 

in all tests; no globe ruptures observed 
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Injury Risk Functions  for the Eye 

Injury risk functions are tools that relate measurable parameters to injury outcomes.  The 

development of accurate injury risk functions relies on compiling experimental injury data and 

quantifiable test parameters.  Many of the historical experimental eye impact studies report data 

that can be 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 models based 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 

experimental impact tests with foam particles [19].  This study presented an injury risk function 

that used kinetic energy to predict the probability of corneal abrasion.  Similarly, Scott correlated 

kinetic energy to resulting injury.  Using a chi-square analysis, this study showed a strong 

association between kinetic energy and lens dislocation, and a strong association between kinetic 

energy and retinal damage [20].  This study also correlated projectile momentum to resulting 

injury; however, a chi-squared analysis indicated no association between projectile momentum 

and injury.  Duma presented an analysis 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 rupture [27].  It was determined 

that normalized energy was a better predictor than kinetic energy because 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 energy.  Kennedy presented binary logistic regression injury risk 

functions that used either kinetic energy or normalized energy of a projectile to predict the risk of 

globe rupture for porcine eyes and human cadaver eyes [28].  This study corroborated the 

findings of Duma that normalized energy is a better predictor than kinetic energy.  Based on 

resistance to globe rupture, it was determined that porcine eyes were significantly stronger (2x) 

than human cadaver eyes for projectile impacts (p=0.01).  Kennedy presented a comprehensive 

meta-analysis of over 250 eye impacts reported in the literature [29].  This study presented injury 



17 

 

risk functions for hyphema, lens damage, retinal damage, and globe rupture.  However, in 

contrast to earlier efforts to develop eye injury functions 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 

method to estimate parameters.  A Weibull distribution was assumed for all injury types.  Using 

this methodology, final risk functions and 5%-95% confidence intervals were presented for 

hyphema, lens damage, retinal damage, as well as globe rupture.  Figure 5 shows the injury risk 

curves based on normalized energy as an injury predictor [29].    

Eye Injury Risk Curves 

 
Figure 5. Eye injury risk curves. 

Image modified from [29]. 

 

When projectile characteristics are unknown or there is no known projectile impact (i.e., water 

streams, pressure wave loading), it becomes necessary to use a parameter other than normalized 

energy for injury risk assessment.  Previous work has indicated that intraocular pressure (IOP) 

can be used to predict injury risk in these cases.  Kennedy determined a static loading threshold 

for human eye rupture to be 0.36 ± 0.2 MPa [41].  This and another study by Bisplinghoff 

determined a dynamic loading threshold for human globe rupture to be 0.91 ± 0.29 MPa [30] and 

0.97 ± 0.29 MPa [31].  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 tests.  Bisplinghoff also conducted experimental tests to determine the failure threshold of 

the eye due to an increase in IOP and to determine the material properties of the eye under high-

rate loading [32].  This study calculated an average maximum true stress of 18.89 ± 4.81 MPa for 

both equatorial and meridional directions 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 sclera were used to calculate strain.  Overall, these 

experimental studies illustrate that measuring IOP during experimental tests provides another 

parameter for injury risk analysis.  Duma investigated the correlation between IOP and kinetic 

energy and the correlation between IOP and normalized energy [2].  Intraocular pressure was 

measured throughout each test and normalized energy was calculated for each projectile.  

Overall, kinetic energy showed better correlation to IOP than normalized 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 for IOP and normalized energy, 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 normalized energy presented 

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 characteristics are 

unknown or incalculable.  

Correlations between IOP and NE 

 
Figure 6. Correlations between intraocular pressure and normalized energy. 

Image modified from [35]. 

Duma conducted a series of 38 tests on eight porcine eyes using two water streams and various 

stream velocities to investigate the 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 Duma using the 6.35 mm projectile to predict eye 

injury risk from water streams based on IOP [2].  The 6.35 mm diameter projectile correlation 

was used because the water stream diameters were approximately 3.2 mm and 6.4 mm.  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 lens dislocation and retinal damage was less than or equal to 

1.3% for all tests.  Alphonse et al. conducted a series of 30 tests on six human cadaver eyes using 

five remote control toy helicopter blades to investigate the safety of these toys [39].  This study 

implemented the correlations from Duma using the 6.35 mm projectile to predict eye injury risk 

from toy helicopter blades based on IOP [2].  The 6.35 mm diameter projectile correlation was 

used because the impacting area of the toy helicopter blades was less than 0.1 mm.  Globe 

rupture was neither predicted nor observed in this study.  Risk for hyphema was predicted to be a 

maximum of 0.2%.  Risk for lens dislocation and retinal damage was 0.0% for all tests.  

Alphonse studied the response of six human cadaver eyes to firework overpressure at three 

standoff distances (22 cm, 12 cm, 7 cm) [26].  As firework explosions do not have a calculable 

mass, this study implemented the correlations from Duma using the 11.16 mm projectile to 

predict eye injury risk from commercial fireworks based on IOP [2].  The 11.16 mm diameter 

projectile correlation was used because it most 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% for all tests. 

 

Physical Models of the Eye 

Many anthropomorphic test devices (ATDs) do not have the capability to specifically assess eye 

injuries.  However, the Facial and Ocular CountermeasUre Safety (FOCUS) headform is an 

advanced anthropometric test device (ATD) specifically designed to quantify and assess injury 

risk due to facial and ocular loading (Figure 7).  It has eight segments that represent facial bones 

(two frontal, two zygoma, two maxilla, one mandible, one nasal) and two eyes (Figure 7).  Each 

bone segment and eye is instrumented with a load cell, allowing the FOCUS to quantify the load 
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applied to each region during an impact.  Currently, 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 

  
Figure 7. FOCUS headform and biofidelic synthetic eye.    

Eye load cells are models 8065J (left) and 8060J (right) by Humanetics ATD. 

Experimental Blast Eye Experiments 

Hines-Beard used a modified paintball shooter to simulate a blast wave for exposure to mice 

[42].  Mice were placed with one eye a maximum of 0.5 cm from the end of the barrel and 

exposed to a single blast at 23.6 psi, 26.4 psi, or 30.4 psi.  Preliminary results indicated globe 

rupture and extraocular muscle tears were caused at two higher test pressure levels (43.8 psi and 

35.0 psi), and subsequently tests 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 within 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 these test pressure levels.  Corneal edema was observed in some mice, but was not 

conclusive.  Ultimately, however, this study further corroborates other work in this area, 

concluding that isolated primary blast overpressure does not cause severe injury to the eye.  Zou 

exposed Sprague-Dawley rats to one of two primary blast pressure levels (~26 psi, ~70 psi) using 

5 kg of 2,4,6-trinitrotoluene (TNT) [43].   The rats were examined at 24 h, 72 h, and 2 w post-

blast for retinal injury.  Results of this study indicate that the retina experienced inflammation, 

edema, and apoptosis follow blast exposure.  Bricker-Anthony also used a modified paintball 

shooter to simulate 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 structures was not noted, however, corneal 
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edema, hyphema, cataracts, neuronal death, retinal pigment epithelium vacuoles and optic nerve 

degeneration were present in some eyes up to twenty-eight days following blast, when all 

animals were sacrificed.  Further work by Bricker-Anthony found that blast exposure causes cell 

death and changes in visual acuity [45].  Sherwood exposed enucleated porcine eyes potted in 

synthetic orbits to primary blast overpressure and examined injuries to various eye tissues using 

B-scan and ultrasound biomicroscopy [46].  This study reported injuries including 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 techniques as noted by the authors.  Results of this study 

indicated that injury severity coincided with increasing peak pressure and impulse.  While this 

study reported retinal damage was caused by blast overpressure exposure, it failed to quantify 

baseline damage in the enucleated porcine eye model.  Choi exposed anesthetized rats to either a 

single or repeated blasts at approximately 10 psi using a shock tube [47].  Repeated 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 significantly higher damage.   

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 between the 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 yield 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 

overpressure waves.  Using a modified paintball shooter to replicate a blast wave is somewhat 

misleading, as the pressure-time histories do not accurately represent a blast wave.  The shape of 

these pulses is more similar to a high-rate blunt impact than a blast wave.  Lastly, 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 

Computational models are integral tools used in the field of injury biomechanics to quickly 

assess many hypothetical loading situations.  Numerous computational models of the eye have 

been developed for dynamic blunt loading, and more recently, blast loading.  Many of these 

models were specifically designed to assess blunt trauma and have been well-validated for their 

biofidelic response, material properties, and boundary conditions.  However, due to the paucity 

of experimental blast data required to fully validate them, many models of the eye that strive to 

assess blast loading lack rigorous validation.  Therefore, experimental data on the response of the 

eye and its properties at high loading rates are necessary to validate these models.  The research 

proposed herein will yield data that can be used to validate such models.  A brief synopsis of 

relevant computational models of the eye is mentioned herein.  This is by no means exhaustive 

of the number of computational eye models currently being developed.     

Many computational 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 tests [48].  The eye was sectioned into three layers for the 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 vitreous.  Projectile impacts at various 

diameters and velocities were simulated and suggested that intraocular foreign bodies (IOFB) 

occur at velocities above 30 m/s, though there was no clinical evidence to support this.  Stitzel 

developed a nonlinear finite element model of the eye, the Virginia Tech Eye Model (VTEM), 

and validated it with experimental data to accurately predict globe rupture [49].  This model 

consisted of many eye structures (cornea, sclera, lens, ciliary body, zonules, aqueous humor, 

vitreous body) in a fluid flow.  The model assumes a Lagrangian formulation for the eye and its 

structures, with an Eulerian formulation for the aqueous, vitreous, and fluid around the eye.  

These assumptions greatly improved fidelity over prior models.  Material properties for various 

eye structures were pulled from the literature.  Higher stresses were predicted than previous 

models due to the increase biofidelity of the boundary conditions and model assumptions.  

Corneoscleral stress (>23 MPa) and local pressure (>2.1 MPa) were used to predict globe 

rupture.  While this study increased the biofidelity of the eye and orbit, with the added benefit of 

validation for globe rupture prediction values based on experimental tests, failure was not 
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specifically modeled.  Weaver evaluated projectile eye impacts using a computational model of 

the eye and matched experimental impacts from the literature [50].  This study used the VT-

WFU Eye Model (an adaptation of the original VTEM).  Computational results were shown to 

match experimental results.  Corneoscleral stress (>17.21 MPa) and internal eye pressure (>1.01 

MPa) were used to predict globe rupture.  It was determined area-normalized kinetic energy was 

the best single predictor of peak stress and pressure in the eye, indicating that projectile size may 

be of importance to eye injury prediction.  Weaver also studied the effect of orbit anthropometry 

on eye injury risk [51].  Specifically, this model varied orbital aperture, 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 measurements were previously determined from CT images of 

nearly 40 human subjects [51]. Simulations of eye impact with a baseball at 30.1 m/s were run 

using a Lagrangian-Eulerian fluid flow finite element model for the eye.  The models indicated 

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 dataset for various factors that affect orbital anthropometry that can potentially 

be protective to the eye for impact scenarios.   

Few computational models have been designed specifically for blast loading.  Stitzel subjected 

the VT-WFU Eye Model to a 1 lb charge of TNT at distances of 5 ft and 10 ft directly anterior to 

and 6 feet offset to the right of the cornea [52].  Peak stress (maximum principal stress in the 

corneal-scleral shell elements) and pressure (center of 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 conditions, with the closest charge location with respect to the eye having the opposite trend.  

Esposito developed a Lagrangian-Eulerian finite element model of the eye using simple 

constitutive models [53].  This model consisted of many eye structures (sclera, cornea, lens, 

retina, aqueous) as well as the orbital fat around the eye.  A TNT explosion was simulated at 

various distances and charge sizes to determine isodamage and isolethality curves based on 

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 injury.  The 

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

this oscillation.  Experimental tests will confirm if this oscillation occurs in theatre.  Bhardwaj 

developed a three-dimensional fluid-structure interaction computational model of the eye to 

study stresses and deformations of the eye induced by exposure to primary blast overpressure 

[55].  This study modeled exposure of a human face and eye geometry to an explosion of 2 kg of 

TNT at a distance of 2.5 m in both a frontal (charge at level of face) and angled (ground charge 

relative to face).  Specifically, this work studied the influence of facial features on wave 

propagation and predicted an area of maximum pressure in the nasal-side corner of the eye.  

Watson recently developed a finite element model of the eye that includes many internal 

structures that is similar to the model previously developed by Stitzel [56].  Computational blast 

tests were modeled to simulate matched experimental test conditions from a previously published 

study by one of the authors [56].  Results from these tests indicated high stresses at the interface 

between the ciliary body and the vitreous fluid, which could possibly account for angle recession 

and cyclodialysis clefts observed in the experimental studies [46].  However, a major limitation 

of this this finite element model is that it was only validated using blunt impact data from the 

literature due to the lack of high-speed video analysis of the response of the eye during blast 

loading.     
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Research Objectives 

The research in this dissertation aims to examine the response of the eye during exposure to blast 

overpressure.  Chapters 1 and 2 encompass experimental methods and analysis techniques that 

can be transferred to studies beyond what is reported herein.  Chapters 3 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.  Chapter 4 expands 

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 loading.  Chapter 6 examines 

the current FOCUS headform for blast loading.  Chapter 7 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 of a priori knowledge of the injury scenario.  The chapter-

specific research objectives are as follows: 

Chapter 1:  Characterize the response of various materials for use in an ABS or shock tube.   

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

wave parameters and remove experimental artifacts. 

Chapter 3: Experimentally quantify injury risk for the unprotected porcine eye exposed to 

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

Chapter 4:  Evaluate if military spectacles and goggles affect shock wave parameters measured 

in the eye, within the orbit, and around the face.  Experimentally quantify injury risk for the 

protected porcine eye exposed to primary blast overpressure.   

Chapter 5:  Characterize the response of the eye, orbit, and face for the unprotected porcine eye 

exposed to primary blast overpressure 

Chapter 6: Assess the FOCUS headform for eye injury during low-level blast loading. 

Chapter 7: Assess the ability of an area-sensitive physical model of the eye to distinguish 

between blunt and blast loading, as well 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 tritonol or C4 

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, availability, weather, and cost of sites with qualified personnel with potential 

scheduling constraints.  Specially designed gas-dynamic 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 studies in 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 ódrivingô section) is pressurized until the membrane 

ruptures, creating a pressure wave that travels down the second chamber (the ódrivenô section).  

The pressure wave ñshocks upò as it travels down the tube until it forms a fully planar shock 

wave at the test region that resembles a free-field blast.   

A number of factors 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 effect of shock-

tube configuration on the resulting pressure trace are well understood [57].  Non-ideal diaphragm 

rupture was identified from the earliest shock-tube research as described in that reference: 

ñDespite the wealth of shock-tube literature published in recent years, relatively little 

information of a systematic nature has been reported on the behaviour and bursting 

characteristics of suitable diaphragm materialò.  Three widely used membrane materials are 

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 distinct pressure levels to provide 

guidance for future studies that use passive rupture membranes in gas-driven shock tubes or blast 

simulators.     
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Methods 

The gas-driven Advanced Blast Simulator (ABS) at Virginia Tech was used to simulate peak 

overpressures of 10 psi, 20 psi, and 30 psi.  Pressure measurements for the Mylar and acetate 

membrane tests were recorded at 500 kHz (Dash® 8HF-HS, Astro-Med®, Inc., West Warwick, 

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

PRO, Diversified Technical Systems, Inc., Seal Beach, CA).  Goal pressures at the test location 

were chosen as incremental steps for three distinct pressure levels; 10 psi, 20 psi, and 30 psi.  

Mylar and acetate sheets were cut to the 9 in x 13 in membrane size using scissors and stacked to 

thicknesses between 15-60 mil
1
 to achieve the desired pressure levels (Table 4).  Mylar and 

acetate thickness may vary ± 5 mil depending on temperature.  Aluminum sheets were cut to the 

9 in. x 13 in. membrane size using a bandsaw.  A horizontal ñXò pattern was scored in the 5 in. x 

9 in. region of the sheet using a CNC milling machine with an accuracy of 1 mil.  It was 

previously shown that scoring metal membranes in this fashion facilitates even and repeatable 

opening of the membrane upon rupture [58].  The unfinished edges were filed by hand to remove 

any burrs that could potentially damage the driver/driven interface.  Aluminum alloy, sheet 

thickness, and scoring depth were varied to provide a range of rupture pressures (Table 5).  All 

tests were performed with a Helium gas tank with a pressure of at 1000 psi. 

