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Injury Biomechanics of the Human Eye during Blunt and Blast Loading 
 

Vanessa D. Alphonse 

 

Abstract 

 

The research presented in this thesis investigates eye injuries caused by blunt impacts and blast 

overpressure.  This research represents part of an ongoing investigation to accurately quantify 

and predict eye injuries and injury mechanisms for various loading schemes.  It has been shown 

that blunt trauma can cause severe eye injuries but it remains undecided whether blast 

overpressure alone can cause eye injury.  Presented herein are four experimental studies that 

quantify eye injuries and implement a technique for predicting injury risk.  Isolated porcine or 

human eyes were subjected to various loading conditions consisting of blunt projectiles, water 

streams, remote control helicopter blades, and blast overpressure.  All eyes were prepared in a 

similar manner that required the insertion of a miniature pressure sensor into the globe through 

the optic nerve.  This sensor measured intraocular pressure throughout each event.  Using 

previously published injury risk curves, this intraocular pressure data was used to predict the 

injury risk for four eye injuries: hyphema, lens damage, retinal damage, and globe rupture.  

Injuries sustained were quantified upon direct inspection of the globe following testing.  No 

serious eye injuries were observed for any of the tests and all tests resulted in low predicted 

injury risks consistent with the lack of observed injury.  The research presented in this thesis 

provides a robust low injury level dataset for eye injuries.  This data could be useful for 

designing and validating computational models and anthropomorphic test device eyes, and serves 

as a basis for future work with more dangerous projectiles and higher pressure levels.  
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Chapter 1: 

Introduction 
 

Context 

The studies presented in this thesis investigate eye injuries associated with the misuse of various 

consumer products.  Previous research has shown that blunt impacts to the eye can cause serious 

eye injuries.  Blast injuries to the eye have not been well documented and the specific injury 

mechanism remains unclear.  One critical question investigated here is whether blast 

overpressure from fireworks can cause ocular injury or if injuries are caused solely by projected 

material (blunt loading).  The studies presented in this thesis were conducted sequentially and 

findings build on information gained in the previous studies.  As such, the research presented in 

this thesis represents a portion of the investigation to determine the specific injury mechanism of 

blunt and blast trauma, and leaves available many avenues for future related work.         

 
Eye Injuries 

The eye injuries of interest in this study, listed from least damaging to most damaging, are 

corneal abrasion, hyphema, lens damage, retinal damage, and globe rupture.  Corneal abrasions 

are caused by scraping or shearing the outermost layer of epithelial cells from the cornea.  These 

minor injuries cause mild irritation but often resolve on their own without complication.  The 

extent of corneal abrasion can be easily visualized under a blue light with the aid of fluorescein 

dye which stains the abraded surfaces.  Hyphema is caused by trauma to the eye and is easily 

detected by the presence of blood pooling in the front of the eye.  These injuries can resolve on 

their own depending on the amount of blood that pools and the ability of the body to resorb this 

blood.  Medical intervention is required when there is sufficient pooling of blood to raise the 

intraocular pressure in the eye.  Lens damage and dislocation often decreases the visual acuity of 

a patient, leading to the dependence of glasses or contact lenses for vision.  Retinal damage may 

result in the loss of sight and retinal detachment requires prompt medical treatment to mitigate 

permanent damage.  Globe ruptures result in tearing the membranes of the eye to expose the 

inner portions of the eye.  Globe rupture is a severe eye injury that can result in removal of the 

eye.    
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Chapter 2: 

Evaluating the Risk of Eye Injuries: Intraocular Pressure During High Speed 

Projectile Impacts 
 
Abstract 

Purpose: To evaluate the risk of eye injuries by determining intraocular pressure during high 

speed projectile impacts.   

Methods: A pneumatic cannon was used to impact eyes with a variety of projectiles at multiple 

velocities.  Intraocular pressure was measured with a small pressure sensor inserted through the 

optic nerve.  A total of 36 tests were performed on 12 porcine eyes with a range of velocities 

between 6.2 m/s and 66.5 m/s.  Projectiles selected for the test series included a 6.35 mm 

diameter metal ball, a 9.25 mm diameter aluminum rod, and an 11.16 mm diameter aluminum 

rod.  Experiments were designed with velocities in the range of projectile consumer products 

such as toy guns.   

Results: A range of intraocular pressures ranged between 2041 mmHg to 26418 mmHg (39 psi - 

511 psi).  Four of the 36 impacts resulted in globe rupture.   

Conclusions: Intraocular pressures dramatically above normal physiological pressure were 

observed for high speed projectile impacts.  These pressure data provide critical insight to 

chronic ocular injuries and long term complications such as glaucoma and cataracts.   

Keywords: Ocular trauma, Intraocular pressure, Glaucoma, Cataracts  

 

Introduction 

Each year approximately 2 million people in the United States suffer eye injuries that require 

treatment [1].  The most common sources of eye injuries include automobile accidents [2-12], 

sports related impacts [13, 14], consumer products [15], and military combat [16].  These events 

result in nearly 500,000 cases of lost eyesight in the United States each year [17].  In addition to 

affecting quality of life, the injuries are expensive to treat given the estimated annual cost 

associated with adult vision problems in the United States of $51.4 billion [18, 19].   

In order to predict and possibly prevent eye injuries for various impact scenarios, previous 

research investigated ocular injuries from projectile impacts with known projectile characteristics 

[13, 20, 21].  Duma et al. (2005) studied diameter, mass, velocity, kinetic energy, and normalized 

energy to determine the best ocular injury predictor.  A logistic regression analysis concluded 
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that normalized energy was the most significant predictor of injury type and tissue lesion.  

Kennedy (2010) reported values for human 50% injury risk of corneal abrasion, lens dislocation, 

hyphema, retinal damage, and globe rupture [22].  This presented useful for predicting eye 

injuries given known projectile characteristics.  However, there are many cases of blunt trauma 

where these variables are unknown and the measurement of intraocular pressure is useful.   

Previous studies used intraocular pressure to determine the rupture pressure for the human eye 

[23-26].  Intraocular pressure was dynamically induced within the eye and measured by a small 

pressure sensor inserted through the optic nerve.  High rate pressurization resulted in a mean 

rupture pressure of 7275 ± 2175 mmHg (141 ± 42.1 psi) [23].  Other studies show lower values 

for quasi-static loading [27-29].  This study provides pressure results for the most severe eye 

injuries, but additional data is needed to represent the less severe injuries that frequently occur 

[30].   

Although studies have reported the injury risk for projectile impacts to the globe, none have 

reported the corresponding intraocular pressure.  Traumatic glaucoma and cataracts have been 

linked with open- and closed-globe injury [31-35].  Quantifying intraocular pressure during 

impacts may provide insight into these vision problems.  Therefore, the purpose of the current 

study is to determine intraocular pressure during high speed projectile impacts to eyes.   

 

Methods 

Blunt impacts to porcine eyes were performed using a custom impact system designed and built 

to determine intraocular pressure.  The test setup consisted of a pneumatically powered cannon 

with a pressure regulator to control projectile velocity, a solenoid valve, and three changeable 

barrels (Figure 1).  To ensure a direct hit to the cornea, a placement guide was constructed to 

support, but not constrain movement, of the eye.  Previous research showed that ocular muscles 

do not affect the impact at high dynamic rates [36-38].  In preparation for testing, porcine eyes 

were connected with a needle to a water chamber filled to produce an initial intraocular pressure 

of 14.95 mmHg (8 inH2O) to represent normal physiologic pressure.  The optic nerve and needle 

were secured with a clamping system. 
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Figure 1.  Experimental testing was performed using a pneumatically powered cannon in an 

enclosed shooting volume to impact porcine eyes. 

 
Twelve porcine eyes were procured from Animal Technologies (Tyler, TX) and stored in saline 

for the current test series.  Porcine donors were approximately six months of age at time of 

slaughter.  Eyes were refrigerated for a maximum of 14 days before testing.  Because tissue was 

never exposed to a freeze-thaw cycle and was stored in refrigerated saline, the integrity of the 

globe was preserved prior to testing.  A previous study showed lack of correlation between 

rupture pressure and the time from harvest to test date (R
2
=0.06) [4]. 

Intraocular pressure measurements were acquired using an in situ pressure sensor.  This small 

pressure sensor (Precision Measurement Company, Model 060, Ann Arbor, MI) was inserted in 

the eye through the optic nerve [39].  The pressure transducer was rated for a range of 0-25877 

mmHg (0-500 psi) and had a frequency response of 10 kHz which were both sufficient for this 

application.  Given the incompressible nature in the eye, the effect of varied location of the 

pressure sensor inside the eye was not a factor.  A previous study inserted multiple sensors into a 

single eye to compare the response of two identical pressure sensors in different locations during 

a dynamic event [23-26].  The response showed that pressure output was identical regardless of 

location.   
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A total of 36 tests were performed on 12 porcine eyes with a range of velocities between 6.2 m/s 

and 66.5 m/s.  Projectiles selected for the test series included a 6.35 mm diameter metal ball, a 

9.25 mm diameter aluminum rod, and an 11.16 mm diameter aluminum rod (Figure 2).  For each 

test, the barrel size was chosen and the pressure regulator set to produce the desired velocity.  A 

Phantom v9.1 camera (Vision Research, Wayne, NJ) captured video at 3902 frames per second 

with a resolution of 960 x 480, and the data acquisition system (DAS) collected data at 50 kHz.  

The pressure sensor measured intraocular pressure throughout the event and was filtered using 

channel frequency class 3500 Hz. 

 
Figure 2.  Relative sizes of the three projectiles compared to a penny (Left to Right: penny, 

11.16 mm diameter aluminum rod, 9.25 mm diameter aluminum rod, 6.35 mm diameter metal 

ball). 

 
High speed video was used to track the velocity of each projectile impact.  Normalized energy is 

defined as the kinetic energy divided by the cross-sectional area of the object.  This calculation 

included object mass (m), velocity (v), and cross-sectional area (A) [20].  Projectile velocity, 

normalized energy and intraocular pressure were reported for each test.  Eyes were examined 

between each test to ensure integrity.   

 

Results 

A total of 36 projectile impact tests on 12 porcine eyes were conducted that produced a range of 

intraocular pressures representative of a variety of eye injury severities.  Intraocular pressures 

ranged between 2041 mmHg to 26418 mmHg (39 psi - 511 psi) depending on projectile speed 
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and size.  Normalized energy levels varied between 1016.2 J/m
2
 and 71262.2 J/m

2
.  Projectile 

velocities ranged between 6.2 m/s and 66.5 m/s (Figure 3).  Intraocular pressure, normalized 

energy, and velocity for each test were recorded (Tables 1-3).  Four tests resulted in globe 

rupture. 

 
Figure 3.  High speed video documentation of a test with the 6.35 mm diameter metal ball.  

