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ABSTRACT 
1 . I . . 

Some military aviators have reported difficulty discriminat- 

ing the color of cockpit warning lights when wearing plas- 

tic sunglasses. This difficulty could be due to lenses that are 

too dark or are nonneutral and thus alter color vision. A study 

was performed to identify the origin of this problem, rec- 

ommend solutions, and determine a sunglass transmittance 

that optimizes visual performance. 

Five pairs of plastic sunglasses I-4 to 4 D) were ordered from 

each of seven military optlcal laboratories 170 lenses total). 

Each laboratory was instructed to dye the lenses neutral gray 

with 21 percent transmittance. Light transmittance and color 

dlstonlon were evaluated across laboratory and lens 

power Spatial and color vlslon were assessed through a 

range of sunglass transmittances. 

There was no systematic effect of lens power. but light trans- 

mittance and color dIstortIon vaned widely across labora- 

tories (transmittance = 1 to 30 percent, p<o.OOl I 
. . 

Because light transmittance and color distortion were relat- 

ed inversely. it was believed that both factors could be cor- 

rected by accurate verification of transmittance. but com- 

mercial transmittance meters proved to be inaccurate. The 

high transmittance of deep red and infrared light through 

plastic lens dyes is read as visible light by transmittance 

meters, making readings too high. A filter was identified that 

provides accurate readings when used with transmittance 

meters. A sunglass transmittance of 23 percent resulted in 

minimal decrease in visual performance relative to normal 

clinica?% conditions. 

sunglasses, tinted lenses, lens meters. verification, trans- 
mittance 

Rabin JC, Wiley AW. Levine RR. et al. U.S. Army Sunglasses: 
Issues and Solutions. J Am Optom Assoc 1996: 67:215-222. 

U.S. Army sunglasses: 
issues and solutions 

Jeff C. Rabin, O.D., Ph.D.a 

Roger W. Wiley, O.D., Ph.D.a 

Richard R. Levine, Ph.D.* 

James P. Wicksa 

Antonia G. Riversa 

In the past, military spectacles were 
fabricated from glass, but now most are made from (CR-39) plastic lens- 
es. Plastic weighs significantly less than glass, making specracles lighter 
and more comfortabie.The lower weight of plastic is more compati- 
ble with transport to and optical fabrication in field environments. Plas 
tic also provides more consistent impact resistance than glass. * While 
glass lenses are supplied to optical laboratories in clear or tinted form. 
plastic lenses arrive as clear lens blanks. Each laboratory must chcm- 
ically dye the lenses to produce sunglasses. 

It is well established that tinted (sunglass) lenses arc useful for rtxiuc- 

ing harmful radiation.‘,.+ adversr effects on night vision.+ ’ and glarr 
and related visual symptoms in bright cnvinmmcnts.(‘~- Sunglasses arc 
important in aviation environments where scene luminance may br 
increased at higher altitudes. and critical decisions must be made- in 
very brief time periods. ,Military aviators are issued sunglasses to hc 
used as needed for daytime flight.The luminous transmittance of these 
sunglasses is specified to be 15 percent. and neutral across the vi+ 
ble spectrum. Recent reports from operational environments. however. 
indicate that some aviators are experiencing difficulty discriminating 
the color of warning lights on instrument displays while wearing pias- 
tic sunglasses.This difficulty could be due to lenses that are too dark. 
or nonneutral in transmittance and thus distort color vision. 

The purpose of this study was to evaluate the spectrophotometric 
transmittance of plastic lenses tinted at U.S.Army optical fabrication 
laboratories. Light and color transmittance of sunglasses from various 
laboratories were evaluated across a range of lens powers. Commer- 
cially available sunglass transmittance meters were tested to evaluate 
their accuracy. Recommendations were provided to enhance the pre- 
cision and reliability of tinting and verification procedures. Psy- 
chophysical measures of spatial and color vision were conducted 

through a range of sunglass transmittances to determine the trans- 
mittance level that optimizes visual performance relative to clinical 
test conditions. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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1etb0tl 

Pbysieal rrrsrn~erts 
Fivepairsofplasticsung&xs(4Dto+4D 
in2Dsteps)wemorderedfiomeachofseven 
military optical laboratories (70 lenses total). 
EWlllaboratorywaSiIWlWEdto~thelenS 
esneutmlgteywith21percentRghttmns- 
mittance, the most commonly used transmit- 
tance level for military personnel. Iaborato ry 
persomrelwerei&rmedtbataproblemex&t- 
ed with plastic sunglasses but were encour- 
aged to use their normal procedure of tinting 
lenses.They also were asked to complete a 
tpStiOllIlaiX cksaib@ rheif technique of 
dyeingandver&ation.Theywereassuredthat 
allinWmationaboutspecificiabora@esand 
personnel would remain confidential. 