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       5 x 10 mil 50 mil 

10 psi (n=10) Acetate             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. 

                                                 
1
 1 mil = 0.001 in. 

Goal Pressure No. Tests Material  Thickness Scoring Depth 

10 psi (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: one test was scored at a depth of 14 mil.   
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A custom MATLAB ® (version 7.11.0.584 (R2010b), The MathWorks, Inc., Natick, 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 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 pressure- time history.  Impulse was calculated using trapezoidal 

integration of the pressure 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 pattern (Figure 8).  

Peak overpressure, positive duration, and positive impulse were determined for each test (Figure 

9).  The Mylar membranes tended to bulge before rupturing and did not rupture consistently.  

Data for the Mylar membranes are limited to the 20 psi level due to this inconsistency in rupture.  

The acetate membrane tended to fragment while the aluminum membranes did not fragment.  

The acetate and aluminum membranes produced pressure traces representative of the idealized 

Friedlander waveform (Figure 10). 

Mylar  Acetate Aluminum  

   

Figure 8. Rupture patterns of each membrane type.   

(Left) Bulged and blown out Mylar membranes.  (Center) Acetate membranes missing middle portion due to 

fragmentation.  (Right) Typical ñpetalò rupture pattern of scored aluminum membranes. 
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Peak Overpressure Positive Duration Positive Impulse 

   

Figure 9. Average peak overpressure, positive duration, and positive impulse for all tests 

10 psi 

Mylar  Acetate Aluminum  

The Mylar membranes did not 

rupture consistently enough to 

provide pressure trace data for the 

10 psi pressure level. 

  

20 psi 

Mylar  Acetate Aluminum  

   

30 psi 

Mylar  Acetate Aluminum  

The Mylar membranes did not 

rupture consistently enough to 

provide pressure trace data for the 

30 psi pressure level. 

  

Figure 10. Exemplar pressure traces for the three membrane materials. 
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Discussion 

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 membranes were highly frangible and sent many 

fragments down the driven section, leaving little material at the driver/driven interface.  The 

aluminum membranes ruptured in a ñpetalingò pattern with pieces remaining attached at the wall, 

and being heavier material, involved a relatively slow opening.  Despite these nuances, both the 

acetate and aluminum membranes produced close-to-ideal 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 bulge but did not órunô.  As such, the flow venting from the driver passed through a 

small opening, developing a jetting flow which caused poor shock-wave development in the 

driven section.     

A number of factors further affect how the membrane ruptures, which affects the pressure trace 

at the test location.  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 monitor helium tank 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 location may vary with changes in temperature.   

Ease of use and cost may further affect the choice between Mylar, acetate, and aluminum 

membranes (Table 6).  Mylar and acetate membranes are relatively easy to produce, as they only 

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 fabricating the aluminum membrane 

took approximately 20 minutes, about four times as long as preparing the Mylar or acetate 

membranes.  The Mylar membranes cost between $0.3-0$1.3 each and the acetate membranes 

cost between $0.9-$2 each, depending on sheet thickness.  However, 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 between $3-$9 each for the 

current study.   

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

 Mylar  Acetate Aluminum  

Pros 

¶ Does not fragment 

¶ Relatively inexpensive 

¶ Produces good pressure traces 

¶ Relatively inexpensive  

¶ Easy to manufacture 

¶ Does not fragment 

¶ Produces good pressure traces 

Cons 
¶ Bulges and may not rupture 

¶ Inconsistent rupture  

¶ Numerous large and small 

fragments 

¶ Relatively expensive  

¶ Requires CNC mill  

Conclusions 

This study provides a number of factors that affect the peak overpressure, positive duration, and 

positive impulse of pressure traces recorded in an ABS 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 consistency and lack 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 and fragmentation 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 of the 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 

representation of an idealized pressure wave when rupture does occur [59].  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 future work.  
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Chapter 2 

Effects of Filtering on Experimental Blast Overpressure 

Measurements 

Introduction  

The increased frequency of blast-related injuries in current military conflicts, terrorist events, and 

industrial accidents has created the need to quantify human injury tolerance to exposure to shock 

waves.  Experimental studies that use laboratory equipment to mimic real-world, free-field blast 

overpressure events are becoming increasingly common.  One approach to examining the effects 

of blast exposure is to correlate diagnosed injuries to measurable, quantifiable shock wave 

parameters (e.g., peak overpressure, positive duration, and positive impulse).  Here, 

ñoverpressureò refers to the pressure wave caused by detonating a high-order explosive.  Due to 

the high-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 especially susceptible to experimental 

artifacts.  Post-processing 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 examine if a 4
th
 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 test series.  Aluminum membranes (alloy 2024, 

32 mil thickness, 7-8 mil ñXò pattern) were used to produce shock waves of approximately 30 

psi static overpressure measured along the inside wall of the tube at the test region.  All data 

were recorded using a high performance data acquisition system (TDAS PRO, Diversified 

Technical Systems, Inc., Seal Beach, CA).  The internal 8-pole Butterworth low pass hardware 

anti-alias 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 on the empty ABS.  Data were collected using high-frequency 

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

with the inside wall of the tube at 4 ft and 5 ft from the initiation of the shock wave.  The 

resonance frequency of these pressure sensors was greater than 500 kHz, and the rise time was 

Ò1.0 ɛs.  The coaxial cables supplied with these sensors had an internal crimp strain relief at the 

connector, and were shielded for electrical impedance of 50 ɋ and insulation resistance >1 Tɋ.  

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, located 5 ft from the initiation of the 

shock wave.  The preparation methods for eyes in synthetic orbits were previously published 

[36].  Intraocular overpressure (IOP) was collected using a miniature pressure sensor inserted 

into the eye (Model 060, 100 psi, Precision Measurement Company, Ann Arbor, MI).  As this 

sensor was designed to be minimally invasive for biological applications, the sensor wire was a 

simple unshielded Teflon-coated 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 were quantified at each 

sensor location for all tests using a custom MATLAB
®
 script (version 7.11.0.584 (R2010b), The 

MathWorks, Inc., Natick, MA).  A 4
th
 order phaseless low pass Butterworth filter was applied to 

the raw data.  The difference equation and constants describing the filter are defined by SAE 

J211/1[60].  The filter passed data through twice, forward then backward, to avoid phase shift.  

The channel frequency class (CFC) of the filter was incrementally increased between CFC 1000 

and CFC 10k (Table 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 filtered data.  A Fast Fourier Transform (FFT) was used visualize the 

frequency spectrum of each channel.  
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Table 7. Cutoff frequencies (3 dB) for a 4
th
 order low pass Butterworth filter. 

CFC 
CFC 

1000 

CFC 

2000 

CFC 

3000 

CFC 

4000 

CFC 

5000 

CFC 

6000 

CFC 

7000 

CFC 

8000 

CFC 

9000 

CFC 

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 decreasing the peak overpressure and increasing the rise time and positive duration.  

The positive impulse remained relatively constant across the filters tested.       

Table 8 reports the average raw data values that were used 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 remaining raw parameter values for both sensors was the CFC 6000 filter.  Figure 11 

illustrates the effect of filtering on the raw and filtered Empty Tube test data collected by the two 

sensors for a single test.  Figure 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 to AC-powered 

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. 

Sensor 01 
Raw 

Data 

CFC 

1000 

CFC 

2000 

CFC 

3000 

CFC 

4000 

CFC 

5000 

CFC 

6000 

CFC 

7000 

CFC 

8000 

CFC 

9000 

CFC 

10k 

Pk. Overpress. (psi) 35.90 26.29 31.20 33.57 34.63 35.14 35.44 35.65 35.82 35.95 36.05 

Rise Time (ɛs) 36.44 324.62 167.61 119.91 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 22.13 22.12 22.11 22.10 22.10 22.09 22.09 22.08 22.08 
 

Sensor 02 
Raw 

Data 

CFC 

1000 

CFC 

2000 

CFC 

3000 

CFC 

4000 

CFC 

5000 

CFC 

6000 

CFC 

7000 

CFC 

8000 

CFC 

9000 

CFC 

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 

Rise Time (ɛs) 31.14 354.44 202.72 143.10 90.10 72.87 60.95 53.00 47.70 43.72 40.41 

(+) Dur. (ms) 2.34 2.60 2.42 2.39 2.37 2.36 2.36 2.36 2.35 2.35 2.35 

(+) Imp. (psi*ms) 23.40 23.41 23.36 23.38 23.38 23.39 23.39 23.39 23.40 23.40 23.40 
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Empty Tube Test 01 

Sensor 01 Sensor 02 

  

  

  
Figure 11. Raw and filtered pressure-time histories for Empty Tube Test 01. 

Plots show peak overpressure (ñPk.ò), Ñ2.5% thresholds for peak overpressure, and data points used to calculate the 

raw rise time (circles).  Note the decreased magnitude and temporal delay of the 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) Zoomed in view of the 

peak overpressure.  (Bottom) Zoomed in view of the time of arrival. 
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Empty Tube Test 01 

Sensor 01 Sensor 02 

  

  

Figure 12. Raw and filtered frequency spectra for Empty Tube Test 01. 

Axes truncated at 20 kHz for clarity (maximum frequency ~150 kHz).  Vertical lines represent the 3 dB cutoff 

frequency for each of the filters applied to the data, and are color-coded respectively.  (Top) Many of the peak 

frequencies are harmonics of the 60 Hz utility frequency for electrical power in the United States.  (Bottom)  

Zoomed in view to 5% of the normalized magnitude. 

Table 9. Average shock wave parameters for IOP test data (n=3). reports the average raw data 

values that were used 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 remaining raw parameter 

values was the CFC 7000 filter.  Figure 13 illustrates the effect of filtering on the raw and 

filtered IOP test data collected for a single test.  Note that there is a ñspikeò in the trace around 4 

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

whipping due to the shock wave wind.  Figure 14 shows the FFT of the IOP test data for a single 
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test.  Many of the peak frequencies are harmonics of 60 Hz, indicating sensitivity to AC-powered 

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% of the average raw value. 

Sensor 01 
Raw 

Data 

CFC 

1000 

CFC 

2000 

CFC 

3000 

CFC 

4000 

CFC 

5000 

CFC 

6000 

CFC 

7000 

CFC 

8000 

CFC 

9000 

CFC 

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 

Rise Time (ɛs) 53.00 308.06 178.87 132.50 119.25 104.90 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 

  

  

Figure 13. IOP Test 01 raw and filtered pressure-time histories, showing the peak overpressure (ñPk.ò), Ñ2.5% 

thresholds, and data points used to calculate the raw rise time (circles).  (Top Left) Overpressure traces.  Note the 

spike in 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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IOP Test 01 

  

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 

applied to the data, and are color-coded 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 overpressure traces caused by the wire whipping from the shock wave wind.  (Right) 

Zoomed in to view 5% of the normalized magnitude. 

 

Discussion 

A 4
th
 order phaseless low pass Butterworth filter applied to blast overpressure data during post-

processing was able 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.  The peak overpressure 

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.  Interestingly, the positive impulse appeared to be less 

affected by filtering than the other parameters.  This can be attributed to an extent by the 

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

filtering the data and the reliance 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 Tube 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 times (< 100 ɛs) resulted 
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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 for the IOP 

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 wall sensor and 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 forward-facing 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 therefore 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.  As filtering was 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 the effect of removing as many powered electronics as 

possible from around the test area.  A similar analysis can be conducted to examine if the 60 Hz 

harmonic noise can be reduced by testing outdoors, where AC-powered equipment around the 

test site may be limited.       

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, which was not present for the Empty Tube 

test data, can be attributed to the unshielded sensor wire being whipped by the shock wave wind.  

All three IOP test overpressure traces had at least one artificial ñspikeò characterized by a peak 
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overpressure that approached or exceeded the maximum range of the pressure sensor and a total 

duration around 10 ɛs. 

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 through a grounded 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 be routinely examined to ensure secure contact.  Properly strain-relieving any 

wires that contact the tube walls can prevent damaging the sensor and minimize high-frequency 

responses due to physical shaking or whipping during testing.  Lastly, electrical cables and wires 

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 indoors using an ABS and two different pressure sensors.  A 4
th
 

order phaseless low pass Butterworth filter with increasing cutoff frequencies (CFC 1000 ï CFC 

10k) was applied to the data.  Filtered shock wave parameters were compared to ±2.5% of the 

raw data parameters.  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 accurately create 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 are not misrepresented by post-processing techniques, including filtering.  Besides altering 

the overall shape of the recorded signal, changes in quantifying the shock wave parameters 

caused by post-processing filtering could drastically affect injury prediction 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 explosive devices (IEDs) in current military conflicts beyond 

what has been reported in historical military efforts necessitates the need to understand human 

tolerance to blast overpressure exposure (shock waves).  Explosive events accounted for more 

than 75% of combat-related fatalities in Operation Iraqi Freedom and Operation Enduring 

Freedom (OIF/OEF) [6].  Reduced fatality rates during recent military conflicts have been linked 

to the increased use of personal protective equipment (PPE) [7].  While unprotected air-filled 

organs such as the lung are most susceptible to blast injury, the use of improved thoracic PPE has 

reduced the incidence of these injuries, leaving the face and eyes disproportionally vulnerable to 

concomitant blast injuries [8, 9].  Despite the availability of protective eyewear for soldiers 

involved in OIF/OEF between 2003-2006, eye injuries reportedly occurred in 17% of cases 

where protective eyewear was used and jumped to 26% when protective eyewear was not used at 

the time of combat-related injury [10].  These injuries could have been sustained by multiple 

injury mechanisms, potentially including primary blast overpressure.  The incidence of eye 

injuries that occur even when protective eyewear is used further motivates the need to understand 

primary blast overpressure as an eye injury mechanism for the unprotected eye.   

Studies have reported more than 80% of all severe ocular injuries sustained during military 

combat are the result of munitions fragmentation and debris [11, 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 understood, the specific injury mechanisms 

and injuries caused by primary blast overpressure (i.e., the increase in pressure) exposure  are not 

well understood [28-39].   

Al though many eye injuries do not pose a high threat to life, the economic and psychological 

effects are alarming.  An example of this is that a globe rupture, which often results in 

enucleation and therefore total functional loss of the eye, would likely only be classified as a 

moderate injury.  Injuries to the eye and visual system are particularly debilitating from a 
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military perspective because they can severely decrease the ability of a soldier to achieve return-

to-duty standards required for service.  Notwithstanding, the time and finances invested in 

training is ólostô when a solider cannot return to duty.  Similarly, lack of adequate vision limits 

the type of jobs that can be acquired following return to civilian life.  Decreased quality of life 

compared to pre-injury 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 paucity 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 twofold; first, to quantify 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 eye during blast 

overpressure exposure.      

Methods 

All  tests were conducted using the small VT ABS with aluminum membranes prepared as 

described in Chapter 1 (Figure 4).  Briefly, this is a helium gas-driven tube specifically designed 

for testing small specimens, and is able to produce peak overpressures up to approximately 30 

psi (static overpressure) with a positive duration around 2.5 ms using 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 (Animal Technologies, 

Tyler, TX, USA).  Control eyes were used to assess postmortem effects and damage from tissue 

procurement.  Sham eyes were used to quantify potential injuries from pre-test preparation 

techniques, including the insertion of a pressure sensor and pressurization tube into the eye 

through the optic nerve and setting the eye in a rigid concave cup or in gelatin.  All eyes were 

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

globe and optic nerve.  Eyes were identified as left (OS) or right (OD).  Cornea clarity was 

qualitatively assessed (clear, not clear), and visibility of the ñYò suture on the lens was noted.  

Fluorescein dye was applied to the cornea and a blue light was used to help visualize corneal 
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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 postmortem degradation and 

procurement from the abattoir.  The 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 psi, Precision Measurement Company, Ann Arbor, MI) and a small tube were 

inserted through the optic nerve into the vitreous fluid and secured in place using a cable tie.  

