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ABSTRACT

Airbags have saved lives in automobile eravhes for many vears and are now planned for yse in
helicopters,  The purpose of this study was (o investigare the potentiol for oculur injuries 1o
helicopter pilots wearing night vision gogeles when the virbag is deploved. A nonlinear finite
element model of the human eyve way created.  Ocular structires suwch ax the fafiy s,
extraocufar muscles and bony orbit were fncluded,  The model was imported info MADY MO and
used to determine the warst-case position of a helicopter pilar wearing night vision gogeles. This
way evaluared as the greatest Von Mises sirexs in the eve when the airbag iv deploved  The worst-
case pesition was achieved by minimizing the distance between the eves and gogeles, having the
occupant look directly into the airbag, and making initial cantact with the airbag halfway through
its full deployment.  Simulations with the gogeles both remaiming fastened to-and breaking away
[from the aviator helmet were performed. Finally, placing a protective lens in front of the eves was
Sfound te reduce the stresy to the eye but fncrease the force experienced by the surrounding orbiral
bones, The finlte element model of the eve proved effective for evaluating the experfmental

Jaramerers

INTRODUCTION

or many years, airbags have saved lives In aulomobile crashes, and are now being used in

helicopters. A military study has shown that many pilot fatalities are avoidable through the use
of cockpit airbag systems (Wieter and Curran, 2000). 1t has been shown that five out of six injuries
are due to aircrew members striking structures within the cockpit: evelie, collective, instrument
panels, glare shields, doors and pun sights. A forward and lateral cockpit airbag system can
provide protection from these major strike hazards mside the cockpit,

With udvancements in technology, soldiers are now using more sophisticated equipment. One
example is that helicopter pilots now wear night vision goggles (NVGs) to facilitate distinguishing
images at night.  Although the use of airbags in helicopters may reduce the number of faalities 1o

183



Ty Biomirchamioy. Rovedareh

helicopter pilots, the sceénario m which the pilot is wearing NVGs when the airbag 1+ deployed
rilses new injury concerns. Such a scenario may place pilots &t a high risk for ocular injuries. 1
serious enough, an ocular injury could render a pilot no longer able o serve in the military. The
associated ceonomic cosis can be enormous.  The purpose of this study was to [nvestigate the
potential for vcular Injuries 1o helicopter pilots wearing NVGs when un airbag deploys.  The
primury objective was o delenminge @ worsi-case position Tor future lsboratory experiments. This
objective was nccomplished by modeling the interaction between night vision gopgles mounted on
the pilot's helmet and an airbag,

Many finite element (FE) models of the human eye have been presented in recent years (Bryant
and McDonoell, 1 996; Coquurt et al., 1992; Hanna et al;, 1989; Hoetzel et al., 1992; Kobayashi et
al,, 1971; Pinsky and Datye, 1991 Sowusch and MeDonnell, 1992; Shin et al, 1997; Vito and
Crmell, 1992; Woo et al, 1972; Wriy et gl, 1994}, Bryvant and MeDonnell (1996) constructed an
FE madel of the human cormea undergoing a four-incision radial keratotomy procedure. Alter
comparing materially nonlinesr to linear models, it was smied thit the nonlinearity was very
important and should be included in any such models. Hoeltzel el al. (1992) determined that the
comea could be considered 1o behave very nearly as o membrane, with fittle ability o resist
bending stresses. Pinsky and Patye (1991) also argued that the shear ond bending rigidity of the
cornea are several orders of magnitude smaller than the in-plane, or membrane rigidity. Sawusch
and McDonnell (1992) sought to investigate how the stress created by intraocular pressure and a
four-incision radial keratotomy procedure was distributed and how it affected corneal curvatire,
As a first attempt o investigate the anisatropic behavior of the comea, Shin et al. (1997) performed
membrane inflation tests 1o examine the distribition of strain in the human cornea.  In summary,
maost of these models were of the cornea only, o help better predict the chonge in comeal refmotion
from  corrective surgeries.  Accordingly, material properties concerned only  with  small
deformations near physiological conditjons, far from globe rupture, were included.

