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This report has been prepared by the Aviastion Safety Zogineer-
fng Division of the Flight Safety Foundaticn under the terms of
Contrect DA 44-177-AMC-116(T). The technicol objectives of this
contract vere to> develop engineering design criteria vhich will
contribute to incressed craot szfste for Le occupants and opers-
ituvts vi Arwmy sircraft,

This report deels specifically vith the results of a study to
develop (mproved head protection devices. The invesiigation

vas primsrily devsied to a quantitstive soslution of the helmet
shell and liner structursl response, impact resistence, and energy-
sbsorbing properties, Qualitative consideraticns were given to
helmet rerention, comunicstions, snd otbher relgted euteowxziors,
The method of testing is briefly analyzed and will be the subject
of s more detsiled follow-on study.

Conclusfions and reccammenvations contsined herein sre concurred
{n dy thiz commaswl,
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SUMMARY

The major crash survival variables affecting the érsign and testing of
U. §. Army aircrewman heimets are presentad and dircussed in this
repart. Such facters as head acceleration iimits, impact velocity,
impact surfaces, impact zites, suspension and retention harnesses,
="t veniilatien, immpact test methodz, and structaral concepts are
considered.

An examination of all avallable data on the tolsrance of the bumas bead
to deceleration was conducted. Tonsideration was give:x T an anaivsiz
of zcceptable design limits. A paralis]l etudy of head injucies noceurring
in aizcraft accidents was cenducted to Setermine the sigaificant izjury
areax of the head and correlaie this to protestion area and itachniguss.
A cockpit zurvey was fonducted to develop criteria {or testing the
helmet and Gner materials,

Consideration was given during the program ¢ a preliminxzry investi-
galion of keimet reteniion systems and head comnling techniques.

A serizs of instrumented drip tests was conductes to investigate
varigus helmat desige concepls and materizls. Double-dskel! ang
single-~-2heil holinets of nearly egual waight were analyzed.

Yhe advantages and disadvantages of three different method: of heimet
impact testing are discussed.

.
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The comtractor perfoermed all work listed herein. under the proviszions
of contracts A 44.177-AMC-216{T) and DA $4-177-AMC.254{T}. with
the U. S. Army Aviation Materiel Laboratories?, Ft. Eustis, Virginis.
Furds for this effort were provided to the ¥ S. Army Aviation
Materiel Labsratories by the Natick Enginserizg and Research Center,
Natick, Massackusetts, under obligation authority 64-18.

* Formeriy U & Army Transpariation Research Comnmand.




CORTENTS

Sage

SUMMARY | | . . . Lo . i1
FOREWQRD . . | . . . .. . ... ... ... v
LISTOF ILIASTRATIONS . . . . . . . .. . . .. .. .. i
LISTOF TASLES - - . . . .« o . oo =iu
LISTOFSYMB0L3 . . . . .. (. ... ... ... . xiv
BACKGROGUND . . . . .. _ oo oo i
CONCLUSIGNS . . . . . . ... ... R 2
BRECOMMERDATIONS . . . .. . . ... . ... ... 4
APPRCACH TO THE PROBLEM . .. . . . .. (. .. .. 5
ANALYSISOF TRE PROBLEM . . . . . . . . .. ... .. 4
Impact Vejozity . . . . . . . . . . . ... ..., K
Head Azcelorstion fdanls . . ., . . . s e e e .. 10
impactSorfaces . . . . . . . . . ... L. oL 18
Imppct Sites on the Mead . . . . .., ., 0L L. i3
DESICX CONCEPIS ANDEATERIAIS . . . . . . . . .. zz
Single-Shel Concepi . . . . . C e e e e e 2z
Doutle-Shell Concept . . . . . . e e e e e e 22
Iesey Liser Madesiad . ., . ., L ... L L L. 22
Inwer Sheldd . . . | . . e e e e e e e e e 2é
Outer Liner Sdateriad . . . ., . . . . L. L L L 28
Cauter Skell . . . . . . .00 Lo L 0oL h 1
IMPALCT TESTING OF HEMISPHERICAL SPECIENE .| 3

it




CONTENXTS {(CONT D, }

Ireacription of Tes? Specimens . . . . . . -
Test Procedure . . . . . . .. ... L. L.
Test Reeuite -~ Hemisgherizs! Specimens . . . . . | .

IMPACT TESTIRG OF EXPRRIMENTAL HELMETS . . .
Pascription of Experimental Helmet . . . . . . . | | .
Test Procsfore . . . . | . e e e e e e e e e e e
Test Raesulin . . . . . .., L L. L0l

PEFERENCES . . . .. .. . . e e

DETRIBUTION . L . . . . . e e e e
ABPENDI¥ § . Discussion »f Auxiliary Helmat Eguipment

APPENDIX {1 - Haad Injury Innpact Sites in Milinry and

Civilidy Aireraft Accidents . . . . . . . .
AZFEENDIX I - Seanielry of Frobable Head Impact Surfaces

U 8 ArmyAirerafr . . . ... ... L.
AFPENDIE ¥ - Helinet Retontion Methods . , . . . . | | .
APPEREIX Vi - Retet Biximg {FR0F . . . . . . . . .. . .
APPEHRDIX VH - Hzimez Cominrtand Cosling . . . . . . .

SUPPLEMENT I . lmpart Test Methods (Seperaiz Reporsy

STPPLEMESNT & - Test Resqita - Hernisphericai Specimeons
{Separate Reporil

3
198

iie

we
et
Lt

-
L
‘4




¥ iﬁn

wf

$)

id

i5

ILLUSTRATIONS

Crushable Material Thickness 25 a Funclion of Velecity
Change and Accelerstion Level . . . . . . ., . . . ..

CTamparison of Wayne State University Meadt Acesleso
ation Data With Sn«il Foundation Data . - . . . . . ..

Acceleration. Tithe History iz Humans., Buzed un Bead
impscts on Cadavers, Animals, and on Cilnical
Opservations of Humans . . . . . . | .

Fhaper of Paises Used in Human Tolerance Stady . . .

BMcximam Inpact Yelocity and Helmet Thicknzss 2% a
Funtiion of Helmet Design Ascelsration . . . . . ., .

imprist in Navy Flier’s Helmet from A Corner 3urface.

Compariscn of impact Deiormation Between Single- and
DesbleSheil Concepts . . . . . . . | . e e e e .

Jiresz-Z2rain Data for Cammescially Availabis Slow-
Hebeund Foxms . . | . . s e s e e s e e e .. .

StrexsStrain Curves for Three Energy-Absorbing
Materials . . . .. ... ...

Cross Section of Hemispherics! Test Spocimen . . | .

Text S25up for MHemispherical Specimens Showing

Diiferent bmpactor Surfaces . . . . . . . . s e e e .
Sczip Izdentation Due to Impact Testr with a 90.
Degeee Coeme . . ., . ... . ... e e e e e e e
Insteomeniation Betup . . . . . .. ... ..
Azceleration.Tiee Dots - Specimens 158, 17, 2§,
andd7 . .. L L. . s e s e e e e e .
Cautawny View of Experinwntai Helmet . . . . . | .

Pzp

i

)
LY

ib

41

17




ILLUSTRATIONS {CONT'D.)

Figare Page
i¢ ‘three-Quarter Frogt ¥iew of Experimental Helmet
Showing Nyion Net Ssspension and Retention Harness . 48
17 Profile View of Experimental Helmet . ., . . . . . . . . 48
I8  Test Method Using Droppabie Head Form . . . 51
19 Accelerometer Instailation in Droppable Head Form - 51
256 Locaticn of Inparts and Tzs2 Methods Used for Testing
Helmiete . . . . . . .. 0oL o n e 52
21 Ac<seleration-Time Data Comparisen of Maganesiam
asd Nylon Shell Helinets for Impactis from & 32-
Degree~-Corner Susface . . . . . . - .o o o0 oL 36
22 Acceleration-Time Data Comparisor of Maga-siym and
Nvlon 3keli Helmets for Impasts o5 a Fiat Surface. . 57
APPENDIX Ii
Z3 Location of Head ixjurier to 896 Occupants in
Acciderts of Civilian and Military Aircraft . . . . . . B4
2% Location of 331 Fractures to 259 Occupants in
Accidents of Civilian Afrcvaft . . . . . . . . . . . .. 84
25 LlLozation of &3 Fraciures of the Skull and Facial Bonesto
38 Occupants in Accidents of Army ané Air Force Aircraft 85
2& Location of 454 Fractures of the Skull and Facial
Bones Invoiving 289 Oocupanis in Accifenis of
Civalian Rirceaft . . . . . . . .. s x e e e e e e e g
27 Locatien of injuty Sites Within Cutlined Area {1,641
Injury Sites, 833 Casesl . . . . . . . . . .. s e e s 2k
APPERDIX i12
2%  UHelmst Impact Agains: Edge of instrument Pazel
%3 68-23 « - . - - - S . - 2 » - a » . - - « » - - - - ?g




Figure
£% Forward Door Post Edge and ¥Wing Main Beam
Supportin U-0 . . . . . . .. oL e e e e
30 Control ¥heel i the U6 . . . . . . P e e e e e e
31 Edge of Instrument Panel in Q.14 Afrcrafs . . . . . .
32 Torwzrd Docr Post and Upper Gusset Plates in
TOID . . L. e e
33 Forward Windew Frame and Probable Helmet Impact

vt
o

et
o

37

38

39

490

41

42

43

44

SLLUSTRATIONS (CGNT'DL )

Pasition in CH23 . . . . . . L L e e e e e e e ..

Helme? Impact Against Windahieid Frarmies in CH-2} .
Heimel Impact Against Overhead Panel is CH-21 . | .

Heltnet Impact Against Ferward Window Entrance
FrameinUH-19. . . . . .. . ... ... ...

Heimet Impact Agyainst Windshield Trame in UH-19 .

Helmet Impact Against Edge of Radio Compase
Mounting Bracket in UH-19 . . . . . . . . ... ...

Position and Edges of Radic Junction Box in UH.!9 |

Helme?! Impact Against Upper Window Frame in
CH34 . . . . . . e e e e e e e e e

Helmet Impact Against Edge of Fuse Box on Paossible
Rebound in CH-34 . . . . . . . . ... .. ... ...

Helmet Impact Against Sun Visor Mounting Bracket
in UM.B Alrcraft . . . . . . . . ..o 0 L

Helmet Impact Against Switch Junztion Box in U.8
Ajreraft . . . . . . L L oL L0 oo o e e

Helmet Impact Against Forward Dcor Post and
Windshield Wiper Motor in XH-40 Aircraft . . . . .

xi

10¢C

1C¢1

102

102

103

104

1G5




ILLUSTRATIONS { CONT'D,)

Figare !Sn;c
APPENDIX IV

4%  Perforated and Channeled Helmet Liners . . . . . . 109
46  Siing Suspension and Retention Metheds . . . . . . . . 116
47 Nylon Net Suspension and Retentior: Harness Instalied
in the Experimental Helmet . . . . . . . . . . .. .. 1ii
APPENDIX V

48  Proposed Method for Replaceimnen: of Net Suspension
ard Retention Harnesses . . . . . . . ... .. ... 153

43  FPhotograph Liustrating the Retanticn Capacity of the
NyionNetHarness . . . . . .. .. L. L 00 1ig

AFPENDIX VI

30  Test Specimen - Naturai Ventilatizn Temperature
Measurement . . . . . . . . .. ¢t atnes .. 119

53  Test Results - Notural Ventilation Temperature
Difference® . . . . . . . . . (i it et e e e i2)




3A

3B

TABLES

Physical Properties « Outer Sheil Matesials . . . . .
Hemispherical Test Specimen Materials . . . . . . .
Test Results of Seiecied Hemispherical Specimens |
Helmet Size - 33-Percentile Maxitnum . . .