 
Table 1.  Velocity, intraocular pressure, and normalized energy results for the small aluminum 

rod projectile (mass = 3.61 g, diameter = 9.25 mm).   

Small Aluminum Rod Projectile 

 
Eye 

 

Velocity 

(m/s) 

Intraocular Pressure Normalized Energy* 

(J/m
2
) (psi) (mmHg) 

 1 1 7.6 53.4 2760.8 1552.7 

 2 2 23.6 382.2 19763.8 14999.3 

 3 2 35.0 497.2 25713.4 32813.3 

 4 11 7.9 77.0 3980.1 1666.6 

 5 11 18.0 247.2 12781.6 8741.1 

 6 11 24.8 367.5 19007.7 16526.1 

    7
** 

11 31.6 401.9 20782.4 26769.6 

 8 12 24.8 367.9 19028.4 16526.1 

 9 12 19.2 278.4 14396.8 9867.9 

10 12 15.7 185.7 9606.0 6640.4 

11 12 6.7 75.5 3904.6 1219.7 

  12
** 

12 33.8 497.6 25731.1 30730.4 
*Normalized Energy = Kinetic Energy / Projected Area, **Rupture 
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Table 2.  Velocity, intraocular pressure, and normalized energy results for the large aluminum 

rod projectile (mass = 5.19 g, diameter = 11.16 mm).   

Large Aluminum Rod Projectile 

 
Eye 

 

Velocity 

(m/s) 

Intraocular Pressure Normalized Energy* 

(J/m
2
) (psi) (mmHg) 

 1 7 7.3 109.0 5638.4 1424.8 

 2 8 24.8 423.2 21883.6 16322.5 

 3 8 11.2 159.5 8246.7 3346.2 

 4 9 11.3 170.3 8808.9 3372.4 

 5 9 18.0 302.9 15663.7 8633.4 

    6
** 

9 24.7 510.8 26418.4 16195.7 

 7 10 12.9 188.4 9740.5 4442.7 

 8 10 6.2 91.9 4755.1 1016.2 

 9 10 16.8 304.7 15756.0 7529.0 

10 10 24.8 495.8 25637.7 16322.5 
*Normalized Energy = Kinetic Energy / Projected Area, **Rupture 

 

Table 3.  Velocity, intraocular pressure, and normalized energy results for the metal BB 

projectile (mass = 1.02 g, diameter = 6.35 mm).   

Metal BB 

 
Eye 

 

Velocity 

(m/s) 

Intraocular Pressure Normalized Energy* 

(J/m
2
) (psi) (mmHg) 

 1 3 9.6 39.5 2040.5 1479.1 

 2 3 29.3 200.4 10361.1 13838.9 

 3 3 42.8 318.9 16490.8 29561.2 

 4 3 50.7 404.2 20903.5 41455.3 

 5 3 59.8 472.1 24413.7 57505.2 

 6 4 20.3 118.7 6140.8 6632.8 

 7 4 29.3 202.7 10484.5 13838.9 

 8 4 42.8 380.5 19679.5 29561.2 

    9
** 

4 66.5 431.1 22295.9 71262.2 

10 5 32.7 201.2 10407.4 17216.7 

11 5 42.8 312.0 16135.9 29561.2 

12 5 20.3 133.6 6907.8 6632.8 

13 5 51.9 397.7 20565.9 43318.2 

14 6 41.6 441.2 22816.5 27808.2 
*Normalized Energy = Kinetic Energy / Projected Area, **Rupture 

 

Discussion 

This study investigates the correlation between intraocular pressure and kinetic energy and 

intraocular pressure and normalized energy.  A strong nonlinear correlation between intraocular 

pressure and kinetic energy was observed for all tests (R
2
=0.88) (Figure 4).  A weaker nonlinear 
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correlation between intraocular pressure and normalized energy was observed for all tests 

(R
2
=0.52).  Overall, kinetic energy shows better correlation for all points than normalized 

energy.  Three separate correlation curves are presented for intraocular pressure and normalized 

energy, one for each projectile (Figure 5).    When separated by projectile type, there is a higher 

correlation between intraocular pressure and normalized energy than intraocular pressure and 

kinetic energy for both cylinders.  Previously, it was determined that normalized energy was the 

most significant predictor of injury [20].  The current study suggests kinetic energy is a better 

predictor of pressure when projectile dimensions are unknown.     

 
Figure 4.  Correlation between intraocular pressure and kinetic energy for all tests. 
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Figure 5.  Correlation between intraocular pressure and normalized energy for each projectile 

type with 50% risk of four human ocular injuries.  Circled points denote globe rupture.  “y” 

represents normalized energy in joules per square meter associated with an intraocular pressure 

of “x” mmHg.   

 
Projectile velocities tested in this study are within the range of consumer products greater than 

velocities from foam dart guns and below those from airsoft and paintball guns [15, 41].  Data 

from this study show that the risk of acute ocular injury from the tested projectiles and velocities 

is low; however, it is possible that the measured pressures may indicate delayed onset of ocular 

complications such as glaucoma and cataracts [31-35].  These underlying complications of 

ocular trauma may go unnoticed and untreated until they have progressed severely [31].  The 

correlations between intraocular pressure and energy, both kinetic and normalized, presented in 

this study have potential to be used in future applications including computational models of the 

eye and instrumented synthetic eyes for an advanced anthropomorphic head that can measure 

intraocular pressure during impacts [40-44].   
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The use of porcine eyes as a surrogate for human eyes was a limitation in this study; however, 

due to the anatomical similarities between porcine and human eyes, porcine eyes are a 

reasonable surrogate.  Bisplinghoff et al. reported an average human intraocular rupture pressure 

as 7275 mmHg (141 psi) with a maximum pressure of 11925 mmHg (231 psi) [23], and Kennedy 

et al. reported an average porcine intraocular rupture pressure of 12256 mmHg (237 psi) with a 

maximum pressure of 16342 mmHg (316 psi) [4, 23-26].  There were 24 impacts that exceeded 

the average human intraocular rupture pressure and of these, 17 that exceeded the average 

porcine intraocular rupture pressure, but did not rupture.  There were 3 impacts that exceeded the 

normalized energy 50% risk of human globe rupture that did not rupture.  The boundary 

conditions and short impact duration help explain the lack of rupture.  The apparatus that fixed 

the eye in place for a test constrained equatorial expansion, which resulted in higher intraocular 

pressures as the eye expansion was restricted.    Furthermore, it is likely that very short duration 

(approximately 0.5 ms) of the impacts did not allow sufficient time for stress to develop in the 

tissues.  Similar conditions should be placed on future work to ensure congruence between the 

data presented and new data.    

The use of cadaveric tissue is another limitation in this study.  Eye vasculature was not perfused 

for testing and therefore hemorrhage could not be studied.  A future model may include an eye 

that has vascular pressure in order to study the specific effects related to chronic ocular injuries.  

Future work related to the current study could investigate the effect of off-center impacts to the 

eye, as the current study considers only direct impacts to the cornea.   

Additionally, the effect of wearing different types of eyeglasses or protective eyewear could be 

studied to quantify the degree to which these protect against ocular injuries in the event of 

impact.  Data from this could aid in redesign of current products or suggest that regular eyewear 

does not offer similar protective ability as specified protective eyewear.   

For impact situations where normalized energy of the striking object is unavailable or not 

possible to calculate, this study illustrates the use of intraocular pressure for the determination of 

associated eye injury risk.  Results from this study can provide foundation data for the design of 

safe consumer products from acute injury, as well as providing insight into chronic eye disease.   
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Chapter 3: 

Eye Injury Risk from Water Stream Impact: Biomechanically Based Design 

Parameters for Water Toy and Park Design 
 
Abstract 

Purpose: Interactive water displays are becoming increasingly popular and can result in direct 

eye contact.  Therefore, the purpose of this study is to investigate eye injury risk from high speed 

water stream impacts and to provide biomechanically based design parameters for water toys and 

water park fountains.   

Methods: An experimental matrix of 38 tests was developed to impact eight porcine eyes with 

water streams using a customized pressure system.  Two stream diameters (3.2 mm and 6.4 mm) 

were tested at water velocities between 3.0 m/s and 8.5 m/s.  Intraocular pressure was measured 

with a small pressure sensor inserted through the optic nerve and used to determine the injury 

risk for hyphema, lens dislocation, retinal damage, and globe rupture for each impact.   

Results: Experimental water stream impacts created a range of intraocular pressures between 

3156 mmHg and 7006 mmHg (61 psi to 135 psi).  Injury risk varied between 4.4% - 27.8% for 

hyphema, 0.0% - 3.0% for lens dislocation, and 0.1% - 3.3% for retinal damage.  All tests 

resulted in 0.0% injury risk for globe rupture.  The two water stream diameters did not result in 

significantly different water stream velocities (p = 0.32); however, the variation in water stream 

diameter did result in significantly different intraocular pressures (p = 0.03), with higher 

pressures for the 6.4 mm stream.   

Conclusions: This is the first study to experimentally measure intraocular pressure from high 

speed water stream impacts and quantify the corresponding eye injury risk.  It is recommended 

that toy water guns and water park fountains use an upper threshold of 8.5 m/s for water stream 

velocities to prevent serious eye damage from impacts. 

Keywords: Eye injury, Intraocular pressure, Water stream, Water fountain, Water toy 

 

Introduction 

Each year approximately 2 million people in the United States suffer eye injuries that require 

treatment [1].  The most common sources of eye injuries include automobile accidents [2-10, 13, 

14], sports related impacts [13, 14], military combat [16], and consumer products.  These events 

result in nearly 500,000 cases of lost eyesight in the United States each year [17].  In addition to 
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affecting quality of life, the injuries are expensive to treat given the estimated annual cost 

associated with adult vision problems in the United States of $51.4 billion [18, 19].  

Recently, there has been a dramatic increase in the popularity of water toys and recreational 

water parks that utilize pressurized water streams.  Examples of these pressurized water streams 

that may pose a risk of ocular injury are interactive water fountains, water toys, and squirt guns.  

Water park attractions typically feature synchronized water streams directed vertically from the 

ground.  Current regulations focus on filtration systems and prevention of bacterial spread, and 

distract attention from potential mechanical ocular injuries.  Stream size and velocity are a 

critical part of the performance of such a fountain; however, it is currently impossible to place 

quantitative guidelines on their design without knowing the relationships between these factors 

and eye injury risk.  With increasing consumer interest, there are competitive pressures to 

increase the performance of these devices, thereby increasing the pressure and velocity of the 

water streams.     

While studies of water-induced ocular injuries have not been conducted on human eyes, high 

velocity water streams have been linked to ocular damage in agricultural animal studies.  Fish 

(Oncorhynchus tshawytscha) exposed to submerged water streams with velocities between 12 

m/s and 20 m/s were examined for injury.  Nearly half suffered eye injuries (bulged, 

hemorrhaged, or missing) at velocities greater than 17 m/s [45].  In a similar study, velocity was 

determined to be positively correlated to severity of injury for fish released at velocities up to 21 

m/s [46].   No current studies exist that examine the risk of human eye injuries from water 

streams up to 8.5 m/s, which is the primary design range for consumer products. 