Normal physiologic intraocular pressure (IOP) was provided throughout the duration of the test 

using a gravity-fed system.  Specifically, a bag of Lactated Ringerôs solution was connected to 

the small tube and suspended 8 in. above the eye to provide normal physiologic pressure to the 

eye during the duration of testing (0.29 psi or 14.95 mmHg).  Intraocular pressure was measured 

before and after each test using a veterinary tonometer (Tono-Pen AVIA Vet® Veterinary 

Tonometer, Reichert Technologies, Depew, NY, USA).  Due to minor variations, measurements 

were taken using the tonometer until three sequential measurements recorded the same IOP at a 

95% confidence.       

Eyes were placed in one of three boundary conditions (ñIsolated Eyeò, ñSynthetic Orbitò, ñ3D 

Orbitò) and exposed to a single blast event at 10 psi, 20 psi, or 30 psi static overpressure.  The 

synthetic orbit and the 3D Orbit represented the left orbit geometry.  These pressure levels were 

chosen to examine the effects of increasingly severe, yet survivable blast events [15].  The three 

boundary conditions surrounding the eye were tested to assess the effects of increasing 

biofidelity of the orbit and facial geometries.  Photographs of these three test setups are shown in 

Figure 15, and Table 10 summarizes the final test matrix.  

Isolated Eye  Synthetic Orbit  3D Orbit  

   

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

Control  Sham Isolated Eye Synthetic Orbit 3D Orbit  

Quantify damage 

from postmortem 

degradation and 

procurement 

Quantify damage 

from preparation 

methods 

Quantify isolated 

eye response with 

no reflected 

surfaces  

Quantify response 

with simplified 

orbit using flat 

reflective surfaces 

Quantify response 

with human orbit 

using complex 

reflective surfaces  

16 eyes 
8 eyes in isolated 

16 eyes in gelatin 

5 eyes at 10 psi 

6 eyes at 20 psi 

4 eyes at 30 psi 

5 eyes at 10 psi 

6 eyes at 20 psi 

5 eyes at 30 psi 

6 eyes at 10 psi 

5 eyes at 20 psi 

6 eyes at 30 psi 

The isolated eye test condition was designed to isolate the eye from the orbital bones, muscle, 

and fat.  This expanded upon previous work conducted on isolated human eyes exposed to 

fireworks [40].  The isolated eye test condition consisted of a rigid concave cup with a hole in 

the back through which the optic nerve, IOP sensor, and pressurization tube could pass.  This 

was designed to provide support for the eye during the test, and provided minimal reflective 

surfaces around the eye.  Approximately one third of the posterior portion of the eye contacted 

the concave cup.  Eyes were prepped with the experimental apparatus oriented vertically, such 

that the cornea faced the ceiling, so that only gravity affected the eye and no additional tension 

was placed on the optic nerve or the back of the eye.  An alligator 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, the eye loosely rested on a small ledge to prevent drooping.  A 

photograph of the isolated eye in the horizontal orientation is shown in Figure 16. 

Isolated Eye  

 
Figure 16. Isolated eye boundary condition. 

The synthetic orbit had smooth, flat surfaces that approximated a first-order human orbital 

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

Optic Nerve

Cable TieLedge

Sensor Wire

Alligator Clip

Pressure Tube
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third of the anterior portion of the eye exposed.  A 10% Knox® gelatin solution was poured 

around the eye within the orbit to simulate the fat and muscles within the orbit.  The orbit was 

refrigerated for at least 45 minutes to allow the gelatin to set.  A photograph of the synthetic orbit 

is shown in Figure 17.   

Synthetic Orbit  

  

Figure 17. Synthetic orbit boundary condition. 

The 3D orbit test condition has the facial geometry, including skin, of the Global Human Body 

Models Consortium (GHBMC) head [61].  This geometry was used to manufacture a clear rigid 

plastic orbit using 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 geometry.  A 10% Knox® 

gelatin solution was poured around the eye within the orbit to simulate the fat and muscles within 

the orbit as well as the soft tissue around the eye and eyelid.  Photographs of the negative mold 

and the 3D orbit are shown in Figure 18 and Figure 19, respectively.   

Static
(along wall)

Reflected

IOP

PoS

PoS

Static
(in flow)
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Negative Mold for 3D Orbit 

    

Figure 18. Negative mold used to add gelatin around eye in 3D orbit. 

(Images shown with a synthetic eye.) 

3D Orbit  

  

Figure 19. 3D orbit boundary condition. 

Evaluation of Test Condition Biofidelty using the Synthetic Orbit 

As the synthetic orbit and 3D orbit represented only half the human face and occluded a larger 

cross-sectional area of the tube than the isolated eye, the biofidelity of these setups was 

systematically assessed prior to conducting the final tests as described above for this study.  

Special care was taken to ensure these test conditions did not restrict fluid flow within the test 

section of the ABS, and two modifications were examined upon recommendation of a blast 

physicist.    

Reflected

IOP

Static
(along wall)

PoS

Static
(in flow)

PoS
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The first modification was a plane of symmetry (PoS) that used created 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 occur in theatre.  The PoS was evaluated by adding it along 

the nasal side of the synthetic orbit, which corresponds to the line of symmetry in the human 

head along the mid-sagittal plane.  The PoS was fabricated from a 0.25ò thick piece of aluminum 

and had a beveled leading edge facing away from the nose.  This allowed the pressure wave to 

easily pass around the test orbit, thereby providing a more realistic boundary condition around 

the bisected portion of the face represented by the orbit.  The PoS extended 3ò in front of the eye.  

Figure 20 illustrates 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.  Experimental test size based 

on cross-sectional occlusion area was assessed by testing and comparing the responses of the 

synthetic orbit with and without extension blocks that simulated a first-order approximation of 

the forehead and chin.  The synthetic orbit without the blocks had a cross-sectional occlusion 

area of 10% of the tube.  The addition of the blocks increased the cross-sectional area to 20% of 

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

blocks.   

Sagittal View Coronal View 

  
Figure 20. Plane of symmetry and occlusion area overlaid on image of GHMBC. 

Tests were conducted in duplicate at each pressure level using four test scenarios: Empty Tube, 

PoS with 10% occlusion, No PoS with 20% occlusion, and PoS with 20% occlusion (Figure 21).  

Porcine eyes were not used for this.  Static overpressure was measured along the wall of the tube 

at the test region and reflected overpressure was measured at the forehead of the synthetic orbit.  

The Empty Tube tests provided baseline overpressure profiles for static overpressure measured 

Blocks
3ò

PoS
PoS

w/blocks

3.5ò x 7ò

w/o blocks

3.5ò x 4ò
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along the wall of the tube at the test region for comparison with the biofidelity tests.  Adding the 

synthetic orbit with a 10% occlusional cross-sectional area provided a minimum occlusion that 

still mimicked a facial geometry.  Adding the PoS created a more realistic condition for pressure 

relief.  Lastly, adding ñforeheadò and ñchinò blocks to the synthetic orbit created a 20% cross-

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 terms of both 

size and pressure relief.   

Orbit Biofidelity Test Conditions  

Empty Tube PoS,10% Occl. No PoS,20% Occl. PoS,20% Occl. 

    

Figure 21. Orbit biofidelity test conditions using the synthetic orbit. 

Pressure was measured at a number of locations in and around the eye for the final test matrix.  

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

pressure sensor.  Static overpressure in the fluid flow was measured using a ñpencilò sensor 

mounted 2 inches from the temporal side of the orbit.  The sensing element of the pencil sensor 

was aligned with the front of the cornea.  Total overpressure was measured for the isolated eye 

condition using a sensor mounted above the eye.  Reflected overpressure was measured for the 

synthetic orbit 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 orbit, flush with surface of the 3D Orbit.  Figure 22 illustrates the 

locations of these sensors. 

PoS

No Blocks

Blocks

Blocks

No PoS PoS

Blocks

Blocks



49 

 

Isolated Eye Synthetic Orbit  3D Orbit  

   

Figure 22. Pressure measurement locations for experimental setups. 

Additionally, a pressure sensor inside the driver of the ABS measured membrane 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 test region to measure static overpressure along 

the wall of the tube.  The middle of these three sensors was used for comparison to ñempty tubeò 

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 summarized in Table 11.        

Table 11. Pressure Sensors used for Experimental Tests. 

Pressure Location 
Pressure Sensor Information 

Company Model # Pressure Range (psi) 

Intraocular  PMC*  060, 060s 100 

Static (in flow) PCBÀ  137A24 250 

Total, Reflected, Facial  PCBÀ  113B21 200 

Driver  %ÎÄÅÖÃÏɗ 8510B 500 

Static (along wall) PCBÀ  102B16 100 

*Precision Measurement Company (Ann Arbor, MI, USA) 

ÀPCB Piezotronics (Depew, NY, USA) 

ÿMeggitt Sensing Systems (Irvine, CA, USA)  

All data were collected at 301.887 kHz (TDAS PRO, Diversified Technical Systems, Inc., Seal 

Beach, CA).  The standard TDAS PRO anti-aliasing filter was bypassed because the frequency 

content of the blast overpressure exceeded the 4,300 Hz cutoff frequency.  However, the TDAS 

PRO sensor input modules (SIMs) bandwidth of 0-25 kHz acts as a low-pass 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 kfps (v9.1, Vision Research, Wayne, NJ).  Movement of a string 
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IOP

DASTotal

Static (in flow)

DAS

DAS
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Reflected
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DAS
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hung from the top of the tube located near the eye was used to quantify the time of arrival of the 

shock wave using high speed video analysis. 

A custom MATLAB® (version 7.11.0.584 (R2010b), The MathWorks, Inc., Natick, MA) script was 

used to quantify the shock wave characteristics of each pressure sensor location (time of arrival, 

peak overpressure, positive duration, and positive 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 defined as 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 pressure- time history.  Impulse was calculated using trapezoidal integration of the 

pressure trace over the positive duration.  Figure 2 graphically illustrates these parameters using 

an idealized Friedlander pressure waveform.  A one-way ANOVA was conducted on the average 

peak IOP, positive duration, and positive impulse for each boundary condition with tukey-kramer 

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

Peak intraocular pressure was correlated to peak static overpressure measured at the wall and 

within the flow field.  Peak intraocular pressure was also correlated to peak total (isolated eye 

test condition only) or peak reflected overpressure (synthetic and 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, positive duration, and positive impulse) were quantified for each sensor 

location and are tabulated in 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 tissues and structures of the eye.  Second, 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 using the 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 was cut off to 
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expose the iris and anterior portion of the lens.  The iris was cut away to expose the anterior sides 

of the ciliary body, zonules, and lens.  Damage to these structures was noted.  Using a surgical 

microscope, damage to the zonules was further assessed by gently pushing on the lens with a q-

tip and tugging on iris flap contralateral to the zonules being examined.  The eye was then 

bisected to expose the retina and the posterior sides of the ciliary body and lens.  A dissection 

microscope was used to magnify 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 prediction of hyphema, lens damage, retinal damage, and globe 

rupture using normalized energy [62].  Normalized energy is the parameter required to calculate 

eye injury risk using published injury risk curves developed for projectile impacts.  Normalized 

energy is defined as the kinetic energy of an impacting object divided by the projected area of 

the object.  Neither kinetic energy nor projected area could be calculated for blast scenarios 

because blast is inherently different from projectile impact.  Therefore, NE was quantified using 

three published correlations between IOP and NE that were developed based on projectile 

impacts to the eye [36].  Normalized energy was quantified for each of the three correlations 

based on the projectile diameters: 6.35 mm, 9.25 mm, and 11.15 mm.  As the current test series 

was designed to study the effect of blast on an unprotected eye, the 11.15 mm diameter projectile 

correlation was used for the final injury risk prediction.  This was chosen because the area of an 

open eye affected by a blast, i.e., the area of the eye not covered by the eyelid, is most similar to 

the projected area of the 11.16 mm diameter rod.  However, the two remaining correlations were 

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 anterior-posterior 

translation of the entire orbit.  Frame-by-frame analysis of the high speed video was conducted 

for a handful of tests at each pressure level.  A minimum of five ink-printed dots on the sclera 

(chosen in a cross pattern) as well as several locations along anatomical structures of the surface 

of the cornea were selected for analysis.  The location of these points was manually tracked for 

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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Computer-aided design (CAD) geometries of the small VT ABS with the Driver and EWE as 

well as the three boundary conditions used in this experimental study were created for future 

computational model validation purposes (Autodesk Inventor Professional 2013, Autodesk Inc., 

San Rafael, CA, USA).  These files can be provided by the author upon request.  While 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 shown in Figure 23. 
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Small VT ABS 

 

Isolated Eye Synthetic Orbit  3D Orbit*  

   

*GHBMC facial geometry from Philip J. Brown. 

Figure 23. CAD geometries of experimental test setups. 
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Results 

Evaluation of Test Condition Biofidelty using the Synthetic Orbit 

Static and reflected overpressure-time histories for each pressure level of the biofidelity tests 

using the synthetic orbit are shown in Figure 24.  The lack of the PoS created the most different 

response measured by the static sensors as compared to the empty tube tests, as can be seen by 

the second peak in static overpressure around 0.4 ms for these tests.  Neither 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 PoS and extension blocks.    
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Static and Reflected Overpressure Profiles 

  

  

  

Figure 24. Pressure-time histories for the 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 matrix because they did not adversely 

affect the static or reflected overpressure traces.  Overall, peak overpressures increased as the test 

pressure level increased for all three boundary conditions.  Average ± 1 standard deviation 

pressure-time histories for static (in flow), and total or reflected overpressure are shown for each 

boundary condition in Figure 25.  A secondary peak at ~0.25 ms in the static overpressure trace 

was exacerbated with the addition of the PoS for the synthetic and 3D orbits.  Average ± 1 

standard deviation pressure-time histories for IOP are shown for each boundary condition in 

Figure 26.  Correlations between peak overpressure (static, total, and reflected) and peak IOP 

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

measured at the wall and static overpressure measured in the fluid flow are shown in Figure 27.     
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Static Overpressure (in flow) Total or Reflected Overpressure 

  

  

  

Figure 25. Static (in flow), total, and reflected overpressure - unprotected porcine eye tests. 
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Intraocular Overpressure (IOP) Injury Risk  

  

  

  

Figure 26. Intraocular overpressure for unprotected porcine eye tests with correlations. 
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Correlation between Static Overpressure Measurement Locations 

 
Figure 27. Correlations between static overpressure measured at two locations.   

Exemplar images for the synthetic orbit tests showing point tracking are shown in Figure 28.  

Deflection of the cornea was less than 3 mm for all tests.  Movement 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 was rippling on the surface gelatin which made it impossible to accurately locate 

the ink-printed dots on the sclera (Figure 29).  Overall, results of the video analysis were 

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

Isolated Eye Synthetic Orbit  3D Orbit  

   

Figure 28. Typical photographs from high speed video analysis for synthetic orbit. 
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Unprotected Eye 

t = 0ɛs t = 400ɛs t = 800ɛs 

   

Figure 29. Still images from high-speed video of the 30 psi blast with the unprotected eye. 

Full injury summaries for all tests are tabulated in Appendix C.  A number of the injuries 

observed at the 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 proportion injured sham eyes and the proportion of injured test eyes 

could not be accurately quantified.  Figure 30 shows images from a typical dissection.  Due to 

rapid postmortem degradation, retinal damage was present in all eyes and was therefore not 

correlated to exposure to blast overpressure.  Figure 31 shows three photographs of the retinal 

folds and partial retinal detachments observed in control eyes.   No major injuries were recorded 

as being caused by primary blast overpressure exposure.   
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Pre-Test Photo Post-Test Photo Cornea Removed 

   

Iris Removed Bisected Eye, Anterior Portion  Bisected Eye, Posterior Portion 

   

Figure 30. Typical photographs from porcine eye dissection. 

Retinal Folds in Control Eyes 

 
 

 

Figure 31. Retinal folds in control eyes. 

