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Purpose: We have carried out three-dimensional finite element analysis (FEA) to determine

the physical and mechanical response in several ocular injuries. We applied this FEA model

to evaluate an airsoft gun impact on an eye and the deformation rate of eyes of various axial

lengths at various velocities.

Methods: This study was carried out on a human eye model using an FEA program created

by Nihon, ESI Group. The airsoft gun pellet was set to impact the eye at initial velocities of

45, 60 and 75 m/s with the addition of variation in axial length of 20 mm (hyperopia), 22 mm

(emmetropia), 24 mm (myopia) and 26 mm (high myopia). Deformation of the eye was

calculated as the decrease rate of the volume of the eyeball and the decrease rate of the axial

length.

Results: In all emmetropic cases, the cornea reached its strain threshold during the impact,

and scleral strain showed a patchy strength distribution in the simulation. The deformation

was most evident in the anterior segment, while deformation of the posterior segment was

less. The decrease rate of the volume of the eyeball and decrease rate of the axial length were

highest in the hyperopic eye, followed by the emmetropic eye and myopic eye, and the high

myopic eye showed the lowest decrease rates among the four axial lengths in all impact

velocity simulations.

Conclusion: These results suggest that hyperopic eyes are most susceptible to deformation

by an airsoft gun impact compared with other axial length eye models in this simulation. The

considerable deformation by an airsoft gun impact shown in this study might indicate the

necessity of ocular protection to avoid permanent eye injury. FEA using a human eyeball

model might be a useful method to analyze and predict the mechanical features of ocular

injury by an airsoft gun.
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Introduction
Airsoft guns are commonly referred to as BB guns or pellet guns, as they also launch

spherical projectiles (typically through a smoothbore barrel). Common airsoft gun bullets

are 6 mm in diameter (0.24 inch) and are generally made of plastic or other non-metallic

materials specifically designed to impart low target damage. Using a BB shot, the

effective flight range and maximum speed of a metal bullet with this gun are two times

higher than those of plastic bullets with other airsoft guns.1 BB guns can cause several

kinds of ocular injuries in not only the anterior segment but also the posterior segment,

including chorioretinitis sclopetaria, intraocular foreign body (IOFB), perforating injury
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or even rupture, which frequently lead to enucleation

(27–93%).2–6 These characteristics have made this gun poten-

tially vision threatening. Airsoft gun impact can result in

severe ocular damage, significant loss of vision, and, in

extreme cases, complete loss of the eye.7 Most injuries require

immediate emergency surgery and numerous follow-up sur-

geries. It is well known that airsoft gun ocular injury is

a frequent cause of blunt ocular trauma in children.8–10

Ocular injuries caused by airsoft guns including BB guns

have been widely reported in the literature recently,1–6,8–10

but there are only a few studies evaluating the clinicopatholo-

gical mechanism of airsoft gun ocular injuries. Two studies

have been reported; one evaluated different projectiles in

matched experimental eye impact simulations,11 and one per-

formed numerical modeling of paintball impact ocular

trauma.12

Therefore, we planned to study the kinetic phenomenon

of airsoft gun impact on a human eye using a simulation

method that was applied to our previous several studies.13–17

If we are able to reproduce the kinetic phenomena including

intraocular deformation caused by an airsoft gun impact

sequentially, this will increase understanding of the patho-

physiological mechanism of blunt ocular trauma by an airsoft

gun. Although wearing effective eye protection has been

shown to mitigate or entirely eliminate many ocular injuries,

children quite often fail to use proper safety equipment,

especially during unsupervised activities where most injuries

occur. For this reason, it has been suggested that the most

practical solution is the development of a safer airsoft gun

bullet, one that greatly reduces the risk and severity of injury

during direct impact with the eye. However, before this can

be accomplished, a fundamental understanding of the rela-

tionship between airsoft gun characteristics (materials and

impact parameters) and ocular trauma must be developed.

From these factors, in this study, we introduced

a simulation model to determine the biomechanical response

caused by impacting an airsoft gun on a model eye at various

velocities and the deformation rate after an airsoft gun impact

on eyes of various axial lengths.

Materials and Methods
Amodel human eye was created and used in simulationswith

a computer using an FEA program, PAM-GENERISTM

(Nihon ESI, Tokyo, Japan), described elsewhere.13 The

meshing principles of the model eye are shown in Figure

1A according to the previous reports.13,14 A vitreous model

as a solid mass with a hydrostatic pressure of 20 mmHg (2.7

kPa) was also assigned.

A biomechanical head of a dummy was created,

assuming that everything excluding the eye was a solid

element, to reduce the computing time. The Hybrid III

model was modified by replacing the head of the dummy

with a biomechanical model of the head in which an eye

was inserted.18,19 An airsoft gun pellet (0.2 g), with 6 mm

diameter and higher rigidity than an eyeball, was set to

impact the eyeball in a straight position (Figure 1B) at

three different velocities of 45, 60 and 75 m/s. This gun

pellet was in accordance with a so-called BB shot.20 The

reference point for globe rupture was then calculated to be

at a strain of 18.0% and stress of 9.45 MPa for the cornea,

and at a strain of 6.8% and stress of 9.49 MPa for the

sclera, which exceeded the tensile tolerance based on ele-

ment deletion method.14 As for axial length of the eyeball,

four axial lengths, 20, 22, 24 and 26 mm, were introduced,

and each length was assumed to correspond to hyperopia,

emmetropia, myopia and high myopia, respectively. In

each model, ocular elements were shortened or elongated

according to the proportion against the normal eye (emme-

tropia) on optic axis direction, but diameters in the frontal

view were not changed.