Relmet Size - 80-Percentile Meximany: . . . . . . . .

Experimental Heimet Identity - 35ih Percentiis Size .

Weight of Helmet and Head Form {Drop Weighty . |
Test Resuits - Experimentai Helmiete . . . . . . . .
Test Results « Experimental Hebkmets . . . . . . . .

Number of Aircraft and Seating for Cases Used in
This Study . . . . . . . . . . . i il e e e e -

Head Impact Surfaces {58] Civilian Casesj . . . . .

Head Impact Surfaces (€4 Armmy Cases) . . . . . ..

xidi

L ¥4

49

49

53




SYMBOLS

velocity &t irmpact

Prak accelerstion recordzd in cadaver impact tests
peak acceleration recorded in AvSER hesdform: tests
trickness of cruskables helme: liner materix}

galee duratiss

heiiret liser campression distarce

arain at maxircum iwimst liser compression
miximum compressive strese of oater liner
weigkt of Sead and helmet comlination

force required ts cemprese outer shell
constant squal to ratia of e“,s te S

coastaut deperdent upon interaction betweer the erergy absorber
aud the outer shell

area of helme: liner comrmpressed

xiv




BACKGRGOUND

For a numbser of yeare, the U. 3. Armiy hae studied the problem of head
protection for its avigtors. Tee Army has, since 1934, used the All
Purpose Helmet #5 {4FHN-%} éeveiageé by the Navy. The APH-% keime?
has redoced the aumbar and severity of head injuries; howerer, the
helme: is oot devois 5f eperatianad ::tﬁ s;:cie: as hag been amuply out-
lintc in 3 report entitied “Halmet Design Criteriale under a previcus

. 5. Army study. Some of the concepls ée':eicped in this report are
bued upon the idezs dsvelepas in fthe previous study.

T

Vy0b ot
-

Several modifications 2 the sxizlisg kelmet {APH-5) beve heen mads by
the Natick Eaginecstiag and Resrared Ladsrsisries over the past several
yex-s. These consizled primarily of the icliowing items:

l. A more shatter-resistant shell consizting of ballistic resistant
nylcen cioth rather than fiber glazs cloth. The shell offers
ballistica protection egual to that of & steei sheil (M- 1) cough-
boy heimet; that iz, protection for a fragment at 1,050 fees per

second velocity. The fragment weighs 17 grains and is ¢imciated
by a caliber .22 sleel truncated cone.

2. A redesigned adiustabie nape 2tr3p io improve the retention
capacity.

3. Nvyicn siides replacing roetal slides, originaliy used for retaining
the visor. s as to reduce the injucy producing potentiai of these
protuberances.

The changes referenced above have improved the APH-5 helmat. How-
ever, a review of the requirements for head protective devices leads to
the cornclusion that a system analvsis of all pertinent parameters with

an evertaal syanthesis of these parameters is necessary in order that new
design criteria can be deveisped. Tkies report integrates new structural
concepts and materials \nth other factors pertinent 20 optimums head
protection for aircraft accident sitzations.

sThe superscript numbers refer o references listed on pages 60, 61.
and 62.
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CONCLUSIONS

The results of this study. together with ceriaiz ss2umptione permit
the following conclusions:

|

Protection for head impact onto rigid surface? @itk velocities of
approximately 20 {eet per second can be previded with helmets
of reasonable (1.25 inches) thickness.

The cushioning material and the design G level for & heimet are
functions of the anticipated maximum impact velocity t¢ e en-
counered ‘in servive™.

Design G levels. dbased upon presently available medical daia.
should be betweer 3G and 189G depending upon the helmet
thickness ard the factor of safety desired.

Protaction against repetitive impacts in the same 272& of the
helmet does not appear to be necessary. Provizios {or such
protection would generaily be undesirable bezause of the rebound
characteristics of the elasiic cushioning materiiis required to
effect such protection.

Head protective coverage should extend downward ts just above
the eyebrow ir the frontal area, just beiow the base =f the skull
{occipital) in the rear, and just beiow the ear caral {tragus) at
either side.

The double-shell kelmet as 2ested in this study offers detter
overall decelerative load protection than the presently used
service helmets of equai weight.

The double-shell type helrnels with annealed metal cuter shells
(aluminam and magnesium} produced lower rebound velocities
than any of the other shells tested; therefore, if it is assumed
that low rebound veiezities are Zesirable, the annealed metal
outer shells are preferadie over all other types of shells tested.

The specification of stress-strain characteristics for energy-
absorbing materials would be preferabdle to the current specifi-
catioe of foam density, because eacrgy-abeorbing foams of equal
density may vary widely in their stress-strain values.
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A ret susperaion system similér o that dedcrited in this repory
is comisriabie as & result of Jow contact pressures ang it appear:
adaptabls fo the appiivatisn of {arced-ventiization cooling systems,

A celiar-type> setEntion syeten, simsilar to thet described in

this repor:. anperared i& alier gsof retention capadiiity This

trpe of baraess, whether it is fabkrizsted from net or webzing
material. iz considerad to e g et spproech (o & retention syaiem

Fhile nataral beimnet veatilation wii] be heipful in moderate
climates, severe cenditives domans the use of forcad ventilation
andfor copling for comiors.

A six-size, hesd-lenjin and head-breadth systom will significantly
reduce the clexrance hetweern the head #sd the helmes 28 come.
pared with & three-dite system; hovever, the “net™ retention
system as used in thie study appeass fo reduce e need for cisse
heimet {it. and a three-size system: is believed arceptable with

2 aling or set retention harzness.
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RECOMMENDATIONS

it is recomumended that:

i.

4.

Fusther research be conducted or head acceizration limits witk
particclar emphasis on {a} unconscicusness limits, {b) fatai
limits, iz} the effect of pulse 3hipe and duration on these limits,
and {4} the effect of rebound veiocity,

A atudy be zonducted to determine the physical requirements of
heimet retention karsesses.

Further rescarcn be condacted tc establish &n optimurs vest
matbod 20 be used for gualifying test sircrewmen Lejinets with
erphasis to be plsced upon comparative resuits weich wiil be
obtained in using the fixed anvil and fixed hes® methods.

Massfacturers of helmets using foamed-in-place malerials
be reguired to verify the stress<strain properties < the fosm.
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APPROACH 7O THE PROBLEM

The design of helmets for use by U, 5. Arnmy aircrews necsazitstes
corsideratisn of msay reguirements whick have Seen sstabiished by the
Army's operaticaal experience with aircraft since Worid War I, These
requirermiants were greed vpon by a Task Group cwmnpased of the pars
tinent Army agesicies. whick me? ix ixts 138] and the exsly past of 1352,
The requiremssts deeired nicassdry &t that t;::% 2re sumsnarited dDeiow
from: the detaiied reports of the conferances. *

1ias of Heimet Reguiremenis:

1. Helmet shouid be compatible with voite communications equip-
mert and should provide sttencation against excessive ncise.

Z. Helmet should be compatidie with an integrated sun visor.

3. Reimet? should provide eye grotection against nuclear weapons
lash biindness.

4. Helmet sazald be compatible with oxygen aré gas masks.

\»

. Helmet shouid prowids ballistics protection.

t. Helmet should be comfortabie. {This automatically dictates light
weight and some method ¢ <ooling the Belmet in high temperature
environments. )

7. Heimet should provide crash protection.

Obviously, some of these reguirements are contradictory; for exampie,
complete ballistics protection is not compatibie with light weight and
comfort, that is, protection against . 30 caliber ammunition. The
integration of all these requirements into one helmet concept is a
fcrmidabdle taak, which, in fact, appears to be attainable oniy by com-
promising some of the reguirements. The approach taken in thie study
is to consider crash protection {the primary reason for the wexring of
a bheimet) as the first cbjective, with the full knowiedge that the olher
functions can be added at the cost of increased weight 25d decrassed
crash protectior. It is conceivable that two helmett one for pesce-
time operation, and one for comuai usage might be practicai. Tha
peacetime bheimet would incorporaie communications, wile tee combat
helmet would incorpcrate other major {eatures. Such an spproach




e

would leave e student pilot. for exmmple, untrirdenied with ennecetsasy

heimat egaipinest. An analysis of the feasibility of daveiuping twe

helmots wis deyoud the scope of this study and would be 3ubiiest t¢ msny )
teade-offe icost, logistics, etz. ) therefore, the paramount consideraticn ~
was directed tsvarde cradi protection.

)}
1)




ANALYSIS OF THE PROBLES

. , Ax already noted, :his report is concerned primarily with a study of
- crash {iznpact] protection: howevar, the other factors which have a
direct bearing on helzet desizn are considesed. Zsch of the items
pyeviousiy listed in Approach tn the Problem {puge 3! is discussed
bristly in Appendix 1. All of the availadble literature pertinent to the
denign of aivsrevwrnen nelmels was reviewed. A suymmsary of the
thxerature which was considered as background information for this
. T, praject ie included in the bibliograghy. The bibliograghy has been
geed 8¢ sppropriste in tiis report.

Wt

L A

in erder to achieve a srashworihy helmet so weil a8 4 comferiable
Eeisiet for sircrewmen. several {aitors must dw correlated. These
faciers sre 82 {olicws: {1} the impact velocisy, {2} herd tolarance to
decelersiiden, {3} mature of the impact surface, i€} the protadle lo-
catior of e finpact a0 the hesd, 5] suspesaion reethods, {58 retentios
methods, and {7} eiping 651, The firs! fouzr actors are discuserd is
this section. Suspension method2, retzntion methods, and f:zing
inethods are discussed in Appendices IV, V, and VI. Helmet comfart
and cooling are also relegated to Appendix VII since they affect im-
pect protection only indirectly.

AL YRR o e 1 S0h g

The impact testing of helmets 29 determine their compiliance with crash
protective design requirements is also of primary interest; therefore,
ar: analysis and discussion of various testing methode is inciuded in
Suppiement [.

IMPACT VELOCITY

Very little is known about the relative velocity of the head and the striking
surface ir aircraft accidents. Since this variable obrviously affects
belmet design. it was necessary in this study to take an indirect approach
to determine impact velccity limits. This was done by considering

{1} the maximum relative velocities that can be permitted when reason-
adle helmet dimensions are maintained, {2) the impact protection pro-

i . vided by the existing APH-5 heimet, and {3) the velocity changes which

‘ sre admissible from the human tolerance s(andpoint in short duration
impacts as discussed in the Head Acceleration Limits section (pages

10 through 18).
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A approximate correiation bexwesd the velocity change and heimet
thicknese {more accurately, the crusbable material thickness) at givern
scceleration jieveis is shown in Figure 1. The «aterial thickness
given in 1hio figure ie based upon sr assumed rectangular acceleration-
fime palse; thus, the thicknese given is the minimum whick would be
acceptible even with ideal conditione. Note that the material thickness _
reguired 1o abeord the esergy of the moving head a2t 45 f{eet per secoxd, T
with an acceleration levei of 165G, is adout 5 inches. This thicknese

is chvioasly impractical since ax increzzed Eelingt thickness cirries

with it a two-fold penalty of increased weignt and increased size.