Predicted injury risk was <5% for all eye injuries in all test conditions at all overpressure levels 

tested, calculated using peak IOP and the 11.16mm correlation between IOP and NE.  Figure 32 

shows the peak shock wave parameters (peak IOP, positive duration, and positive impulse) for 

all three boundary conditions.  Peak IOP was significantly higher for the synthetic orbit than for 

the isolated eye at the 20 psi level.  Positive duration and positive impulse were not significantly 

different for any of the boundary conditions.  Figure 33 shows the injury risk for hyphema for 

the three boundary conditions.  Significant differences are noted with an asterisk.  Table 13 
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shows the average ± standard deviation for injury risk calculated for hyphema, lens damage, 

retinal damage, and globe rupture using the largest correlation.   



63 

 

Peak IOP for Three Boundary Conditions 

 
IOP (+) Duration for Three Boundary Conditions 

 
IOP (+) Impulse for Three Boundary Conditions 

 
Figure 32. Peak shock wave parameters for three ocular boundary conditions.     
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% Injury Risk for Hyphema  

 

Figure 33. Injury risk for hyphema for three boundary conditions. 

Table 12. Predicted injury risk percent using 11.15 mm diameter aluminum rod correlation (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 ± 0.00 

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 above 5% (for hyphema only), 

which is the most conservative prediction.  Injury risk for lens damage, retinal damage, and 

globe rupture are virtually non-existent at these overpressure levels for even the most 

conservative prediction.  Table 13 and Table 14 show the average ± standard deviation for 

injury risk predicted for hyphema, lens damage, retinal damage, and globe rupture using the 

correlations developed with medium and small impactors for comparison, respectively.   
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Table 13. Predicted injury risk percent using 9.25 mm diameter aluminum rod correlation. 

 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 ± 0.25 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 ± 0.03 0.00 ± 0.00 

Table 14. Projected injury risk percent using 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 4.11 ± 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 2.94  ± 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 ± 0.01 

Discussion 

Effects of Plane of Symmetry and Occlusion Area on Pressure Profiles 

Neither the addition of the PoS or maximum occlusion area negatively affected the response of 

the system as compared to the empty tube.  Therefore, all tests in the final matrix using porcine 

eyes in the synthetic and 3D orbits used both the PoS and the maximum allowable occlusion area 

(20%) in the form of extension blocks that simulated the forehead and chin.  Notably, tests 

conducted with the PoS recorded a secondary peak in static overpressure (in flow) at ~0.25 ms 

that was not observed in the empty tube tests.  This secondary peak is shown in the pressure 

traces shown in Figure 25.  This peak was caused by reflection of the pressure wave off  the side 

of the orbit to the wall of the ABS, and back to the orbit.  The pressure traces for the 10% and 
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20% occlusional areas did not vary considerably, indicating that the addition of the forehead and 

chin blocks did not inhibit the shock wave response.   

Pressure Level and Injury Risk 

Injury risk increased as test pressure level increased for all three boundary conditions.  Injury 

risk was highest for the synthetic orbit.  The low predicted injury risk was consistent with the 

lack of injuries observed upon dissection.   

This study used extreme care to isolate the shock wave to assess primary blast overpressure by 

preventing fragmentation of the membrane.  Many shock tube studies use acetate membranes 

which are frangible and potentially cause secondary blast injuries in addition to primary blast 

injuries.  High speed video was used to note if anything potentially impacted the eye.  Tests in 

which the eye was ñimpactedò by a string that was placed near the eye to quantify the shock 

wave time of arrival.  Tests were omitted from the final matrix only in cases where this ñimpactò 

resulted in an increase in the IOP, as this increase would not be observed in theatre.   

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

eye injury risk from primary blast overpressure exposure.  A previous study used a similar test 

matrix to expose enucleated porcine eyes potted in plastic orbits to a single overpressure event at 

10 psi, 20 psi, or 30 psi within the expansion cone of a standard gas-driven shock tube [46]. 

Results from the current study are consistent with results from the published study, i.e., at the 

pressure levels tested, no severe eye injuries were noted to be caused by primary blast 

overpressure.  Similarly, neither study rules out the possibility that primary blast overpressure 

exposure could potentially affect the eye and visual system.  However, there are discrepancies in 

the interpretation of the injury results garnered from each study.  Notably, retinal damage was 

observed in eyes used for both studies.  While the published study indicated that retinal damage 

may have been caused 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 

detachment at the macroscale level.  Furthermore, postmortem retinal degradation has been 

previously been documented [63].  Despite the use of ultrasound biomicroscopy, which was used 

to exclude pre-damaged tissue in the published study, the observed damage at the macroscale 

level makes it difficult, if not impossible, to accurately correlate retinal injury to primary blast 
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overpressure exposure.  Therefore, retinal damage was excluded from potential injuries caused 

by primary blast for the current study.  A notable difference in the current study was the addition 

of a pressurization system and use of a miniature pressure sensor for constant IOP measurement 

throughout the duration of the test.  This allowed for the prediction of physiologic injuries using 

published injury risk functions that could not otherwise be 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 observed (e.g., angle recession).      

Correlations between Sensor Locations 

Peak IOP was more similar to peak total or reflected overpressure than to peak static 

overpressure for all three boundary conditions.  This was due to the forward-facing nature of 

both the eye and total/reflected sensors, which were perpendicular to the propagation of the 

shock wave.  The measurement of pressure in this orientation accounted for both the static and 

dynamic components of the shock wave; therefore, both IOP and reflected overpressure should 

be higher than static overpressure.  This trend was observed for all boundary conditions, though 

the correlation was strongest for the synthetic orbit condition, where the correlation between 

reflected pressure and IOP was nearly 1:1.   

Static overpressure measured at the wall of the tube and within the fluid flow was almost 

identical for the isolated eye test condition, which was due to minimal obstruction to fluid flow 

for this condition.  Effectively, the small occlusion area of the isolated eye provided a minimal 

reflective surfaces that produce reflections around the eye.  Conversely, for the synthetic orbit 

and 3D orbit, the wall pressure sensor measured a lower static overpressure than static 

overpressure in the flow.  This was caused by the addition of surfaces upon which the shock 

wave can reflect.  The PoS, while providing a more realistic fluid flow condition for the orbit and 

face itself, created a surface directly across from the static pressure sensor mounted in the wall, 

which shielded the wall-mounted sensor from reflections.  As such, reflections off the orbit and 

PoS were observed as secondary peaks approximately 0.1 ms after the initial peak only in the 

static overpressure (in the flow).   

Effects of Boundary Condition Biofidelity on Shock Wave Parameters 
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This study serves as the first of its kind to examine the effects of increasing orbit biofidelity on 

porcine eye response during survivable blast overpressure exposure.  The isolated eye condition 

allowed for the greatest amount of pressure relief around the eye, as there were minimal 

reflective surfaces surrounding the eye in the isolated eye test setup.  Consequently, of all three 

boundary conditions, IOP was lowest for the isolated eye.  The synthetic orbit produced the 

highest reflected of the three test setups test 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 the 10 psi and 20 psi test levels.  While 

the synthetic orbit and 3D orbit had matched cross-sectional occlusion areas, the curved surface 

of the 3D orbit allowed the pressure wave to more easily pass around the face.  Therefore, the 3D 

orbit allowed for more pressure 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 

tissue provides a model to examine gross injury to the tissue and structures of the eye, but cannot 

be used to quantify physiologic injuries that may be present in vivo.  This study attempted to 

account for this limitation by predicting physiologic injuries using peak IOP measured during the 

test.  However, the injury risk curves used for this purpose were originally developed and 

validated for blunt loading, and have not been extensively validated for blast loading.  However, 

these risk curves provide the only physiologic injury risk assessment method for the current 

model at this time.  Future work developing blast-specific injury risk curves for the eye will 

provide a more realistic prediction of physiologic blast-related eye injuries.     

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 loading regimes.  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 difference involved statically and 

dynamically pressurizing human and porcine eyes and measuring the pressure at rupture.  As 

such, it is possible that a human eye would experience greater deflection than a porcine eye 
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exposed to the same blast test pressure level.  Therefore, results in this study potentially 

underestimate the risk of human eye injury.   

The tests in this study were designed to simulate an eye-level, forward-facing blast event.  This 

only accounts for one loading direction, and does not take into account the effect of oblique 

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

Future Directions 

The current study focused on survivable pressure levels.  Although no blast-related injuries were 

observed at these pressure levels, it remains possible that severe eye injuries could be caused by 

higher pressure levels.  However, it is likely that other more life-threating injuries may be caused 

at the pressure levels required to cause severe eye injuries, making the presence of eye injury 

comparatively insignificant.  It is critical to the development of blast-specific human eye injury 

risk curves that tolerances and thresholds for the eye and its structures be quantified.  This 

necessitates testing at higher pressure levels and potentially longer durations.  Due to the 

physical limitations of current shock tubes and ABSs, this may only be possible with live-fire 

testing using high order explosives such as trinitrotoluene (TNT) or C4.  Given that the eye is 

susceptible to injury from projectiles, care should be taken to minimize debris and fragmentation 

from live-fire tests.   

While high-speed video was taken for each test in the current study, the structural response of the 

eye could not be quantified due to the fact that there was minimal deflection of 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 used to develop and validate computational models 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 validate these 

models.  Once validated, these computational models could be used to more quickly assess a 

wider array of blast loading conditions, including higher pressure and oblique loading 

orientations, thus accounting for some of the limitations of the current experimental study.   
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Conclusions 

This study is the first of its kind to assess eye injuries for a porcine eye model exposed to 

survivable primary blast overpressure levels with increasing biofidelity of the boundary 

conditions surrounding the eye.  Three boundary conditions (ñIsolated Eyeò, ñSynthetic Orbitò, 

ñ3D Orbitò) were tested at 10 psi, 20 psi, and 30 psi to examine the effects of both increasing test 

pressure level and experimental test setup biofidelity on the response of the eye.  Care was taken 

to ensure the experimental test setups maintained a realistic fluid flow.  All test setups occluded 

<20% of the cross-sectional area of the tube.  A plane of symmetry (PoS) was added along the 

nasal side of the synthetic and 3D orbits to prevent unrealistic pressure relief around the nose.   

Pressure relief around the eye was greatest for the isolated eye due to the lack of large reflective 

structures surrounding the eye in this condition.  The synthetic orbit produced the highest 

pressures at each test level due to the flat reflective surfaces perpendicular to shock wave 

propagation.  Despite this, all tests resulted in low predicted injury risk.  Furthermore, no injuries 

could be attributed solely to primary blast overpressure.  Therefore, it was concluded that at 

these test pressure levels, eye injury risk is extremely low.  Ultimately, these results indicate that 

boundary condition fidelity is critical to evaluating, modeling, and predicting eye injuries caused 

by primary blast overpressure exposure.  These results expand the field by providing realistic test 

conditions that can be repeated or modeled for future studies and by adding the prediction of eye 

injury risk using intraocular pressure.   
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Chapter 4 

Protective Effects of Spectacles and Goggles during Blast 

Overpressure Exposure  

Introduction  

Recent military conflicts have relied heavily on improvised explosive devices (IEDs), that often 

include shrapnel to maximize injuries.  Reduced fatality rates in military conflicts have been 

linked to the use of advanced personal protective equipment (PPE), which is often designed to 

minimize the effects of ballistics and shrapnel [7].  Despite the availability of protective eyewear, 

eye injuries occurred in 17% of cases where protective eyewear was used and jumped to 26% 

when protective eyewear was not used [10].  The incidence of eye injuries that occur even when 

protective eyewear is used motivates the need to more fully understand primary blast 

overpressure as an eye injury mechanism for protected eyes.   

The United States Army provides soldiers with protective eyewear for use during training and 

combat.  The Authorized Protective Eyewear List (APEL) supplies information on each of the 

approved spectacles and goggles that are available to personnel.  Each pair of eyewear is tested 

for protection from ballistic impact using rigorous test procedures from the American National 

Standards Institute (ANSI Z87.1 2010) for occupational safety as well as specific military 

standards (MIL-PRF 32432).  However, eyewear is not currently evaluated or rated for 

protection during primary blast overpressure exposure.  Consequently, there is a need to develop 

test methods to evaluate the effectiveness of PPE eyewear during blast overpressure loading 

events.   

While initial experimental and computational models suggest eye protection can reduce peak 

overpressure exposure to the eye, it is imperative to understand the actual ocular response during 

blast overpressure exposure [64].  However, there is a paucity of experimental data that can be 

used to validate computational models.  Furthermore, the question remains whether spectacles 

and/or goggles reduce eye injury risk from primary blast.  Therefore, the purpose of this study is 

to quantify eye injury risk when wearing eye PPE, specifically spectacles and goggles, during 
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primary blast overpressure exposure and evaluate the effectiveness of these PPE by comparing 

the results to those obtained for the unprotected eye.  

Methods 

All  tests were conducted using the small VT ABS with aluminum membranes prepared as 

described in Chapter 1 (Figure 4).  Briefly, this is a helium gas-driven tube specifically designed 

for testing small specimens, and is able to produce peak overpressures up to approximately 30 

psi (static overpressure) with a positive duration around 2.5 ms using aluminum membranes.   

A total of 33 porcine eyes were acquired for this study.  Fresh porcine eyes were shipped 

overnight on wet ice, stored in a refrigerator, and tested within three days of slaughter (Animal 

Technologies, Tyler, TX, USA).  Three eyes were tested at the 10 psi and 20 psi levels and five 

eyes were tested at the 30 psi level for each piece of eyewear.  An additional eleven eyes were 

used as controls (n=8) and shams (n=3).  Control eyes were used to assess postmortem effects 

and damage from tissue procurement.  Sham eyes were used to quantify potential injuries from 

pre-test preparation techniques, including the insertion of a pressure sensor and pressurization 

into the eye and setting the eye in a rigid concave cup or in gelatin.  All eyes were prepared with 

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

nerve.  Eyes were identified as left (OS) or right (OD).  Cornea clarity was qualitatively assessed 

(clear, not clear), and visibility of the ñYò suture on the lens was noted.  Fluorescein dye was 

applied to the cornea and a blue light was used to help visualize corneal 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 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 psi, 

Precision Measurement Company, Ann Arbor, MI) and a small tube were inserted through the 

optic nerve into the vitreous fluid and secured in place using a cable tie.  Normal physiologic 

intraocular pressure (IOP) was provided throughout the duration of the test using a gravity-fed 

system.  Specifically, a bag of Lactated Ringerôs solution was connected to the small tube and 

suspended 8 in. above the eye.  Intraocular pressure was measured before and after each test 

using a veterinary tonometer (Tono-Pen AVIA Vet® Veterinary Tonometer, Reichert 
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Technologies, Depew, NY, USA).  Due to minor variations, measurements 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 quantify pressure around the face during the event (Error! 

Reference source not found.).  These were labeled ónasalô, ótop medialô, ótop middleô, ótop 

temporalô, óbottom medialô, óbottom middleô, and óbottom temporalô.  All  sensing elements were 

flush with the external geometry of the 3D orbit.  The nasal sensor was located adjacent to the 

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

Facial Sensor Locations  

  

 
Figure 34. Facial pressure sensor locations for 3D orbit. 
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One pair of spectacles and one pair of goggles were selected from the Authorized Protective 

Eyewear List (APEL) provided by the Program Executive Office (PEO Soldier) [65].  The Eye 

Safety Systems, Inc. (ESS
2
) Crossbow and Profile NVG were chosen because of their popularity 

as reported through multiple contacts with PEO Soldier (Figure 35).   