To predict and prevent eye injuries for various impact scenarios, previous research investigated 

eye injuries for projectile impacts with known projectile characteristics [13, 20, 21].  Duma et al. 

studied diameter, mass, velocity, kinetic energy, and normalized energy to determine the best 

ocular injury predictor [20].  A logistic regression analysis concluded that normalized energy 

was the most significant predictor of injury type and tissue lesion.  Kennedy reported values for 

human 50% injury risk of corneal abrasion, lens dislocation, hyphema, retinal damage, and globe 

rupture [22].  This presented useful for predicting eye injuries given known projectile 

characteristics.  However, there are many cases of blunt trauma where these variables are 

unknown and the measurement of intraocular pressure is useful. 
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Previous studies used intraocular pressure to determine the rupture pressure for the human eye 

[23, 24].  Intraocular pressure was dynamically induced within the eye and measured by a small 

pressure sensor inserted through the optic nerve.  High rate pressurization resulted in a mean 

rupture pressure of 7275 ± 2175 mmHg (141 ± 42.1 psi) [23, 24].  Other studies show lower 

values for quasi-static loading [27-29].  These studies provide pressure results for the most 

severe eye injuries, but additional data is needed to represent the less severe injuries that 

frequently occur
 
[30].   

Traumatic glaucoma and cataracts have been linked with open and closed globe injuries [31-35].  

Quantifying intraocular pressure during impacts will provide additional insight to these vision 

problems.  Therefore, the purpose of this study is to quantify injury risk of hyphema, lens 

dislocation, retinal damage, and globe rupture associated with water jets of common stream sizes 

with velocities up to 8.5 m/s. This data will provide necessary information to create appropriate 

regulations for increasingly popular water fountains and toys. 

 

Methods 

Test Setup: Water impact tests were performed using a custom fluid system designed and built to 

determine intraocular pressure.  The test setup consisted of a pressure tank with a regulator to 

control water velocity, a solenoid valve, and two changeable barrels (Figure 6).  To ensure a 

direct corneal impact, a placement guide was constructed to support but not constrain movement 

of the eye.  Previous research showed that ocular muscles do not affect impacts at high dynamic 

rates [36].  In preparation for testing, eyes were connected with a needle to a water chamber 

filled to produce an initial intraocular pressure of 14.95 mmHg (8 inH20) to represent normal 

physiologic pressure.  The optic nerve, needle, and pressure sensor were secured with a clamping 

system.     
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Figure 6.  Water stream system used to impact porcine eyes.  

 
Eight porcine eyes were procured from Animal Technologies (Tyler, TX) and stored in saline for 

the current test series.  Porcine donors were approximately six months of age at time of 

slaughter.  Eyes were refrigerated for a maximum of 14 days before testing.  Because tissue was 

never exposed to a freeze-thaw cycle but rather was stored in refrigerated saline, globe integrity 

was preserved prior to testing.  A previous study showed lack of correlation between rupture 

pressure and the time from harvest to test date (R
2
=0.06) [4].  Eyes were examined between each 

test to ensure integrity. 

Intraocular pressure measurements were acquired using an in situ pressure sensor.  This small 

pressure sensor (Precision Measurement Company, Model 060, Ann Arbor, MI) was inserted in 

the eye through the optic nerve [23].  This pressure transducer was rated for a range of 0-25857 

mmHg (0-500 psi) and had a frequency response of 10 kHz which were both sufficient for this 

application.  Given the incompressible nature in the eye, the effect of varied location of the 

pressure sensor inside the eye was not a factor.  A previous study inserted multiple sensors into a 

single eye to compare the response of two identical pressure sensors in different locations during 

a dynamic event [23, 24].  The response showed that pressure output was identical regardless of 

location.   
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A total of 38 tests were performed on 8 porcine eyes with a range of velocities between 3.0 m/s 

and 8.5 m/s.  Water streams selected for the test series had barrel diameters of 3.2 mm and 6.4 

mm.  For each test, the barrel size was chosen and the pressure regulator set to produce a desired 

velocity.  A Phantom v9.1 camera (Vision Research, Wayne, NJ) captured video at 3902 frames 

per second with a resolution of 960 x 480, while a data acquisition system collected data at 50 

kHz.  The pressure sensor measured intraocular pressure throughout the event and was filtered 

using channel frequency class 3500 Hz.  High speed video was used to track the velocity of each 

projectile impact.   

 
Correlation of Intraocular Pressure to Injury Risk: Duma et al. previously determined second-

degree polynomial equations that correlate intraocular pressure to normalized energy for three 

rigid projectiles of diameters 6.35 mm, 9.25 mm, and 11.16 mm [47].  These equations relate 

intraocular pressure ‘x’ (mmHg) to normalized energy ‘y’ (J/m
2
).  Normalized energy for the 

water stream impacts was calculated using the equation for the smallest projectile (6.35 mm 

diameter) due to its similarity to both stream diameters Equation 1.     

              
Equation 1 

 

Injury risk as a function of normalized energy was previously determined for ocular injuries (Eq. 

2) [21].  This equation was used to determine injury risk for hyphema, lens dislocation, retinal 

damage, and globe rupture for all 38 tests.  In Equation 2, ‘x’ is normalized energy in J/m
2
.  The 

scale (α) and shape (β) parameters for hyphema are 14233.2 and 1.94012, for lens dislocation are 

19012.0 and 4.03800, for retinal damage are 19826.3 and 3.73625, and for globe rupture are 

38524.9 and 5.73194, respectively.     

            
Equation 2 

 

Statistical Analysis: A two-sample t-test assuming unequal variances was performed to compare 

the velocity of all tests between both diameter sizes.  A similar test was performed to compare 

resulting intraocular pressure. 
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Results 

High speed video provided measurement of water velocity, which ranged between 3.0 m/s and 

8.5 m/s (Figure 7).  There was no observed relationship between water velocity and intraocular 

pressure for the 3.2 mm diameter (R
2
 = 0.05) or the 6.4 mm diameter (R

2
 = 0.02) streams for the 

range of velocities tested (Figure 8).  The average velocity was 5.3 ± 1.7 m/s for the 3.2 mm 

diameter water stream and 4.8 ± 1.3 m/s for the 6.4 mm diameter water stream.  Velocities of the 

3.2 mm and 6.4 mm diameter streams were not significantly different (p = 0.32).   

 
Figure 7.  High speed video documentation of a test with a 3.2 mm water stream at 4.1 m/s.  

(Left) Water stream prior to impact.  (Middle) Water stream upon impact.  (Right) Water stream 

during impact.  

 
Figure 8.  Relationship between intraocular pressure and stream velocity for the two water 

stream diameters. 
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The pressure transducer measured intraocular pressures between 3156 mmHg and 7006 mmHg 

(61 psi to 135 psi).  The average intraocular pressure was 4295.0 ± 790.5 mmHg (83.1 ± 15.3 

psi) for the 3.2 mm diameter water stream and 5002.5 ± 1137.5 mmHg (96.7 ± 22.0 psi) for the 

6.4 mm diameter water stream.  Pressure for the 3.2 mm diameter water stream was significantly 

lower (p = 0.03) than pressure of the 6.4 mm diameter water stream.    

Corresponding normalized energy levels varied between 2867.24 J/m
2
 and 7982.77 J/m

2
 and 

correspond to injury risk between 4.4% - 27.8% for hyphema, 0.0% - 3.0% for lens dislocation, 

and 0.1% - 3.3% for retinal damage.  All tests resulted in 0.0% injury risk for globe rupture.  

Impacting velocity, resulting intraocular pressure, and normalized energy as well as the injury 

risk for hyphema, lens damage, retina damage, and globe rupture were recorded and calculated 

for each test (Tables 4, 5).   

Table 4.  Velocity, intraocular pressure, normalized energy, and injury risk for hyphema, lens 

dislocation, retinal damage, and globe rupture for the 6.4 mm water stream diameter. 

6.4 mm Diameter 

Test Eye 
Velocity 

(m/s) 

Intraocular 

Pressure 

(psi) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy 

(J/m
2
) 

% Injury Risk 

Hyphema 
Lens 

Dislocation 

Retinal 

Damage 

Globe 

Rupture 

1 1 6.72 64.14 3316.76 3044.81 4.9 0.1 0.1 0.0 

2 1 4.08 66.36 3431.83 3174.13 5.3 0.1 0.1 0.0 

3 1 3.20 62.90 3252.62 2973.41 4.7 0.1 0.1 0.0 

4 1 4.40 61.03 3156.41 2867.24 4.4 0.0 0.1 0.0 

5 2 3.56 83.23 4304.44 4206.59 9.0 0.2 0.3 0.0 

6 2 3.68 92.86 4802.19 4836.43 11.6 0.4 0.5 0.0 

7 2 4.63 112.33 5809.30 6201.77 18.1 1.1 1.3 0.0 

8 2 5.46 99.28 5134.44 5273.42 13.6 0.6 0.7 0.0 

9 2 6.01 103.63 5358.98 5576.23 15.0 0.7 0.9 0.0 

10 3 4.84 93.13 4816.09 4854.45 11.7 0.4 0.5 0.0 

11 3 5.70 119.10 6159.45 6704.98 20.7 1.5 1.7 0.0 

12 3 6.62 94.01 4861.66 4913.68 11.9 0.4 0.5 0.0 

13 3 3.38 96.50 4990.62 5082.63 12.7 0.5 0.6 0.0 

14 3 3.97 86.64 4480.66 4426.17 9.9 0.3 0.4 0.0 

15 4 5.59 110.17 5697.22 6043.80 17.3 1.0 1.2 0.0 

16 4 7.75 120.30 6221.55 6795.76 21.2 1.6 1.8 0.0 

17 4 3.17 135.48 7006.27 7982.78 27.8 3.0 3.3 0.0 

18 4 3.97 120.65 6239.21 6821.66 21.3 1.6 1.8 0.0 

19 4 5.06 116.17 6007.64 6485.00 19.6 1.3 1.5 0.0 
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Table 5.  Velocity, intraocular pressure, normalized energy, and injury risk for hyphema, lens 

dislocation, retinal damage, and globe rupture for the 3.2 mm water stream diameter. 