Umne group constructed 4 Anite element model of the entire globe to investigate ocular impacts from
grinder debris and airbag injuries after mdial Kerntotomy  procedures had bheen performed
(Kistclewice ot al., 1995, 1996, 1998; Uchio et al, 1999), Nonlinear, isotropic maleria) propettics
of the sclera and cornea were gathered from uniaxial tensile strip tests performed up to the point of
rupture, Surrounding ccular components such as the bony orbit, fatty tissue, and extrapcular eve
muscles were not modeled. Experiments which involved inflating human cadaver eves up to
rupture illustrated the importance of the extraocular muscles (Burnstein et al., 1995), Tests were
conducted on cadaver eves by inflating the globe vin the optic nerve until ruptore. These tests
showed that the globe ruptures most frequently at the muscle insertion sites.

This paper presents o ponlinear FE model of the human eye, which was constructed as an
improvement on previous models. The peometry of ocular structures and tssue material propertics
up to rupture were pathered from the fiternture. These material properties enable the model 1o
predict rupture of the globe. A globe rupture is the most severe ocular injury, most likely resulting
in complete blindness in that eve. Previously neglected ocular components such as the orhital fany
tissue, extroocular muscles, and bony orhit were included in this model. The model was imported
inte MADYMO (The Netherlands Organization for Applied Scientific Research, Troy, M) to
simulate the helicopter airbag deployments, A SO percentile male hybrid 111 dummy was used to
model the helicopter pilol. Night vision gopgles were obtained from the Army, their dimengions
mensured, and modeled in MADYMO. A parametric study was conducted to determine the worst-
case position and orientation of o helicopter pilot wenring NVGs when an airbag is deploys: The
position resulting in the greatest Von Mises stress in the finite element eve model was established
s worst case, This position was then recommended for future lnboratory testing. The advantage
of this approach is that the model can be used to investigate experimental parmmeters prior 1o very
expensive lubormtory testing. In addition, simulations with the NVGs bath remaining fastened to
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and breaking away from the aviator helmet were performed. Finally, the effectiveness of having
the pilot wear eve protection was investigated. A protective lens was placed between the NVGs
ond the finite element eye. The stress induced in the eye and forces to surrounding orbital bones
were compared with and without the protective lens in place.

METHODOLOGY FOR FE EYE MODEL DEVELOPMENT

The geometry, material properties and types of elements used o define the FE eve model are
provided in the current section. Validation of the eyve model with expermental results found in the
liternture is also provided.

Geometry

The varving thickness of ihe comea and sclera were obtained from the lierature (Woo et al., 1972)
and used in the FE model. Both the comea and sclers are nearly spherical, with a radius of 7.8 mm
and 12 mm, respectively. The comea varies in thickness, from 0,52 mm at the apex to (.66 mm at
the limbus, The sclern also varies in thickness, from | mm at the posterior pole, decreasing to (1,55
mim at the equator, then increasing o 0.8 mm ot the limbus, Inside the protective shell formed by
the comeh and sclera, is the lens.  Physical dimensions of the lens were also taken from the
literture (Duke-Elders and Wybar, 1961). The lens has a9 mm diameter and maximum thickness
of 3.6 mm, The ciliary body and zonules attach 1o the sclern just behind the limbus, and are
responsible for holding the lens in place (Tokahashi, 1994). The ciliory body and zonules were
prouped together as @ single structure, referred to as the cilisry body throughout this study, The
cilinry body was modeled with a thickness of 0.2 mm.

The booy orbit surrounding the globe can be spproximated as @ pyramid, with the base serving as
an opening for the eye and the apex directed towards the brain (Saverland, 1994) The dimensions
and attachment locations of the six extroocular muscles controlling eve movement were chosen (o
match those in the liternture (Takahashi, 1994). All six muscles were modeled with a thickness of
(.2 mm. In addition, the superior oblique muscle was “looped” through the trochlen, which was
astened between the medial wall and rool of the orbit. The inferior oblique muscle was attached
between the orbital floor and the sclera. The remaining five muscles were connccted between Lhe
sclera and the postenor pole of the pyramidal orbit.