The percent luminous transmittance of each 
sungklenswasmeasumd usitlgseveralte& 
niques. In the initial approaa the luminance 
ofau&stenlightsourcedrivenbyamguhted 
power WJpv (color Empemmm 285O”K, 140 
cd/m~wasmeasuredwithaPritchardModel 
19gophotometer~ corp.>wlrbank 
CA)withandwithoutthesungkslensinthe 
opticalpathPercenttransmittancewasdeter- 
mined by taking the ratio &minance through 
sunglam lens/mmmance of source) multiplied 
by1Oo.ThesevahleslaterwerecTomkxdwith 
aHumphrey IasarmentMModel36OLUlsAna 
lyzer with Spexanm spectroradiometer 
~umphreY~,~,~~,c4). 
Additional measures of light transmittan=, 
described in subsequent sections, were 
obtained from commemially available lens 
tmmmmance meters., 

Spectral transmittance of each lens was mea- 
suredfKm2Ooto9oOnmia2Mlincrements 
w&h a Gilford Responsem -meter 
(Cormug Laboratory Sciences Co., Oberlin, 
OH).The Judd Daylight Duplication Method, 
as desc&ed in Military Speci6cation 4351 lC,s 
was used to compute percent deviation from 
spectmlneutmRy.Thistechaiqueinvolvesrak- 
ingtheaveragetransmittaacefbreach6Onn.t 
band (from 430 nm to 730 MI), and deter- 
mining the percent deviation of each band 
fjromthe~at52Oto5Wnm.These 
values then are multiplied by luminosity 
weighting &tots, and mean spectml trams- 
mittance deviation across alI bands is com- 

puted’lhis computation provides a,quantita- 
tive measure of the deviation from color neu 
tralityusing illuminant C as the standard. 

Spatial and color vision were measured 
through a range of suuglass tntnsmittances to 
determine the level that produces minimal 
degradation of visual performance relative to 
normal clinical findings. Spatial vision tests 
included high contrast visual acuity (VA) and 
small letter contrast sensitivity (SLCS) to eval- 
uate high spatial frequency processing, and 
large letter contrast sensitiviy @elli-Robson 
test) to assess processing of low to moderate 
spatial frequencies. Color vision was evaluat- 
ed with the pseud&ochromatic plates (PIP; 
Richmond Products, Boca Raton, FL), 
F~hntetrltest(Macbethcorporation, 
Newburgh,NY),andIanthony desatlKatedD 
15 test (Lunea Ophthahuologie, Chartes, 
France). 

VA and SLCS were measured with computer- 
generatedletterchartsdisplayedonavideo 
monitoratadistauceof4.8minauotherwise 
dark room.9TheVA chart, patterned after the 
Railey-Lovie charts,10 con&ted of seven rows 
of black, high contrast (93 percent) letters on 
awhitekkgnnmd(116cd/ma;fivelettersper 
row)withlettersbecomingsmalle&bylow&l 
0.1 log steps (6/15.1 to 6~3.83 0.4 to -0.2 Log 
MAR).The SLCS chart consisted of letters of 
constant, small size (Sn.5 or 20/25), but con 
tmstdecmax$byrow,inO.llogunitsteps 
(dram 93 petcent to 5 percent).Ihree versions 
of VA and SLCS charts wete generated so that 
letter sequence could he vakd from trial to 
uialbysoftwamcontro~todhcoumgeleatning 
eHects.The FkLli-Robson -11 which cons&s 
0flarger1etterswiththree1ettersper0.151og 
cSstep,wasadmhWemdattherecommend 
edviewingdistauceof1mwithachartlumk 
nauceof85ecUm?%odikwrvgsiomprint- 
edoneachsidemadeitpossibletovaryletter 
sequencefromtrialtotriaLForalllettercbart 
teseio&aedawaSgmeaforeachh!tterreadcOr- 
rectly(O.O2logunitsperletterforVAandSLCS; 
0.05 log lrnits per letter for PeRi-Robson). As 
recommended by the manufacturer, the 
Earnsworthlanterntestwasadministeftdata 
d&tanceof8tke-t(2.44m)undernormalroom 

. . 
-mPxPaed desamm&D15were 
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u&t mnsmftt8nce 6 Lens Power Co/or Distortion I Lens Power 

desired 
rrwuw/rrwlul .__---_----_---- ___-_- 

standard for visors 

-6 4 -2 0 2 4 6 -6 4-2 0 2 4 6 

Lens power (diopters) Lens power (diopters) 

. humuakdbyaMacJ3ethWellampandgiven 
t near (55 cm). 