3.2 mm Diameter 

Test Eye 
Velocity 

(m/s) 

Intraocular 

Pressure 

(psi) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy 

(J/m
2)

 

% Injury Risk 

Hyphema 
Lens 

Dislocation 

Retinal 

Damage 

Globe 

Rupture 

1 9 3.05 112.32 5808.38 6200.46 18.1 1.1 1.3 0.0 

2 9 4.13 110.22 5699.79 6047.40 17.3 1.0 1.2 0.0 

3 9 5.39 97.37 5035.29 5141.62 13.0 0.5 0.6 0.0 

4 9 6.49 101.64 5256.15 5436.80 14.3 0.6 0.8 0.0 

5 10 4.19 83.17 4300.95 4202.27 9.0 0.2 0.3 0.0 

6 10 5.62 72.57 3752.76 3543.23 6.5 0.1 0.2 0.0 

7 10 6.45 96.63 4997.35 5091.50 12.7 0.5 0.6 0.0 

8 10 7.18 91.41 4727.39 4739.88 11.2 0.4 0.5 0.0 

9 10 3.46 87.72 4536.41 4496.42 10.1 0.3 0.4 0.0 

10 11 6.10 64.01 3310.04 3037.30 4.9 0.1 0.1 0.0 

11 11 6.62 88.19 4560.51 4526.90 10.3 0.3 0.4 0.0 

12 11 8.34 74.95 3875.90 3688.12 7.0 0.1 0.2 0.0 

13 11 3.01 77.46 4005.81 3842.97 7.6 0.2 0.2 0.0 

14 11 3.75 79.16 4093.88 3949.10 8.0 0.2 0.2 0.0 

15 12 8.49 66.05 3415.66 3155.86 5.2 0.1 0.1 0.0 

16 12 6.24 66.74 3451.42 3196.31 5.4 0.1 0.1 0.0 

17 12 3.27 72.82 3766.08 3558.82 6.6 0.1 0.2 0.0 

18 12 4.13 72.71 3760.38 3552.14 6.5 0.1 0.2 0.0 

19 12 5.49 62.87 3251.45 2972.11 4.7 0.1 0.1 0.0 

 
Discussion 

This is the first study to document safe design parameters for water stream eye impacts.  The 

data clearly show there is no risk of serious eye injuries such as globe rupture, retinal 

detachment, or lens dislocation for water velocities up to 8.5 m/s for either stream size tested.  

While there is some risk for hyphema, the data are varied depending on the specific porcine eye.  

Moreover, hyphema is a much less severe injury than the others as it typically resolves without 

complication or need for surgical intervention.  Water stream impact case studies involving 

industrial pumps, agricultural irrigation equipment, and fire hoses do show eye injuries, but they 

occur at substantially higher water velocities.  One case study involved an agricultural irrigation 

line with a water velocity of 28.96 m/s [48].  In this case, a farmer was struck with the water 

stream and received multiple lacerations and a severed artery in the eye.  A second case involved 

an industrial pump line with water traveling at 182.9 m/s [49].  A man was tightening a leaking 
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pipe when it burst and hit him directly in the eye.  His extraocular muscles were torn from the 

globe insertions and his eye was enucleated.  These injuries are rare and occur with high water 

velocities in the range of 25 m/s to 200 m/s.  When combined with the data presented in this 

paper, it is clear that water streams with velocities up to 8.5 m/s will not result in serious eye 

injury.  Future work could investigate water streams at velocities between 8.5 m/s and 25 m/s 

which should provide a transition from no risk to serious eye injury.  For now it is recommended 

that any water toy or water park not exceed 8.5 m/s water velocity. 

The use of normalized energy was developed for rigid objects and requires projectile mass; 

however, the effective mass of a water stream is not comparable due to its deformable fluid 

nature.  Therefore, normalized energy in this study is determined using the relationship of 

intraocular pressure and normalized energy of known rigid projectiles.  Water stream diameters 

were matched as closely as possible to published projectile diameters to obtain the best 

correlation between intraocular pressure and normalized energy [22].  However, the smaller 

water stream is approximately half the diameter of the projectile and the resulting injury risks for 

this water stream may be underestimated.     

The use of porcine eyes as a surrogate for human eyes was a limitation in this study because the 

porcine eye is thicker than the human eye.  In previous literature, researchers used many 

surrogates for experimental testing [20].  Because of the anatomical and mechanical similarities 

between porcine and human eyes and because of their additional availability, porcine eyes were 

utilized for the current study.  Additionally, a future model may include an eye with vascular 

pressure so as to study the specific effects related to chronic ocular injuries.     

Data from this study show that the risk of acute ocular injury from the tested water velocities is 

low; however, it is possible that the measured pressures may indicate delayed onset of ocular 

complications such as glaucoma and cataracts [31-35].  These underlying complications of 

ocular trauma may go unnoticed and untreated until they have progressed severely [31].  Given 

that the physiological pressure of the eye is approximately 15 mmHg and the water streams 

resulted in pressures as high at 7005 mmHg, it is possible but unknown if chronic eye injuries 

may result.  It is important to note that the duration of the peak pressures was extremely short, 

with peak values lasting far less than 1 ms.  This extremely short duration does not impart 

enough energy for the stress in the tissues to result in rupture, even though some pressure values 
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are within the reported rupture range [21].  In order to rupture, high pressures would need to be 

maintained for nearly 10 ms.   The data presented in this study have potential to be used in future 

applications including computational models of the eye and instrumented synthetic eyes for an 

advanced anthropomorphic head that can measure intraocular pressure during impacts [42-44, 

50]. 
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Chapter 4: 

Eye Injury Risk Associated with Remote Control Helicopter Blades 
 
Abstract 

Eye injuries can be caused by a variety of consumer products and toys.  Recently, indoor remote 

controlled (RC) toy helicopters have become very popular.  The purpose of this study is to 

quantify eye injury risk associated with five commercially available RC toy helicopter blades.  

An experimental matrix of 25 tests was developed to test five different RC toy helicopter blades 

at full battery power on six postmortem human eyes.  A pressure sensor inserted through the 

optic nerve measured intraocular pressure.  Corneal abrasion was assessed post-impact using 

fluorescein dye.  Intraocular pressure was correlated to injury risk for hyphema, lens damage, 

retinal damage, and globe rupture using published risk functions.  All tests resulted in corneal 

abrasions; however, no other injuries were observed.  The 25 tests produced an increase 

intraocular pressure between 15.2 kPa and 99.3 kPa (114.3 mmHg and 744.7 mmHg).  

Calculated blade velocities ranged between 16.0 m/s and 25.4 m/s.  Injury risk for hyphema was 

a maximum of 0.2%.  Injury risk for lens damage, retinal damage, and globe rupture was 0.0% 

for all tests.  Blade design parameters such as length and mass did not affect the risk of eye 

injury.  This is the first study to quantify the risk of eye injury from RC toy helicopter blades.  

While corneal abrasions were observed, more serious eye injuries were neither observed nor 

predicted to have occurred.  Results from this study are critical for establishing safe design 

thresholds for RC toy helicopter blades so that more serious injuries can be prevented.   

Keywords: Eye Injury, Toy Helicopter, Corneal Abrasion 

 

Introduction 

Each year approximately two million people in the United States suffer eye injuries that require 

treatment [1].  The most common sources of eye injuries include automobile accidents, sports 

impacts, military combat, and misuse of consumer products [14, 51].  Eye injuries affect quality 

of life and are expensive to treat, given an estimated annual cost of approximately $50 billion 

and nearly 500,000 years of lost eyesight in the United States [19, 17].  Traditionally, remote 

controlled (RC) toy helicopters were designed for outdoor use where large distances minimized 

the risk of eye contact.  However, due to the increasing popularity of these toys and advances in 

inexpensive lightweight materials and batteries, RC toy helicopters have been redesigned for 
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indoor use.  Indoor RC toy helicopters still have high velocity blades but can more readily 

navigate and hover at eye level, posing an increased risk of eye impact.     

Previous research evaluated various impact scenarios in order to predict and prevent eye injuries.  

Duma et al. concluded that normalized energy is the most significant predictor of injury type and 

tissue lesion [20].  Kennedy and Duma reported normalized energy values associated with 50% 

injury risk for hyphema, lens damage, retinal damage, and globe rupture [22].  Intraocular 

pressure measurements were used to determine rupture pressure and material properties of the 

human eye [23].  Duma et al. correlated intraocular pressure to normalized energy to account for 

situations where projectile characteristics are unknown and normalized energy cannot be directly 

calculated
 
[47].  Considering RC toy helicopter blade impacts, the characteristics required to 

calculate normalized energy are difficult to quantify and intraocular pressure measurement 

proves useful for evaluating eye injury risk.  Therefore, the purpose of this study is to evaluate 

eye injury risk using intraocular pressure measurements for impacts between a variety of 

commercially available RC toy helicopter blades and human eyes. 

 

Methods 

Five battery-powered indoor RC toy helicopters were used to impact five of six postmortem 

human eyes for a total of 25 tests.  The order of tests was randomized to ensure each helicopter 

impacted a new eye once.  Helicopter blades were categorized as “fixed” or “free” depending on 

if they were segmented at the rotor.  Blade length and mass were measured prior to testing (Table 

6).   
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Table 6.  Blade length, wingspan, and mass for all RC toy helicopters tested.   

RC Toy 

Helicopter Brand 
Side View Top View 

Blade 

Length 

(cm) 

Wingspan 

(cm) 

Top Blade 

(mg) 

Bottom 

Blade 

(mg) 

Brookstone 

Chinook 

(free wing)   

6.6 15.3 637.9 653.9 

Brookstone 

Silver Bullet 

(free wing)   

5.6 12.4 828.5 667.7 

Playmaker Toys 

Flying Saucer 

(free wing)   

6.0 13.0 371.0 411.4 

Air Hogs 

Sharpshooter 

(fixed wing)   

- 16.3 1649.4 1573.2 

BanDai 

Knight Flight 

Batman 

(fixed wing)  
 

- 17.0 1811.4 1996.9 

 

Six postmortem human eyes were procured from the North Carolina Eye Bank (Winston-Salem, 

NC).  The time between harvest and testing lacks correlation with rupture pressure (R
2
 =0.06) 

[4].  Each eye was prepared one day prior to testing by inserting a miniature pressure transducer 

and a small tube through the optic nerve [23].  Eyes were covered with saline-soaked gauze to 

prevent drying and stored in a refrigerator overnight.  A saline solution raised 20.3 cm above the 

eye was attached to the small tube using a 20 gage needle to provide an initial physiologic 

intraocular pressure of 2.0 kPa (14.9 mmHg).  The effect of varied location of the pressure 

sensor within the globe was not a limiting factor given incompressibility of the eye [23].  Eyes 

were potted in synthetic orbits and surrounded by Knox gelatin to represent their in vivo location 

with respect to cranial bones and musculature.  Previous research showed that ocular muscles do 

not affect impacts at high dynamic rates [36].  Eye integrity was preserved because tissue was 

never exposed to a freeze-thaw cycle.  Prior to testing, fluorescein dye was applied to the eye.  

Dye was reapplied post-impact and viewed with a blue light for evidence of corneal abrasion.  