ANVIS-6 avintor NV s and SPH-4B flver's helmet (ITT Industries Night Vision, Roanoke, VA)
were obtained to gather geometrical properties, The NVG dimensions, including mass, were
recorded and modeled. There are several different sizes of helmets available to the aviator. A
helmet was fitted around the MADYMO rigid headform model for the 50 percentile male. A rigid
connection between the head and helmet was assumed. The cockpit geometry itself was not
specifically modeled, as the primary objective was to determine 2 worst-case position {or
interaction between the airbog and NV, For this purpose, o variety of different initial angles and
distunces were modeled.

Material Properties

Large deformations, and possibly globe rupure could occor upon Impact with the NVQs
Therefore, previously established nonlinear elastic stress-sirain curves of human comeal and scleral
nssue up to rupture were chosen (Figure 1) (Uehdo et al, 1999). The mass density of the cornea
and sclera was unknown, so the mass densities of the major components of cach were used, The
mass densities of water, protein, and collagen have been reported as 999, 1500, and 1800 kgm'
respectively (Kisielewice, 1998),  Accordingly, the mass density of the comen and sclers was
approximated as 1400 ky/m” for the model (Table 1), This is an aveérage of the values reporied for
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collagen and water. When nonlinear material properties are entered into MADYMO, the Poisson’s
ratio is not entered.
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Figure 1. Stress-stran eurves of the comea ond schera (Uchio es al., 1999,

Table |, SUMMARY OF MATERIAL PROPERTIES LISED,

Structure Maierial model E (M) Poisson's ratio Density (kg/m ')
Cormes Monlinear elastic (Figure 1) N 1400
Selery Nonlinear clastic {Figure 1) NA, 14010

Siv muscles Linear elastic 110 (.40 L)
Clhary body Linear elastic 11.0 0.4 | il
Fatty tssue Linear elasic 0,047 0,44 G519

Vitreous Lineor elastic 0042 (1.4% 999

Aygueolis Limenr efastic o3 .49 Qa4

Lens Rigidd MNA N il5
OrbivTrochlea Rigd NA NA NA

Gogples Rigld NA NA Whole mass < (1546 ke

Helmiet Rigsd MNA NA NA

All remaining ocular structures were defined as either rigid or linear elostic, The fany tissue
surrounding the eve was approximated as pearly [neompressible “soft™ human tissue with a
Young's modulus of 47 kPa and a Poisson's ratio of D49, These values have been used to
construct FE models of the human buttocks (Todd and Thacker, 1994, Badar et ul, 20003, The
water-like aqueous and gel-like vitreous were then given Young's moduli of 37 and 42 kPa,
respectively, slightly softer than the fatty tissue. Young's modulus values were assigned 1o the
agueous and vitreous because no fluid-type elements existed within MADYMO, Based on the high
water content of these tissues, a1 Poisson’s ratio of 049 wae used, moking them nearly
incompressible. In addition, the density of each structure was set egunl 1o that of water, 994 kg/m’,
also justified by the high water content,
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No information deseribing the material properties of the eiliury body or extraocular muscles wus
avaifable m the literoture.  Therefore, approximations were made as follows: Based on their high
waler content, which is less than that of the squeous humor, & Poisson’s satio of 0.40 was chosen
for the ciliary body and extruoculur muscles. The tensile strength of collagen from rat 12l tendon
varies between 50 and 100 MPa, depending on the specimen age (Kisielewicz et al., 1998), The
tensile strength of the eiliary body and extraocular muscles were therelore assigned o value of 11
MPa as an initial approsimation. This approximation is supported by the fact that the ciliary body
and extraocular museles have a large amount of collagen, but not as much as rat wil tendon, which
is often considered 1o be an :uu:ﬂml souree of pure collagen. The mass density of each structure
was also approximated ps 1600 kg m', which is greater than the cornea and sclers bit less than that
of pure collagen. Finally, these structures were defined as tension-only materials unable 1o suppon
any compressive loads.  This was done 1o better represent only the passive strength of muscle
tissue

The lens was approximated as rigid relative 1o the other ocular structures. The mass density of the
human lens has: been found to wvary hclu.-mm 200 and 430 kg/m’ (Kisiclewicz et al, 1998).
Therefore, an average value of 315 kg/m'was selected to model the lens. The bony orbit, NVGs
dnd helmet were also modeled as nigid objects.