Jl measurements were performed monocu 
uiy on the subject’s right eye. Sunglass lens 
swithrrammWncesrangingiiom1percent 
D 95 percent in approximate$ 1.6x steps 
me selected from those obtained from the 
tborsltories. Each lens was fitted in the right 
yeofaplasticmiWryfiamewhilethekfteye 
Gasoccl&diThis~allowedsubjects 
D wear the sur@ass lenses comfortably dur- 
~~withaHalberg&pontherightside 
CJ hold lenses that corrected refractive error. 
‘he battery of spatial and color tests were 
epeatedwithexhsungkaansm&wceand 

. . 
- in order of ascending transmit- 
we (from darkest to lightest) to reduce the 
tnexquiredforlightadapt&naad~ 
afning e&cts. 

Evwlsubjects(age18to34years)withvision 
xrecteidtoatleast20L20andnormalocular 
ealth were tested Informed consent was 
btained from all subjects after protocol 

appnmlbytheinsciartionalreviewcommiaee. 

Fig. 1A shows percent luminous (light) tmns- 
mittance plotted against lens power for each 
of the seven optical laboratories. Twwvay 
ana@is of variance (ANOVA) across laboratory 
and lens power revealed no systematic effect 
of lens power Q4=2.34, p>o.O@, but light 
uamm&ancevafiedwidelyacrossUxxamries 
(from 1 to 30 percent), and this effect was 
higbly significant (F6+3.07, pcO.001). sur- 
prisingly, none of the labs achieved the 
desired value of 21 percat transmittance. 

Similar effects were observed for color neu- 
trality. Fig. 1B shows percent deviation from 
colorneutraliy (spectral aansmittance devia- 
tion)plottedagainstIenspowerfweachofthe 

laboz4wes.High~0fspecaal~ 
mittance deviation iudicate a lack of color neu- 
uality.TwwvayANOVA rev&& no significant 
efkct of lens power Q4=1.35, p>o.28), but 

Figire 1 
Percent (%) light 

transmittance (1A) and 
spectral transmittanca 

deviation (1B) are plotted 
against lens power 

(diopters) separately fur 
each of seven optical 

fabrication laboratories. 
Each data point is the 
mean of right and left 

lenses from each pair of 
sunglasses. The desired 
light transmittance (21 

percent) and standard for 
aviation grey visors (12 
percent) are indicated. 
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j n Light transmission 11 

IO Co/or distortion I I 

desired 
- level 

1 

A B C D E F G 

Optical fabrication lab 

HIwe 2 
Percent light ttansmit- 
tana? and color distortion 
(spectral transmittance 
deviation) are plotted for 
each of sewn optical 
laboratories. Each value 
repesentsthemeankl 
SEloffivepairsof 
sunglasses (-4,~2. 
plano,+2,+4 diopters) 
fromeachiab. 

specml~varledsignificandgacrosslab 
omtories (F@=3.75, pcO.01). None of the lab 
olatoriesachievedthespectmlneuttalitystaD 
dard established for gray aviation visors. 

Since effects of lens power on light and color 
transmittance either were small or inconsis- 
ten~thedatawereevaluatedacrosslabom- 
tories regardless of power. Figure 2 shows 
mean (kl SE) light bzus&ance and qxctral 
tmnsmittance deviation plotted for each lab 
oratory Note the inverse relation between 
light transmittance and color distortion, such 
that high levels of color distortion occur with 
low levels of light transmittance.There was, 
however, no systematic relation between the 
type of color distortion as measlnrd by CIE 
chromaticiy, and the percentage light trans 
mittance. 

Since light transmimce and color distortion 
welerelated~,it~-tbatbottl 
problems could be corzected by accurate ver- 
ification of transmittance.All optical labora- 
tories were advised to obtain an electronic 
transmittance meter (available commercialQ) 

toensurethataUsunglaslenseshavethe 
desired uansmittance. However, commercial 
meterswerefoundtobeinaccmatewithplas 
tic sunglases-the meters read too bigh.This 
inaccuracyisduetoplasticsungksdye5that 
transmit a disproportionate amount of deep 
redandinfmtedlight(Eg.3)_Themctersappar- 
ently read this radiation as visible lighq mak- 
ingreadhgsartiEciallyhigh_F@ure4shows 
_meter_6rom&a)m 
mexially available metem plotted against the 
laboratory measurem em of sImglas tfans- 
mit&nce(n=66lenses).MostdataiiRabovethe 
l/l lines, indicatiag that the meters read too 
high_Thelinearequationatthetopofeach 
gcaphshowstherelationbetweenmeterread- 
ings and actual Vce.While the slope 
of each equation is appmsimately unity, the 
intexept <or constant error) indicates the 
extenttowhicheachmeterreadshigh(ffom 
2 to 10 percent). 