Helicopter batteries were charged and eyes were examined to ensure globe integrity between 

tests.     
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Intraocular pressure measurements were acquired at 20 kHz (TDAS PRO, DTS Inc., Seal Beach, 

CA) using a miniature pressure sensor (Precision Measurement Company, Model 060, Ann 

Arbor, MI) with a measurable range of 0 – 3447 kPa (0-25857 mmHg) and a frequency response 

of 10 kHz.  Intraocular pressure was filtered using channel frequency class 3500 Hz.  A Phantom 

v9.1 camera (Vision Research, Wayne, NJ) captured video at 2000 frames per second with a 

resolution of 512 x 320 pixels.  High speed video was used to track blade movement and 

calculate blade velocity (Figure 9). 

 
Figure 9.  High speed video stills of impact of RC toy helicopter blade with human cadaver eye.  

(Left) Pre-impact.  (Middle) During impact.  (Right) Post-impact. 

 
Equations that correlate intraocular pressure to normalized energy for three rigid projectiles were 

previously determined [47].  Normalized energy for the helicopter blades was calculated using 

the equation for the smallest tested projectile because its diameter (6.35 mm) is closest to the 

impacting surface area of the helicopter blade.   Injury risk as a function of normalized energy 

was previously determined for eye injuries [22].  This relationship was used to determine injury 

risk for hyphema, lens dislocation, retinal damage, and globe rupture for all tests.  Peak 

intraocular pressure and blade velocity was compared for each helicopter using a two-sample t-

Test assuming unequal variance.   

 

Results 

No serious eye injuries were observed for any test.  All tests resulted in minor corneal abrasions 

affecting less than 25% of the cornea.  This effectively corresponds to the contact area of the 

blades with the eye.  For all abrasions, only the epithelial layer of the cornea was affected as 

there were no observed lacerations.   

The BanDai Knight Flight Batman intraocular pressure was significantly higher than Playmaker 

Toys Flying Saucer (p=0.00) intraocular pressure.  The remaining intraocular pressures were not 
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significantly different (Table 7).  The Brookstone Chinook blade velocity was significantly 

higher than the Air Hogs Sharpshooter (p=0.00) and BanDai Knight Flight Batman (p=0.00) 

blade velocities.  The Brookstone Silver Bullet blade velocity was significantly higher than the 

Air Hogs Sharpshooter (p=0.00), BanDai Knight Flight Batman (p=0.00), and Playmaker Toys 

Flying Saucer (p=0.01).  The remaining blade velocities were not significantly different (Table 

7).  Additionally, top blade impacts were not statistically different from bottom blade impacts 

with regard to impact velocity (p=0.78) or intraocular pressure (p=0.69).  Free blade velocity was 

significantly higher than fixed blade velocity (p=0.00) but there was no significant difference 

between resulting intraocular pressures.  

Blade velocity, intraocular pressure, normalized energy, and injury risk for hyphema, lens 

damage, retinal damage, and globe rupture are reported (Tables 8, 9).  Intraocular pressures for 

the 25 tests ranged between 15.2 kPa to 99.3 kPa (114.3 mmHg to 744.7 mmHg).  Normalized 

energy levels varied between 82.94 J/m
2
 and 568.74 J/m

2
.  Blade impact velocities ranged 

between 16.0 m/s and 25.4 m/s.  Maximum injury risk for hyphema was 0.2%, and there was 

0.0% risk of lens damage, retinal damage, and globe rupture for all tests.  There was no 

correlation between blade velocity and intraocular pressure.  Blade mass was not correlated to 

pressure (R
2
=0.20) or velocity (R

2
=0.21).  Blade length was not correlated with pressure 

(R
2
=0.17) or velocity (R

2
=.038). 

Table 7.  Statistical analyses for intraocular pressure and blade velocities for each RC toy 

helicopter.   

p-value 

Pressure 

Air Hogs 

Sharpshooter 

Bandai Knight 

Flight Batman 

Brookstone 

Chinook 

Brookstone 

Silver Bullet 

Playmaker Toys 

Flying Saucer 

V
el

o
ci

ty
 

Air Hogs 

Sharpshooter 
 0.11 0.68 0.81 0.23 

Bandai Knight 

Flight Batman 
0.77  0.13 0.05 0.00 

Brookstone 

Chinook 
0.00 0.00  0.49 0.06 

Brookstone 

Silver Bullet 
0.00 0.00 0.10  0.31 

Playmaker Toys 

Flying Saucer 
0.54 0.63 0.07 0.01  
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Table 8.  Velocity, intraocular pressure, correlated normalized energy, and injury risk for 

free wing RC toy helicopters tested.  ‘T’ indicates the top blade impact; “B” indicates the 

bottom blade impact. 
Brookstone Chinook 

Eye Blade 
Velocity 

(m/s) 

Intraocular 

Pressure 

(kPa) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy* 

(J/m
2
) 

% Injury Risk 

Hyphema 

Lens 

Damag

e 

Retinal 

Damag

e 

Globe 

Rupture 

1 T 21.8 88.4 663.2 503.2 0.2 0.0 0.0 0.0 

3 T 20.8 49.4 370.8 274.9 0.0 0.0 0.0 0.0 

4 B 23.1 70.7 530.6 398.4 0.1 0.0 0.0 0.0 

5 B 22.4 30.5 228.9 167.7 0.0 0.0 0.0 0.0 

6 T 21.9 61.1 458.3 342.1 0.1 0.0 0.0 0.0 

Average 22.0 60.0 450.4 337.3 0.1 0.0 0.0 0.0 

Stdev 0.8 21.8 163.7 126.4 0.1 0.0 0.0 0.0 

Brookstone Silver Bullet 

Eye Blade 
Velocity 

(m/s) 

Intraocular 

Pressure 

(kPa) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy* 

(J/m
2
) 

% Injury Risk 

Hyphema 

Lens 

Damag

e 

Retinal 

Damag

e 

Globe 

Rupture 

1 T 25.4 45.4 340.2 251.5 0.0 0.0 0.0 0.0 

2 B 21.9 83.6 626.9 474.3 0.1 0.0 0.0 0.0 

3 T 23.1 36.6 274.6 202.0 0.0 0.0 0.0 0.0 

5 T 23.9 15.23 114.3 82.9 0.0 0.0 0.0 0.0 

6 T 22.5 64.4 483.0 361.3 0.1 0.0 0.0 0.0 

Average 23.3 49.0 367.8 274.4 0.1 0.0 0.0 0.0 

Stdev 1.4 26.2 196.3 150.0 0.1 0.0 0.0 0.0 

Playmaker Toys Flying Saucer 

Eye Blade 
Velocity 

(m/s) 

Intraocular 

Pressure 

(kPa) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy* 

(J/m
2
) 

% Injury Risk 

Hyphema 

Lens 

Damag

e 

Retinal 

Damag

e 

Globe 

Rupture 

1 B 21.8 37.9 284.3 209.3 0.0 0.0 0.0 0.0 

2 B 19.7 49.2 369.1 273.5 0.0 0.0 0.0 0.0 

3 B 20.0 34.0 255.3 187.5 0.0 0.0 0.0 0.0 

4 B 20.3 23.3 174.8 127.5 0.0 0.0 0.0 0.0 

5 B 16.0 29.7 223.1 163.4 0.0 0.0 0.0 0.0 

Average 19.5 34.8 261.3 192.2 0.0 0.0 0.0 0.0 

Stdev 2.2 9.7 72.7 54.6 0.0 0.0 0.0 0.0 
*Calculated from intraocular pressure.
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Table 9.  Velocity, intraocular pressure, correlated normalized energy, and injury risk for 

fixed wing RC toy helicopters tested.  ‘T’ indicates the top blade impact; “B” indicates the 

bottom blade impact.   
Air Hogs Sharpshooter 

Eye Blade 
Velocity 

(m/s) 

Intraocular 

Pressure 

(kPa) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy* 

(J/m
2
) 

% Injury Risk 

Hyphema 

Lens 

Damag

e 

Retinal 

Damag

e 

Globe 

Rupture 

1 T 19.1 39.3 294.7 217.1 0.0 0.0 0.0 0.0 

3 T 18.8 95.7 718.0 547.2 0.2 0.0 0.0 0.0 

4 T 18.4 51.1 383.6 284.7 0.1 0.0 0.0 0.0 

5 T 18.6 19.4 145.6 106.0 0.0 0.0 0.0 0.0 

6 T 19.5 60.7 455.5 340.0 0.1 0.0 0.0 0.0 

Average 18.9 53.3 399.5 299.0 0.1 0.0 0.0 0.0 

Stdev 0.4 28.3 212.3 163.9 0.1 0.0 0.0 0.0 

BanDai Batman 

Eye Blade 
Velocity 

(m/s) 

Intraocular 

Pressure 

(kPa) 

Intraocular 

Pressure 

(mmHg) 

Normalized 

Energy* 

(J/m
2
) 

% Injury Risk 

Hyphema 

Lens 

Damag

e 

Retinal 

Damag

e 

Globe 

Rupture 

1 T 19.7 66.0 494.7 370.4 0.1 0.0 0.0 0.0 

2 B 19.0 94.6 709.7 540.5 0.2 0.0 0.0 0.0 

3 T 18.7 99.3 744.7 568.7 0.2 0.0 0.0 0.0 

4 B 20.0 76.1 570.7 429.8 0.1 0.0 0.0 0.0 

6 T 17.7 66.7 500.2 374.7 0.1 0.0 0.0 0.0 

Average 19.0 80.5 604.0 456.8 0.1 0.0 0.0 0.0 

Stdev 0.9 15.6 117.0 92.8 0.1 0.0 0.0 0.0 
*Calculated from intraocular pressure.

 

 
Discussion 

This is the first study to quantify injury risk for corneal abrasion, hyphema, lens damage, retinal 

damage, and globe rupture from RC toy helicopter blade impacts.  Moreover, this study relates 

intraocular pressure to eye injury risk for five commercially available RC toy helicopters with 

various blade designs.  Blade design parameters analyzed (mass, length, velocity, and 

dichotomies of free vs. fixed wing and top vs. bottom blade impacts) did not affect the risk of 

eye injury associated with eye impact.  Despite large differences in design, no single RC toy 

helicopter blade resulted in higher eye injury risk than the others.  Data indicate that the risk of 

severe eye injury from the tested RC toy helicopter blades is low.  However, it is possible that 

the elevated intraocular pressures measured may indicate delayed onset of eye complications 

such as glaucoma and cataracts [31, 33].  These underlying complications may go unnoticed and 

untreated until they have progressed severely [31].  Therefore, eye protection is recommended 

when operating RC toy helicopters to minimize the risk of eye injury.   
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Due to the high-speed rotation of the blades, multiple impacts were observed for each eye test.  

As such, each eye was subjected to a range of impacts from skimming the surface of the eye to 

momentarily stopping blade rotation.  Increased intraocular pressure is correlated to an increased 

risk of eye injuries [47].  Therefore, the peak intraocular pressure measured in this study 

corresponds with the impact that would likely be most injurious.   