Element types

All components of the model, hoth deformable and ngid, were meshed using 1-DEAS (Structural
Dynamics Research Corporation, Millord, OH). The comen wis meshed with 4 total of 64 linear,
or 1% order, trinngulor membrane elements and 41 nodes, while the sclera required 400 such
elemenis und 193 nodes (Tuble 2), To define o nonlinear moterial m MADYMO, triangular, rather
than guadrilateral shaped elements had to be used. Membrane elements were chosen based on the
assumption that the comea and sclera only suppart in-plane, or membrane forces. No resistance o
bending exists with these elements. In this way, the corneo-scleral shell is modeled to behave
mch like & water balloon,

Table 2. SUMMARY OF FINCTE ELEMENTS LISED,

Structire Element rype Element order T'gﬂ“mbz;lgf :;‘;"nh;’;
Ciomied Metnbiruie Linear tnungles Bl 41
Sclera Membrane Linear triangles it 143

Lens Higid Rigid triomgles 16 10
Ciliary body Tension-only membrane Linear trinngles v 2
S muscles Tension-only membrang Lincar triangles 338 251

Aguenis Solid Trilimear brick T2 123

Viirioiis Salid Trilinear hrick B I25

Fatty tissue Solid Trilinear brick 16 364
bt/ Trochles Facel Wigid quads ks 104

Clogaley Fuicet Rigid tr'i:lﬂgfqund 15 75

Helmel Facet Ripid triangles 26 139

As already mentioned, MADYMO does not contuin Muid-tvpe elements, Therefore, colid elements
were used 1o model the agueous and vitreous.  The water-like fuid (hat occupies the anterior
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chamber of the eye, or aqueous humor, was meshied with o total of 72 solid trilinenr brick elements
and 124 nodes. The gel-like Muid contained in the posterior chamber of the globe, or vitreous, was
modeled with 80 such elements and 125 nodes. The lens was meshed with 16 rigid elements and
10 nodes. The ciliary body was meshed with mangular membrane elements so as 1o connect
between the lens and sclers (Figure 2), In total, 32 elements were needed to create the ciliary body,
connecting between & nodes of the lens and 24 nodes of the scleri.
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Figure 2. The cilinry body fastening the lens to the selern,

Next, the procedures used to mesh external structures such as the muscles, fatly tissue, orbit, NVGs
and helmet will be discussed. All six extraocular muscles were meshed using triangular membrane
clements (Figure 3). For reasons already discussed, misngular shaped elements were chosen 10
leave open the possibility of including nonlinear material properties for the extraocular muscles.

Superior obligue muscle

4 Rectus muscles

Inferior shiigue muscle

Figure 3. Luteral view of meshed extraocular museles nttnched 1w selera (left eve),
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Each of the four rectus muscles was meshed with 68 elements and 48 nodes, (OF each ser of 68
elements, four of these were used to attach each muscle to 6 nodes of the sclera. Using several
nodes and clements to attach cach muscle to the selern reduces the stress concentration created at
these locations. Meshing of all six extraocular muscles included 338 elements and 251 nodes.

The fatty tissue was modeled to provide a more accurate boundary condition compared to previous
resenrch (Kisielewice et al, 1998), This involved meshing the finl with o total of 160 solid trilinear
brick elements and 294 nodes, The bony orbit consisted of Tour walls and the trochled, A toml of
94 facet elements and 104 nodes were used to mesh the orhit and rochlea. Finally, the orbit was
rigidly attached to the Maydmo facet headform model. This was done so as to create 25 mm
between the medial or nasal walls of the left and right orbits, if a fight orhit was (o be modeled,

The NVUs and helmet were considered to be rigid, therefore facel elements were used Lo represent
their meometry, A total of 81 facet clements und 75 nodes were used 1o mesh the NVGs. In total,
246 triangular face! elements and 139 nodes were used to mesh the helmet,

Validation of FE Eye Model

The FE eve model was developed for the purpose of utilizing it in & parametric study (o determing
the worst-case position upon impact with NVGs 1t was not developed o investipate specific
injury mechanisms. To look For trends, the results predicted by the model were compared to results
Found experimentally in the literature.