lfthehighread&gsareduetometersregls 
tering the disproportionate tfansmittance of 
long wavelength light through plastic sull- 
gk.W,thenblod!dUgthelolIgX%TWeleXlgthpar- 

. 
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Transmittance Through Plastic Sunglasses 

25 

0 

transmittance 

(blue) (w-n) (red) 

I f 

400 500 600 700 

Wavelength (nm) 
I 

tion of the spectrum should yield accurate 
readmgs.l%vo meters were reevaluated with a 
filter which blocks deep red light (Optical 
CoanngsIakaunies,Inc.,SantaRosa,~cyan 
dichroic; -cl percent transmittance above 
640 run). Fgure 5 shows sunglass transmit- 
tance madings taken with this filter placed in 
the optical path of each metexlkre is much 
betteragmementbetweenmetermadingsand 
actual values with the correction filter in place 
(reading error cl percent). However, prior to 
measurement the meters must be m&bmted 
withthefilterinplacesothatthe6lteredlight 
IeplWnBlOOpemeflt~.Thisstep 
is readily accomplished since most meters can 
be calibrated ekctronicaUy to 100 percent by 
depressing a button. 

Spatial and color vision were amessed through 
a range of sunglass transmittances to deter- 
mine a tmmm&ance level that optimizes visu 
al performance relative to normal findings. 
Since various measures were obtained, each 
with separate unrelated units, the data was 

transformed to standard scores so that its 
impact on performance could be evaluated 
using a common criterion. The difference 
betweeneachscoreandthemeanscoreunder 
optimai conditions (clear lens) was divided by 
the standard deviation of the mean. This 
expresses all scores as standard deviations 
from best performance and allows for a more 
direct comparison of results from different 
tem.Figu~6showsmeanresultsoneachtest, 
eqmssedasstandarddeviationsfrombestper- 
formance, and plotted against sungks trans- 
mittance. On all testqperformance decreased 
withdecmas@su@asstmmm&awe,butthe 
dedinewasmostrapidforsmaRktt.ercontmst 
sensitivity and the desatuuued D15 test. 
Assum@thatpe&rmancewithsungkeson 
standard clinical tests should be within normal 
limits, the sunglass transmittance was identi- 
fied at which performance was one standard 
deviation from best performance on all tests. 
Thiscriterionwasmetwithasungiasstram+ 
mittance of 23 percent. Lower transmittances 

(darker lenses) may be more suitable for very 
bright environments such as snowy ter- 
fain.6.7.13 

Typical percent (%I 
light transmittance of 

plastic sunglasses dyed 
neutral grey is plotted 
against wavelength in 

nanometers (nml. There 
is a disproportionate 

transmittance of deep 
red and near infrared 
light Regions of the 

spectrum corresponding 
appmximatety to blue, 

green, and red are 
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Biscessirr 
This sh& demonstrates awidevariationin 
slmglastraw&ancelevelsacro5sop~lab 
oratoriesThis was found despite attempts to 
dye lenses to specific transmittance levels, as 
detem.&ed by subjectme comparison to stan- 
dard smglass lenses. Even when commercial- 
ly available meters were used to verify light 
transmittance,significant errors occurred due 
to inaccuracks in these metersTo exempli@ 
this issue, one aviator complained that his swk 
glassesweretoodarktowearinfligh~Witha 
commercial meteqbis smglass tmnsmhnce 
was 15 percent-the exact value specified for 
mili@ryaviatos.Howwer,ac#fulasesment 

iuaWomtoryMkatedtbattheactualvisible 
light transmittance was 6 percent-too dark 
for flight under most conditions.The vhabil- 
ity among laboratories and inaccuracies in 
transmittance meters have broad importance 
because equipmemand methods for tinting 
and -cation ale comparable in military and 
civihlseuings. 

Factors that may affect the density and col- 
ofationofsu@asesincludethetypeormaD 
ufachuer of the dye, temperature and/or 

.durationof~th~numberofdaysthedye 
is reused prior to repl~ent,and the shelf 
age of the dye.A xview of dyeing techni~, 
equipment, and ver%cation procedures used 

50 

40 

50 

20 

70 

0 

Tr-2.06*U@(hbvahm) o 4 
J 

, 
Vl d 0 

0 /’ 
8’. 