Spectacle:  

ESS Crossbow  

Goggle: 

ESS Profile NVG 

  
APEL, UPLC Approved APEL, UPLC Approved 

Manufacturer Part Number: 740-0615 Manufacturer Part Number: 740-0127 

Cost: $40.00 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 tests (Figure 36).  A single pair of each the spectacles and goggles was 

used for all tests.  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 spectacles and goggles was separate from the 

rim and nosepiece, super glue was used to secure these pieces together.  The spectacles and 

goggles were both rigidly held in place at the bridge of the nose using a screw to attach the lens 

to a small aluminum block, which was rigidly mounted to the PoS (Figure 37).  The earpiece of 

the spectacles was held in place at the temple using a plastic cable fastener.  The position of the 

cable fastener simulated the position above the ear where the spectacles would rest, without the 

addition of a head strap.  The goggles were held in place at the temple by securing the strap to 

the back of the experimental test setup.  Tension on the strap was strong enough for the goggle to 

remain in contact with the face, but not strong enough to compress the goggles.  This preparation 

technique was developed after a number of users were instructed to adjust the goggles for 

comfort, as would be done in theatre.  Additionally, the goggles were placed on the FOCUS 

headform to compare fit and contact between the goggle and the headforms.  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 use this eyewear, all tests were conducted 

without the prescription lens attachment.  The spectacles did not contact any of the seven facial 

pressure sensors.  The goggles contacted five of the facial pressure sensors.  The nasal and 

bottom nasal sensors remain exposed with the goggles in place.    

Spectacle: ESS Crossbow Goggle: ESS Profile NVG 

  

Figure 36. Experimental test setups for protected porcine eye tests. 

  



76 

 

Attachment of Spectacles and Goggles to 3D Orbit and PoS 

  

Figure 37. Eyewear contact with face. 

Pressure measurement locations are the same as described 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 the eye, and intraorbital 

overpressure was measured at four locations inside the orbit.  Additionally, reflected 

overpressure was measured at six new locations around the face.   

All data were collected at 301.887 kHz (TDAS PRO, Diversified Technical Systems, Inc., Seal 

Beach, CA).  The standard TDAS PRO anti-aliasing filter was bypassed because the frequency 

content of the blast overpressure exceeded the 4,300 Hz cutoff frequency.  However, the TDAS 

PRO sensor input modules (SIMs) bandwidth of 0-25 kHz acts as a low-pass 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 kfps (v9.1, Vision Research, Wayne, NJ).   

A custom MATLAB ® (version 7.11.0.584 (R2010b), The MathWorks, Inc., Natick, MA) script 

was used to quantify the shock wave characteristics at each pressure sensor location (time of 

arrival, peak overpressure, positive duration, and positive impulse).  Using MATLAB®, a one-

way ANOVA was conducted on the average peak IOP, reflected overpressure, static 

overpressure (in the flow), and static overpressure (along the wall) for the spectacles, goggles, 

Block

Cable 

Fastener

Screw

Block
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and unprotected 3D orbit tests conducted in Chapter 3 with tukey-kramer multiple comparison 

test to determine significance between groups with 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 and structures of the eye.  Second, 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 using the 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 was cut off to 

expose the iris and anterior portion of the lens.  The iris was cut away to expose the anterior sides 

of the ciliary body, zonules, and lens.  Damage to these structures was noted.  Using a surgical 

microscope, damage to the zonules was further assessed by gently pushing on the lens with a q-

tip and tugging on iris flap contralateral to the zonules being examined.  The eye was then 

bisected to expose the retina and the posterior sides of the ciliary body and lens.  A dissection 

microscope was used to magnify 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 prediction of hyphema, lens damage, retinal damage, and globe 

rupture using normalized energy [62].  Normalized energy is the parameter required to calculate 

eye injury risk using published 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 calculated for blast 

scenarios because blast is inherently different from projectile impact, NE was quantified using 

published correlations between IOP and NE.  Normalized energy was quantified for each of the 

three correlations based on projectile diameters: 6.35 mm, 9.25 mm, and 11.15 mm [36].  As the 

current test series was designed to study the effect of blast on an unprotected eye, the 11.15 mm 

diameter projectile correlation was used for the final injury risk prediction.  This was chosen 

because the area of an open eye affected by a blast is the area of the eye not covered by the 

eyelid is most closely related to the projected area of the 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 

Pressure-time histories for all tests with the spectacles and goggles are shown in Figure 38, 

Figure 39 and Figure 40.  The unprotected eye IOP time histories from Chapter 3 are included 

for comparison.  Static overpressure time histories for empty tube tests conducted at each 

pressure level can be found in Appendix A for comparison.  Peak IOP increased with increasing 

test level.  Compared to the unprotected eye, the recorded pressure pulses for both the spectacles 

and goggles had a delayed time to peak overpressure.  This was observed to a greater extent for 

the goggles than for the spectacles.  Peak IOP decreased with the addition of the spectacles on at 

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

test levels.      
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Unprotected Eye Spectacles 

10 psi 

  
20 psi 

  
30 psi 

  

Figure 38. Intraocular overpressure for porcine eye tests ï unprotected and spectacles. 
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Unprotected Eye Goggles 

10 psi 

  
20 psi 

  
30 psi 

  

Figure 39. Intraocular overpressure for porcine eye tests ï unprotected and goggles. 
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Spectacles  Goggles 

10 psi 

  
20 psi 

  
30 psi 

  
Figure 40. Intraocular overpressure for porcine eye tests ï spectacles and goggles. 
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Figure 41, Figure 42, and Figure 43 respectively show the average peak overpressure, positive 

duration, and positive impulse for IOP, reflected overpressure, static overpressure (in the flow), 

and static overpressure (along the wall) for the spectacles, goggles, and unprotected eye test from 

Chapter 3.  Peak overpressure measured at all locations increased with increasing test pressure 

level for both the spectacles and goggles.  The goggles resulted in a greater reduction in peak 

IOP than the spectacles at all three test levels.  Both the spectacles and goggles showed a 

decrease in peak IOP at the 20 psi and 30 psi levels.  However, the reduction in peak IOP at the 

20 psi and 30 psi levels was not significantly different from the unprotected eye.  The spectacles 

recorded a significant increase in peak IOP compared to the unprotected eye and the goggles at 

the 10 psi level.  The goggles recorded a significant decrease in peak IOP compared to the 

unprotected eye and spectacles at the 10 psi level.  Generally, positive duration did not vary 

significantly at each sensor location.  Positive duration for the spectacles was significantly lower 

than the unprotected eye at the 20 psi level for IOP, and significantly higher than the goggles at 

the 10 psi for reflected overpressure.  Similar to peak overpressure, positive impulse showed 

significant differences at the 10 psi level for all four pressure measurement locations.   Positive 

impulse was higher for the spectacles than the unprotected eye at each pressure measurement 

location, and was significantly higher than the goggles at the IOP, reflected overpressure, and 

static overpressure (along the wall) locations.       
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Intraocular Overpressure Reflected Overpressure 

  

Static Overpresure (in flow) Static Overpressure (along wall) 

  
Figure 41. Peak IOP for unprotected and protected porcine eyes during blast. 
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Intraocular Overpressure Reflected Overpressure 

  

Static Overpresure (in flow) Static Overpressure (along wall) 

  
Figure 42. Positive duration for unprotected and protected porcine eyes during blast. 
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Intraocular Overpressure Reflected Overpressure 

  

Static Overpresure (in flow) Static Overpressure (along wall) 

  
Figure 43. Positive impulse for unprotected and protected porcine eyes during blast. 
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peak static overpressure measured along the wall for the unprotected eye as well as for the 

addition of the spectacles and the goggles.   

Unprotected Eye 

 
Spectacles 

 
Goggles 

 
Figure 44. Correlations between peak intraocular pressure and peak overpressure. 
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Correlation between Static Overpressure Measurement Locations 

 
Figure 45. Correlations between static overpressure measured at two locations. 
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Table 15. Predicted percent injury risk for porcine tests with spectacles and goggles. 

 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 ± 0.00 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 between an 11.16 mm diameter rod and intraocular pressure. 

Still images of high speed video during the first 800 ɛs of the blast event show a rippling effect 

on the gelatin surrounding the eye and minor deflection of the lens for both the spectacles and 

goggles (Figure 46, Figure 47).  The rippling effect was previously observed with the 

unprotected eyes, and was more noticeable with the spectacles as compared to the goggles.  

Deflection of the lens could not be accurately quantified from this single side-on view video 

image due to the fact 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 gelatin.  This can be seen in the third frame in Figure 47.      

Spectacles 

t = 0ʈs t = 400ʈs t = 800ʈs 

   
Figure 46. Still images from high-speed video of 30 psi blast with spectacle. 
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Goggles 

t = 0ʈs t = 400ʈs t = 800ʈs 

   
Figure 47. Still images from high-speed video of 30 psi blast with goggles. 

Discussion 

Results from this study indicate that both the spectacles and goggles tested were generally able to 

reduce the magnitude of the pressure exposed to the eye during primary blast overpressure 

exposure as compared to the unprotected eye.  Interestingly, the addition of the spectacles 

consistently increased peak IOP only at the 10 psi level.  This resulted in an average of 28% 

increase in peak IOP as compared to an unprotected eye at the 10 psi level, but a 27% and a 23% 

reduction in peak IOP as compared to an unprotected eye at the 20 psi, and 30 psi levels, 

respectively.  The goggles showed a 35%, 34%, and a 24% reduction in peak IOP as compared to 

the unprotected eye at the 10 psi, 20 psi, and 30 psi levels, respectively.  Based on these results, 

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

The greater reduction in peak IOP for the goggles as compared to the spectacles at the 10 psi and 

20 psi test levels can be partially attributed to the physical differences in geometry of the lenses.  

The goggle has a larger lens area as well as padding that contacts the forehead and cheek.  A thin 

mesh connects the lens to this padding, providing a surface around the goggle that prevents large 

fragmentation from entering the ocular space.  It is likely that this small open area and added 

mesh minimizes the amount of pressure that can enter the space between the goggles and the eye, 

resulting in reduced peak IOPs.  Conversely, the spectacles, which during normal wear only 

contacts the face along the bridge of the nose and at the ear, do not provide any protection from 

pressure entering the space between the lens and the front of the 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 goggles compress 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 extent due to the 

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 such as the nasal bone, forehead, and 

cheek that may have various susceptibilities to injury.        

The addition of the spectacles and goggles resulted oscillations within the eye that were not 

observed in the unprotected eye.  This was illustrated in Figure 39 and Figure 40.  It is possible 

that these oscillations could correspond to expansion and contraction of the eye, potentially 

straining structures within the eye.  Presumably, this could damage interfaces between tissues 

and fluids in the eye, such as the ciliary body, zonules, and vitreous humor.  While no gross 

damage to these structures were observed to be caused by primary blast overpressure exposure in 

the current study, it remains possible that damage could occur at the microscopic level.  Further 

examination of these structures using an animal model will elucidate a better understanding of 

the physiological response of the eye and its structures at the cellular and molecular levels.   

The general shape of the pressure profile changed with the addition of eye protection as 

compared to the unprotected eye (Figure 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 condition where peak IOP was similar for spectacles and goggles, the time 

at the peak is different for these conditions.  The spectacles shows an initial peak at the 

beginning of the shock wave, similar to what was observed for the unprotected eye.  However, 

the goggles shows an approximately 1 ms delay in peak overpressure.  This delayed rise time 

may be caused by the increased time needed for the pressure wave to pass around the lens.  The 

goggles with padding that contacts the face further delays the rise time in comparison to the 

spectacles.  Furthermore, lens shape can affect wave propagation to the eye and around the face.  

Both the spectacles and goggles are curved in the transverse plane to match the curvature of the 

human head.  However, in the sagittal plane the lens of the spectacles is curved while the lens of 

the goggles is flat.  Side-view 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 surface of the 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 Goggle 

  

Figure 48. Lens shape for spectacles and goggles. 

The results of the current study are similar to those predicted by a previously published 

computational models of the eye with and without spectacles and goggles [64].  The published 

study developed a 3D fluid-structure interaction computational model of the face and goggles 

and validated the response using experimental blast tests conducted on an unprotected and 

protected FOCUS headform [64, 66].  The computational model was validated using 

experimental data from a test series that exposed two FOCUS headforms to blast overpressure 

from a free hanging cylindrical charge.  The charge was suspended in air at the 5ô7ò eyelevel 

height.  Each headform was mounted such that the eye was 5ô7ò above ground level.  One 

FOCUS headform was tested with goggles and spectacles from the Military Combat Eye 

Protection (MCEP) systems, while the other was tested with no eye protection.  Varying stand-

off distances were used to create multiple peak overpressure levels.  The computational model 

showed that pressure measured with virtual probes around the face was highest near the nose and 

decreased temporally around the face for the unprotected face.  A similar decrease in peak 
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pressure was observed for the protected face tests.  The spectacles and/or goggles caused a 

decreased peak overpressure measured at the eye.  

Although injury risk for the unprotected eye was previously shown in Chapter 3 to be less than 

5% for the pressure levels tested in this study, it was important to understand whether the 

addition of eye protection could affect peak IOP and therefore, alter injury risk for primary blast 

overpressure exposure.  This study showed that the addition of the spectacles increased peak IOP 

at the 10 psi level, which resulted in an increased risk of eye injury as compared to the 

unprotected eye.  Peak IOP for the remaining test levels for the spectacles and all test levels for 

the goggles decreased peak IOP, which resulted in a decreased risk of eye injury as compared to 

the unprotected eye.  It remains important that protective eyewear be used during combat 

scenarios where blast exposure is a threat.  While the injury risk from primary blast overpressure 

was shown to be low, overpressure exposure is only one potential injury mechanism.  Other 

threats associated with blasts, such as impact from debris, can be mitigated with the use of 

protective eyewear.  Further, 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 that currently 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 located in situ.  It is possible that the lens 

may deflect, translate, or become dislodged during normal use.  Tests conducted with the 

FOCUS headform only reported one test where eyewear came off the headform during blast 

exposure [66].  However, a human wearing spectacles or goggles has more friction due to 

eyewear contact with skin and hair than the FOCUS headform.  Similarly, a soldier wearing 

spectacles or goggles is also probably wearing a helmet, which could also prevent the PPE from 

coming off during normal wear.  This further complicates the blast phenomena around the eye 

and face.  The effects of both eyewear and a helmet provide an area for future research.  While a 

helmet may reflect some of the energy of the blast, depending on the direction of the shock wave 

propagation, the addition of the helmet could create alternate complex loading patterns for the 

blast wave around the eye, face, and orbit.     
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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 loading regimes.  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 difference involved statically and 

dynamically pressurizing human and porcine eyes and measuring the pressure at rupture.  As 

such, it is possible that a human eye would experience greater deflection than a porcine eye 

exposed to the same blast test pressure level.  Therefore, results in this study potentially 

underestimate the risk of human eye injury.   

The tests in this study were designed to simulate an eye-level, forward-facing blast event.  This 

only accounts for one loading direction, and does not take into account the effect of oblique 

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

Conclusions 

This study quantified peak intraocular pressure for porcine eyes protected by spectacles and/or 

goggles to assess the ability of military protective eyewear to minimize eye injury risk from 

primary blast overpressure.  The addition of the spectacles increased IOP at the 10 psi level, but 

decreased IOP at the 20 psi and 30 psi test levels.  However, these changes were only 

significantly different for the 10 psi level.  The 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 overpressure for scenarios where eye protection is used.  This further 

supports the need to increase military personnel compliance with properly using protective 

eyewear during combat.  Interestingly, the spectacles and goggles produced similar reduction in 

peak IOP at the 30 psi condition.  It 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.  Future work with higher pressure levels will 

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 scenarios.       
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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 the eye currently exist, none 

have been rigorously validated for blast loading conditions [52, 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 during live-fire blast testing [64, 66].  

Results from this computational model and the experimental tests used to validate it were similar 

to those reported in experimental tests conducted in Chapter 3, as discussed in Chapter 4 of this 

dissertation.  However, the overall paucity 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 is to measure pressure within the orbit and around the face 

during blast loading to the unprotected and protected human eye in order to develop response 

corridors that can be used to validate computational and finite element models of the eye 

specifically for blast loading. 