Previous experiments have been performed impacting human eves with baschalls (Vinger et al,
1999). Bascballs with a 73.8 mm diameter, 143.9 g mass, and 24.7 m/s velocity caused the comep-
scleral shell to rupture afier being impacted, Similarly, the FE eye model also predicied globe
rupture when the identical impacting baschall was simulated m MADYMO. Tests with steel rods
being projected at enucleated porcine eves have also been condugted (Scott et al., 2000). The
porcine eye was chosen because of its availability and similarity to the human eve in size and
gnatomical structure, Steel rods with o 9,53 mm diameter, 45.5 g mass, and 4.0 m/s velocity did
not produce globe ruptures upon impact.  The FE eve model sucoessfully predicted that globe
rupture would not occur under the sume conditions,

The finite element eve model was ereated using exact geometric and material properties gathered
from the literature. Experiments on eyves, utilizing advanced instrumentation to quantify in sifu
measurements, are currenily being developed. These measurements will lead to further validation
of the model,

PARAMETRIC STUDY WITH MADYMO

The primary objective of this study was to determine the worst-case position of the eye that
induced the preatest Von Mises stress in the comeo-sclerl shell upon impact with the NVGs. YVan
Mises stress was used as the evaluation purameter because it is a good assessment of the average
stress level, A 50" percentile male dummy was used in all simulations to best represent un average
of the USA adult male population. This dummy was positioned with the lefi arm at its side and the
right arm between its legs (Figure 4). This position represents that of a helicopter pilol during
flight. Next, 8 MADYMO FE airhag model with a volume of 35 1. was chosen to best represent the
60 L airbag deployed from the helicopter control panel. Both airbags had leading edpe velocities
ghove 180 mph, making them very aggressive. No dvnamic crash pulse was applied w0 the
simulations in order to sumplify the smelysis and (0 compare the simulated results with
experimenial results pertormed in a laboratory,
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Figure 4. Three parmmeters varied 1o determing the worstcase position
(wirbag deploying at time = |0 ms afier mgger).

Three parameters were examined to establish the worst-case position.  First, the distance between
the eye and the NV(s was varied (Figure 4), The impacting surface of the NVGs was brought o
within one millimeter of the apex of the comea. The airbag was deployed and the maximum Von
Miscs stress was recorded.  This same process was repeated, moving the NYVOGs away from the
comnea in S mim increments.

Second, the horizontal distance between the occupant and the airbag module was varied. The range
of horizontal distances was as follows. First, the dummy was placed at a distance where the
NVG's were out of the airbag’s reach. Then, the distance between the dummy and airhag module
was decrensed in increments of 50mm,

Third, the angle between the line-of-sight and the normal to the airbag module was varied, The
line-of-sight is also the anterior-posterior axis of the globe. For each of the nbove horizonal
positions, the dummy's lower neck bracker was varied to create different sngles between the line of
sight and the arrbag. The greatest angle between the line of sight and airbag that caused the airbay
to push the gopgle upwards and away from the eve was used as the upper limit. For example. when
the dummy is looking straight ahead, or horizontally, the wirbag comes into contact with the
underside of gogule, causing it to lip up rather than down. Onee this limit was determined, the
angle was decreased in increments of & degrees.
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In addition to varying the above three parameters (o determing the worst-case position, simulations
with both the NVGs remaining fastened o and breaking away from the helmet were performed.
Finally, a protective lens was modeled and placed between the NVG and the eve (Figure 5). A
simulation with the lens, assumed to be rigid, was carried out under the worst-case position of the
clummy and orentation of the eve,

Comen

Protective lens —

S

Figure 5. Protective lens placed in front of the eve.

RESULTS AND DISCUSSION

First, a minimum | mm distance hetween the NVG eyepiece and the apex of the comea was nsed
and then increased in 5 mm iperements,  On the fifth run, or 21 mm away from the comea, no
contact resulted between the NVGs and the comea.  This was because the NVGs swing upwards
townrd the eve, about the revolute hinge joint ol the attachment to the helmet, The NWVGs would
continue to miss the éve at distances beyond 21 mim.  Therefore, no simulations were performed
beyond this distance. For each simulation with a different popele disiance. the maximum stress
occurred ot the point of impact with the goggle (Figure 6). Among all of these simulations, the
minimum distance of 1 mm produced the greatest stress (Figure 7). Though 1 mm is too close o
be a realistic estmate of the actual dismnce between the comeal apex and NVGs. this distance is
possible was used in all remaining simulations as a worst-case estimate 1o determine the overall
WS [=( @82 pOSILion,
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Figure 6. Delormed glube after being impucted wilh the gogele.
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Figure 7: Maximum Yon Mises stress in the eve versus gogale distance.