Lf&on?twy vaiue (SC) L6tbaratory vallm (%) 

Filmi 4 Percent (%) light transmittance through plastic sunglass leases (n=66). meawed with four commemially available meters, is plotted 
against laboratory measures of transmittance. Each linear equation expresses meter readings (Tr) as a function of laboratory values. 
Most data fall abwe the 111 lines, indicating that the meters read too high as compared to laboratory measures. While the slope of 
each equation approximates unity, the intecept prwides an estimate of how much higher each meter reads than laboratory values 
(2 to 10 percent higher). 
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by the laboratories in this study revealed no 
onsistentbasisfbrthewiderangeoftrans 
Wtance levelsThere was atendencyhowexz 
XlenseStobedatiWwithhigherd@lg~ 
eratures (>210 degrees) and reuse of the 
ame dye for more than 4 days. In additioq 
kukerlensescamefiombbomunWthatwere 
lot using lens preparatory sohrtion prior to 
@zing. This solution facilitates the dyeing 
rocessbyionizingthedyeandmakxoflens 
rith opposite charge. Some of the datker lens 
s obtained had a bluish casqwhich probably 
ras due to infrequent replenishment of dye. 

crhaps the most troublesome finding of this 
tudywastheimccumq 0fcommerciaRyavaiL 
ble transmittance metersThese meters typi- 
ally use broadband light sources and silicon- 
ased photodetectors, which have increased 
e&livityfwlongerwavelengths.‘*PlasticsuQ 

transmit a disproportionate amount of 
mgwavelengthRght(Eg.4),whichisreadas 
isibleRghtbythemeters,makingread@stoo 
igh.Thi.5 defkiencywas col==dbyPlacing 
selective (lowpass) f&r in the optical path 
f the transmittance meters to attenuate long 
7avelengthlighLothersaategies,suchasusing 
light source, filter(s), or both that better 

latch the photopic luminosity function, also 
ray prove usefuLWhile the disproportionate 
ansmittance of kq wavelength light through 

plastic sungkxs does not simcantly affect 
lens color or performance, the dilemma of 
accurate verification could be solved by 
developingdyesthatuansmit~aaoss 
the specuum.Apparently this is not an easy 
task,because a recendy developed dye adver- 
tised fix potential use by military aviators still 
man&sts disproportionate transmittance at 
longes~engthsalldeIriXleol&yhighreacC 
ings on transmittance meters. 

The US Army is implementing several mea- 
sures to correct defkiencies in plastic sun 
glasses. Standardized procedures for tinting 
lenses with scheduled replacement of dye has 
been implemented.optical labs are pnxurmg 
electronic transmittance meters, and the U.S. 
Army Aeromedical Research Laboratory 
@MARL.) is providing correction Alters and 
guidance to ensure thatthemetersreadaccu- 
~~o~~~es~conductiagvisu- 

ensurethatfieldedsungbss 
esarewithhlstandards.uSAARLisdeWeloping 
aportablesungbssaansaniaancemeterlbruse 
in military and civiRan environments. 

A plastic sung&s tmmm&ance of 23 percent 
resuheditlminimaldecmasemvisualpelior- 
mancemlanvetosfambrddinicalmeasums.The 
aiterionusedwasthatspatMandcolorvision 
shouldbewithinonestzKbrddeviarionofmean 

Filarfi 5 
Transmittance meter 
readings are plotted 

against laboratory 
measures of light 

transmittancethrough 
plastic sunglass lenses 
(rF66). Measures were 
taken through a correc- 

tion filter (OCLl cyan 
dichroic) in the optical 
pathofeachmeterto 
attenuate longwave- 

length visible and near 
infrared light There is 

good agreement 
between meter readings 

and laboratory values 
(reading error tl 

PerCent). 
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Visual Performance & Sunglass Transmittance 

Standard 10 
deviations 
from best 
performance 5 

O- 

-5 

Vluai pf?hmme. 
expessed=- 
tleaonsfrommean 
perfonllenceatthe 
highesmanmittance 
level (95 percentI, is 
plotted against sunglass 
transmittancefurspatial 
and color vision tests, as 
labeled. Asuqlass 
ttansmittanceofz3 
pelcentsatidesthe 
ctiterionthatperfor- 
mawe on all tests should 
benolessthanone 
standard deviation (SD) 
from the mean. 
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