Methods 

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

of this dissertation.  Briefly, enucleated porcine eyes were placed in an orbit  and exposed to a 

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 first-order approximation of the human 

orbital geometry (ñSynthetic Orbitò).  The second orbit was a 3D printed orbit that was based on 

the Global Human Body Models Consortium (GHBMC) facial and orbital geometry (ñ3D 

Orbitò).  Using the 3D printed orbit, additional tests were conducted with the addition of military 

spectacles or goggles.  All test conditions occluded less than 20% of the cross-sectional area of 

the tube.  A minimum of three tests were conducted for each condition at each test level.   
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Pressure was measured at ten novel locations around the eye for the current study: intraorbital 

pressure was measured at four locations within the orbit and facial pressure was measured at 

seven locations
3
 around the face.  Intraorbital pressure was measured with miniature pressure 

sensors (Model 060, 100 psi, Precision Measurement Company, Ann Arbor, MI) mounted along 

the intraorbital bones.  Intraorbital pressure sensors were mounted İò inside the orbit, along the 

intraorbital surfaces that simulate the maxilla, lacrimal, and frontal bones.  Two sensors were 

placed on the frontal bone, with the second sensor İò posterior to the first sensor.  These sensors 

were secured in place using a small piece of tape placed on the sensor wire just behind the 

sensing element.  No glue was used to adhere either the sensing element or the wire to the orbit 

surface.  Figure 49 illustrates the intraorbital sensor locations for both the synthetic and 3D 

orbits.  All pressure data were recorded at 301.887 kHz (TDAS PRO, Diversified Technical 

Systems, Inc., Seal Beach, CA).  High speed video was recorded at 10 kHz.    

                                                 
3
Pressure data from the top middle facial sensor 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  

  

  

  

Figure 49. Intraorbital pressure sensor locations for 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, NY).  Facial pressure sensors were mounted 

inside the 3D printed orbit, with the sensing element oriented normal to the external facial 

geometry at each location.  It should be noted that for the tests involving the goggles mounted on 

the 3D orbit, several of the facial sensors were covered by the 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 surface.  Error! Reference source not found. 

in Chapter 4 illustrated the facial sensor locations for the 3D orbit.      

A custom MATLAB ® (version 7.11.0.584 (R2010b), The MathWorks, Inc., Natick, MA) script 

was used to quantify the shock wave characteristics at each pressure sensor location (time of 

arrival, peak overpressure, positive duration, positive impulse).  Pressure-time histories for each 

test were plotted at matched locations.  Response corridors for each location were created using 

the average response of the sensor and ±1 standard deviation from the average.      

Results 

Example corridor plots are shown in Figure 50.  Example pressure-time histories for the 

intraorbital sensors and facial sensors at all three pressure levels are shown in Figure 51 and 

Figure 52, respectfully.  Individual pressure traces as well as corridors based on the average 

response ±1 standard deviation for all pressure sensor locations can be found in Appendix A.  

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

can also be found in Appendix A for comparison.     
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Skin Nasal 

10 psi 

   
20 psi 

   
30 psi 

   
Figure 50. Corridor plots for the nasal sensor. 
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Intraorbital Sensors 

Synthetic Orbit, Unprotected Eye 

  
3D Orbit, Unprotected Eye 

  
3D Orbit with Spetacles 

  

3D Orbit with Goggles 

  
Figure 51. Pressure traces for intraorbital sensors at the 30 psi test level. 

-20

0

20

40

60

80

100

120

-1 0 1 2 3 4

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Unprotected Eye

Synthetic Orbit

Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Unprotected Eye

Synthetic Orbit

Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

-1 0 1 2 3 4

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Unprotected Eye

3D Orbit

Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Unprotected Eye

3D Orbit

Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

-1 0 1 2 3 4

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Spectacles Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Spectacles Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

-1 0 1 2 3 4

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Goggles Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.

-20

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Goggles Maxilla

Lacrimal

Frontal, Ant.

Frontal, Post.



100 

 

Facial Sensors 
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Figure 52. Facial sensor response at the 30 psi test level. 
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Average shock wave parameters for the intraorbital sensors in the synthetic orbit are 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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Table 17, Table 18, and Table 19, respectively.  Average shock wave parameters for the facial 

sensors in the 3D orbit with no eye protection, with spectacles, and with goggles are listed in 

Table 20, Table 21, and Table 22, respectively.  Average shock wave parameters for the static 

overpressure measured at the remaining pressure sensor locations for the tests described in 

Chapter 3 and Chapter 4 are tabulated in Appendix B. 

Table 16. Average shock wave parameters for intraorbital sensors - synthetic orbit. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (psi) 

Orbital 

Synthetic ï Maxilla  24.63 ± 02.95 74.34 ± 13.77 96.08 ± 08.98 

Synthetic ï Lacrimal  23.08 ± 03.37 73.38 ± 15.39 99.45 ± 10.28 

Synthetic ï Frontal A. 23.28 ± 01.62 72.89 ± 18.48 103.40 ± 20.93 

Synthetic ï Frontal P. 27.73 ± 03.21 79.90 ± 16.46 96.97 ± 07.65 

Time of Arrival (ms) 

Orbital 

Synthetic ï Maxilla  3.61 ±   0.09 2.56 ±   0.13 2.39 ±   0.06 

Synthetic ï Lacrimal  3.61 ±   0.08 2.55 ±   0.13 2.39 ±   0.06 

Synthetic ï Frontal A. 3.61 ±   0.08 2.55 ±   0.13 2.38 ±   0.06 

Synthetic ï Frontal P. 3.63 ±   0.09 2.56 ±   0.14 2.39 ±   0.06 

Positive Duration (ms) 

Orbital 

Synthetic ï Maxilla  1.30 ±   0.17 1.56 ±   0.39 1.73 ±   0.39 

Synthetic ï Lacrimal  1.32 ±   0.17 1.33 ±   0.19 1.56 ±   0.41 

Synthetic ï Frontal A. 1.30 ±   0.23 1.37 ±   0.27 1.22 ±   0.31 

Synthetic ï Frontal P. 1.37 ±   0.02 1.33 ±   0.26 1.38 ±   0.56 

Positive Impulse (psi*ms) 

Orbital 

Synthetic ï Maxilla  9.30 ±   1.46 28.05 ±   4.76 38.20 ± 02.42 

Synthetic ï Lacrimal  9.20 ±   1.32 26.58 ±   4.60 35.88 ±   2.43 

Synthetic ï Frontal A. 9.49 ±   1.35 27.13 ±   6.65 35.24 ± 05.80 

Synthetic ï Frontal P. 10.35 ±   1.04 26.78 ±   5.67 34.83 ± 06.72 
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Table 17. Average shock wave parameters for intraorbital sensors - unprotected 3D orbit. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (Avg ± Stdev) 

Orbital 

3D ï Maxilla 16.17 ± 02.38 43.66 ± 04.13 79.10 ± 13.07 

3D ï Lacrimal 17.33 ± 01.85 39.54 ± 06.39 85.76 ± 10.67 

3D ï Frontal A. 16.62 ± 02.75 41.03 ± 04.96 80.36 ± 13.89 

3D ï Frontal Post. 20.09 ± 03.62 46.77 ± 03.70 95.12 ± 12.68 

Time of Arrival (ms) 

Orbital 

3D ï Maxilla 3.63 ±   0.05 2.70 ±   0.09 2.42 ±   0.03 

3D ï Lacrimal 3.67 ±   0.09 2.70 ±   0.08 2.42 ±   0.04 

3D ï Frontal A. 3.65 ±   0.07 2.70 ±   0.09 2.42 ±   0.03 

3D ï Frontal Post. 3.66 ±   0.07 2.71 ±   0.09 2.43 ±   0.04 

Positive Duration (ms) 

Orbital 

3D ï Maxilla 1.33 ±   0.30 0.43 ±   0.24 0.72 ±   0.29 

3D ï Lacrimal 0.96 ±   0.54 0.87 ±   0.44 0.60 ±   0.32 

3D ï Frontal A. 1.15 ±   0.52 0.69 ±   0.45 0.70 ±   0.43 

3D ï Frontal Post. 1.04 ±   0.41 0.81 ±   0.21 0.62 ±   0.39 

Positive Impulse (psi*ms) 

Orbital 

3D ï Maxilla 8.87 ±   1.04 8.10 ±   4.30 21.79 ± 07.19 

3D ï Lacrimal 6.24 ±   3.83 15.19 ±   6.60 19.25 ± 10.55 

3D ï Frontal A. 8.44 ±   3.36 13.08 ±   8.15 21.71 ± 10.60 

3D ï Frontal Post. 8.23 ±   3.59 16.35 ±   4.03 19.56 ± 13.11 

Table 18. Average shock wave parameters for intraorbital sensors - 3D orbit with spectacles. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (Avg ± Stdev) 

Orbital 

3D ï Maxilla 29.52 ± 11.57 41.80 ±   5.62 88.20 ±   9.06 

3D ï Lacrimal 19.43 ±   3.29* 44.77 ±   5.34 82.65 ± 28.17 

3D ï Frontal A. 29.60 ±   4.78 43.08 ±   5.51* 82.26 ± 11.77 

3D ï Frontal Post. 35.00 ±   4.03 73.45 ± 19.52 106.34 ± 12.66 

Time of Arrival (ms) 

Orbital 

3D ï Maxilla 3.33 ±   0.11 2.84 ±   0.02 2.51 ±   0.03 

3D ï Lacrimal 3.49 ±   0.06* 2.87 ±   0.03 2.55 ±   0.03 

3D ï Frontal A. 3.32 ±   0.10 2.82 ±   0.03 2.49 ±   0.04 

3D ï Frontal Post. 3.37 ±   0.12 2.85 ±   0.06 2.54 ±   0.04 

Positive Duration (ms) 

Orbital 

3D ï Maxilla 0.38 ±   0.25 0.66 ±   0.16 0.49 ±   0.40 

3D ï Lacrimal 0.69 ±   0.45* 0.56 ±   0.32 0.54 ±   0.39 

3D ï Frontal A. 0.71 ±   0.23 0.83 ±   0.06 0.62 ±   0.37 

3D ï Frontal Post. 1.11 ±   0.45 0.88 ±   0.00* 2.22 ±   1.86 

Positive Impulse (psi*ms) 

Orbital 

3D ï Maxilla 3.92 ±   2.21 10.40 ±   2.84 11.09 ± 10.69 

3D ï Lacrimal 6.32 ±   5.10* 10.68 ±   7.55 17.60 ± 15.34 

3D ï Frontal A. 8.58 ±   1.27 14.66 ±   0.52* 18.09 ± 12.69 

3D ï Frontal Post. 16.56 ±   3.57 25.46 ±   8.71 63.71 ± 37.35 
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Table 19. Average shock wave parameters for intraorbital sensors - 3D orbit with goggles. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (Avg ± Stdev) 

Orbital 

3D ï Maxilla 17.74 ±   4.62 35.28 ± 11.61 66.80 ± 19.57* 

3D ï Lacrimal 25.76 ± 12.64 63.72 ± 18.03 70.39 ± 14.38 

3D ï Frontal A. 17.49 ±   0.92 38.73 ±   2.79 75.91 ± 22.10 

3D ï Frontal Post. 22.84 ±   2.97 54.44 ± 16.03 101.41 ± 19.05 

Time of Arrival (ms) 

Orbital 

3D ï Maxilla 3.81 ±   0.33 3.47 ±   0.33 3.64 ±   0.31* 

3D ï Lacrimal 3.86 ±   0.02 3.18 ±   0.17 2.74 ±   0.10 

3D ï Frontal A. 3.68 ±   0.06 3.04 ±   0.13 2.66 ±   0.07 

3D ï Frontal Post. 3.75 ±   0.07 1.87 ±   2.08 2.66 ±   0.09 

Positive Duration (ms) 

Orbital 

3D ï Maxilla 0.90 ±   0.18 0.91 ±   0.11 1.06 ±   0.39* 

3D ï Lacrimal 0.72 ±   0.19 0.58 ±   0.54 0.70 ±   0.31 

3D ï Frontal A. 0.71 ±   0.38 0.88 ±   0.16 0.67 ±   0.08 

3D ï Frontal Post. 1.48 ±   0.91 1.35 ±   0.08 2.32 ±   1.88 

Positive Impulse (psi*ms) 

Orbital 

3D ï Maxilla 7.17 ±   0.26 13.24 ±   1.55 25.27 ± 14.19* 

3D ï Lacrimal 8.11 ±   2.74 13.27 ±   5.73 19.96 ±   6.79 

3D ï Frontal A. 5.29 ±   3.44 13.11 ±   2.24 19.29 ±   3.73 

3D ï Frontal Post. 11.45 ±   6.36 31.21 ± 12.40 63.52 ± 33.62 

*Only three tests because insufficient DAS available for two tests. 
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Table 20. Average shock wave parameters for facial sensors - unprotected 3D orbit. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (psi) 

Facial 

3D ï Nasal 25.73 ± 01.65 68.47 ± 03.33 101.16 ± 12.34 

3D ï Top Medial 19.40 ± 01.30 48.10 ± 04.12 76.08 ± 07.66 

3D ï Top Middle 15.17 ± 00.93 36.47 ± 04.92 56.49 ± 06.91 

3D ï Top Lateral 13.33 ± 01.50 29.06 ± 05.31 51.84 ± 11.02 

3D ï Bot. Medial 20.41 ± 00.83 49.33 ± 05.81 81.94 ± 07.47 

3D ï Bot. Middle 17.35 ± 01.18 44.85 ± 03.06 66.99 ± 03.73 

3D ï Bot. Lateral 12.02 ± 01.71 22.17 ± 03.60 30.36 ± 03.53 

Time of Arrival (ms) 

Facial 

3D ï Nasal 3.61 ±   0.06 2.68 ±   0.09 2.38 ±   0.04 

3D ï Top Medial 3.60 ±   0.06 2.67 ±   0.08 2.37 ±   0.04 

3D ï Top Middle 3.63 ±   0.06 2.69 ±   0.09 2.39 ±   0.04 

3D ï Top Lateral 3.69 ±   0.06 2.74 ±   0.09 1.85 ±   1.41 

3D ï Bot. Medial 3.60 ±   0.06 2.67 ±   0.09 2.38 ±   0.04 

3D ï Bot. Middle 3.63 ±   0.06 2.70 ±   0.09 2.40 ±   0.04 

3D ï Bot. Lateral 3.71 ±   0.06 2.76 ±   0.09 2.46 ±   0.04 

Positive Duration (ms) 

Facial 

3D ï Nasal 1.52 ±   0.19 1.82 ±   0.31 1.60 ±   0.30 

3D ï Top Medial 1.15 ±   0.52 1.18 ±   0.36 1.20 ±   0.30 

3D ï Top Middle 1.25 ±   0.22 1.04 ±   0.25 1.02 ±   0.36 

3D ï Top Lateral 0.92 ±   0.28 1.22 ±   0.24 1.54 ±   0.33 

3D ï Bot. Medial 1.52 ±   0.56 1.29 ±   0.20 1.59 ±   0.29 

3D ï Bot. Middle 1.33 ±   0.07 1.39 ±   0.18 1.32 ±   0.04 

3D ï Bot. Lateral 1.37 ±   0.40 1.16 ±   0.44 1.86 ±   0.49 

Positive Impulse (psi*ms) 

Facial 

3D ï Nasal 10.89 ±   1.73 23.61 ±   2.33 34.73 ± 0 3.12 

3D ï Top Medial 8.42 ±   2.85 18.69 ±   3.66 29.35 ± 0 5.74 

3D ï Top Middle 7.90 ±   1.20 15.29 ±   2.42 22.98 ± 0 4.93 

3D ï Top Lateral 6.45 ±   1.42 15.59 ±   2.60 32.59 ± 0 5.14 

3D ï Bot. Medial 10.40 ±   2.80 19.10 ±   1.48 35.42 ±    4.34 

3D ï Bot. Middle 7.09 ±   0.43 14.99 ±   1.09 21.92 ± 0 1.36 

3D ï Bot. Lateral 6.89 ±   1.23 10.88 ±   1.59 19.51 ± 0 4.85 
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Table 21. Average shock wave parameters for facial sensors - 3D orbit with spectacles. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (psi) 

Facial 

3D ï Nasal 26.37 ±   2.70 37.50 ±   0.78 62.22 ±   2.14 

3D ï Top Medial 27.16 ±   2.41 45.67 ±   2.57 79.18 ±   2.28 

3D ï Top Middle 20.52 ±   1.31 32.26 ±   1.11 52.77 ±   1.36 

3D ï Top Lateral 24.87 ±   1.50 40.13 ±   3.50 67.72 ± 25.25§ 

3D ï Bot. Medial 29.22 ±   2.42 42.82 ±   2.45 73.96 ±   2.39 

3D ï Bot. Middle 27.32 ±   2.96 45.19 ±   1.29 73.65 ±   3.54 

3D ï Bot. Lateral 15.93 ±   0.74 23.31 ±   2.05 42.64 ±   8.75* 

Time of Arrival (ms) 