One extreme case of eye injury from a RC helicopter occurred when a blade detached from the 

shaft and ruptured the eye, resulting in blindness.  In this case, the injured person had been 

inspecting blade alignment of a self-assembled RC helicopter at eye level
 
[52].  While classified 

as a toy, the RC helicopter that caused this injury was designed for the adult hobbyist and due to 

its self-assembled nature had not been inspected by the manufacturer prior to testing.  

Additionally, this injury involved the detachment of the blade from the shaft, a condition not 

considered as an injury mechanism in the current study due to the pre-assembled nature of the 

RC toy helicopters tested.  This incident illustrates a devastating result of failing to use proper 

eye protection while testing and flying RC toy helicopters and further supports that eye 

protection is recommended for children as well as adults when operating RC toy helicopters. 

 

Conclusions 

The correlations between intraocular pressure and energy presented in this study have potential 

use in future applications including computational models of the human eye and instrumented 

synthetic eyes for an advanced anthropomorphic head that measure intraocular pressure during 

impacts [50].  For impact situations where normalized energy of the striking object is unavailable 

or incalculable, this study illustrates the use of intraocular pressure for the determination of eye 

injury risk.  Results from this study may provide insight to chronic eye disease as well as 

foundation data for the design and safe use of RC toy helicopters. 
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Chapter 5: 

Eye Injuries from Fireworks are Caused by Projectiles and Not Blast 

Overpressure 
 
Abstract 

Context:  Fireworks cause approximately 2141 eye injuries annually.  Currently, it is unknown if 

the primary injury mechanism is due to blast overpressure or projectile impacts.  Although it is 

suggested that blast overpressure can cause severe eye injuries, there is no clear evidence in the 

literature to support this.  Conversely, projectile impacts have been shown to cause severe eye 

injuries.  

Objective: To quantify the response of the human eye subjected to a standard explosive similar 

to consumer fireworks to determine if blast overpressure alone can cause serious eye injuries.   

Design, Setting, and Participants: Eighteen free-field explosions of 10 gram charges were 

conducted at a distance of 22cm, 12cm, and 7cm from the cornea of six isolated postmortem 

human eyes.  The 10 gram charges were used to simulate consumer fireworks in a controlled, 

repeatable manner.  Additionally, five commercially available fireworks (two bottle rockets, 

three firecrackers) were tested with the same conditions, without an eye present, for comparison.    

Main Outcome Measures: Total and static overpressures were measured outside the eye using 

sensors mounted perpendicular and parallel to the explosion, respectively.  Intraocular pressure 

(IOP) was measured with a miniature pressure sensor inserted through the optic nerve.  High 

speed video was recorded for each event.  Eyes were examined for injury after each test.  IOP 

was correlated to injury risk using published risk functions based on IOP.    

Results: No globe ruptures or corneal lacerations were observed.  However, video confirmed 

minor corneal abrasions were caused by projected material.  Peak IOP (28.4 ± 9.5 kPa) was 

linearly correlated to peak total overpressure (33.2 ± 14.1 kPa) for the charges (R
2
=0.5).  All 

pressures increased with increasing proximity to the cornea.  For all tests, injury risk was ≤ 

0.01% for hyphema, lens damage, retinal damage, and globe rupture.   

Conclusions: Blast overpressure from fireworks does not cause severe eye injuries.  However, 

projectiles from fireworks can cause eye injuries.  This explains why states with laws restricting 

firework projectiles observe fewer fireworks-related eye injuries.  

Keywords: Blast overpressure, Fireworks, Eye injury, Intraocular pressure, Corneal abrasion 
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Introduction 

Each year, approximately two million people in the United States suffer eye injuries that require 

treatment [1].  Visual impairment from eye trauma requires costly medical treatment and 

drastically affects quality of life [18, 53, 54].  The United States Eye Injury Registry (USEIR) 

estimates that 500,000 years of eyesight are lost annually [17].  Additionally, the economic 

burden for adult visual disorders is nearly $50 billion a year [19].  Based on data collected 

between December 31, 1991 and December 31, 2010, the U.S. Consumer Product Safety 

Commission (CPSC) estimated that approximately 9855 persons are treated in an emergency 

department for fireworks-related injuries annually, and that 2141 of these are specifically related 

to the eye [55].  Firework-related injuries in the United States, especially in the month 

surrounding the Fourth of July, are prevalent among children and adolescents [56, 57, 58].  The 

eye remains the most frequently injured body part in these incidents, accounting for nearly a 

quarter of all reported firework-related injuries [56].  Bottle rockets and firecrackers comprise 

nearly 50% of these injuries [56].  Despite national laws that restrict the size of consumer 

fireworks, individual state laws are inconsistent with regard to firework purchase and use [59]. 

Firework explosions produce a sharp increase in ambient pressure (blast overpressure) and 

temperature followed by an expulsion of material.  Misuse of igniting and viewing fireworks 

poses unique injury risks to the user and bystanders.  Much of the current firework-related 

literature assesses the injurious effects of projected materials to the eye [56, 60, 61].  The effect 

of projected material is not inconsequential; previous research calculated 100% injury risk for 

several eye injuries from blunt projectiles [13, 20, 21, 22].  Although some studies state that 

ocular injuries such as globe rupture and conjunctival hemorrhage can be caused by blast 

overpressure, there is no clear evidence that directly supports this [62, 63, 64].  The critical 

question is whether blast overpressure from fireworks can cause ocular injury or if injuries are 

caused solely by projected material.  Previous studies have measured intraocular pressure (IOP) 

and correlated IOP to eye injury risk [47].  Therefore, the purpose of this research is to measure 

IOP of enucleated cadaveric eyes during explosions similar to consumer fireworks and assess 

ocular injuries sustained in order to more fully understand the effect of blast overpressure on the 

eye. 
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Methods 

Design and Setting 

Six human eyes were procured from the North Carolina Eye Bank (Winston Salem, NC, USA) 

and stored in refrigerated saline.  The time interval between death and testing did not exceed 55 

days, which was previously shown to not affect tissue response to rupture pressures [4].  As 

tissue was never exposed to a freeze-thaw cycle, globe integrity was preserved. A miniature 

pressure sensor (Model 060S, 689 kPa, Precision Measurement Company, Ann Arbor, MI, USA) 

and a small tube were inserted through the optic nerve into the vitreous fluid and secured in 

place.  This pressure sensor had a frequency response of 10 kHz.  A 25 gauge needle was 

inserted in the small tube and attached to lactated ringer’s solution to provide normal human 

physiologic IOP of 1.993 kPa (14.95 mmHg) throughout the test [47, 23, 65].  Eyes were 

examined for injury before and after each test to ensure globe integrity was maintained.  A 

fluorescein dye was used to visualize any corneal abrasions.  As testing occurred in the open air, 

eyes were periodically rinsed with saline to maintain tissue hydration.    

Open field blast tests were performed on human eyes using a custom test setup designed to 

measure IOP and blast overpressure.  The test setup consisted of a metal frame that suspended 

the eye approximately 1 m from the ground.  A total of four pressure sensors (Model 113B21, 

1379 kPa, PCB Piezotronics, Depew, NY, USA) were mounted around the eye (Figure 10).  

These pressure sensors had a resonance frequency response greater than 500 kHz and measured 

frequency content up to 100 kHz without distortion.  They were designated as “total” or “static” 

sensors based on their orientation [66].  Total (face-on) sensors measured both the dynamic and 

static components of the blast overpressure wave, and were mounted perpendicular to the 

direction of blast wave propagation.  Static (side-on) sensors measured the static component of 

the blast overpressure wave, and were mounted parallel to the direction of wave propagation.  



32 
 

 
Figure 10.  Close-up View of Cadaveric Eye Test Setup. 

 
The sensor array consisted of a total overpressure sensor (total) and a static overpressure sensor 

(static left) adjacent to the eye, and two static overpressure sensors (static right 1, static right 2) 

mounted 3.0 cm apart in a polycarbonate airfoil-shaped block.  The temporal difference between 

peak overpressures measured by the two static overpressure sensors mounted in the airfoil-

shaped block was used to determine the blast overpressure wave velocity.       

Due to the large variability of consumer fireworks, this study implemented 10 gram charges 

fabricated to simulate consumer fireworks in a controlled, repeatable manner.  These charges 

consisted of cardboard tubes filled with 10 grams of Pyrodex® gunpowder that exploded 

perpendicular to the long axis of the tube.  The 10 gram charges were fixed to a metal rod such 

that the center of the gunpowder was 22 cm, 12 cm, or 7 cm below the cornea.  The rod was 

attached below the center of the gunpowder and did not obstruct the explosion. The long axis of 

the 10 gram charges was oriented parallel to the anterior-posterior axis of the eye.  These three 

distances were chosen to examine the effect distance has on peak overpressure.  The test matrix 

was designed so tests were conducted with decreasing distance from the cornea.  The charge was 

2 cm2 cm

3 cm

IOP

Static 2

Static Static 1

Total

Pressurization Tube

Airfoil
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offset 2.0 cm from the front of the cornea to minimize the amount of material projected towards 

the eye.  

Five commercially available fireworks (two bottle rockets, three firecrackers) were oriented and 

tested with the same conditions as the 10 gram charges, but without an eye, for comparison.  The 

high incidence of injuries from firecrackers and aerial devices motivated the testing of 

firecrackers and bottle rockets in the current study [67, 68].     

 

Main Outcome Measures 

A data acquisition system (TDAS PRO, Diversified Technical Systems, Inc., Seal beach, CA, 

USA) collected data at 301887.0 Hz.  The standard TDAS PRO anti-aliasing filter (4,300 Hz) 

was bypassed for this test series because the frequency content of the blast overpressure 

exceeded 4,300 Hz.  However, the TDAS PRO sensor input modules (SIMs) have a bandwidth 

of 0-25 kHz which acts as a low-pass filter with a frequency cutoff of 25 kHz.  All pressure data 

were zeroed immediately prior to the event.  A Phantom v9.1 camera (Vision Research, Wayne, 

NJ, USA) was used to capture high speed video at 20,000 frames per second with a resolution of 

256 x 192 pixels.   

Normalized energy was determined using the correlation between IOP and normalized energy 

developed from projectile testing with a large aluminum rod (11.16 mm diameter) conducted by 

Duma et al. [47].  The current test series was designed to study the effect of blast on an 

unprotected eye.  Therefore, the area of an open eye affected by a blast is the area of the eye not 

covered by the eyelid, which is most closely related to the projected area of the 11.16 mm 

diameter rod.  The injury risk function developed by Kennedy and Duma that correlates 

normalized energy to injury risk was used to determine the injury risk for hyphema, lens damage, 

retinal damage, and globe rupture [22].  Total overpressure was correlated to IOP for the charges.  

