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Background: We studied the kinetic phenomenon of an airbag impact on eyes with different axial lengths using finite element
analysis (FEA) to sequentially determine the physical and mechanical responses of intraocular segments at various airbag deployment
velocities.

Methods: The human eye model we created was used in simulations with the FEA program PAM-GENERIS™. The airbag was set to
impact eyes with axial lengths of 21.85 mm (hyperopia), 23.85 mm (emmetropia) and 25.85 mm (myopia), at initial velocities of 20,
30, 40, 50 and 60 m/s. The deformation rate was calculated as the ratio of the length of three segments, anterior chamber, lens and
vitreous, to that at the baseline from 0.2 ms to 2.0 ms after the airbag impact.

Results: Deformation rate of the anterior chamber was greater than that of other segments, especially in the early phase, 0.2-0.4 ms
after the impact (P < 0.001), and it reached its peak, 80%, at 0.8 ms. A higher deformation rate in the anterior chamber was found in
hyperopia compared with other axial length eyes in the first half period, 0.2—-0.8 ms, followed by the rate in emmetropia (P < 0.001).
The lens deformation rate was low, its peak ranging from 40% to 75%, and exceeded that of the anterior chamber at 1.4 ms and 1.6 ms
after the impact (P < 0.01). The vitreous deformation rate was lower throughout the simulation period than that of the other segments
and ranged from a negative value (elongation) in the later phase.

Conclusion: Airbag impact on the eyeball causes evident deformation, especially in the anterior chamber. The results obtained in this
study, such as the time lag of the peak deformation between the anterior chamber and lens, suggest a clue to the pathophysiological
mechanism of airbag ocular injury.

Keywords: airbag, ocular trauma, computer simulation, lens, anterior chamber, vitreous body, finite element analysis, deformation

Introduction

Automotive safety devices have measurably reduced morbidity and mortality associated with motor vehicle
accidents.! However, airbags have been recognized as a potential cause of various fatal and nonfatal injuries
to the head, eyes, neck, chest, and arms.”’ Because airbags are deployed at velocities of up to 200 mph,
significant injury may occur if the occupant comes into contact with the airbag during the inflation phase. Most
ocular injuries associated with airbags are minor. However, serious and visually devastating ocular injuries
caused by airbags, ranging from corneal endothelial cell loss to retinal detachment, have been reported.* '®
Minor ocular injuries due to airbag impact include corneal abrasion, hyphema, vitreous hemorrhage, retinal tear,
maculopathy, and localized photoreceptor damage.®'®! Moderate to serious ocular injuries include corneoscleral
laceration, bullous keratopathy, lens dislocation, lens capsule rupture, choroidal rupture, retinal detachment, and

6,7.9,

open globe rupture. 12.13.22-26 Mohamed et al reported that self-limiting injuries occurred at low velocity (10—

30 mph).”” It was thought that, at low velocities, there may be a delay before the sensors transmit the firing
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signal, causing the airbag to strike the occupant while it continues to expand, resulting in moderate-to-severe
ocular injury in relatively low-velocity crashes in which the airbag was fully deployed.?’

The mechanisms that induce intraocular damage and influence the severity of airbag ocular injuries have been
reported in a restricted number of studies. Duma et al used human cadaver eyeballs, which were impacted in situ
after being repressurized with saline injected through a 30-gauge needle, and observed that all the eyes revealed
detached retinas.”® Injury determination was achieved by ophthalmic ultrasound imaging, staining with fluor-
escein dye, and dissection.”® The impact velocities of the airbags ranged from 30 to 66 m/s.”® The same group
carried out experiments using porcine eyes as a model of the human eye impacted by a pneumatic cannon
designed to propel foam objects at velocities ranging between 20 and 100 m/s, and found that even in the worst-
case scenario, the most severe observed injury was corneal abrasion.”’ Biomechanical approaches are now
feasible and can considerably help experts to investigate the issue without ethical concerns. Shirzadi et al
developed a finite element (FEA) model of the eye and performed simulation of an airbag impact on the eyeball
and determined the stress and strain contours at 0.3 ms after eye-airbag impact with a velocity of 67 m/s.*® The
sclera, ciliary body, cornea, and lens were the eye segments with the highest stress (maximum stress reached 9.3
MPa), whereas the cornea, retina, and choroid experienced the highest strain (maximum of 14.1%).>°