Facial 

3D ï Nasal 3.27 ±   0.11 2.77 ±   0.01 2.46 ±   0.05 

3D ï Top Medial 3.19 ±   0.12 2.78 ±     À 1.72 ±   1.52 

3D ï Top Middle 3.19 ±   0.05 2.77 ±   0.02 2.45 ±   0.04 

3D ï Top Lateral 3.27 ±   0.24 2.80 ±   0.05 2.47 ±   0.09 

3D ï Bot. Medial 3.12 ±   0.01 2.69 ±   0.13 2.40 ±   0.10 

3D ï Bot. Middle 3.21 ±   0.14 2.78 ±   0.02 2.46 ±   0.04 

3D ï Bot. Lateral 3.35 ±   0.11 2.85 ±   0.01 2.54 ±   0.04* 

Positive Duration (ms) 

Facial 

3D ï Nasal 1.09 ±   1.00 1.20 ±   0.14 1.48 ±   0.34 

3D ï Top Medial 1.46 ±   0.89 1.17 ±     À 1.83 ±   0.43ÿ 

3D ï Top Middle 1.48 ±   0.44 1.07 ±   0.44 1.38 ±   0.47 

3D ï Top Lateral 0.90 ±   0.44 1.53 ±   0.54 1.57 ±   0.29ÿ 

3D ï Bot. Medial 1.07 ±   0.48¦ 1.45 ±   0.07 1.46 ±   0.27 

3D ï Bot. Middle 1.29 ±   0.16ÿ 1.29 ±   0.03 1.41 ±   0.20 

3D ï Bot. Lateral 0.93 ±   0.08 1.39 ±   0.47 1.30 ±   0.39* 

Positive Impulse (psi*ms) 

Facial 

3D ï Nasal 7.83 ±   3.90 14.02 ±   2.16 24.09 ±   2.59 

3D ï Top Medial 16.10 ±   9.57 16.74 ±     À 35.58 ±   5.21 

3D ï Top Middle 11.47 ±   3.04 13.10 ±   2.52 24.22 ±   3.95 

3D ï Top Lateral 8.66 ±   4.16 25.41 ± 16.05 25.10 ±   1.49ÿ 

3D ï Bot. Medial 11.09 ±   3.76¦ 21.99 ±   2.78 35.21 ±   2.39 

3D ï Bot. Middle 9.36 ±   0.69ÿ 14.48 ±   1.27 22.19 ±   2.05 

3D ï Bot. Lateral 7.50 ±   0.80 16.50 ±   5.70 22.15 ±   5.85* 

*Only three tests at this level because two tests do not return to zero after initial peak. 

ÀOnly one test at this level because two tests do not return to zero after initial peak. 

ÿOnly four tests at this level because one test did not return to zero after initial peak. 

§Only four tests at this level because one test did not return to zero after initial peak. 

¦Only 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 sensors - 3D orbit with goggles. 

Pressure  Test Condition 10 psi 20 psi 30 psi 

Peak Overpressure (psi) 

Facial 

3D ï Nasal 10.30 ±   0.84 18.63 ±   4.02 30.90 ±   2.69 

3D ï Top Medial 13.97 ±   3.70 28.77 ±   6.05 35.28 ±   4.06 

3D ï Top Middle 11.06 ±   0.65 22.74 ±   1.86 39.24 ±   1.50 

3D ï Top Lateral 14.91 ±   0.34 24.87 ±   3.91 63.33 ± 22.67 

3D ï Bot. Medial 18.83 ±   3.63 37.47 ± 10.35 105.33 ± 61.19 

3D ï Bot. Middle 10.72 ±   0.23 29.96 ± 10.47 68.54 ±   6.21 

3D ï Bot. Lateral 14.62 ±   1.49 23.78 ±   0.93 50.01 ± 12.36* 

Time of Arrival (ms) 

Facial 

3D ï Nasal 3.49 ±   0.03 2.88 ±   0.08 2.45 ±   0.07 

3D ï Top Medial 3.39 ±   0.11 2.82 ±   0.09 2.40 ±   0.10 

3D ï Top Middle 3.33 ±   0.15 2.76 ±   0.18 2.43 ±   0.07 

3D ï Top Lateral 3.50 ±   0.12 2.82 ±   0.03 2.51 ±   0.05 

3D ï Bot. Medial 3.48 ±   0.02 2.56 ±   0.38 2.39 ±   0.11 

3D ï Bot. Middle 3.50 ±   0.03 2.97 ±   0.09 2.47 ±   0.04 

3D ï Bot. Lateral 3.55 ±   0.03 2.91 ±   0.09 2.50 ±   0.05* 

Positive Duration (ms) 

Facial 

3D ï Nasal 1.65 ±   0.07 2.07 ±   0.08 1.53 ±   0.39 

3D ï Top Medial 1.12 ±   0.46 1.12 ±   0.98 1.54 ±   0.18 

3D ï Top Middle 0.77 ±   0.19 0.98 ±   0.57 1.32 ±   0.12 

3D ï Top Lateral 0.81 ±   0.19 1.37 ±   0.59 2.18 ±   1.07 

3D ï Bot. Medial 1.52 ±   1.59À 1.49 ±   0.12 1.51 ±   0.99 

3D ï Bot. Middle 2.43 ±   0.09 1.63 ±   0.58 1.38 ±   0.14 

3D ï Bot. Lateral 1.35 ±   0.55 2.43 ±   0.42 2.02 ±   1.32* 

Positive Impulse (psi*ms) 

Facial 

3D ï Nasal 7.99 ±   0.28 14.61 ±   2.00 20.59 ±   2.60 

3D ï Top Medial 6.84 ±   1.25 11.19 ±   3.86 22.52 ±   3.83 

3D ï Top Middle 4.89 ±   0.63 9.25 ±   4.38 19.34 ±   1.13 

3D ï Top Lateral 5.91 ±   1.04 12.54 ±   3.03 52.04 ±   34.65 

3D ï Bot. Medial 8.71 ±   8.04À 23.89 ±   2.85 33.65 ± 17.95 

3D ï Bot. Middle 12.42 ±   1.77 14.88 ±   3.24 24.18 ±  1.15 

3D ï Bot. Lateral 7.28 ±   1.37 17.70 ±   6.18 26.26 ± 13.91* 

*Only two tests at this level because one test did not return to zero after initial peak. 

Discussion 

Intraorbital Pressure Sensors 

This study showed that the shock wave propagated through and within the intraorbital space.  

This yields credibility to one theory that shock waves may enter the skull through small openings 

in the bones of the skull (e.g., orbital foramen).  However, it remains unclear whether the shock 

wave could propagate through small openings such as the optic canal in vivo due to the fact that 

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

susceptible to damage from shock waves that propagate through the eye and orbital cavity.  
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Various experimental models using rodents have previously reported retinal and optic nerve 

damage following blast exposure.  One study placed mice in a side-on configuration and reported 

chronic damage to both eyes [67].  Another study 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 model [68].  This study showed that both the optic nerve and retina experienced 

apoptosis following blast exposure.  Recently, it was shown that both single and repeated 

exposure to blast overpressure caused retinal damage and optic nerve inflammation in rats [47].  

Though there are differences in the methods of producing the blast overpressure for these 

studies, and the inherent limitation that a rodent model may not accurately translate to human 

injury, these preliminary 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.  That is 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 location.  The flat surfaces of the synthetic orbit provide a simplified response 

of intraorbital pressure propagation.  The resulting pressure pulses for the synthetic orbit were 

more similar to the theoretical response to primary blast overpressure exposure than the 3D orbit 

pressure pulses.  The complex surfaces of the 3D orbit provide a realistic geometry and the 

results of this boundary condition are very different from that of the synthetic orbit.  The 

posterior sensor located on the frontal 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 considerable effect on 

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 in the magnitude of the waves that propagated within 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 that the ToA was delayed and peak 

overpressure decreased as the pressure sensor location moved medially-laterally across the face.  

This was due to the expected reduction in pressure as the wave propagated to locations further 

away from the bursting membrane as well wave propagation around the curved surface of the 

face.  As the pressure sensor location moved medially-laterally 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 the overall peak pressure 

at these locations.  Furthermore, energy was effectively lost as the wave traveled down the tube 

and around the face.  These trends are consistent with the physics of blast wave propagation as 

well as the type of pressure measured by sensors.   

Experiments with the goggles recorded an oscillating response on the temporal sensor.  This was 

attributed to the ñslappingò of the goggles on the sensing surface of this sensor.  Consequently, 

the addition of protective equipment may make the body susceptible to relatively minor 

secondary blast injuries such as contusions or lacerations that could be caused by the spectacles 

or goggles themselves.  That is to say, without protective equipment, the secondary effects of 

impacting the face with the spectacles or goggles would not exist.  Potential 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 injuries.  However, the 

magnitude of force applied to the face by the ñslappingò of the goggles was likely small and well 

below the injury threshold for serious injury.  Additionally, it was shown in Chapter 4 that the 

use of spectacles or goggles reduced the pressure transmitted into the orbital space, and absorbs 

and dissipates loading of the pressure wave.             

Response Corridors 

The development of response corridors remains debated within the field of injury biomechanics.  

Two published studies notably describe techniques to develop response corridors for biological 

specimens that have been used since their original publication in 2004 [69, 70].  These exemplify 

techniques using postmortem human surrogate data from blunt thoracic impacts to develop 

response corridors for the chest.  The first describes a technique for time-based responses that 
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uses discreet points chosen along the general path of the response to define a corridor  [69].  This 

technique remains subjective, as the discreet points chosen to develop corridors are only loosely 

defined.  The second describes a rigorous, repeatable technique 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 

shape of the individual data traces.  Arguably, this works well for structural response corridors 

(force-deflection corridors) but does not work well for time-based responses.  Therefore, the 

current study is dissimilar from both of these techniques.     

Conclusions 

This study provides novel experimental data for wave propagation within the human orbit and 

around the face that can be used to validate computational and physical models of the eye and 

face.  Pressure response corridors for pressure measurement locations within 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 interacting within this space.  The delayed time of arrival and decreased 

magnitude of the pressure measured as sensor location varied medial-temporally across the face 

showed that the pressure wave propagated around the face as anticipated.  Average shock wave 

parameters (time of arrival, peak overpressure, positive duration, and positive impulse) were 

quantified for each location.  The benefit of these data beyond their theoretical calculations is 

that these experiments account for the effects of a biofidelic geometry.   Computational models 

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 structures within 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 (ATDs), which are colloquially referred to as ócrash test 

dummiesô, are frequently used to assess trauma in lieu of experimental tests using human 

cadavers.  However, for an ATD to simulate a realistic response, it must first be validated for the 

loading regime at which testing will occur.  Historically, ATDs were developed for automotive 

safety, with crash pulses on the order of 100 ms in duration.  The increase in blast-related 

injuries in recent military conflicts necessitates an understanding of specific injury mechanisms 

associated with blast loading conditions.  Blast events are an order of magnitude shorter than a 

typical car crash pulse, often between 2-5 ms in duration.  Given the near-instantaneous increase 

in pressure associated with a blast, a blast pressure pulse varies not only in duration but also in 

pulse shape when compared to automotive crash pulses.  Therefore, ATDs that were originally 

designed and validated for assessing injury at automotive collision loading rates may not provide 

an accurate assessment of injury risk during blast loading events.     

The Facial and Ocular CountermeasUre Safety (FOCUS) headform is an advanced ATD 

headform originally designed and validated for blunt impacts to the eye and face (Humanetics 

Innovative Solutions, Plymouth, MI, USA) (Figure 7).  ATD headforms are often instrumented 

with triaxial accelerometer arrays and angular rate sensors to quantify head acceleration and 

angular velocity during impacts.  The FOCUS headform is unique in that in addition to a triaxial 

accelerometer array, it has eight facial bone segments and two eyes instrumented with load cells 

(Figure 7).  Injury risk curves were previously developed using peak load and validated for blunt 

loading with experimental data from matched tests using cadavers [62].  Additionally, the size 

and geometry of the FOCUS headform was developed to be representative of a 50
th
 percentile 

male soldier and has a more realistic geometry than other headforms.  Therefore, the FOCUS 

headform is the best option for a headform that can potentially assess injury risk during blast 

loading events that mimic in theatre military scenarios.  However, data from various 
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experimental cadaveric models of blast loading to the eye and face is needed to validate the 

response of the FOCUS headform during these events.   

Previously, low-level blast tests were conducted on isolated human eyes using fireworks and 

homemade charges [40].  This study measured pressure in and around the eye to quantify the 

response of the eye and predict injury risk associated with explosions that mimicked low-level 

blast loading.  The purpose of the current study is to expose the FOCUS headform to a similar 

test matrix, compare the response of the isolated human eye and the FOCUS eye, and to evaluate 

the ability of the FOCUS headform eye to predict eye injury risk for blast loading rates.   

Methods 

A total of nine tests were conducted on the FOCUS headform that was instrumented with the left 

eye load cell (Model 8065J, Humanetics Innovative Solutions, Plymouth, MI, USA).  The 

experimental test setup was described in detail previously for the isolated human eye tests, and 

modified for the current test series [40].  Briefly, the FOCUS headform was rigidly attached to a 

custom metal frame using the standard Hybrid III neck and lower neck bracket.   The headform 

was mounted such that it was oriented face-down at a distance of approximately 3 ft from the 

ground (Figure 53).  Custom 10 g charges of Pyrex® gunpowder were exploded at 8.66ò (22 

cm), 4.7ò (12 cm), or 2.75ò (7 cm) from the cornea of the eye.  As many commercial fireworks 

were found to explode inconsistently, the charges were designed to repeatedly simulate the 

severity of commercial fireworks.  These pressure levels are referred to herein as ólowô, 

ómediumô, or óhighô.  The charge was offset from the eye by 0.79ò (2 cm) in the superior 

direction (i.e., toward the forehead) in order to minimize the amount of debris projected directly 

at the eye.   
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FOCUS Headform Blast Testing 

 
Figure 53. FOCUS headform blast test setup. 

(Note: The side frame sensor is out of the image.) 

A total of six pressure sensors (Model 113B21, PCB Piezotronics, Depew, NY, USA) were 

mounted around the eye and to the frame (Figure 54).  The sensor array consisted of a total 

pressure sensor (ótotalô) and a static pressure sensors (óstaticô) adjacent to the eye, two static 

pressure sensors (óstatic 1ô, óstatic 2ô) mounted 1.18ò apart in a polycarbonate airfoil-shaped 

block, one total pressure sensor (ótopô) mounted on top of the metal frame, and one static 

pressure sensor (ósideô) mounted to the side of the metal frame.  The two pressure sensors 

mounted to the metal frame were used to measure the blast wave at minimally-reflecting surfaces 

surrounding the eye.  As the test setup was designed to measure primary blasts in an open field, 

pressures measured from the frame-mounted sensors ensured that possible reflected waves would 

cause insignificant pressure change or damage to the eye.  While both eyes were placed in the 

FOCUS headform, load was measured only using the left FOCUS eye load cell.       

  

charge

top frame sensor
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FOCUS Headform Sensor Locations 

Front View 

 

 

Side View 

  

Figure 54. FOCUS headform sensor locations. 

All pressure and load cell data were collected at 301.887 kHz (TDAS PRO, Diversified 

Technical Systems, Inc., Seal beach, CA, USA).  The standard TDAS PRO anti-aliasing filter 

(4,300 Hz) was bypassed for this test series since the frequency content of the overpressure event 

exceeds 4,300 Hz.  However, the TDAS PRO sensor input modules (SIM) have a bandwidth of 

0-25 kHz, which acts as a low-pass filter with a frequency cutoff of 25 kHz.  A 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 pixels.  A custom MATLAB
®
 script (version 7.11.0.584 

(R2010b), The MathWorks, Inc., Natick, MA) was used to quantify peak pressure or load for 

each sensor location.  The time of arrival (ToA) of the pressure wave at the two static pressure 

sensors mounted in the airfoil was used to quantify wave velocity.  One-way ANOVA was used 

to determine statistical significance (Ŭ=0.05) between the current FOCUS eye tests and the 

previously published human eye tests for matched locations.   