Fistax
LAENER

The weight of the helmet must be minimsi for optimum cemtort.
Minimum weight may also be 2 iactor in reducing head and neck injuries
in accidents. The weight of the human head for a 50-percentile man is
approximately 11 pounds; the existing APH-5 helmet weight is approxi-
mately 3. 7 pounds, and the praposed ballisticeresistant nylom helmet
weighs over 4 pounds. Thus, the ratic of hzlmet-to-head weignt -
currently is adout 40 percent. A discussion o: tne APH-5 weight by
Captain Richard E. Luenrs o2 the U. S. Navy in 3 recent heime? sym-
posiuam” indicates that Navy pilots in aircraft carrier ditching accidents
are seen sitting in an intact reatraint harress, making no attempt to
extricate tnemselves before the aircraft sinks. It nas been thes rized
that the 4J-percent increzse in head weight with the corresponding high
inertia loads in t'e neck is contridbuting to unconscicusness of pilots in
these accidents.

The upper limil on the esize of the helinet appears to be governed by

(1) cockpit size limitations, {Z) visual iimitations, and (3) operstioral
comiort. The cockpit size of U. §. Army aircraft does not appear to
be a limiting factor; however. detailed measurements would be required
using 95th percentile personnel sested in the smallest cockpits to de-
termine this limitation. The accepted visual requirement of 15 degrees
upward from the horizontal limits the frontal thicknees to aboul 3 inches
for a helmet fitted just above the eyebrows. Helmets of excessive
dimensiors impose high neck torsional moments in rapid rotations of
the bead, inducing fatigue.® Thus. from a etandpoint of heimet weight
and size, the impact velocity is limited.

it is showre in Appendix I that when the APH.5 helmetl was retained in
place Guring an impact, hesd icjuries were reduced by about €5 pescent.
An Air Force s:u? indicates a simiiar reduction of injuries for fliere
wearing helmets. ° The energy-adscrding lirer of the APH.S is about
9716 inzh thick. Thus, some increase i thickness beyond this value i3
desirable if optimum protectior is to be provided at the impact velocities

2




ST
sopsg

ARgo010 SO HOIMIN] € KW WHAUNITY], [WIANSEIY Dpgeensy ) oandy 4

IIB/L A LIDONIA

I

POAGT BOTICIAYDANY HUR “NURYLY

LNIONIG ~
NYULE TWINTLVN SINBUOSEY-ABUINT

3

SR T




occurriag in accidents similar 1o those whichk have otcurred in the past.

The icregoing discussion, while indicitive of tho effects of impact
veiocity upo: helmet dimensionz, does not {ix nwnerical values for the
periinent variakies. The heimet thicknese as a function of impact
velocity, whea head acceleration limits Are considered, is discussed
in the following section.

HEAL ACCELERATION LIMITS

Research on hxead telerince tc accelzrative lcads has resuited in the
pudlication of numerous papers iu this fieid. The purpose of this section
is to review briefly a number of key references in order %o determisne
desigy accelerzfion values {67 airCrew helmnets. The reader is referred
ts the Head Acceleration Limits section of the bibliography for a com-
prezessive iisting of ;ublications.

Beinre discuswing the maximum acceleration values which the head can
sustain without injury, mentioe should be made of the effect of the rate
of change of acceleration (da/dt} sometimes called the rate of onset of
acceleration or simply onset rate. This effect on acceleration limits
has not heen clearly estadlished. Axn acceptable acceleration cnset
rate proYally lies somewhere between 20, 300 and 200, 000: per second.
The former vilue is declared acceptable by the New York State Boxing
Commission for the materials used in boxing platforms while the latter
is quoted by Rawlins a3 ar upper limit. *° A valuve of 100, 300G per
second may be admissible; however, use of lowey vaiues is certainly
desirable un?il the effect of this variable oo head tolerance is more
iirmmly established.

Eszly eficrts to Jetermine the resistance of the body to decelerative
Iories are exemplified by DeHaven's “Mechanical Anaiysis of Survival
i Falis {rom Heights of Fifty to One Hundred and Fifty Feet'™> published
in 1942. This stady indicates that the whole body {when impacted
Lrangsvatye 2o the spine} could survivs average acveierations of 150G for
short rrieds {5,010 to 0. 312 second). view of the relatively flexible
aeck<tastorse attackment {approximarely (06 maximum resistance) it
sezr: 2 agics] to assume that the bead sustained ar acceleration equal

o 162t af e wicie body in the above {alls and tnat this range of head
acroirration is survivable.

io
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Dr. Gurdjian and his associates at Wayne State University, Detrcit,
Michigan, have conductied extensive experiments to determine the
mechanismi of brain injury beth with cadavers and live animais; their
work on skull fracture and concussion appears to be in agreement with
injuries sustained in accidents involving the living human. Dr. Gurdjian
and co-workers assumed that “'since many cases of linear fracture in
ciinical experience are associated with an unconscious state, it was

felt that when a lirear iracture was cbtained, in a lmmchadaver. a
moderate t0 devere concussive effect would also occur’;” thus, the

data obtained in ihe fracture of cadsver skulls were correlated with
animal concussion limits and human clinical data to obtzin the accelera-
tion-time curve shown ir Figure 2. This curve is a plot of the average
acceleration versus the total pericd cf the impulse required to approach
wnconsiousness limits as discussed in reference 9.
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Figure 2. Comparison of Wayne Siate University Head Acceleration
Data With Saell Foundation Deta.
Dr. Snively of the Sneli Foundation, Sacramento, Califorria, has

arrived at survivaltie hoad acceleration limits throu, the correlation
of nonfatal head injury cases with heimet damage. io Laboratory tests
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were conducted using dumnmy headiorms wearing helmets identical to
the protective gear which had been involved in actual accidents. By
measuring the accelerations produced in the laboratory in impacts
resulting in the same heimet damage as for the accidents, an approxi-
mation of the accident puise was obtaized. His paper unfortunately
included the maximum liner defiection and acceieration only: however,
in discussions with Dr. Ssively, it was established that the pulse shapes
involved were nearly triangular. Assuming this to be the case and also
assuming that the maximum liner deflection 2aring loading was 20 per-
cent greater than the liner deflection value recorded, the pulise times
were computed. These da2z points are superimpesed on the cadaver
test data of Wayne State University ir Figure 2. Obvicusly, no great
reliability can be piaced on this data because of the appreximaticns
made in obtaining it. The data does, however, indicate agreement with
the toierance curve of Dr. Gurdjian and khis colleagues.

In order to establisk a design acceleration level for energy-absorbding
helmets, the Euman limite to decelerative loads zn.d the practical limits
of belmet thickness must be correlated. The following analysis. al-
though only approximate decause of (1} the iimiZed data availabie on
accelerative limits to head impacts and (2} the assumptions made with
respect to puise skape and its effect on head acceleration tolerance,
does illustrate the basic relationstips between the pertinent variabies.

The acceleration-duration relationship as obtained in the Wayrne State
University tests on cadavers %: 12 {5 shows in Figure 3. In this plct
{carve 1) she accelerations (a&‘_sl and paise duration (?) are those
illustrated in Figure 4A. Based vpon a triengular pulse shape?, the
maximum acceleratior aj is twice the average acceleration as shown
in curve 2 of Figure 3.

Curve 2 in Figure 3 thue gives the peak acceleration versus the complete
pulse duration based on the triangular palse. It is not known whether
bead tolerance to prises of cther shapes caz be extrapolated from curves
1 and 2; however, for the purpose of this analysis, it is assumed that
puises which do not diifer greatly irom the basic triangular pulse and
which possess the same energy per <nit mass {same velocity change}
wili cause similar damage to the human brain.

*Ia communications between the authors of this report and L. M. Patrick.
co-author of reference 12, it has been established that the pulse shapes
odtained in the cadaver tests were very rearly triangulsr in shape.
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Figure 4B illustrates a typicai pulse as obtained in the experimental
tests described in this report.
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The spproximate human folerscce t& chie puize is then foamd Gs degcoribed
below.

ietticg
¥ = Velocity &t Impac?
a :* Peax Atceleration
t =z Pulse Duration
A.B» Subscripts associated with Figures 4A and £1,

ther, from Figure 1A,

'Y P giso < » 8,7 iz
From Figure £8
i: « 9_3253% i o = 3
vsbim b4 ‘B —-&-?—-—- (0. &0¢ B} “ ‘B (é. 57 n’ = §. %‘!8 !2}

Since Vo = ¥ for =Quii energy, ejquating eguations {1) and (2) gives

A
By = 1.70 i A £31
e i; avg 7 3
and. for pulses Gf ecual period,
ag = 1.70a (€}
B A‘v'

This equation is plotted as curve 3 in Figure 3 and i is the approximate
tolerance curve icr the pulse of Figaure 48,

The bdelmet compression dirtance {gp) cir now be computed giving

2
‘B * 0.1?7;8'3 {5}

Since 8p ic the abuve equation is the maximum deflection during com-

pression, it is more meaningful t0 express equation & in terms of initial
helmet thickness Z. Let the strair at maximum compression be ¢, then
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Eguation {$) is plotted in the upper portion of Figure 35 for three values
2f ¢. The maximum impact velccity as given by equation (Z) is plotted
against the helmet design G leve!l in the lower portion of Figure 5.

The foilowing comments can be maide {rom an examination of these curves:

!. The slcpe of the ‘thickress versus design acceleration’ curve is
such as to make the design acceleration guite sensitive to the
initial helmet thickness. For example, a change in helmet thick-
ness from 0.5 inch to 1.5 inches for a safety factor of 1.T and
¢ = 3.73 would imply a change in the design acceleration from
160G to 115G.

2. To provide protection at the largest possible impact velocity, a
iarge helmet thickness in the region of the impact is required.
The design acceleration ievel, however, should be lower this that
for the thinner helmets.

3. Complete protection against brain damage at very high head impac?
velocities can probably never be achieved in a helmet of reasonabic
thickness {2 inches or less). This fact suggeats that, if maximum
protection against head injuries is to be accomplished, very care-
ful ~onsideration must be giver t5 the materials used in the heimmet
and to the details of its design and comstructicn. It is recognized
that iarger velocity changes can be permitted for impacts against
a yielding surface rather than a rigid sarface.

It should be noted that the rejatiss between initial belmet thickness and
the design G level as given in Figure %A provides for no factor of 2afety
based upon concussion {unconscicusness): that is, with these design
levels, urconscicusness subseguent to the impact is probabje. Design
acceleration levels wnich cozld resull in unconsciousness tnay be
satisfactery for scme helmet users, suckh as racing car drivers, in
which other persoanei are immediately available to extricate the cccupant
in case of postcrash fire or other hazards. For aircraft occupants, Hiww-
ever, uitimate survival often depends upon the adility of the individual to
evaczuate the aircraft rapidiy and withcut aid. Thua. helmet design G
jevels whickh may resalt in unconsciousness appear to de undesirable.
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What safety factor should then *e applied” Arn accurate answer depends
upon severaj factors which can be obtained oniy from a statistical stucy
of (i) the exact nature of the head injury threat for each type of aircraft
with emphasis on the probable impact surfaces and rejative velocities to
be encountered, (2) the variation in tolerance of the individual, and (3}
the true imgportance of unconscicusness as related to evacuation and
ultimate survival Such a study is beyond the scope of this report.