As shown above, only a few studies have evaluated the clinicopathological mechanism of airbag ocular injuries,
especially in a simulation model.***' We have previously developed a simulation model resembling a human eye and
applied 3-dimensional FEA to determine the physical and mechanical conditions of impacting foreign bodies that cause
an intraocular foreign body.** This model human eye was also used in our studies on airbag impact in various
situations.®>® We applied this FEA model and reported that considerable damage was observed especially at higher
impact velocities, such as 50 or 60 m/s, in eyes with any axial length, and deformation was most evident in the anterior
segment.”” In these studies, we mainly reported mechanical damage of the ocular surface, such as laceration, perforation,
etc., and deformation of the whole eyeball was evaluated, but intraocular deformation, which is closely related to angle
recession, lens rupture and vitreous traction etc., was not evaluated.

From these studies on eye-airbag injury, it remains to be determined how each ocular segment undergoes deformation
during the airbag impact process. This is closely related to the pathophysiological mechanism that induces severe ocular
trauma, resulting in a poor visual prognosis. Therefore, we planned to study the kinetic phenomenon of airbag impact on
eyes with different axial lengths, using an FEA method to determine the physical and mechanical responses of intraocular
segments sequentially at various airbag deployment velocities, particularly to survey the axial deformation rate of each
segment, which cannot be evaluated even in animal experiments. If we were able to obtain any information regarding the
kinetic response of each segment during the critical period of airbag deployment, this might enable us to more precisely
understand the mechanism of ocular damage due to airbag impact on the eye.

Materials and Methods

A model human eye was used in simulations with a computer using the FEA program PAM-GENERIS™ (Nihon ESI,
Tokyo, Japan).>* The model of the human eye is composed of three layers: outer (cornea and sclera), middle (iris, ciliary
body, choroid, and retina), and inner (aqueous humor, lens, and vitreous), as reported previously (Table 1).>? The eyelid

Table 1 Number and Property of Meshes Used for FEA

Model
Anatomic Component Shell Solid
Cornea 380 0
Sclera 1580 0
Iris, ciliary body and choroid 1040 0
Lens 680 0
Aqueous humor 0 288
Vitreous 0 2664
Total 3680 2952
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Figure | Frontal (A) and sagittal (B) view of model eye of emmetropia.

and orbital bone were not included in this simulation, for simplification. The depth of the anterior chamber was assumed
to be 2.95 mm, which was simulated as a solid element. The lens was assumed to be biconvex and was designed as
a shell element. The vitreous length was assumed to be 16.65 mm, and the posterior curvature of the retina was assumed
to be 12.0 mm in the emmetropic eye model.** Vitreous was modeled as a solid mass with a hydrostatic pressure of 20
mmHg (2.7 kPa).>”** To our knowledge, there are no published data on the mechanical properties, especially on the
tensile strength, of the zonule of Zinn, and thus, the suspensory ligaments and ciliary muscles are not included in this
model. The elastic properties and meshing principles of the model human normal eye (emmetropia) were similar to those
in previous reports.*®>° A revision in this study was the addition of a condition in the model human eyes with complete
adhesion between the layers, the outer layer (cornea and sclera) and inner layer (anterior chamber, lens and vitreous)
including the middle layer, to represent the clinical situation more accurately (Figure 1). The mass densities of ocular
tissues were derived from past reports and assumed to be as follows: cornea, 1.149 g/cm?; sclera, 1.243 g/cm?; vitreous,
1.002 g/cm’; aqueous humor, 1.000 g/cm?**

We replaced the head of the dummy with a biomechanical model of the head in which the eyeball model was
inserted to modify the Hybrid III model*’
of 0.470 were used to determine the standard stress-strain curves for cornea and sclera.*'*? It is reported that the

for the simulation. Poisson ratio of the cornea of 0.420 and the sclera

normal axial length ranges from 22 to 24.5 mm.** Different axial lengths, representing a normal eye with normal
axial length of 23.85 mm, a hyperopic eye with a shorter axial length of 21.85 mm, and a myopic eye with
a longer axial length of 25.85 mm, were used as in our previous study.*®>° Length or thickness of the intraocular
segments in the axial direction in the three axial length eye models is shown in Table 2. Ocular elements in each
model were shortened or elongated according to the proportion versus the normal eye in the optical axis
direction; however, the diameters in the frontal view and the total volume of the cornea and sclera were assumed