Second, the horizoninl distance bétween the dummy and the airbap module was decreased
increments of 50 mm. Third, for each of the above positions, the dummy's lower neck bracket was
varied to create different anples between the line of sight and the airtbag. A worst-case distance
betwezn the dummy and the airbag became apparent after plotting the data (Figure 8). Al cach
angle simulated, this honzontal position of the dummy produced the greatest stresses, always
oceurming al the point of impact with the goggle. This position was at neither of the extremes, bul
rather at the second furthest position from the airbag. Two more intermediate points were
determined at -6 and 0 degrees to check for extreme discontinuities in this worst-case distinee
curve. MNone were observed and therefore no additional positions were tested.
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The maximum stress experienced by the comec-sclernl shell was 10.8 MPa and occurred when the
dummy was sitting 510 mm from the airbag module, looking at —3 degrees from the airbag. This
rigle was also at neither extreme, but instead in the middle of the mnge of angles simulated. With
the dummy placed in this worst-case position and line of sight, it is looking almost directly into the
center of the airbag. The airbag also begins to come into contact with the NVGs approximately
half’ way through its deployment. Une possible explanation for this stage of deployment resulting
in the maximum stress 15 that at half’ way through s deployment. the airbag is transferring a
combinution of membrane and punch-out forces to the NV Gs.

The NVGs also made contact with the eyebrow regiom of the headform (Figure 9). Contact force
between the NVGs and the eye and between the headform and the eye were calculated for the
waorst-case position. The contact force to the eye was 141 N for the worst-case position.  The
contact force to the eyebrow region of the frantal bone was 1255 N, The large discrepancy in these
two forces can be explained by the different material properties. The orbital fatty tissue provides a
large amount of damping behind the eve, allowing the eve 1o compress inlo the arbital volume
under loading. Tn contrast, the headform model is rigid, contributing to the much larger contact
force.
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Gogele hitting evebrow Commes

Figure ¥, Gopgle impact causing the eve to wum upward, then hitting the forehead,

Impacting the skull bones with a 1.0 in* cylindrical impactor has determined the force required w
cause fractures {Schneider and Nahum, 1972), The frontal bone was impacted in the forehead
region and had o fracture force of 5780 N An orbital bone, the zygomatle bone, required 1450 N
to fracture, Therefore, the 1255 N force induced to the evebrow region by the NVGS may couse
ffacture.  This level of force is significant enough 10 require attention in future laboratory
experiments,

As already illustrated, the NVGs rotated around the revolute hinge and missed the eye when placed
ot distances greater than 21 mm. However, pilots most often place the NVGs at 20 to 25 mm from
their comens. Therefore, with the dummy in the worst-case position, the NV Gs were placed at 20
mm from the comen and allowed to break away from the helmer.  After breaking off, the NVGs
impacted the FE eye, inducing a maximum stress of 4.0 MPa. This stress is less than the 10,8 MPa
with the NVGs placed at | mm from the cornea.  Finally, o rigid protective lens was placed
between the eve and NVGs  Again, the NVGs and comney were separated by 20 mm with the
dummy in the worst-case pogition. The NVGs were allowed to break away from the helmet,
pushing the protective lens into the ocular region, The protective lens barely made contact with the
eve, experiencing o maximum stress of 2.2 MPu, approximately ong halfof the 4.0 MPa previously
found without the protective lens. In contrast, the contact force to the eyebrow region of the
headform model increased to 1760 N, greater than the 1255 N force generated in the worst-case
scenario without # protective lens. This interaction seems logical as the protective lens shields the
eve and wansfers the energy to the orbital bones, which proteet the globe from impacts with objects
larger than the orbital opening,

CONCLUSIONS

The primary objective of this research was to determing the worst-case position and orientation of a
helicopter pilot wearing night vision goggles when the airbag 15 deployved, In this worsi-case
position, the greatest Von Mises stress in the finite clement eye model resulted. This position was
then used 1o help goide expermental tests. From the findings of this study, the following worst-
case seenario wag recommended for testing (Figure 10):
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1) Chrient the pilot 50 as to look directly inlo the airbag.