In the absence of further information, it was assumed during the con-
struction of the experimental helmet described in the section on test
results that a safety factor of |.25* (based upon the tolerance curve of
Figure 3) would be satisfactory for aircrewmen helmets. The experi-
mental model was designed to achieve the design acceleration of C. 80
times the concussion limit when impacting a 90-degree-corner surface.
This permite impact on a flat surface without exceeding the concussion
iimit, since the ratio of the accelerations for a flat surface and a corner
is approximately 1.25 for helmets of the type of construction used for

the experimenta; article.

The B curves of Figure 5 show the effect of introducing the 1. 25 safety
factor. A l-inch-thick helmet (assuming g = 0. 75) can provide the
desired protec*isn up to an impact velocity of 14. 5 feet per second com-
pared to the original value of i7.0 feet per second. For Z inches of

initial helmet thickness the corresponding impact velocities are 19. 5

feet per second and 22.1 feet per second. The helmet with the 1.25

safety factor would perrmit some overshoot of the maximum strain of

€ = 0.75 before concussion begins for those cases in which the impact
velocity is inn excess of the thecretical design value. This would help

to narrow the impact velocity advantage of the 1.00 safety factor helmet.
Protection o the head at much larger velocity changes apfears to be much
more easily accomplished by protectior. of the entire body, that is, an
adeguate body restraint system which allows the entire torso to decelerate
by the medium of crushing aircraft structure. The Army is currently
considering the strengtheaing of aircraft per‘sanel restraint systems

up to the limits of whoie-body accelerations. Thus, the occupant

should be retained in place in future zccidents rather than being ejected
from tbe aircraft or into surrounding structure, as has cccurred fre-
quently in the past. Less head protection should be needed with the

improved restraint systeme.

" Reduction of the design acceleration level by a factor of 1/1.25 = 0. 80.
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The experimental helmet descridbed in this report contains a 1.25.in-h.
average thickness in the frontal portion. Figure 5 shows the design
accelerstion level to be 93G for a 1. 25 safety factor or 120G for & safety
factor of i.00.

The reader must be cognisant of the assumptions made in the foregoing
anslyses when accepting or quoting specific rumerical values obtained.
Modifications to the assumptions, particularly with respect to non-
injurious acceleration limits, and with respect to pulse shape and its
effect upon tolerance level, will modify the final values to some extent.
The general conclusions, however. will probadly remain unchanged.

IMPACT SURFACES

In order 10 determine the type of impact surfaces which can be expected
in the cockpits of Army 2ircraft. an examination of eight different air-
craft was conducted and thie resuits of this study are included in A ppendix
III. The results are summarised below for reader convenience.

Three basic impact shapes were revealed: (1) fiat surface. {2) 90-degree-
coraer surface. and {3) a "box-corner” surface. The flat surface was
noted in various areas of the cockpit. such as the instrument panei,
windows, and bulkheads. This surface will give the highest acceleration
level to the head, since a iarger area of energy-abiorbing material is
¢risbed upon contact, theredy producing a larger stopping force. Since
neariy half of the head impacts occur on the instrument panel and wind-
shield in U. S. Army aircraft accidents. as revealed in the Appendixz It
study. the flat impact should be considared carefully in fixing dezign
accelerations values.

The coraes surface was seen in various areas of the cockpit, such as
overnead wing beams, vertical support columes. window frames and
door frames. The radii of these surfaces varied from 3. 0625 inch to
$.23 incn: bowever, the thickness of the aluminum was gexerally less
thaa 0. i0 inch. Since these thin structures aze expected to yield some-
what upon impact, 3 rigid radius of 0. 25 inch appears to be reasonable,
and this value wae 3elected for the testing o7 beime: specimens in the
experimanisl phase of this study. The impriat in a Navy fiyer's helmet
from a corner surface in am accident can ¢ seex in Figure 6; it illue-
tzates & typicsl coraer impact.
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Figure 6. Imprint in & Navy Flyer's Helmet from: a Corner Surface.

The Ydox-corner surfsce was noted primarily in belicepter canscles in
which the surfaces contained & radius of about 0. 06 in~2 in one plane
and about C. 38 inck in the other plane. It was decided to simulave this
surface with a 90.degree cone for simplicity of drop weight construction
A radius of 0. 06 inch on the apex of the cone was selected v alivw a
check of the puncture resistance of the heimet to broken or sharp struc-
tures, such as coatrol columms. control wheels, knobs, boits. etc.
Thus, the cone test simulates impact witk sharp-cornered objacta, as
well as bzoken or jegged struciure.

IMPACT SITES ON THE HEAD

Data on head injury sites have deen listed sreviously for civilians who
were involved in lightplane craskes for the years 1342 througk 1951

(ses referencel). 3More recent daic have deen ccilected in this report
and are included in Appendix Ii. This study inciuded §96 cases of
civilian, Army, Navy, and Air Force head injuries which bave occurred
in lighe aircraft {up to 29, 005 pounds) from 1952 through 19¢3. The
results indicate that the majority of the injuries are occenrring in the
froatal ares of the head and that & muck lower percentage are occurring
in the accipital {aft) avea. Although a large percentage of impact sites
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can be noted in the facial area, these bicws are less likely to be fatal
becacse it ix shown that only 12 percenl of the head injury fatalities resuit
from impacts in the facial area. Injories of the facial area should cb-
viously be prevented, i pocsibie; however, coverage of this ivea with a
stield for the purpore of crash profection aione does not azgpear to de
practical until & cooling system is developed which will alleviate the
perspization prodiem. The use of a nose and mouth guard, similar

to that used on football helmets, mnzy be practical, especially since

the guard could aisc serve as 2 suppert for a microphons, The use

of an open frame type fazc guard shouild be given further caunsider-
ation.

In view of the small number of impac: sites wiich cccur ic the emporal
area delow the tragus {ear canai) location, it appears reascaadble te pro-
vide protection to the head only abcove this point. The elimination of
protection below this point will accomplish thi - lowing: (i} seduce
helmet weight, (2) irmprove the vertilation of t_e helmet, and {3) ease
the placement and removal of the helmet.

On the basis of the head injury study in Appendix II. the following head
covarage is recoinmended for U, S. Army air crewmen:

i. Froatal - Energy-absording liner should extend downward to a
distance of 0.5t inch above eyelzsh level.

2. Aft {occipitall - Snergy-zbsorbing liner should extend downward
to the base of the occipital bone.

3. Laterai - Energy-absorbing liner siculd extend downward at least
to the tragus point or possibliy (0 one inch beivx this point.

Since the majority of head injuries 2re cccurring in the frontal ares, and
since these injurics are aisc expected to be the most severe in view of
the oxpected torsc kinematica in aircraft accidents, it appezrs reason-
able to taper the thickness of energy-absording material {rom the froat
to the back of the heimet. In the absence of data ou the relative severity
of impacts to the varicus regions of the head, it is suggested that the
heimet thickness be about one-half of the frontai thickress in the crown
and temporai areas and about one-third of the frontal thickness in the
occipital area. The Wpering of the helmet thickness frowm fromt to

rear lowers the helmet center of gravity and cverall weigiht.
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Probabtility of Repetitive Liuipacts in the Same Area

The prolability of receiving repetitive impacis in a given area of the
heimet in most sircraft accidents appears to be remote. A review af
the nature of aircraft accidents indicates that single roil.overs occur

- irequently, bu! that multiple roll-overs and cartwheeis occur inire-
quertly. A stuody of the civilian aircraft accidents in Appendix i indi.

) cated that only 4 percent resulted in cartwhzel action. Fixed-wing

, aircraft are generally confired o single roil-overs because of their
geometry, that is. the fixed-wing aircraft has a long wing and a long
fuseiage irn compariscs with ite low height: therefore. oncs the impact
occurs, the aircrait tends tc skid on its belly, or £{iip and skid or itz
back. With helicoptere. the aircraft is more proae ¢ roll laterally;
however, the roter Liades tend to prevent a large number of rojl-overs.
Only 3 roli-cvers are recorded for the 317 Army helicopter accidents

) reviewzd in the Appendix If study. Thus, the dynamice of aircraft in

i accidents suggest oniy cingie head impacts in a given area.

st s

In some scvere zizcraft crashes, the restraint syster: fails and the
crewmen are thrown through or out of the azcraft structure; but even
ir. these cases the helmet is usualiy damaged more ircm contact with
aircraft structure than from contact with the ground, trees, or rocks.
The maximum energy appears to be absorbed in the initial coutact with
the aircraft structure, and the subsequent strikes occur at lower impact
velocities except in rare cases.

% On the basis of the above discussion, it does not seem ancessary to
provide protection 2gaint: :nwultipie impikcts to thi head in the same
.rea for aircrewme:n.
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DESIZGN CONCEPTS AND MATERIALS

There are two primary structural ¢oafigurstions for bead protective
devices. Ore type of construction consists of a rigid cuter shsll with

& low-density. energy-abscrbing material piaced betweer the shell

and ke be3d. A second method consists of a doudble sheil with a low=
density, energy-atsorbing muterial located between a ductiie suter
sheli. and rigid inner sheil. These concepts are iilustrated in Pigure 7.
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Figure 7. Comparison of Impact Defoxrmation Between Siagle-
and Doucblie-Sheli Concepts.

Regardless of construction methods, the heimet designs shozi2 incor-
porate materials whick cortritute 20 minimum rebound velseily, be-
cause it has been shown previcusly that head acceleration limits are
a function. of the impulse time, and rebound energy adds to the total
pulse time. Thus, rebound energy shoald be kept as icw as possidle.

SINGLE-SHELL CONCEPT

When a rigid outer shell is used, a large area of encrgy-adsording
material is compressed as the head moves toward the shell, as shown
in Figure 7. The shell must be thick in order to resist pessetration
ard t> maintain its coatour with minimum deformation. A truly :i‘id

22

s S - ..ot}



single-skell helmet appears to cifer the following advantages:

1. It resists repeated strikes in the same location, since the outer

) shell does not deform:: after the first impact. This advantage for

' resisting repetitive biows reguires an energy-abcorbing material
wkich, when compressed, returns to its original thickness at a
sufficiently low rate to partially eiiminate elastic redbound of the
head subsequent tc the impact. Such & material is referred to as
a siow-rebcund material. (This capability is nct consifered

b necessary for the one-impact aircrewman's belmet.

Z. It offers minimam resistance %o rotatior due to snagging oz sharp
surizces (This advantage has generaliy been negated by Zhe
attacheaent of 2 sun vissr and other exterior protuberances cn the
APH-5 helmet.}

The follorirg disadvantages for the single shell can be stated:

1. More skell weight is reguired to achieve uriform pressure dis-
tribution on the skull than is required for a double-shell helmet.
{This point is ililustrated by a counparison of the test results on
nemispherical specimen number 17 with the other specimens in
Table 3.} Specimen 17 was the only specimen which resulted in a
depression greater than 0.04 inck for e standard, 4-ioot drop
tes: with 3 30.degree-corner impacter.

2. A hard, rigid cuter shell creates 3 higher moment of inertia for
the belmet taan for a double-shell heimet of equal crash protection.
This car increase wearer fatigue due tc the torsional force re-
gquired to rotate the heimet during normal opsration.

3. The singie shell offers iess resistance to ¢rushing loads whick
are applied from both sides of the heimet simuitaneously.