Changes in the shape of the eye and the strain induced

were calculated by Virtual Performance Solver (VPS)

(Nihon ESI) and evaluated by color mapping (Figure 1C).

Deformation of the eye in a cross-sectional view was dis-

played sequentially in milliseconds in slow motion.

Deformation of the eye was calculated in brief as the

decrease rate of the volume of the eyeball and the decrease

rate of the axial length as the integrated value of all meshes

simulated in comparison with the values before the airsoft

gun impact.

Results
Because of the three impact velocities of the airsoft gun

(45, 60 and 75 m/s) and four axial lengths (20 (hyperopia),

22 (emmetropia), 24 (myopia) and 26 (high myopia) mm),

twelve cases were simulated sequentially from the primary

impact to the eyeball until 0.2 ms after the primary impact.

The results of each simulation are shown in the frontal

view, side view and cross-sectional view of the deformed

globe in original image, we have gained abundant data

from this study; however, it is difficult to display all these

results. Thus, maximum strain observed in the frontal view

in emmetropia and all simulations in the cross-sectional

view were presented as follows.

For simplification, strain strength response of the ocular

surface, cornea and sclera, was evaluated in a case of

Takahashi et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
Clinical Ophthalmology 2020:141446

http://www.dovepress.com
http://www.dovepress.com


normal axial length eye (emmetropia) with an airsoft gun

impact. In the case of an impact velocity of 45 m/s, corneal

strain reached its threshold (18.0%) at 0.02 ms after the

impact in the simulation (Figure 2A). When the airsoft gun

impacted at 60 and 75 m/s, corneal laceration was observed

at 0.02 ms (Figure 2B) and 0.01 ms (Figure 2C) after the

impact in the simulation, respectively. In all these cases,

scleral strain showed a patchy strength distribution in the

simulation (Figure 2A–C).

Ocular deformation after an airsoft gun impact was

displayed sequentially in a cross section at impact velocities

of 45 m/s (Figure 3A), 60 m/s (Figure 3B) and 75 m/s

(Figure 3C), and the results of four axial length simulations

are shown. In each case, the eyeball was shortened after the

airsoft gun impact, which was most evident in the cornea,

and the deformation continued and extended toward the end

of the simulation. Deformation of the vitreous body was less

than that of the cornea. The anterior chamber and lens were

both susceptible to strong deformation, which seemed to

disappear especially in high impact velocity (75 m/s;

Figure 3C). The decrease rate of the volume of the eyeball

and decrease rate of the axial length are shown in Tables 1

and 2, respectively. Both rates were highest in the hyperopic

eye followed by the emmetropic eye and myopic eye, and

those in the highly myopic eye were the lowest among the

four axial lengths in all impact velocity simulations

(Tables 1 and 2). From these results, it was shown that

hyperopic eyes are the most susceptible to deformation by

an airsoft gun impact compared with other axial length eye

models in this simulation.

Discussion
It has been reported that ocular injuries associated with

airsoft guns are usually confined to the anterior segment

and are not so serious,10 and common injuries caused by

airsoft gun impact include corneal abrasion, hyphema, lens

dislocation and cataract.8–10 Ocular deformation displayed

sequentially in a cross section after the impact in this study

showed that axial length shortening after the airsoft gun

impact continued and extended toward the end of the

simulation, and deformation was most evident in the ante-

rior segment and deformation of the vitreous body was

less than that of the cornea (Figure 3). The results of our

simulation thus support past clinical reports.8–10

However, it has also been pointed out that retinal

detachment, choroidal rupture, and globe rupture (com-

monly leading to complete loss of the eye) are observed

in some cases of airsoft gun impact.8–10 It is reported that

injuries caused especially by a BB shot usually cause

severe ocular injuries, including IOFB, perforating injury

or even globe rupture, which frequently lead to enuclea-

tion (27–93%).2–5,9 The present study indicated the possi-

bility of globe rupture due to corneal laceration by a airsoft

gun impact at 60 or 75 m/s in the simulation

(Figure 2B and C), and these findings support the recent

case series reports of penetrating ocular injury caused by

BB shots.9 Open globe injuries related to BB or pellet guns

result in devastating visual outcomes, and are often asso-

ciated with multiple complications and the need for addi-

tional surgery and a poor visual prognosis even when

treated with modern surgical techniques.8 From this
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Figure 1 Simulation profile of model eye and deformation scale. (A) Diagonal view of model eye and meshing principles of finite element analysis. (B) Eyeball and impacting

airsoft gun location in straight position. (C) Color mapping scale of deformation of eye showing strain induced; warmer color of red represents greater deformation.
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study, the decrease rate of the volume of the eyeball and

the decrease rate of the axial length were highest in the

hyperopic eye followed by the emmetropic eye, meaning

that hyperopic eyes are most susceptible to deformation by

an airsoft gun impact among axial length eye models in the

simulation. However, no study has considered the relation-

ship between axial length and clinical outcome after an

impacting foreign body such as from an airsoft gun.