Table 2 Length or Thickness of Intraocular Segments in Axial Direction at
Baseline of Three Axial Length Eye Models

Anatomic Component | Myopic Eye | Emmetropic Eye | Hyperopic Eye
Cornea 0.49 (mm) 0.45 0.41
Anterior chamber 3.9 2.95 271
Lens 4.12 3.80 348
Vitreous 18.05 16.65 15.25
Total length 25.85 23.85 21.85
Clinical Ophthalmology 2024:18 htps: 701
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to be constant.? Deformation of the eyeball in the axial view was displayed sequentially in slow motion. The
axial deviation from the original point (before the airbag impact) was displayed sequentially by color mapping.

The impact velocity of airbags has been reported to range from 100 to 200 mph, with an average velocity of
144 mps (64.5 m/s).** Airbag deployment velocities have been calculated physically in the range from 100 to
300 km/h (approximately 28 to 83 rn/s).45 According to these data, different velocities, 20, 30, 40, 50 and 60 m/
s, were applied in the forward direction in this study. The most important difference between our model and
a similar FE study conducted by Shirzadi et al,’® in which they thoroughly evaluated the stress—strain curve of
ocular tissues, was the consecutive intraocular segment deformation analysis. The eye segments were divided
into three segments: anterior chamber, lens, and vitreous. Corneal thickness was included in the anterior
chamber. The deformation rate was calculated as the ratio of each segment to the baseline by measuring the
length or thickness of each segment in the axial sectional view. It was reported that the time when peak stress
emerged in eye segments in airbag ocular injury was 0.3 ms;**° however, we calculated the deformation rate
from 0.2 to 2.0 ms, the final simulation time in this study, for precise evaluation to find the true moment of peak
deformation. Regarding time-step size, this depends on the size of elements and material property values. In our
human eye FEA model, time-step size was 0.000185 ms in average. However, due to its enormous volume of
results, the results in this study were output in 0.2 ms interval.

The mean deviation in the five simulation situations was considered as the deviation of each segment. One-
way ANOVA with Tukey—Kramer test was conducted to identify differences among the deformation rates for the
same situation, same time after the impact, and same airbag impact velocity. GraphPad Prism9J (MDF Co., Ltd.,
Tokyo, Japan) was used for statistical analysis. A P-value of <0.05 was accepted as statistically significant.

Results

Axial views of each eye length at five different airbag impact velocities are displayed sequentially at 0.2-ms
intervals in Figure 2 (hyperopia), Figure 3 (emmetropia), and Figure 4 (myopia). For example, Figure 2A-E
show the results for the impact velocities of 20, 30, 40, 50, and 60 m/s, respectively. However, we obtained
abundant images, and thus, the results at 0, 0.2, 0.8, 1.4 and 2.0 ms after the impact are displayed. From the
overview observation, after the initiation of airbag impact, depression of the cornea was firstly observed,
followed by shallowing of the anterior chamber. Lenticular deformation was observed after these events; there-
after, a gradual change in vitreous depth was observed.

The deformation rates of the length or thickness of the three intraocular segments, anterior chamber, lens and
vitreous are displayed on a line graph in which the deformation rates of each segment for the three eye lengths
are shown in each color at different impact velocities (Figures 5—14). The blue, yellow and red lines represent
the deformation rates of the anterior chamber, lens and vitreous, respectively. The solid, dashed, and dash-dotted
lines represent the deformation rates for emmetropia, hyperopia, and myopia, respectively (Figures 5-14). In the
early phase after the impact, 0.2—0.4 ms, deformation of the anterior chamber (blue lines) was greater than that
of other segments (P < 0.001, Figures 5-7). The value reached its peak, 80%, at 0.8 ms (Figure 8), and after that
point, the deformation rate of the anterior chamber decreased (Figures 9-14). Higher deformation rate of the
anterior chamber was found in hyperopia compared with other axial length eyes in the first half period, 0.2—0.8
ms, and a significant difference was observed among different axial lengths especially at all impact velocities at
0.2-0.4 ms after the impact (P < 0.001).