This relationship was used to determine the expected IOP, normalized energy, and injury risk for 

the commercial firework tests.  Rise time was calculated as the time interval between initiation of 

positive overpressure and the time at peak overpressure.  Positive duration was calculated as the 

time interval between initiation of positive overpressure and the time when overpressure returned 

to zero.  Impulse was calculated using trapezoidal integration of the total pressure trace over the 

positive duration.       
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Results 

A total of 18 charges were exploded at a distance of 22 cm, 12 cm, or 7 cm from six cadaveric 

eyes (Table 10).  The pressure-time histories of total overpressure, static overpressure, and IOP 

for a test with a charge at the 7 cm standoff distance are shown in Figure 11.  These pressure 

traces show a steep rise to peak overpressure followed by a positive and subsequent negative 

overpressure phase that is indicative of a Freidlander waveform [63, 64, 66].  Peak IOP (28.4 ± 

9.5 kPa) ranged between 11.3 - 46.7 kPa.  Peak total overpressure (33.2 ± 14.1 kPa) and peak 

static overpressure (27.9 ± 11.4 kPa) ranged between 15.0 - 57.0 kPa and 14.5 - 52.3 kPa, 

respectively.  Normalized energy (67.6 ± 22.8 J/m
2
) ranged between 2.8 – 112.0 J/m

2
.  Peak IOP 

correlated to 0.0% injury risk for lens damage, retinal damage, and globe rupture, for all tests.  

Maximum injury risk for hyphema was 0.01%, which only occurred in three of the five 7 cm 

tests.  Peak IOP (y, kPa) was linearly correlated to peak total overpressure (x, kPa) for the 

charges (y = 0.46x + 12.97, R
2 

= 0.5). 

Table 10.  Data for 10 gram charge explosion postmortem human eye tests.  

Eye 

Standoff 

Distance 

Total 

Pressure 

Static 

Pressure 

Intraocular 

Pressure 

Wave 

Velocity 
Impulse 

Rise 

Time 

Positive 

Duration 

cm kPa kPa kPa mmHg m/s Pa*s ms ms 

1 22 15.0 15.7 11.3   84.8 377.4 2.1 0.079 0.282 

2 22 22.7 17.2 23.4 175.8 335.4 2.2 0.023 0.268 

3 22 24.2 18.2 26.1 195.5 335.4 2.4 0.023 0.265 

4 22 18.1 14.5 17.6 131.9 411.7 1.9 0.023 0.288 

5 22 20.5 16.3 28.5 213.6 452.8 2.6 0.033 0.328 

6 22 26.1 19.5 24.0 180.0 362.3 2.4 0.033 0.278 

Average 21.1 16.9 21.8 163.6 379.2 2.3 0.036 0.285 

Stdev   4.1 1.8   6.3   47.2   46.0 0.3 0.022 0.023 

1 12 24.8 24.8 23.5 176.3 476.7 2.6 0.046 0.285 

2 12 26.4 25.6 21.7 162.9 431.3 2.8 0.023 0.285 

3 12 23.6 21.1 25.9 194.4 411.7 2.9 0.026 0.291 

4 12 29.9 27.4 21.5 161.4 431.3 4.1 0.023 0.235 

5 12 31.2 28.7 41.0 307.2 431.3 3.1 0.040 0.258 

6 12 28.6 23.4 27.0 202.2 339.8 2.9 0.076 0.205 

Average 27.4 25.2 26.8 200.7 420.3 3.0 0.039 0.260 

Stdev   3.0   2.7   7.3   54.7   44.9 0.5 0.020 0.034 

1 7 57.0 44.3 25.9 193.9 566.0 4.4 0.036 0.182 

2 7 54.3 38.5 38.7 290.6 431.3 4.4 0.073 0.185 

3 7 39.8 43.5 27.6 207.4 503.1 3.5 0.079 0.229 

4 7 45.7 31.2 46.7 350.6 452.8 4.7 0.050 0.262 

5 7 53.4 52.3 45.4 340.8 476.7 3.2 0.046 0.159 

6 7 56.6 39.4 34.7 260.1 362.3 3.9 0.023 0.182 

Average 51.1 41.6 36.5 273.9 465.4 4.0 0.051 0.200 

Stdev   6.9   7.1   8.8   65.8   68.8 0.6 0.021 0.038 
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Table 11.  Data for firework explosion tests using bottle rockets (BR) and firecrackers (FC). 

 

Standoff 

Distance 

Total 

Pressure 

Static 

Pressure 
Intraocular Pressure* 

Wave 

Velocity 
Impulse 

Rise 

Time 

Positive 

Duration 

cm kPa kPa kPa mmHg m/s Pa*s ms ms 

BR 1 22 16.6 13.4 20.7 155.0 362.3 0.8 0.023 0.123 

BR 1 22 16.0 12.8 20.4 152.9 377.4 0.8 0.020 0.123 

BR 1 22 16.3 13.2 20.5 153.8 362.3 0.7 0.020 0.119 

BR 2 22 14.7 11.7 19.8 148.3 348.3 0.6 0.020 0.109 

BR 2 22 14.0 11.2 19.5 145.9 348.3 0.6 0.020 0.099 

BR 2 22 14.6 11.8 19.7 148.1 348.3 0.6 0.023 0.109 

Average 15.4 12.3 20.1 150.7 357.8 0.7 0.021 0.114 

Stdev   1.1   0.9   0.5     3.7   11.8 0.1 0.002 0.010 

FC 1 22 5.7   4.8 15.6 117.2 348.3 0.2 0.017 0.086 

FC 1 22 7.6   6.1 16.5 123.6 362.3 0.3 0.020 0.113 

FC 1 22 5.5   4.7 15.5 116.4 348.3 0.2 0.020 0.106 

FC 2 22 4.1   3.4 14.9 111.4 348.3 0.2 0.020 0.149 

FC 2 22 3.7   4.1 14.7 110.2 362.3 0.3 0.020 0.156 

FC 2 22 4.5   3.9 15.0 112.8 335.4 0.2 0.033 0.132 

FC 3 22   5.6   4.5 15.6 116.7 348.3 0.2 0.020 0.096 

FC 3 22   6.1   5.0 15.8 118.4 348.3 0.2 0.020 0.096 

FC 3 22   5.6   4.6 15.6 116.7 362.3 0.2 0.030 0.099 

Average   5.4   4.5 15.5 115.9 351.5 0.2 0.022 0.115 

Stdev   1.2   0.8   0.5     4.0     9.1 0.0 0.005 0.025 

BR 1 12 36.0 27.8 29.7 222.4 377.4 1.3 0.020 0.093 

BR 1 12 34.4 25.3 28.9 216.9 377.4 1.2 0.020 0.089 

BR 1 12 36.3 25.6 29.8 223.4 362.3 1.2 0.020 0.089 

BR 2 12 33.2 23.4 28.3 212.6 393.8 1.1 0.023 0.086 

BR 2 12 38.7 28.3 30.9 232.0 377.4 1.3 0.023 0.089 

BR 2 12 36.1 25.6 29.7 222.6 393.8 1.2 0.023 0.089 

Average 35.8 26.0 29.6 221.7 380.3 1.2 0.022 0.089 

Stdev   1.9   1.8   0.9     6.6   12.0 0.1 0.002 0.002 

FC 1 12 13.7 10.2 19.3 145.0 377.4 0.5 0.020 0.086 

FC 1 12 10.3   7.9 17.7 133.0 393.8 0.3 0.023 0.063 

FC 1 12 10.9   9.1 18.0 135.1 393.8 0.4 0.020 0.099 

FC 2 12   4.9   3.6 15.2 114.3 377.4 0.4 0.043 0.162 

FC 2 12   6.7   6.0 16.1 120.5 393.8 0.5 0.023 0.212 

FC 2 12   6.2   5.2 15.8 118.8 362.3 0.5 0.089 0.245 

FC 3 12 15.2 12.9 20.0 150.0 377.4 0.5 0.020 0.083 

FC 3 12 15.8 11.9 20.3 152.2 393.8 0.6 0.023 0.096 

FC 3 12 12.5   9.6 18.8 140.9 362.3 0.5 0.020 0.086 

Average 10.7   8.5 17.9 134.4 381.3 0.5 0.031 0.126 

Stdev   4.0   3.1   1.9   13.9   13.2 0.1 0.023 0.065 

BR 1 7 71.3 46.7 46.0 345.2 431.3 2.1 0.020 0.083 

BR 1 7 78.2 55.2 49.2 369.1 431.3 2.1 0.023 0.079 

BR 1 7 70.4 48.3 45.6 342.0 411.7 1.1 0.017 0.023 

BR 2 7 77.3 54.4 48.8 366.0 452.8 2.2 0.023 0.076 

BR 2 7 82.6 51.8 51.3 384.5 476.7 2.2 0.023 0.070 

BR 2 7 68.1 44.7 44.5 333.9 476.7 1.8 0.023 0.076 

Average 74.6 50.2 47.6 356.8 446.7 1.9 0.022 0.068 

Stdev 5.6   4.3   2.6   19.4   26.6 0.4 0.003 0.022 

FC 1 7 27.1 18.8 25.5 191.5 411.7 0.8 0.020 0.063 

FC 1 7 29.4 18.6 26.6 199.6 452.8 0.8 0.020 0.073 

FC 1 7 20.8 12.6 22.6 169.4 411.7 0.6 0.023 0.076 

FC 2 7 10.3 13.0 17.8 133.2 411.7 0.6 0.023 0.149 

FC 2 7 7.9   7.4 16.6 124.6 377.4 0.4 0.086 0.189 

FC 2 7 9.2   8.3 17.2 129.1 411.7 0.5 0.050 0.176 

FC 3 7 20.0 17.5 22.2 166.8 411.7 0.7 0.023 0.086 

FC 3 7 24.5 19.4 24.3 182.6 411.7 0.8 0.023 0.073 

FC 3 7 22.4 15.7 23.4 175.2 411.7 0.6 0.020 0.089 

Average 19.1 14.6 21.8 163.6 412.4 0.7 0.032 0.108 

Stdev 8.0   4.5   3.7   27.9   18.9 0.1 0.022 0.049 

*Intraocular pressure calculated using total pressure. 
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Figure 11.  Total overpressure, static overpressure, and intraocular pressure due to 10 gram 

charge explosion at a 7 cm standoff distance from an isolated postmortem human eye.  All 

sensors were zeroed just prior to the event; all pressures are gauge pressures.   

 
A total of 18 commercial bottle rockets and 27 commercial firecrackers were exploded without 

an eye present (Table 11).  For the bottle rockets, peak total overpressure (41.9 ± 25.5 kPa) and 

peak static overpressure (29.5 ± 16.3 kPa) ranged between (14.0 – 82.6 kPa) and (11.2 – 55.2 

kPa), respectively.  Normalized energy (77.4 ± 28.5 J/m
2
) ranged between 46.2 – 123.0 J/m

2
.  