2) Allow the airbag to begin muking contact with the NVGy in the middle of s deployment
Stagre.

) Place the NVGs as close the eves as possible.

1) NV Gs close 1oeye
as possihle

21 Middle of deploymaent

Figure 100 Worst-cuse position and orfentation of pilot recommended for testing.

Rather than recommending specific distances between the globe and airbag module, the above
normalized recommendations were provided.  These recommendations were all made with respect
1o the airbag used in MADYMO but can still be applied 1o the actual airbag used in the helicopters.
Specific distances relative to the airbag module would not be valid and should net be recommended
until the actual airbag is modeled with MADYMO.

In addition 1o satisfying the primary objective of this study, simulations with the NV (s remaining
fastened 10 and breaking away from the helmet were performed. Finally, placing a protective lens
in front of the eyes was found to reduce the stress to the eye but merease the force experienced by
the surroumding orbital bones.

The FE eve model proved effective at evaluating the experimental boundary conditions. The
model includes muterial properties up 10 rupture making il suitable for large deformation
applications.  With modeling of surgical ineisions, it could be used 1o study the additional risks
associated with vision correction procedures (Radial Keratotomy, Laser Assisted in-Situ
Keratomileusis, ete ), More accurate materinl and geometric properties of the orbital bones could
be incorporated o investigate blowouwl fractures or other orbital injuries.  Finally, the protective
lens design could be optimized w distribute the impact force over the largest srea ar the strongest
bones in the orbir
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DISCUSSION

PAPER: A Nonlinear Finite Element Model of Human Eye to Investigate Ocular
Injuries from Night Vision Goggles

PRESENTER: Erik Power, Conrad Technologies, Inc.

QUESTION: Rob Salzar, UVA
Two things, wo questions. Friction between the night vision gopale and the eveball, address
that

ANSWER: 'l address that, [t"sa good point. The fiction between the eyeball and night vision

gogele was simulated by taking a contact function alresdy within Madymo for the airbag 10 skin,
say skin on the forehead. So it was skin to airbag.

Q: Okay. The other one, the countermessures of the might vision woggles you said that you
miodeled that as rigid. Was {t that big a deal to just make them stilf’ but not dgzid?

Al The safety léns or the night vision poggle?
): The countermeasure, the safety lens.

A: We could in the future put in material properties of PVC or whatever material property is used.
plastic. But just for the time available for now it's always rigid.

Q: | understand. My experience with the countermeasure is that they are deforming, those things
really do dent in and they're not really protecting the eve so much as a rigid lens. Are you going to
continue this work?

Az Mot me personally. | finished this up for my Masier's,
0 Are vou going 1o stuy on for the Ph.D.?
A: Currently 1 am working at Conruad Teclmelogies, Inc. 1 might pursue o Ph.03. in the {uture,
Thnks,
O Gry Nusholez, Daimler Chrvsler
How did you mode| the slip between the helmet and the head?

A: The helmet was rigidly attached to the head. It was a fixed under condition to the CG of the
head.

Q: How many people drive with helmels bolied 1o ther head?
A: They don't,

Q: The way the gogeles come into the eyes you can see that they are just pivoting withoul any
translation. | think that might end up changing yvour results quite 8 bit because vou will have
loading of the airbag directly on the helmet.

A: Most detimitely. That's o good point. 1i's a difficult thing 1o address. There are g0 many
different sizes of heads. Hut the occupant does adjust straps around the head to reduce as much of
the slack as possible.

OQ: You just want to get a general trend without trving to come back for the éntine population?
Ar Yes,
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Q: Kelly Kennent, Exponent

I just wanted 10 comment on what Rob was mentioning. ‘We actually ran some tests with
pistons from pneumatic tools being shot into eves and they 're going to hove a diameter which |
suspect is very similar to the night vision goggles, And he's right, the lenses of these protective
glasses do deform quite a bit and they actually really atmost fold around the end of these pistons.
And 1 think that you're probably vastly over estimaling their protective effect from this blunt
impact. They're not going to transfer as much load to the orbil as you think.

At Yes, that's a good point.
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