Helmet construction cp to the presext has been aloang the lines of the
rigid cuter shell concept. As a result, the shell kas becocne rather
thick anc Seavy in order to provide sufficient siiffness to prevent con-
centrated pressure on the skull at the poiat of impact.

DOUBLE.SHELL CONCEPT

The use of a Zouble sheli will aikieve good ioad distribution (sufficient
stifiness) at a lower weight thas with: the single shell. As already stated,

i 23
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the incer shell of a double-shell helmet serves as a pressure distributor
during the planned deformation of the cuter sheili and the crushing of the
energy-adevrbing liner. An outer shell to sexrve as a joad spreaders
when struck by shazp objects is nccessary; however. this cuter shell
mus? be thin enough to prever? excessive acceleraticn levels when im-
pacied by flat surfacee. The inner shell can serve as the attachment
slatform for the retentica harnees, thus piacing tha Zarness close to the
surfsce of the head. Thie will improve retention of the helmet in severe

impacts.

A helmet inzorporating the adove concepts ir its desigr should yieid the
following sdvantages:

1. Zhe lowest weight with adequate load distribution.

2. The icwest rebound velocity for a given helmet weight, decause
the ouler shell is thinner and stores less energy than a thickery
single shell conceps.

3. The lowest moment of inertia due 0 the thicker skeli deing nearer
the b2ad.

4. A more efficient retention system: due %0 its attachment to the
inner shell close to the head.

5. increased resistance to crushing loads applied across the helmet.
The disadvantages for the double-shell concept appear to be:

1. The thin outer shell will snag more easily whker strzck by sharp
components than would a hard, rigid outer sheii.

2. The double~-shell helmet will prodabiy be more expensive to
smanufacture thar the single-sheii keimat because it is more
complex.

The advantagses of the doubie-skeil helinet seem 20 octweigh its dis-
edvantages for heimeta to be used by aircrewmern. The low weight of
tte double sheill is beiieved to be far more importart than the greater
snagging potential of the tkin outer shell, since the probability of impact
on sharp ccmponents ia the cockpits of new TU. S§. Army aircraft shouid

sScne enargy is 3lso absorbed ix deforming the ductile outer sheil.
24
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be very low. Thus. this study bas been devoted to developing the double-
shell concept, with particuiar emphasis on selecting 2 coynbizationr of
materials to give good cverall protection.

Matcrials for a single-shell kelmat would require diffecent chiaracteris.
tics than {ur the double<shell device. Specific requiremests of the single-
sheil concert are nct evaluated iz this report; however, the design stculd
logicaily follow thene generasl guidelines: (1} tae outer shell should be
reiatively thick and rigid iz order to uniform:ly distribute the impact fozrce
cver & large area, and {2} the compressive strength of the lirer material
shouid be iower than for a double-shell helmet sincte a larger area of
material is compressed.

The ezergy-adbeorption capacity and penetration resistance of 2 double-
saell helme: sre zoverned by the seiection of four different components
as listed: {i} inzer exergy-absorbding liner, {2} inner shell, {3} outer
energy-absorbing liner, and {4) cuter sheil. The requirements for
e2ck of the above comporents are discussed separately.

INNER LINER MATERIAL

The inner iiner should te a siow-rebound material, since its purpose

is the abdsorption of low~energy impacis which may occur is hard land.
ings. severe turbucence or other impacts of & repetitive nature. Thess
rapetitive impacis must be &becrbed by a material wiaich produces
toicrable i2ad acceicrations. Lombard has showsn that hesd accelerations
of Z&G to 38G o impacts at 4.6 to £, % feet per second resuit in frequent
iocal druising, zain, ard headache. Thcs, it appears that the innas
live s material sheuld not credte a aiceleration of more than 200G if

the voiustary icierable lismits, a8 set by Lombard. sre not exceeded. TRe
ared of coatact betwaern: the frontal hesd and the semiresilien? liner is
approzirmarely 16 square inckes for 3 1{8-inck defurmation inte 2
colilapsidbie masatezial.

Sirce the inrser liner material is zot compressed egually over the con-~
tact ares, the compressive tress-otrain curves must be examined to
determine thiz averdge Jompressive stress, because the average value
#ill vary in accorGance with the shape of ibe stress-strairn curve. For
exarpie. a material with a rectanguiar {flat) curve woaild not meed a
cerraction since its average stress, ryjardless of dejormation is equal

o s maximaomns itress, the basis of 2 lé-aguare~-inch area in the
frantal vegior. AR ave conpressive stress of i4 psi shoaid vieid
the Sasired I0G dettﬁxrﬁm
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The stzesi-strain curver of aeveral commercially available, slow-
redound foams ars shown in Figure 8. Of the materials shown, tie
irpe AH Easolits {(Polyvinyl chlcride - PV foam, U. S. Rubder Co.}
i3 the most desirsble in view of the fact that it will resuit iz 2 265G
scceleratise at & maxirmura deformation of 1/8 inch in the frontal head
azed. The H-i34 Xornseal {(FYC foam, B. F. Goodrich) exhkibits a
Latter isad-deformation curee than the Ensclite; however, ite crushing
stres?d {8 higher 15 desired. The Ensolite material was selected for

&1} the demispherical specimen teats because of its desirable com-
praasive streas leveal.

The thickuass of the inner iiner must be bascd upon {1} the expected
impact yeiocitize in normal vasge {(zoncrash] and {2} the thickzess of
suter iiner mMlerizi which must 2usordb the mmajor (crash) velocity
changes: 2kas ia, if oeiy i {9 inck of evergy-absording space is availabie
2etween e hedd anc the helmet, 2 shouid stviously be filled with &
materikl which srushes £t aa accrizration lavel nearer the toierance
vaioes {102 to 175G} given by Figurs 5 thap 2t x level of 20G. If the
ol Miickazes of crushible snaterisl {8 one ingh or above in the criticad
frontal gxeas of iha hesd, then it geems reasonable to use 20 to 23 percent
of skis thickpress for the innes lingr. Taas, a thickress of 1/4 inck was
used {or the kemispherical zest specimens &nd the experimentai helmets.
The 1f4-inch inner Heer will eqelly absorb 2 minor impact of about 4~
fzet-pey-second-veiocity change.

The H-334 mazerial in 3 1 S inck thickness was uses in the experimental
heimets; towever, i material is noY recommended unless its come-
pressive atros? lavel can be reduced to the same range a2 ihat of the
Etkaioare and Exsslite shown in Figure &,

INNER SHELL

The prinsry ssractaval $70porty of 1T irmer shell should be good Hexuwral
rigidily combined with minimurm sright. AR exashistion of the meckhasical
propertize of reiniercod plistics and heat treates mslala iuosted thad
fiber Slase Soados Wi aoexy wald offer the meximum tenkile tresghh:
per sait wesght. A eat treated, 7?8 xiumizsum ziley of 83,908 pei

ten2ils strengtt or stoe: of 24%, 50T 281 tensile strenylk wouid be aimdw
eguas fo the strenith to welght raiis of fideT Jiass: however. the esase

£ formiing experimental samples Rciated the use of ke fider glaxs for

this study. The iritiz? test of hemispherical specimens was conducted

with two plies of 5. Dl ~inchakisk Hhesr glass & ounced per square vardl;
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dowever. this thickness was changed to three pliescf the same material
in subsequert tests to increase its rigidity. The experimental helmets
{see Figure 15) were constructed with four plies of the same material
in order to improve the resistance to penetration by sharp objects.

OUTER LINER MATERIAL

A review of the literature reveals three basic types of energy-absorbing
materials: (i} nonresilient honeycombd constracted from thin sheet
material. (2) expanded. semirigid plastic foam., ard {3) expanded, noe-
rigid slow-rebound foams.

The stress-strain curves for representative samples of honeycomd and
semi.rigid foam materials are showr in Figure 9. From the atandpoint
of energy abscrpticwn, * the optimum materis} is the noanresilient honey-
comb {as exemplified by the aluminum fiexcore material}, since its
crushing strest is maintained niore nearly uniform during deformation
aed the "usablie strain” range is in excess S that for the foamed plastics.
The poiystyrene or the poiyurcthane fosms, however, offer acceptable
stress-strain charicteristics. Some experimental plastic foams which
kave been deveioped by the U. S. Army Natick Engineering and Research
Center indicate excellent stress-strain characteristics for energy
absorption3; however, since this foam (identified as Plastic 0103. 15}
was st avaiiable commesxciaily, it was not used in this study.

A review of Figure 9 indicates that the polysiyrene material is far
superior 3o the poiyurethane for energy absorption; however, the reader
must be aware that the data on the styrene fcam was obtained from a
Dow Chemicai Co. sample cf “styrafoam”, while the urethare foam was
obtained froen a jocsai plastics company tecause urethare samples in the
correct density conid not be obtained. A 1. 9-pounds-per-cubic-foot
density sample of Thurane {pciyurettane foam), Dow Chemical Co., was
olthined and tested and it yielded a flatter stress-strain curve than
sither the styrene or the urethaze foam shown, btw: its average com-
pristive stress wis too low for this application. Thus. polyurethane
shouid dbe equivalent 1o the poirstyrene as an energy absorber when it
iz mixed in 2 kigher density. The polyurethane foam was used for the
tasts described herein because local plastic shops were more familiar
with its foaming characteristics. The irefficiency of the urethane foam

*The eneTfy abecrplion for a unit volume of a material is sgual to the
area under the siress-strain curve.
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in comparison with the styrene foam indicates that the stresc-strain
properties of plastic foams are markediy affected by marufacturing

techuiques; this statement is sudetantiated &y the foam studies con.

ducted in reference 24.

The compressive streis (¢) of the outer liner reguired tc insure that
head accelerations do not exceed "G gravity units is given approximately
by the equation

%G - K,F,

R

# = maximum stress in the crushed arza
where W 3 weight of the Read and helmaet comBination
F_ = force required to compreas the outer sheii aione

K‘i = a tonstant equal 10 the ratio st @ tc @
avg max
l(z z & constart dependert upon the interaction between the energy
absorber and the outer shell

A = arsa of foam compresied.

The conmnts!(i saéxzdepeadapmtaeahapeandmmtof&ein-
dentation of the outer sheil, thus :zpon the 3=ape of the impact surface
and the impact velocity. The constant accounts for the iscrease

in load-carrying capacity of the outer sheil whas tested aione, as
compared with its icadecarrying capacity when stiffened ic the areas
adjacent to the impact by the energy-absorbing materisl. Tie constints
Kl and were not evaluated ir this study. It may be more practical

t® select desired outer sheil and 5 ther estabiish g during the
developmernt of 2 prototype head protective device by actual experiments.
A sample calculation is shown to illustrate the equation:

Assurme

3¢




by

W = 13 35 pounds
G = lLiGG
A = 16 square inches {estimate for front impact - flat surface).

Then

. . 13.5X 110 .1.5 X 490
max 9.4X 16

or
L = 140 pei.

Thiz shouid De the stress at the maximum design strain of 5C to &0
percent depending upon the type of material. The representative stress-
$2raia curves shown previcusly in Figure 9 indicate crushing stresses in
t533 vicinity a2 5@ tc 80 percent strain values.