Peak IOP correlated to 0.00% injury risk for lens damage, retinal damage, and globe rupture, and 

maximum injury risk for hyphema was 0.01%, which only occurred at the 7 cm distance for the 

bottle rocket tests.  For the firecrackers, peak total overpressure (11.7 ± 7.6 kPa) and peak static 

overpressure (9.2 ± 5.2 kPa) ranged between (3.7 – 29.4 kPa) and (3.4 – 19.4 kPa), respectively.  

Normalized energy (43.7 ± 8.5 J/m
2
) ranged between 34.9 – 63.4 J/m

2
.  Peak IOP correlated to 

0.00% injury risk for hyphema, lens damage, retinal damage, and globe rupture for the 

firecracker tests. 

  

No globe ruptures or corneal lacerations were observed; however, minor corneal abrasions were 

observed. The abrasion size and pattern suggested injuries were sustained from unspent 

Pyrodex® being projected onto the eye during the event, which was confirmed with high speed 

video (Figure 12).  As expected, more abrasions were observed as the standoff distance 

decreased.            
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Figure 12.  (Left)  Photograph before 5 cm standoff distance test.  (Right) Post-test photograph 

with arrows indicating corneal abrasions.  Fluorescein dye used to better visualize corneal 

abrasions under a blue light.  Bright white dot is a reflection of light. 

 
Discussion 

This study quantified the response and injury outcome of postmortem human eyes exposed to 

blast overpressure.  Major eye injuries such as globe rupture were not observed.  However, minor 

corneal abrasions were observed to have been caused by projected material.  Hyphema, lens 

damage, retinal damage, and globe rupture were not predicted to have occurred based on the 

peak overpressures recorded in the current study.  The lack of major injuries from firework blast 

overpressure indicates that firework blast overpressure does not cause serious eye injuries.  

However, it was shown that eye injuries from fireworks can be caused by projectile impacts.      

Previous studies on the epidemiology of fireworks-related injuries presented at emergency 

departments note that injuries to the eyeball (21%) and face (20%) occur frequently [60].  One 

study reported firecrackers and bottle rockets accounted for 50% of these eye injuries and noted 

rockets alone comprised 71% of the studied cases where severe eye injuries resulted in vision 

loss [56].  Due to their aerial nature, bottle rockets pose a larger threat of projectile injury than do 

firecrackers that remain on the ground.  Results from the current study support the higher risk of 

eye injuries caused by bottle rockets, as they are projectiles and projectiles have been shown to 

cause eye injuries. 
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This study implemented 10 gram charges fabricated to simulate consumer fireworks in a 

controlled, repeatable manner.  It was observed for all tests that as standoff distance increased, 

rise time remained constant, peak overpressure decreased, positive duration increased, and 

impulse decreased.  Rise time did not vary greatly between the 10 gram charges, bottle rockets 

and firecrackers.  The bottle rockets produced larger peak over pressures than the 10 gram 

charges while the firecrackers produced smaller peak overpressures than the 10 gram charges.  

Regardless, the calculated injury risk for all eye injuries assessed was less than or equal to 0.01% 

for all tests.  The 10 gram charges had longer positive durations than the bottle rockets and 

firecrackers.  Longer positive durations are potentially more injurious, as the increased exposure 

to pressure allows soft biological tissues to experience greater deformations.  Impulse was 

highest for the 10 gram charges, which is not surprising due to the combined higher peak 

overpressure and longer positive overpressure duration.       

Blast overpressure is comprised of a positive pressure phase followed by a negative pressure 

phase (with respect to atmospheric pressure) that is indicative of a Freidlander waveform [63, 64, 

23].  It is of interest to note the IOP trace shows a relatively large negative pressure.  However, 

as all sensors were zeroed just prior to the event, the pressures reported in the current study are 

gauge pressures and not absolute pressures.  Therefore, the eye does not experience a true a 

negative IOP, but rather a reduction in pressure relative to atmospheric pressure.  It has been 

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

tissue injury [69].  Cavitation threshold is affected by temperature, surface tension, dissolved 

gas, impurities, and viscosity [70, 71, 72].  The cavitation threshold for water ranges between 

gauge pressures of -100 kPa and -140 MPa depending on the water composition and test method 

[72].  Previous studies modeled cavitation in the brain due to blast overpressure using a 

cavitation threshold of -100 kPa [70, 73].  As IOP did not fall below –50 kPa in the current 

study, it was not expected that cavitation was a possible cause of injury.  Additionally, it is 

expected that the gelatinous nature of the vitreous fluid would alter the cavitation threshold 

compared to that of water.      

Federal firework regulations currently limit the amount of pyrotechnic material in consumer 

fireworks to 50 mg for firecrackers and 130 mg for bottle rockets in order to minimize the risk of 

injury from these devices [74].  Individual state laws may additionally prohibit the distribution, 
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purchase, and use of these devices to further decrease injury risk from misuse.  Previous studies 

noted that states and countries banning the use of fireworks observed lower incidences of eye 

injuries due to fireworks [68, 75].  As of June 1, 2011, only four states completely ban fireworks, 

including those allowed by CPSC regulations: Delaware, Massachusetts, New Jersey, and New 

York [59].  Therefore, it is expected that states without fireworks regulations will observe a 

higher incidence of fireworks-related injuries than states that regulate fireworks.  Where 

fireworks are allowed, it is suggested that persons adhere to rules of their use and be familiar 

with the risks associated with projected material.   

 

Limitations 

Postmortem human eyes were exposed to multiple events in the current study.  This maximized 

the use of biological tissue and provided a paired data set, thereby eliminating the confounding 

effects of subject variability.  It is possible that successive events can cause microdamage to the 

tissue which can result in premature failure during a subsequent test that would not have 

occurred otherwise.  The testing order was designed to minimize this by testing the lowest 

severity first (22 cm), followed by the medium severity (12 cm), and finally the highest severity 

(7 cm).  Additionally, blast overpressures in the current study were of relatively low severity and 

did not result in severe injuries.  Therefore, the potential for adverse effects of multiple 

exposures was considered negligible. 

All postmortem eye tests were performed with an isolated eye in the current study.  

Anatomically, the eye is located within the orbit and is surrounded by the soft tissue, 

musculature, and boney structures of the face.  These numerous reflective surfaces create 

complex pressure waves around the eye during blast overpressure events.  Consequently, it is 

extremely difficult to interpret the isolated response of the eye with these boundary conditions.  

Since there is currently no data regarding the response of the human eye to blast overpressure, 

the eye was tested in isolation to minimize the confounding effects of multiple reflective pressure 

waves.  This facilitated the direct quantification of the eye response to blast overpressure.  Future 

studies should be performed to understand the effect multiple reflective pressure waves from 

these structures. 
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Other Applications 

This is the first study to investigate the effects of blast overpressure on the human eye.  The blast 

overpressures recorded in the current study represent low blast energies.  For comparison, a 10 

gram charge of Pyrodex®, at 22 cm, 12 cm, and 7 cm standoff distances correspond to 

detonating 0.45 kg TNT at approximately 7.33 m, 4.57 m, and 3.05 m, respectively [66].  Higher 

severity blast overpressures can be experienced during military combat.  Combat-related blast 

injuries are occurring more frequently with the increased use of explosives and improvised 

explosive devices (IEDs) in current military conflicts [76].  While the lung was once most 

susceptible to blast injury, the use of improved protective chest equipment has disproportionally 

left the face and eyes vulnerable to concomitant blast injuries [76].  Approximately 5% (797) of 

all reported injuries sustained in the War in Iraq between 2003-2005 were eye injuries [61].  

Studies have reported approximately 82% of all severe ocular injuries sustained during military 

combat are the result of munitions fragmentation [51, 77].  Additionally, as many military 

explosives are buried, the risk of injury from projectiles would be expected to be much greater.  

It is unclear whether severe ocular injuries such as lens damage, retinal damage or globe rupture 

can be caused by higher blast overpressures.  However, the relationship between peak IOP and 

peak total overpressure noted in this study indicates that an extremely large peak blast 

overpressure would be required to induce an IOP large enough to cause globe rupture, given an 

internal rupture pressure of 970 ± 290 kPa [47, 23].  It is expected that more lethal corporal 

injuries resulting from such a large blast event would likely take precedence over potential ocular 

injuries.  Further studies should be performed to evaluate the response and injuries resulting from 

higher blast overpressures.  It should be noted that such a study would require the use of high 

energy explosives such as TNT, C4, or Comp-B. 

 

Conclusions 

This study quantifies the risk of eye injuries caused by firework blast overpressure.  Serious eye 

injuries such as globe rupture were neither observed nor predicted by the IOP induced by the 

blast overpressure.  However, minor corneal abrasions were observed after each test.  High speed 

video analysis confirmed that the corneal abrasions were caused by projected unspent 

gunpowder.  The extent of corneal abrasion depended on charge standoff distance.  The 

combined presence of injuries caused by projected material and lack of injuries directly caused 

by blast overpressure indicates that serious eye injuries from fireworks can be caused by 

projectiles and not blast overpressure.      

  



41 
 

Chapter 6: 

Conclusions 
 
Research Summary 

The research presented in this thesis investigates eye injuries caused by blunt impacts and blast 

overpressure as part of an ongoing investigation to accurately quantify and predict eye injuries 

and injury mechanisms for various loading schemes.  No serious eye injuries were observed for 

any of the tests and all tests resulted in low predicted injury risks consistent with the lack of 

observed injury.  This reserach provides a robust low injury level dataset for eye injuries.  This 

data could be useful for designing and validating computational models and anthropomorphic 

test device eyes, and serves as a basis for future work with more dangerous projectiles and higher 

pressure levels.  Additional data combined with that described in this thesis could be used to 

design safer eye protection from blunt impact and blast overpressure which could mitigate the 

frequency of severe eye injuries.  The research presented in this thesis represents a portion of a 

larger investigation of biomedical engineering and injury biomechanics [78-197].    

Publication Outline 

The research presented in this thesis has been submitted for publication in various journals and 

conference proceedings.  Table 12 notes the publication destinations for each chapter.  All 

chapters are presented in this thesis in their publication forms with modification of only figure, 

table, and reference numbers.   

   

Table 12.  Publication Outline 

Chapter Title Journal/(Conference) 

2 

Evaluating the risk of eye injuries: 

intraocular pressure during high speed 

projectile impacts 

Current Eye Research* 

(Biomedical Engineering 

Society 2011 Annual 

Meeting)§ 

3 

Eye injury risk from water stream impact: 

biomechanically based design parameters 

for water toy and park design 

Current Eye Research† 

4 
Eye injury risk associated with remote 

control toy helicopter blades 

(Rocky Mountain 

Bioengineering Symposium)† 

5 
Eye injuries from fireworks are caused by 

projectiles and not blast overpressure 

Journal of the American 

Medical Association‡ 

* Published, † Accepted, ‡ Submitted, § Presented 
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