Deformation rate of the lens was low while that of the anterior chamber was high, at 0.2—-1.2 ms after the
impact (Figures 5-10). Deformation rate of the lens exceeded that of the anterior chamber in 30 m/s impact at
1.2, 1.4 and 1.6 ms after the impact (P < 0.01) (Figures 10—12). The highest deformation rate of the lens ranged
from 30 to 40%. This means that shallowing of the anterior chamber did not directly compress the lens, but the
thickness of the lens decreased at an interval (0.4-0.6 ms) after the peak deformation of the anterior chamber.

The vitreous deformation rate was lower throughout the simulation period, and the values of the three axial
lengths showed less variation than those of the anterior chamber or lens. It seems evident that the deformation
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Figure 2 Sequential deformity of hyperopic eye upon airbag impact at five different velocities. Cases of impact velocities of 20 (A), 30 (B), 40 (C), 50 (D), and 60 m/s (E) in
the normal-length model eye are shown. Results at 0, 0.2, 0.8, 1.4 and 2.0 ms after the impact are displayed. Axial deviation from the baseline position is displayed in each
figure on a color-bar scale.

rate of the vitreous ranged from a negative value (elongation) in the later phase, after 1.4 ms (Figures 11-14),
indicating that deformation of the vitreous occurred later following lens deformation.

Discussion

We previously reported that considerable damage, such as corneal or scleral laceration, has been observed,
especially at higher airbag impact velocities, such as 50 or 60 m/s, at any axial length (emmetropia, hyperopia,
and myopia).”® The important novelty of this study compared to past simulation studies on blunt ocular

1
trauma30’3

is that deformation of the intraocular segments was evaluated in detail in this study. Considering
the higher energy induced by a greater airbag impact velocity, the results of this study showed that the
deformation rate increased with an increase in impact velocity at each time point. Pearlman et al reported that
damage to the anterior structures is most common with blunt or contusive force, and posterior segment trauma is
less common.*® It is also reasonable that the deformation rate of the anterior segment was higher than that of the
posterior segment, because the anterior chamber is located in the anatomically most forward position, adjacent to
the cornea. We found that deformation of the anterior chamber (blue lines) was greater than that of other
segments in the early phase after the impact (0.2—0.4 ms) and that it peaked at 0.8 ms (Figure 8). Although

7,8,16,17,22
d,”

several cases of severe blunt trauma to the anterior chamber have been reporte it is impossible to
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Figure 3 Sequential deformity of emmetropic eye upon airbag impact at five different velocities. Cases of impact velocities of 20 (A), 30 (B), 40 (C), 50 (D), and 60 m/s (E)
in the normal-length model eye are shown. Results at 0, 0.2, 0.8, .4 and 2.0 ms after the impact are displayed. Axial deviation from the baseline position is displayed in each
figure on a color-bar scale.

determine what occurred inside the anterior chamber and how the deformation of the anterior chamber occurred
during the critical moment. In this study, it was also indicated that the deformation rate of the anterior chamber
was highest in hyperopic eyes compared with other axial length eyes throughout almost the entire observation
period, and the rate in emmetropia was the second highest. As this kind of minute analysis has not been reported
previously, our results may provide a clue for future refinement to decrease the risk of anterior chamber
decompression by modifying the deployment movement during the very early phase of airbag deployment.

It has been reported that the majority of cases of cataract following airbag injury were due to opacification of
the anterior capsule and cortex, possibly because of contact between the corneal endothelium and the anterior
lens surface.*” This kind of serious deformity in the anterior chamber—lens interaction could be observed,
especially in the middle to late phase of higher velocity impact in our simulation (Figures 2E, 3E and 4E).
The result that the deformation rate of the lens exceeded that of the anterior chamber at 0.4 ms at 60 m/s airbag-
impact velocity (Figure 6) might have some relationship with several clinical reports regarding lens blunt damage
in airbag ocular injury.?>** However, it should be noted that collision between the airbag and the eye in severe
blunt trauma results in indentation of the cornea, a reduction in anterior-posterior diameter of the globe, and
horizontal expansion of the equatorial zone after lens decompression, based on the report by Stein et al.*’
Collectively, it can be considered that the lens has an important mechanical role during the middle phase of
airbag ocular injury through its movement onto the posterior segment.
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Figure 4 Sequential deformity of myopic eye upon airbag impact at five different velocities. Cases of impact velocities of 20 (A), 30 (B), 40 (C), 50 (D), and 60 m/s (E) in the
normal-length model eye are shown. Results at 0, 0.2, 0.8, 1.4 and 2.0 ms after the impact are displayed. Axial deviation from the baseline position is displayed in each figure
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Figure 6 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 0.4 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.
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Figure 7 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 0.6 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.