A honeycombd material can Se expected to yieid consistent stress-strain
data, whereas the plistic fcams appear tc yield very irregular data
unless strict mixing procedures are foliowed in their manufacture.
Precise control of foam density may not be zasily attained as evidenced
by the fact the? the density of the fozm in three production APH-% heimets
was 4. 6 pounds per cubic foot rather than 3. O pounds per cubdic oot

as specified by the U. S. Navy Aircrew Equipment Lakoratory Cantrol
Drawing §77. Since it is shown in reference 24 that the compressive
streagth of plastic foams varies with tze 3quare of the density. high
densities can result in acceleration levels far above the desirable design
range (reference Table 2, Suppisment I, specimens 21 and 23). The
density of piastic foams is thus extremely importent in the contrel of
head accelerations, and strict quality control to insure usiform density
iz producticn foams is a necessily. Even theougk the densities of foams
are identical, their stress-strairn properties may vary widely 32 can

b2 seen in Figure 9 by the camparisos of styrene asd urethane foams

of equai density with very unegual stress-strair properties.

OUTER SHELL

The outer shell should be a thin, ductile material 20 aliow deformation
of the impacting object into the ouler liner; however. the shell must
not be sc thin that inadejuate protection is sifered against penetraticn.
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A number of materials were considered for the outer shell and some ¢f
the more prornising are listed in Table 1. This table inciudes the
physicai properties which appear to be pertinent for use in the develop-
ment of a double~stell concept.

TABLE !
PHYSICAL PROPERTIES - QUTER SHELL MATERIALS

Tensile Modulus of Elonga- Notch Weight
Strength Elasticity tion  Toughness {ib/in’}
(psix10%) {psix10%}  (pct}  (f2d1b)

. Aluminom 24 8.6 iz - ¢.100
{2024.0}

2. Magnesium 32 £.5 12-19 Churpy 5.0 6.064
{AZ-3:B.0}

3. Magresiume. 2i 6.3 3¢ - 0.049
Hthivm{LA-141)

4. Steel {305-M} 28% 23.4 I¢ Charpy 22.0 2.287

5. Fiber glass- 4G-83 3.0-4.% - 1ZGD-iZ2-i8 D.060
epCRy

&. Nylon cloth- 40-.12C ©.18.0.19 - I20B-3-4 0.0
epoxy

7. ABS Sheet 8-9 0.37 0,40 26.50 1ZOD-3-6 0.037
{itigh Impact)

8. Polycarbonate 2.i0 0.3% 75 120D-14.0 C©.C43

S. Poiypropylene 4 0.12.¢. 8 - 1Z0D-.1.3 8.033

* ¥ ccndition instead of Q condition.

All uf the materials iz Table I were used in the hemispherical test
shapes with the exception of steel, polypropylene, and the magnesiume.
lithium material. Steel was zct used because of the fact that its weight
is nearly three times that of alumisum and more than four times that

of magnesium; thereiore, for equivalent weight, the steel skeill woald

be only one-fourth to one-third the thickness of magresium ar alumingm.
It appears that a very thin steel shell wozuld be a poor load cdistributor
and pezetration resistor. The polyproprlene plastic was eliminated in
view of the fact that its properties did not appear as good as poivcarbonate
for the intended use. The magnesiume.lithkiom material was eliminated
because o i*s excessive cost ($25 per pound in quantiry).
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IAMPACT TESTING OF HEMISPHERICAL SPECIVENS

A helmet should provide protection when impactsd upon cither fal,
cornered, Gr sharp, jagged suriaces as unoted previously therefore.
impact tests weze conducted on 27 hem:spherical specirnens for the
purpose of determining the best material combinations for use in re-
sisting all three surface types. The primary objactive cf the wtmpact
testing was the selection of suitable mazerials for use in double~.shell
helmets; however, one single-shell specimen was tested a8 a basis of
comparisca with the double-shell specimens.
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DESCRIPTION OF TEST SPECIMENS

An accurate svaluaticn of helmer materizis reguires that the specimens
have the approximate contenr of 2 helmret shell since flat specimens do
not reveal the true interzction between the sheill and energy-acsorbing
liner or the cifects of curvatuze of the helme? and impacting surface.
The ¢contvurs of the front and back portions of the head kave approxi-
mately a Y.inch radius; thus, a hemispherical shell with a 6-inck inside
diarmeter was used is shown in Figuzre 10, A total thickness of | inch

of protective material was used in all specimesns. This thicksess ine
cludes e outer shell. the energy-absording culer liner, the inner sheli,
ard the inner liner. The material combinations usecd in the 27 specimens
are itemized in Table !, Suppiement Ii: bowever, additional details on
the chemical composition of the plastic shells and energy-absorbing
liners xre discussed delow.
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Outer Skell

Nylon cicth - 24 x 23 cross weave, 6 ounces per sguare yard, maanue
factured by Barlington Indostries (this cloth was used iz all the nyioxn
stell specimens}.

Fiber glass cloth - 18 x i8 cross weave, & cunces per sguare yarc,

manufactured by Goldsmith Comnpany {this <loth was used in all the
fiber glass shell specimens}.

The nylon and fiber glass cloths were bonded with epoxy resin as {ollows-

75 - 88% Epoxy No. 6140, Reichold Chemicals Co.
12 - 23% Hardener {Difthylene Triamine), Reichoicd Ckemicais Co.

33




Figure 10. Cross Section aof Hemispherical Test Specimen.

Inrer Shell

Fiber glass cioth identical to that used on the cuter shell was used for
all inner shelis ard it was bonded in the same manner as for the cuter
sheli. The first i3 speciimens (numbers 4 through 16) were coastructed
with 2 pliesof fiber giase cloth; however, the remairder of the specimens
contaired 3 piies of cloth te improve the resistance to pesetration ard
force-distribution capacity.

Cuter Liner - @crm&oorﬁnﬁ&&rﬁi)

The fellowing materials were used:
i, Alumirurn honeycombd fexcore
2. Polyuretnare foam
3. Pglyrviayl chioride foam {PVE)

The composition and scurce of these materials are iisted delow:
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Alumirum Filexcore Ouler Lizer - Samples of this materia:i were
supplied by the Hextel Company of inglewsod, California. This material
khas the unigue property that it can be readily formed into compound
curves. Tiis ciéanct dbe done with siandard aluminum honeytomb. The
cell size® average 0.33 inch. It is manafsiured of 3052 aluminum in
8 thickness of 3. 0013 inck. The flexcore was bonded tc the inner and
oater shell with the same epaxy used in the lav-up of the cloth shells.

Polyurethane Foam: Ouxter Liner - This material was foamed in place
between the irner and outer zheils by Westesrn American FPilastices, Mesa,
Arizons, with cue excepting: specimern 28 {polycarborate cuter shell)
was foamed by Goodvear Aircraf: Lorporation, Litchfield Fark, Arizona
All foaming was done at roor: femperature to densities varying between
3.1 ard 7.0 pounds per cubic foct. The {oilowing mivture waa zsed in
all spucimens:

65 parts No. 2625 Reickold Chemicais Co.
50 parts No. $603 Reichold Chemicais Co.
i.2 perts water

Polyviryi Chiozide {H-334 Slew-Rebound PVC) Foam Outer Liser -
Samples of this matrial were suppiisd by the B. ¥. Goodrich Co. .,
Sheiton, Conrectica:. This material possesses i raiher flat stress-
strain curve for & slow-rebound material and retains only & smail
permanent deformatior as shown previously iz Figure §; however, the
corapressive stress is 252 low for considerstion as the materiai for the
oater liner of a Soubie-sheil heimet,

ABS Foar: QOuter Liver iSandwickhed Rovalite! - Sampies of this
material wese suppiied by tix U. 5. Rabber Company. Mishawsks,
indiana. The dansity £ this fosm wes approximately i3 poonds per
cubic foot, whick ie more hen twice tie density of polyuratians and
polystyrene foams which performe satisfacrorily. The bigh density of
this material makes it cnariractive for consiZeration s & belmet liner.

TEST PROCEDURE {Hemispkericzi Specimene}

The Movaile impact Mass {izmpactar} and Fixed *iead Form tectmijue
as described iz Impacst Teat Methods for Heimets, Suppiemeat i, wia
used iz thes  tests. The test setup is shown in Figure {i. The stees
temisphere {simulated head) was covered with a 0. Z%.inca-thick scalp
of 10-poucd density poiycrethane foam a8 noted previously.
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Typica: indentatien iz trhe scalp, caused by $ome of the codte impacter

drops, can be sezn i Figure 12.

Figore 2. Scalp Indentalioc Doz 15 Impact Tests
Fith & W-Degrez Cone,

Iuivial droye with the ¥-degree-corzer impazior ndicated that tae i~
inchathick specimmens conid absor® the energy of a 4~fcot d2op {it-
fect-per-second irmpact velocityl withoot causing asy permasent deforma-
ticn in e polyvurethane scalp; thersiose, this naight was zsed as & point
¥ leparture for 3l the test spedittens acd was increased in l-foot
increments oniil perIeasent delorroAfion was noted in the 3calys. A
“stancard™ drop height of 3 feet for the Hat impactors was determined
by the samz metdod. The stndard dxop height of Z feet for the cone
impectsr was arkwrarily et At 30 persent of the carser impacier; this
test aooears o he reascnatie 1o insure & good compramiss for pro-
tecticn Detwvan e extremes &f impact scriages.

Each hemiaspherical specimen was impucizd in {ive or more iocaticns.
anc the Impact poiznis were piazed far enosgh ipart $o that jittle effect
{rom the damage caused in pravious drops woold he apparent ik sub-
sequent drops. I35 method of testing 2as proven 10 de very esommmical
since & large number of Impast sfies can be selected on any tpecimen 3y
sirmply repositisming the specimes oo e steel bemmisphere.

LSRN

g A
Pl

s
J

’
i

s

g I

[




The drop weight used wzs designad so that varicus types of impaciors
could b instalied as shown ix Figure 3. Three types of impact sur-
faces were used as listed:®

}. Filat suriace o 4. S-inch diareter

Z. Corner eurface of 90 degrees with 0. 25-inck radice
3. Cone suriace of 90 degrees witk . O8.inch.radius tip.

The impactor {drop mass) was raised 16 varying heights 2iong gride
wires and thes reiessed by & solennid switch. Nyloe buskings were

used to reduce friction between the impsclor and the guide wires. Tce
rebound height of the impacior was estimated by visuai cbservance,

and the recorded nigits are considered to be correct to within + 20 pez-

- A .
Egafda
L Wi -—

~-.}u‘¢l"-¢l;

. '

Figure 13. InsCrumentation Setus.

* A spheTical implcior was cocsiracted b=t not uoed in the tesds dne
scribed o this report.
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Az accelerometer was mounted rigidly inside the impacior z3 shews in
Figures 11 and 13, Tke specifications fox this accelerameter are listed:

Marufactures-Model . . . . . . . . Statham ALETIL500.350
Design Acceleration . . . . . . . .. + 2000

Natarsi Freguency . C e e e e ¥aoo cycles ser secand
Guaranteed }‘nquw:y Rupoase e 585 cwcles per second
Weight. . . . 3 cunces

TEST RESULTS - HEMISPHERICAL SPECIMENS

The complete results of the irmpasi teats on the 27 Zemispherical speci-
mense 3re reccrdad in tabuisy and graphical forn iz Supplement I
Typicdl reeqlts are presestsd in this soction {er four of the specimens
=hich ware répresectalize of the complele group and wikce iflusizate
boik good and fair gerformiaace. Tae four specimens were coastzucies
of the material combizations abons in Tible 2. anS are zeferred 1o in the
following discuseios Ly the aprcimesn pambers {33, 17, 33 and Z7; as
giver in the lefl kard colume sf ithe fable.