Eye injury risk for the FOCUS eye tests was quantified using previously published injury risk 

curves for peak load [62].  These injury risk curves were developed using projectile impacts, and 

the final curves are specific to impactor size (3.2 mm, 4.5 mm, 6.4 mm, 9.5 mm, 12.7 mm, 15.9 

Static R2

Static R1

Total

Static

Total
Static R2

Static R1
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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 that the largest impactor size (17.4 mm diameter) most closely 

matched the area of the unprotected eye.     

Results 

Figure 55 shows the relationship between FOCUS eye load and human eye intraocular pressure 

during matched overpressure events.  The relationship shows that while the FOCUS eye load 

cells were not originally validated for blast events, the response of the FOCUS eye is almost 

linearly proportional to the pressure response of human eyes exposed to matched overpressure 

levels.  Shock wave velocity for all tests is plotted in Figure 56.  Although increasing standoff 

distance decreased the shock wave velocity, all FOCUS tests were conducted above the speed of 

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

Correlation between FOCUS Load and IOP 

 
Figure 55. Correlation between average FOCUS eye load and average human IOP. 
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Shock Wave Velocity 

 
Figure 56. Shock wave velocity based on standoff distance. 

Response of the load cell to each test is shown in Figure 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 

projectile, 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 these injuries even using the most 

conservative eye injury risk functions developed for the 3.2 mm projectile.  This is consistent 

with the experimental results and calculated injury risk for isolated human eyes exposed to the 

same overpressure loading conditions published previously [40].  Figure 58 compares injury risk 

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

Load for FOCUS Eye Tests 

Low Medium High 

   

Figure 57. Load cell traces for FOCUS eye tests. 
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Hyphema Lens Damage 

  

Retinal Damage Globe Rupture 

  
Figure 58. Eye injury risk for FOCUS eye tests predicted using peak load.  

Peak overpressure decreased with decreasing distance between the charge and eye for all sensor 

locations.  Peak overpressure was significantly higher for the FOCUS eye tests than the human 

eye tests at the high test level for the total and static block 2 sensors locations (Figure 59).  Peak 

overpressure was significantly higher for the human eye tests than the FOCUS eye tests at all test 

levels for the top frame location and at the low test level for the side frame level (Figure 59).   

The time histories of the total and static overpressure for the FOCUS tests were plotted along 

with human tests by standoff distance for comparison in Figure 60 and Figure 61.  The pressure 

pulses measured during FOCUS eye testing were extremely similar to the pressure pulses 

measured during the human eye testing, and were therefore considered matched tests. 
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Total Static 

  

Static Block 1 Static Block 2 

  

Top Frame Side Frame 

  
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 

Low Medium High 

   

Figure 60. Total overpressure traces for human and FOCUS eye tests. 

Static Overpressure for Human Eye Tests and FOCUS Eye Tests 

Low Medium High 

   

Figure 61. Static overpressure traces for human and FOCUS eye tests. 

Despite the offset in charge location with respect to the front of FOCUS headform, unspent 

gunpowder was projected onto the FOCUS headform face during testing.  Increasing the standoff 

distance (decreasing severity) produced less projected material.  As standoff distance decreased 

(increasing severity), the pattern of gunpowder concentrated around the forehead and orbit.  

Analysis of the high speed video confirms the increase in the amount of gunpowder that 

impacted the face with decreasing standoff distance.  Post-test photographs for a single test at 

each test level are shown in Figure 62.  The human eye testing reported similar results. 

  

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Total
F_Low01

F_Low02

F_Low03

H_Low01

H_Low02

H_Low03

H_Low04

H_Low05

H_Low06

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Total
F_Med01

F_Med02

F_Med03

H_Med01

H_Med02

H_Med03

H_Med04

H_Med05

H_Med06

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Total
F_Hi01

F_Hi02

F_Hi03

H_Hi01

H_Hi02

H_Hi03

H_Hi04

H_Hi05

H_Hi06

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Static
F_Low01

F_Low02

F_Low03

H_Low01

H_Low02

H_Low03

H_Low04

H_Low05

H_Low06

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Static
F_Med01

F_Med02

F_Med03

H_Med01

H_Med02

H_Med03

H_Med04

H_Med05

H_Med06

-2

0

2

4

6

8

10

-0.5 0 0.5 1 1.5 2

O
v
e

rp
re

s
s
u
re

 (
p

s
i)

Time (ms)

Static
F_Hi01

F_Hi02

F_Hi03

H_Hi01

H_Hi02

H_Hi03

H_Hi04

H_Hi05

H_Hi06



120 

 

Low Medium High 

   

Figure 62. Projected unspent gunpowder on FOUCS headform after blast testing.  

Discussion 

The low calculated injury 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 assembly could be used for 

evaluating injury risk using peak load measured during overpressure events similar to those 

evaluated in the current study.  Despite obvious differences in boundary conditions 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 from peak intraocular overpressure in the human eye 

tests.  However, it must be noted that the load cell recorded a pulse that was more similar in 

shape to blunt loading than to typical blast loading.  This could affect the overall response of the 

system to primary blast overpressure loading.  

Peak overpressure measured at the top of the frame was statistically higher 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 the charge and the top sensor.  This caused the pressure wave to 

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.  This study examines test pressure levels that are 

very low.  Although the 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 to produce matched responses at higher, more lethal blast levels.  

Despite the fact that care 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 

blast, such as a shock tube, could be used for future studies 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 eye tests were 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 area-specific injury risk curves used to predict eye injuries can affect the 

overall accuracy of the FOCUS headform as a system.  These injury risk curves were originally 

developed for blunt loading, and may not be a direct correlate to injury induced during blast 

loading.  Future work in this field could produce blast-specific injury risk curves, thereby 

improving upon the selection of the correlation for predicted eye injury risk.          

Conclusions 

This study illustrated that the FOCUS headform could be used to predict eye injury risk using 

peak load for low-level overpressure loading event.  The matched injury risk prediction between 

previously published human eye tests and the current FOCUS eye tests serves as a proof of 

concept that the FOCUS could be able to predict injuries similar to those predicted using peak 

intraocular pressure in human cadaver eyes.  Therefore, the FOCUS headform and eye load cell 

was validated for predicting eye injury risk for low-level primary blast overpressure (<10 psi 

static overpressure).  Future work examining other methods for injury risk prediction should be 

evaluated.  Furthermore, the FOCUS headform should be tested and evaluated at higher pressure 

levels that could lead to more severe injuries.   
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Chapter 7 

An Area-Sensitive Synthetic Eye that Differentiates between 

Blunt and Blast Loading  

Introduction  

The Facial and Ocular CountermeasUre Safety (FOCUS) headform is an advanced 

anthropometric test device (ATD) specifically designed to quantify and assess injury risk due to 

facial and ocular loading.  It has eight segments that represent facial bones (two frontal, two 

zygoma, two maxilla, one mandible, one nasal) and two eyes (Figure 7).  Each bone segment 

and eye is instrumented with a load cell, allowing the FOCUS to quantify the load applied to 

each region during loading.   

A three-part study provided data to develop and validate the FOCUS eye for blunt loading injury 

risk assessment.  First, human cadaver eyes and synthetic eyes were tested in isolation to 

quantify the force-deflection response of the eye [71].  Next, human cadaver eyes were tested in 

situ with and without ocular muscles intact, and synthetic eyes were tested in a simulated orbit.  

It was determined that the effect of extraocular muscles was negligible in considering the 

response of the eye [72].  Lastly, the synthetic eye was placed in the FOCUS headform and 

exposed to 82 impacts from BBs to quantify injury risk.  Nearly 400 blunt impact tests were 

conducted beyond this initial study using six spherical projectiles varying in size from 3.2 mm to 

17.5 mm in diameter [62].  Using the peak load reported by the FOCUS eye load cell for each of 

the impacts reported in this study, injury risk functions for hyphema, lens damage, retinal 

damage, and globe rupture were developed for each projectile.  It was determined from this work 

that the eye load cell response was proportional and highly correlated to the normalized energy 

of the projectile, which requires the projected area of the impactor to be known.  However, in 

contrast to earlier efforts to develop eye injury functions with logistic regression, the final risk 

functions presented were determined using survival analysis, which is more robust.  The final 

recommended risk functions employ survival analysis using a maximum likelihood method and a 

Weibull distribution to estimate parameters.  Using this methodology, final eye injury risk 

functions and 5%-95% confidence intervals were presented for hyphema, lens damage, retinal 

damage, as well as globe rupture based on peak load measured with the eye load cell.   
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The limitation of current the method for assessing eye injury risk is that contact or ñaffectedò 

area of the eye must be known.  However, the size and shape of the insulting object are rarely 

known in most cases of blunt eye trauma.  Additionally, blast loading presents a unique loading 

scenario in which there is no physical ñimpactorò comparable to blunt loading.  While a 

conservative estimate of projectile size can be used to evaluate injury risk when the insulting 

object is unknown (i.e. calculating injury risk using correlations for the smallest projectile), this 

could lead to an overestimation of injury risk.  When projectile characteristics are unknown or 

there is no known projectile impact, as is the case with blast overpressure exposure, it becomes 

necessary to develop another method of quantifying the affected area of the eye.  Therefore, the 

purpose this study is to develop an area-sensitive FOCUS eye and evaluate its ability to both 

distinguish between various impactor sizes in blunt trauma as well as distinguish between blunt 

loading and blast loading. 

Methods 

The current FOCUS eye was modified to create an area-sensitive eye (Figure 63).  This was 

done by bisecting the eye at 40% of the anterior-posterior depth of the eye.  An array of nine 

miniature pressure sensors (Model 060, 100 psi, Precision Measurement Company, Ann Arbor, 

MI) was placed along the posterior half of the cut surface.  This array was designed to 

distinguish between small (6.5 mm dia.), medium (12.7 mm dia.), and large (17.5 mm dia.) 

impactor sizes during direct corneal impacts.  A thin layer of silicon adhesive was used to secure 

the anterior half of the cut surface to the posterior half.     

FOCUS Eye Bisected Eye Pressure Sensor Array Silicon Adhesive 

    

Figure 63. Area-sensitive FOCUS eye development. 

The area-sensitive eye was tested in blunt and blast loading conditions in an isolated eye test 

setup.  The area-sensitive eye was placed in a similar test setup as the one used for the 
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experimental isolated porcine eye blast loading test described previously in Chapter 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 concave cup for 

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 mm (Figure 64, left).  Tests were conducted in triplicate at two drop 

heights (12 in. and 24 in.) to simulate multiple impacting energies.  Mass of the impactor (175 g) 

was consistent for all tests.  Blunt tests were designed for a direct corneal impact for this test 

series.  Blast tests were conducted in triplicate at 10 psi, 20 psi, and 30 psi to simulate survivable 

pressure levels using the VT ABS (Figure 4).  Pressure was measured at a number of locations 

around the eye for these tests.  Static overpressure in the fluid flow was measured using a 

ñpencilò sensor mounted 2 inches from the temporal side of the orbit (Model 137A24, PCB 

Piezotronics, Depew, NY, USA).  The sensing element of the pencil sensor was aligned with the 

front of the cornea.  Total overpressure was measured for the isolated eye condition using a 

sensor mounted above the eye (Model 113B21, PCB Piezotronics, Depew, NY, USA).  Static 

overpressure was also measured along the wall for comparison with other tests (Model 102B16, 

PCB Piezotronics, Depew, NY, USA).   
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Blunt Loading Blast Loading 

    

Figure 64. Experimental test setups for the area-sensitive eye for blunt and blast loading. 

All data were collected at 38 kHz for blunt tests and at 301.887 kHz for blast tests (TDAS PRO, 

Diversified Technical Systems, Inc., Seal Beach, CA).  The standard TDAS PRO anti-aliasing 

filter was bypassed for the blast tests because the frequency content of the blast overpressure 

exceeded the 4,300 Hz cutoff frequency.  However, the TDAS PRO sensor input modules 

(SIMs) bandwidth of 0-25 kHz acts as a low-pass filter with a frequency cutoff of 25 kHz.  All 

pressure and load data were zeroed prior to the event.  A custom MATLAB
®
 script (version 

7.11.0.584 (R2010b), The MathWorks, Inc., Natick, MA) was used to quantify pulse parameters 

(peak pressure, positive duration, and positive impulse) for each sensor for all tests.  High speed 

video of each test was captured at 1000 fps for blunt tests and 10 kfps for blast tests (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 assessed for both peak pressure and positive duration in order to create 

characteristic response profiles for each loading condition.  Positive impulse, which takes into 

account both the peak pressure and the positive duration of the pulse, did not provide additional 

sensitivity to distinguish between loading types and was therefore excluded from the current 

analysis to prevent redundancy.  Normalized peak pressure was quantified by dividing the peak 

pressure from each channel by the maximum peak pressure value of all nine pressure sensors in 

the eye.  Thresholds for positive duration and normalized peak pressure were quantified at values 

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

thresholds to further distinguish between blunt loading impactor sizes and blast test levels were 
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also quantified.  Furthermore, peak pressure for the area-sensitive eye blast tests was compared 

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

The maximum force recorded by the eye load cell during each test was used to quantify injury 

risk using the current FOCUS headform injury risk curves.  As this calculation requires choosing 

an appropriate size-specific correlation, the correlation was chosen a priori based on the test 

type.  That is to say, for the blunt tests, the size-specific correlation matched the test impactor 

diameter closely.  The largest impactor size was chosen for the blast tests because its size best 

matches the area of an unprotected eye.   

Results 

Figure 65 and Figure 66 show representative pressure traces for the pressure sensor array during 

blunt and blast loading, respectively.  These figures show characteristically different responses 

for blunt and blast loading.  The notable differences in peak pressure and positive duration of the 

pulses indicate that these parameters can be used to distinguish between blunt and blast loading.  

Pulse parameters (peak pressure, positive duration, and positive impulse) for all sensor locations 

are summarized in Figure 67.  Normalized peak pressure for all tests is shown in Figure 68.  

Thresholds for normalized peak overpressure are given in Table 23.  Positive duration for all 

tests is shown in Figure 69.  Thresholds for positive duration are given in Table 24.  Channel 7 

of the nine-sensor array was excluded from the analyses presented herein, because it consistently 

responded differently from the three other sensors in the outer ñringò.  It is possible that this 

sensor was damaged during preparation of the area-sensitive eye.  The area-sensitive FOCUS eye 

recorded peak pressures in the sensor array that were similar to those recorded for the isolated 

porcine eye blast tests conducted in Chapter 3 (Figure 70).   
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Blunt Tests (12in.) 

Sm Md Lg 

   

Blunt Tests (24in.) 

Sm Md Lg 

   

Figure 65. Characteristic responses of area-sensitive FOCUS eye to blunt loading. 

Blast Tests 

10 psi 20 psi 30 psi 

   

   
Figure 66. Characteristic responses of area-sensitive FOCUS eye to blast loading. 

Note: bottom graphs are zoomed in views of the blast event. 
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Peak Pressure 

Blunt (12in.) Blunt (24in.) Blast 

   

+) Duration 

Blunt (12in.) Blunt (24in.) Blast 

   

(+) Impulse 

Blunt (12in.) Blunt (24in.) Blast 

   

Figure 67. Pulse parameters for sensor array in area-sensitive FOCUS eye. 
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Blast Tests 

10 psi 20 psi 30 psi 

   

Blunt Tests  

Sm Md Lg 

   

   

Figure 68. Normalized peak pressure area-sensitive FOCUS eye tests. 

Table 23. Normalized peak pressure thresholds for area-sensitive FOCUS eye. 

Blunt v. Blast Loading 

Blunt Loading ñBullseyeò loading with highest magnitude at center sensor. 

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% maximum. 

Medium Projectile 
All middle sensors above 60% maximum.  All outer sensors below 60% maximum. 

Large Projectile 

Blast Loading 

10 psi 

Cannot distinguish between chosen pressure levels. 20 psi 

30 psi 
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