Despite the relatively rare occurrence of vitreoretinal complications with airbag impact, there are a wide

18,20 retinal

variety of clinical presentations of this disorder, such as vitreous hemorrhage,48 retinal tear,
detachment,” choroidal rupture'® and macular disorders.”’** Severe blunt trauma has been shown to decrease
the anterior-posterior diameter of the globe by 41%.%° Severe traction on the vitreous base develops during the
initial phase following impact.”' Stein et al*’ therefore theorized that the vitreous is slower to respond to the
sudden change in globe contour and that traction is created at the vitreous base, indicating that there is expansion
of the equatorial diameter of the globe. It was reported by Shirzadi et al, in a biomechanical simulation study of

eye-airbag impacts, that the highest strain occurred in the cornea with a maximum of about 14.1%, and choroid
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Figure 8 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 0.8 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.
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Figure 9 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 1.0 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.

(12.8%) and retina (12.4%) were other segments with high strain.>® This result of ocular outer surface strain
suggests that the retina or choroid might suffer the greatest damage, resulting in sight-threatening complications
reported previously.”'>** Deformation rate of the vitreous was very low, and the vitreous might act as a shock
absorber against the deformation caused by the anterior segment due to its large volume. However, an interesting
tendency was that vitreous length showed elongation in the later phase of airbag impact in our study. The
traction created at the vitreous base by expansion of the equatorial diameter of the globe due to airbag impact is
the main factor in vitreoretinal complications of airbag ocular injury, as proposed by Stein et al.*’ Our finding
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Figure 10 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 1.2 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.
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Figure || Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 1.4 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.

that the vitreous body elongated posteriorly in an axial direction seems to support this hypothesis. Further

simulation-based studies, including those conducted by our group in the equatorial direction, are underway.
Our study has several limitations. First, the vitreous was modeled as a solid mass, whereas age-related

changes in the vitreous, with liquefaction and partial vitreous separation, alter the biomechanics of the

. 2
v1treous,5 53

which may alter the pathology of vitreoretinal complications with airbag impact, similar to age-
related changes in the physiological properties of the lens. In future studies, these factors should be considered to
refine the simulation accuracy. Second, while deformation of the eye occurred in three dimensions with airbag

impact, the intraocular segment deformation rate was analyzed in two dimensions using sequential axial change.

708 hetps: Clinical Ophthalmology 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ueno et al

5 7
Z {
S~eL
~~o
° ‘N‘
Py—
e ¢ — — - - T N i o .-—.-'—"‘:"t"f-zr - c—
 O— s --—--._—--‘ ——————— - - ~\ s 4
v — — = e
P—— / ~
\“§‘
N -
20 3 40 50 60  (m/s)
=e-hyperopia —w—cmmetropia - myopia
hyperopia emmetropia myopia
=e=-hyperopia —e=cmmetropia - Mmyopia

Figure 12 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at |.6 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.
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Figure 13 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 1.8 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.

Deformation in other directions is important, and useful information can be obtained by comparing this with the
value in the axial direction. The sequential volume change in each segment was calculated to upgrade the
analysis. Refinement of our simulation model for future studies is also underway.

Studies of intraocular deformation upon blunt airbag impact will be of interest to ophthalmologists. Study of
trauma could provide insights into how the eye responds to impact injury and could also help the automobile
industry make more adaptable airbags customized to prevent serious damage by changing the expansion process,
and could also support the need for protective materials including eyeglasses to reduce the risk to the anterior
segment of the eyeball.
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Figure 14 Deformation rate of anterior chamber, lens and vitreous for eyes with three axial lengths at 2.0 ms after airbag impact at five impact velocities. Legends pertaining
to the line drawings are the same as in Figure 5.
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