TABRLE 2
HEMISPHERIC AL TEST SPECIMEN MATERIALS

s ——
Outer Eias EfA+ ’

;’*9"33. oo :m— - XTI

}

Dater Shell Czier ahu::al iz Izeer Teeal
Srec. el Tiickress Licerz x§§ Skall Lizer Weigss
o, Materiad i) sfaterial {isfsz Xatsvial averial 55
i3 Rylop-spoxy &.10  PFoiy. 4.8 i“fh? giu; V T=soclisw b3
bpiy srethane epexy-Togiy  Trpe AE
¥aars
1T Fibe:r giasa  2.3H 2 1.8 XONE ‘i 9.57
*0EY. L;b‘.r
| |
21 AZ-2iB Mag. 5.048 4.5 Fiker pyass i
{ac=eniesd} eponz-3aply i .34
T ABS 5.38 Polx- 3 Five: glass Exsliza .34
ureilpsy €3Ssye3-pdy  Type AW
Foarm
¢ Brergy-Abscriizg

e
#
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As showen previcusiy in Figure 10, the toa! thicknesy of each specimen
was 1. GG inch and the inner lizmer was €.25 inch thick. Thus, about
5/8-inch thicksses of snergy-absorbing material was used compared
with about 1| inch of ezergy-~absorbing material in the frental area of
Tie experimental helmets described later ic this repast.

The acceleration-time trxces for these foor specimens are comparad

iz Figure 14.
corner suriace 224 flat surface itnpacts.

Te come IXWMEACYS 3ve presenied only in Supplement I, baczuse the
azpirraticnsTecoTded in the ConE 1ests are iower thas thoss recorded

or caupizte pezelvaticon of the apeciznen does not occur.

sl

s

w o - - e S . . - -
i the cormer and Zail.surizce tesis foz those cases ip whick Lot

TIxid figure incivdes the significan: data for the 30-degree-
The atceleration vaiues for

Thus, with

the excegtion of identifying prowtraticr, ihe siza& cf the acceleratien-
time Trxow is lezs Importat iny the cone tesls.

Takis 3 is presemied 27 an e317a0 ot Suppiement I and is appropriately

descxited in the Slacussisn
abiz ix the Sspunizment  The v3iues in this takle are based ups
acceieTatinn-time racss which {12 the general 3haze of cme of those
ERowEn = the shesch below.

TIE - L. ‘ T - SIC.
TRMCE A TRACE &

The onsel Tate given in Table 3 is the greiter of the rates showsn &

jow 1o expiain the sdditional dita svail-

traces & & 3. The higk seset rates are associated with the permansent
depressions in the skull cap. Tais table alsc includes ike peak 2ccel-

esation and the rebound Beight of fee immpactcr for each drop. The

rebcund height ie indicative of the eizstic energy stoved in the specimen
after immpact. Tde performance of ihe four seijected sgpecimeny is pre-

sented by specimen zumber.
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Sg_e_cimen i

As shown in Tadle 2, tais specimen cortains & nylon-epoxy, 8-ply cuter
shell of 0. 1%-inch thickness, in energr-absorbing poiysrethane outer
lizter of 4. C«pounds-per-cubic-foot Sensity, and &n {rrer shell of 2.ply
fiber glass. The inner liner was 1/4-inch.thick type AH Ensoiite,
which material was used iz all four specimens. Specirmen 15 weighed
9.71 pou=d as shown in Table 2.

Figure 14A shows that as 3cceleration ievel of just under 149G {dotted
curve) was sustained in the 4-foot drop of the corner isnpactor; further-
meore, Figure 148 shows that the maximum acceleration increasss to
i60G for a é-foot drap with the same impactor. The change in siope of
the curve at point R shows that the ernergy-absorbing material is be-
coming compacted and that a bottoming tencdency is starting although
botioming is not yet extremely severe. Higher velocity drops pro-
gressively increase the peak acceieration as bottoming becomesr more
severe.

Tabie 3 skows that specimen 15 had good resistitce 20 a $~fo0t Cone
impact aiso. A 150G acceleration ievel was reached although there
was no evidence of pexetration into the sinulated scailp.

The reader should be cautioned against conciuging from ar chéervatica
of the acceleration-time curves of Figure 14, that specimen 15 woal@
vield the best performarce in a helmet. While it did axgzestisnably
perform weil, s weight was G. 7]l pound compared witk specimen 21
at 0. &4 pound as shown in Table 2. Aiso, apacimen 2i had ax enesgyv-
abssthing iiner of & S-pounds-per-cubic~foot density, which, if rsduced,
would {a) furthezr reduce the overall spechmen weigdt and {3} caduce the
maximum 2cceierations to valces corresposding o thuose racorded fox
specimen 15. The rebound energy isee rebound height reccrded for the
various drops iz Table 3j for specimez (5 was &ixs siighiir higher thxn
for specimer number 21, and the rebound gt of syecimen 21 would
andcubtediy be lower if its dexnsitly were reduced as car ba gietned fvonxs
2 review of tee data on the experimental beizueis & Table 4 in whick ths
drop height was 7 feet instead of 4 {eet and the rebouxd height wae
slightly less.
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Specimen 17

Specimen 17 had an B.ply fiber glass epoxy outer shell and it was sim-
ilar to spenimen 15 except that ne inne?z shz!l was used. The accelera-
tion level for the 4-foot, ¥-degree-corner imgactor was 1200 as znown
in Figure 14A. It is noted in Table 3, however, that 2 permanent de-
formation was recorded in the simulated 3calp which is indicative of
inadoguate load distribution in this specimmen. _he resecrve capacity of
this specimen, as indicated by the b-foot., PV-degrec-corner drup, wWas
peor as showur by the 235G prak acceleration recorded {Figure 148},

The 5-ioot drop with a flat imsaciar resulted in a 200C accelerazion
ievel which wxzid be unacceptabdle for a helmes. The specimen 4id oot
jndicate gcod resistazce to a 2-{cot cone impacs since 3 slight perma-
nent depression in the simnulated skull was zoted as recorded in Table 3.
This performance against the coze impact ic in marked contrast to
specirmer 13 which did not indicate ary penetratioz even in 2 $-fo3t dropn.
The rebound energy for this specimes was very lintle different from

that of specimen i3 as may be observed by comparing the rebound heights
as recordes in Table 3.

S'ss-t- cimen 21

[ad

Thiz specimen kad an . 04-inch«thick magnesium outer shell, bat i
was simiias to specimen iZ in other zrespects. The acceleration level
for this specimen for the i-foct, $0-degree-corner impact was 133G,
This is high in accordance with the valaes previously noted in the humax
tolerance section of this repost, if a 3.25 factor of safety based o
fracture is %0 be used. This high acceleratios was cansed by “he high«
denzity {6 pounis per cubic foot? foam used in the energy-ahsorbing liner.
It is showx in the "Impact Testing of Experiment Heimets' secticn of

3kis report that & helmet constructed in thes same manner as specimen
£1. but with 3. 2.pounds-per-cubic-fout density, energy-abscrhing
material, yielded an acceleration of only 853G for a 4-ioot érup with &

92 .degree-corner impactor {reference Tadle 8, drop number 33G).
Specimen 2! also gave it excessive acceleration of 248G for e 6-ioot
Zorner imzactor érop. IThe 3-fcet dvop with a flat impacter gave an
zcceleration of 236G although 50 permanen: deformation was noted in the
simulated scaly for this drop. A cone drop from 2 feet 2id not resuit

in permanent deformatics of simzlates s3alp, while 2 drop of 3 feet did
result in permanent depressicn a2 noted i Table 3. The resistance
agsinst the cone impacier w2s not 23 200d as that i«r specihen 15;
however, the performance is considered adequite in view of the fact

that it protects 40 %o 30 perce=nt of the energy lewal for a cerner impactor.
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The rebound recorded for this specimen {0. 6 foot for 6-foot drop of 90-
degree~corner impactor) is the lowest of the four sepcimens discussed

here. Referenc~ to Table & reveals that helinet 33 {3 Z pounds-per-

cubic-foot density) vielded rebound heights of about half of those heights

recorded {or specicmen 21 in Table 3 The annealed metal shells tend

1o remaix permarently deiormed. while the plastic shells tend to re-

gain their shapes after impact. The permanent deformation remaining

in the metal shell specimens. thereiore. is indicative of good energy

absorptioa without excessive redound erergy. 3

Specimen 27

Tkis specimen was constructed with an 0. 08-inch-thick, ABS plastic,
oculer sheil. The energy-adsorbing lizer of urethane foam had a dexnsity
of 3.7 pounds per cubic foot. The acceleration l:vel for the 4-foot,
90-cegree-corzer impactor was 200G, an excessive value, and a per-
manent depression was =oteqd in the simulated scalp as showr in Table 3.
Tre b6-foot-corner impactcr drop resulted in a 390G acceleration with

a severe permanent depression in the simulated scalp of more than

.10 inch. The flat impactor resulted in a 245G acceleration level which
is als0 excessive in 2ccordance with the values noted in Figuce 5. This
specimesn alsc indicated very poor perfermance ic the 2-f00t cone impact
since 2 permacent depression was ncted in the simulated scalp for this
drop. This specimen was 2Iso found to store relatively large ammounis

of elastic energy in flat suriace impacts as refiected in the .80 1. D
foot rebound keights given in Table 3 for the 5-foot and é-foot drops.

The tests conducted on the 27 specimens reveal generally that (i)
specimens constructed with magnesium outer shells performed satis-
factorily and weigh iess than other specimesns. (2) the anneaied alumi-
zum And magnesiwun shells yield jower rebound velocities than other
outer shell materials, (3) the density of foamed-in-place poiycrethane
liners skould not exceed 4 pounds per cubdbic foot iz order that head
tolerance limits are not exceeded in fiat impacts. acd {4) highly ductile
plastic shells, such as ABS and polycarborate, do ot perform as wall
as the other shelis tested.
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I3 ACT TESTING OF EXPERIMERTAL HELMETS

Impact te#23 were canducted on two experimental keimets and on sue of
the S.piy nyion shell halmmets developed by the Natick Enginesring and
Research Canter. Two methoda of testing were employed: {1} the
impactor rmass was dropped outo a stationary helmet head form, and
{2) the heimet head form was dropped as a unit onto the impact surface.

DESCRIPTIONM OF EXPERIMENTAL HELMETS

As already asted, satisfactiary heimets can be assembled irom many
combinstions of shells and energy-absorbing materials as long a5 the
regquiraments with resnect ic head decelerstion level and resistance
tc penretration are met. The experimental heline?, which was con-
structed to demonstrate the concepts discussed in this report, was
made up of the following major components:

. Outer shell, 0. 040-inch annealed magnesium {(AZ-318.0)
. Outer liner, 3.0 to 5. @ pounds per cubic foot. fcamed-in-place
polyurethane

. Inner sheil, 4-ply fiber gilass (6 ounces per sguare vard}

4. inner liner. PVC siow.rebound foam, 4-poundseper-cubic-foot
density

5. Suspension, crocheted nylon net® {3/l6-inch openings, adjustable
by drawstring:

6. Retention £arness, crocheted nylon net= {(3/1é-inch openings
with §/l%.inch by l-inch nvion ckin strap)

7. Earmuifs, noise attenuating type, manufactured by Carter

Engineering Cc., Los Angeles, California.