Because of the small number of cases of this kind of

blunt ocular trauma, this lack of past publications can be

understood. Documented clinical profiles of airsoft gun

ocular injury indicate that the average age of cases was

young,8–10,21–24 and considering that the majority of the

case series were pediatric cases including immature ado-

lescent eyes, our results might indicate the necessity of

ocular protection to avoid permanent eye injury.23,24

The use of airsoft guns is common among children

because they look real, are cheap and have no restrictions.

The considerable deformation by an airsoft gun impact

shown in this study (Figure 3) might suggest that unsu-

pervised access to these guns is likely to be the principal

risk factor for these injuries, which implies the importance

of political strategies targeting parental education and

restriction of children’s access to these guns.7,25

A

0 0.02 ms 0.04 ms 0.06 ms

0.08 ms 0.1 ms 0.12 ms 0.14 ms

0.16 ms 0.18 ms 0.2 ms

B

0 0.01 ms 0.02 ms 0.03 ms 0.04 ms

0.05 ms 0.06 ms 0.07 ms 0.08 ms 0.09 ms

0.2 ms0.1 ms 0.14 ms 0.17 ms

C

0 0.02 ms 0.04 ms 0.06 ms

0.08 ms 0.1 ms 0.12 ms 0.14 ms

0.16 ms 0.18 ms 0.2 ms

Figure 2 Sequential deformation of model eye upon airsoft gun impact at three different velocities. Cases of impact velocity of 45 (A), 60 (B) and 75 m/s (C) in emmetropic

eye are shown. Strain strength change is displayed in color as presented in the color bar scale (Figure 1C).
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There are several limitations to this study. First, in several

simulation cases, especially those with high impact velocity,

although graphic output continued, there is a possibility that

corneoscleral laceration occurred and further simulation might

differ from the clinical findings such as globe rupture. Due to

the initial setting of this simulation study, visual output cannot

be discontinued in the present version of software. A high-

velocity airsoft gun pellet has a tendency to move into the

eyeball due to its high energy (Figure 2B andC). These results,

on the other hand, reflect the possibility of an IOFB injury

from an air gun pellet as a small object penetrating injury. The

high incidence of globe rupture caused by an airsoft gun also

supports this hypothesis,8,9 and further evaluation in a future

simulation study is anticipated. Secondly, we introduced the

decrease rate of the volume of the eyeball and the decrease rate

of the axial length to evaluate the relationship between

strength deformation of the eyeball and the development of

serious blunt intraocular injury, such as traumatic cataract,

retinal detachment or vitreous hemorrhage,8–10 while several

other factors, such as intraocular pressure, eye position at

Emmetropia
(22mm)

A 0ms 0.06ms 0.12ms 0.16ms 0.2ms

Hyperopia
(20mm)

Myopia
(24mm)

High myopia
(26mm)

Emmetropia
(22mm)

B

Hyperopia
(20mm)

Myopia
(24mm)

High myopia
(26mm)

0ms 0.06ms 0.1ms 0.12ms 0.16ms

0ms 0.04ms 0.06ms 0.1ms 0.12ms

Emmetropia
(22mm)

C

Hyperopia
(20mm)

Myopia
(24mm)

High myopia
(26mm)

Figure 3 Ocular deformation after airsoft gun impact displayed sequentially in cross-sectional view at three impact velocities for four axial length eyes. (A) Cases of impact

velocity of 45 m/s. (B) Cases of impact velocity of 60 m/s. (C) Cases of impact velocity of 75 m/s.

Table 1 Decrease Rate of Volume of Eyeball at 0.1 ms After

Impact of Airsoft Gun

Impact Velocity (m/s)

Axial Length Status

45 60 75

Emmetropia (22 mm) 20.1% 16.4% 31.8%

Hyperopia (20 mm) 22.4% 28.0% 37.3%

Myopia (24 mm) 17.9% 25.2% 28.6%

High myopia (26 mm) 16.4% 18.7% 23.5%

Table 2 Decrease Rate of Axial Length at 0.1 ms After Impact of

Airsoft Gun

Impact Velocity (m/s)

Axial Length Status

45 60 75

Emmetropia (22 mm) 14.7% 18.5% 24.1%

Hyperopia (20 mm) 17.3% 21.8% 29.6%

Myopia (24 mm) 12.0% 17.4% 24.0%

High myopia (26 mm) 8.1% 12.8% 16.0%
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impact and vitreous liquefaction, might have some effects in

airsoft gun injury. However, using our FEA of a model eye

enabled us to calculate changes in the eyeball quantitatively in

the simulation. Further refinement of computer technology

will enable us to carry out more accurate simulation of airsoft

gun ocular impact that is closer to the clinical situation, leading

to a better explanation of clinical results and the mechanism

regarding blunt ocular trauma.
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