N rer

(VY]

The above elem:ents of the experimental heinvet are illustrated in
Figure 5, and photographs of the helmet are shown in Figures 16 and

L

= Net material identifled as Imperial Nylsn Net, Manufastured by
Davis Mil'e. Inc., Lake City, Tenn
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The weight breakdown of the sxperrimesnial helmets which mese tested
is shusn in Table 4.

TABLE 4
EXPERIMEXTAL HELMET WEIGHTS - 33-PERCENTILE SIZE
Helmst Helmet
' Mo. 32{1dD)  No. 33{ib}
Cuter Shel: - 0.040 Magnesium 9.51 &.50
Cuter Liner - Polyurethzre foarn G. §8= §.2%=%
inner Sheil - f-ply fiber plass 3 &G g.45
Inner Liner - Polyvinyl chloride .12 9.21

fsam {(EYCH
Suspension and Retention Harness G 1é 0 i¢
Nyion net
Tolal 1.87 1.29

"

* Foam density
** Foam density

5. 7 pounds per cubic foot
}. 2 poands per cubic {ost

"

P

The weight breazkdown of the F-ply nyles helmet supplied by the Natick
Engineering and Research Laboratory is showmn in Table 5.

TABLE 5
NYLON HELMET WEIGHTS - 80-PRERCENTILE 512ZE
Helmet
No. 3% (ib}
Duter Shell and Energy-Absorbing Liner . i3
Fitting Pads .12
Retention Hasness 013
Tota 2.43

The above weights do not incivde a visor, visor support hardware, or
zwmmunications equipment.

The experimental helmets had a total thickness of about 1. 15 inches in
the frontal area; however, the thickness tapered to the values given in
Table 8 in other areas. Four experimental helmets which wiil fit up
to 2 95-percentiie head were constructed in this study; these helmets
are numbered and identified in Table 6.
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The weight breakdowm of the erprrimental helmets which sere tested
is shuan in Table 4.

TABLE 4
EXPERIMERTAL HELMET WEIGHTS - 33-PERCENTILE SIZE
Helmet Heimet
. Mo. 32{1d)  No. 33{ib}

Cuter Shel: - 0. 030 Magnesium 9. 51 6.50
Outer Liner - Polyurethare foam 0. §8= § 27=%&
inner Sheil - %f-ply fiber plass 3 &5 .45
foner Liner - Polyvinyl chloride g.12 .21

foam (PYVC}
Suspeneion and Retention Harness §. 1% 0 16

Nyicn net

Total 1.87 1.39

* Foam density = 5. 7 pounds per cubic {oot
=2 Fpam density = 3.2 poands per cubic foost

The weight breakdown of the -ply nylea helmet suppiied by the Natick
Engineering and Research Laboratory is shown in Table 5.

TABLE 5
NYLON HELMET WEIGHTS - 80-PERCENTILE 512
Helmet
No. 36 {ib})
Outer Shell and Energy-Absorbing Liner .13
Fitting Pads 0.1z2
Retention Harness 9,13

Total 2.43

The above weights do not inciude a visor, visor support hardware, or
zummunications equipment.

The experimental helmets had a total thickness of about 1. 33 inches in
the frontal area; however, the thickness tapered to the values given in
Table 8 in other areas. Four experimental helmets which wiil fit up
to a2 95-percentiie head were constructed in this study; these helmets
are numbered and idecntified in Tabie 6.
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fin i REIMERTAL HELMET (DENTITY - 35TH PERLCENTILE SIZE

Helbmet No, Fent Holes End Use Total Weights
{15}
X.32 Yes Test ¥
X-33 Yes Tast i.5%9
X-.3% No DRemonstration 2.00
X.35 Yes Demaonstration i 8O

®* Weight includes suspension and ratention haraess but does not
tzcluds sarmuiis and sxrphones.

TEST PROCEDURE

The tcsis were cenducied by twe methods. In the first method, the
same impacior uszed for the hemispherical specimens. as shown in
Figure i1, was used to impact the rigidly mousnted helmst head form
assemnsiy. In the szcond methsd, the impacior was rigidiy mousted
angd the instr-mented heimet head {orm combination was droerned anto
it as shown in Figure 18,

A 5%-percentile head form was casi of magnesium, with previsions for
mounting the accelercmeter at the center of gravity of the helmet head
form drop jig assembiy.

The accelerometer mounting in the head form was sc designed that it
could be positioned to align with the anticipated acceleration vector for
3 compieie range of head-helmet positicns. A photogriph of ise dis-
assembled head form and accziercmeter is shown in Figure 19,
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Figure 185. Test Meihod lising Droappable Head Form.

]

3

a..?"

Figure 19. Acceierometer installation in Droppablie Head Form.
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The woight of the helmet head form droppable mass is showes in Table 7.

TABLE 7
WEIGHT OF HELMET AND HEAD FORM (DROP WEICHT)

Halmet Identity

item Wo. X-3%Z Exp, Wo. X-33 Exp. No. 3 Ryiea
(5} 2b) by
RHead form 9. 46 9. 46 5. 46
Acceierometer 1.04 .04 1.0%
Mounting
Drop Jig 0.50 6.30 ¢.50
Helmet {includes ear- 2.060 1.72 &.90
phones and muifis]
Total Drop Weight 13,00 i2. 72 13.20

The same data retrieval system used with the hemispherizal specimens,
as iliustrated in Figure 13, was alss used in these tests.

The iczation of impacts on the helmets and the types of iripactors used
are shown in Figure 20.

-
-
r 3.5
- L ®
=~ \2.’“
{
TROTS A, 3, ARD B SOINAL T by
PR £ T mmA e 2 STZ8T% BEAT
TP 2, 5, P, I, K2 ECIwAL “_S’f‘:‘? . :!:1’”
¢ SURFALT 4T TEIS 3157 i 38 LR 1Y
INPACT SITXS ST ETECS

Figure 20. Location of Impacts and Test Methods
Used for Testing Helmets.
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TAEBLE 84

TEST RFESULTE - EXPERIMINTAL HELMETS®

{Totai Droproble Weight - 2ppazz. 13 3 1B}
- o e
T 30-DEGRLE OONE j AT
Z-..I;C.‘;‘ S'.bw? 2T e %'ahg 2R, s‘\!m,} {Eis 8 bé‘c'j
IBA0T SITES el A - | 4 i i
HIP FEISHS et L gy P 5¢,T5ﬁ
TEST ETEND em——cmeceadie i il I 3 i
Heirne? | *easured §
Ide:zzitg‘ Data )
Thickress-iz. -« 31 1,2=l :.50 ® %
. } 3f * < - A% A
; Ko, =22 Gnset Rate-3/sec 35,022 110,000 39,095 | 55,000
s.? ‘bift i‘tb«@'&ﬁ étc-fg - 6.1# _3‘2, g.h} 3.“\1‘
foam Foginotes - - 4 - -
Ko. X=33 Thickriess<in, 1.2% 1,25 G,33% 2 @
o gg o Cnset Rate-G/sac »,000113,500%0 080 pii2,022 | 30,003
3.2 1p/fed  Fax Acccles esl o5 120 o5 138
* febound Ht.-fr]  0.2'f o.1 8.2 9.3 8.2'
Toas Tectnotes - - 8,4 - -
e
No, 35 Thicknegs«in, G.égt $.83] 2,8C e
9 Ply ¥ylom Onse’ Bate-S/secll .90‘3! 33,000 B,000 }160,000 105,000
B¢ ianer Max Acoei-G 30 389 §G iso 235
Sheil «.6 Nadourd Ht-f2 0.3'] 9.3} 9. 0.6 Tete?
15/£23 Foam  Foctnotes - - - - -
- > .
8. Tw comne pemetreted the immer liner; howwer, it ¢i€ sot contact
sgaesive hwed form,

be Thickaess varied in this area {dwe tc recessing for escphones) frem 2.8
Tach ot helmet lower edge wp to 1.3 inches in the wpper srea. Mn

ad sareslt (as descrided in Test Jpeciaen Description) wmre instailed.
¢c. The ogly swergy-alsording material in this srea {emcept at the wpper
adge ~f the sarybene cut outs) is the nylom cuter shell sad the scandard
silitery sarmuffs and carphones (WX 2088/U).
d. Thede impacts were pisced within 1 inch of the l-inch-diamster wat

® See Figure 20 for explamstion of impact Sites sad Test Methed. See
“Test Resuits - Nemispherical pecisrie”™ for definition of Onset Rave.
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TABLE 8B
TEST RESULTS - EXPERIMENTAL HELMETS {TGRT'DH. }
{T=ixl Droppable Weight - appros. 13.5 1B)

RO N R  REERECRSSR

Yo anne enan
b~ e Y3
st sl p
THPALT SIRIALL (0.25-1. 28218}
IRSALT SITES st s 4 § 3 L |
Srwsema L
= 2 i 1% o 3 SO I & 38 h 7@ 3 8 T 3
TEST MEIEDD oo 4 4 l i3 1 3
Seimmt % Segsred
fdamtivy Zets A . .
Toiokzess.in, 288 .3 -¥2y 1 .33
fo, X.32 svet YassL/sec ~ T e B =} ,520
D.08 Mag. Steil Max. ioeel,.5 ol T I8 150
§.7-i%. Foae Btmeand Bt Lfe, 4,3 2.8 - -
Tfootactas - . Y -
X icksesg=iz. G, 8% 2,88 B85 S W -
. 2233 fmoat Exte-Sfses f33,502 - 2, 0] 12 159 500
2,0% Mep> Sl . azcel..S 3 Er 25 7a3
3.2-1b. ToR  medeued Fy..f2. g 2% 8.4* 2.3 2.3
?mwm ! - > PS -
Taickoess~in, 2.7 2,83 .83 & 3.5
Bo, ¥ Coset Fate-Srret § 12,350 1 42.50% - 18 125 00
*-iy Syick sat, heowl.-5 i85 72 - i S0y
S Inear 52011 pcpryet we,ofe, £, 2,5 3%t 5,3
““n% m mﬁ i - - L E - =
. 1 3 , ;
s Selwet 37 ves 2ropped fria 5 fort redler e 3 feet.
% These spproximsts valuss vere resd fyrca siciilcscope:
2t Trsce YR osucainpd.
2. The poak sccsierstion vaiwe exceeded the XXKC raage set
an the cectilioscops.
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The tests were conducted in seguense in accerdance with the siphabeticd’
listing from A through I i erder that the damage imposed by esach
impact would least sifect the subsoguent impacts: that is, tests A, B,
and C were cone drops which reyultesd ip Iocalized damage. while te2s1s
D, . F. G, and H w2rec I0-degresstornss Srops, and tests [ snd §

were fiat surface drops, which resuited in the largest area of damage

v

TEST RESULTS

The test vesulis 3re presented is numerical {orm in Table B and in
graghical form in Figeres 2! a3 32 The tes! condition3. test meihod,
and kmpact Iscations are noted in the previgus section. Takle 8 includes

£
acceleration, and the rebound height. The acteleraticn-time traces
for the SC.fegree-corner drops from 4 frzet and 7 fzel and the fiat
surface impacts from 2 fse? are compared in Figures 2} and 22,

Yy,

No duplizate ‘ee1s were condacted because of the limited number of
$pecimens avsilabis. Although many tests should be conducted in order
o establish swatiszically significap! resuits, the izllowing gessral cb-
servations shounid be walid.

Refersnce 10 the column headed 30 Cone in Table B shows that ail
three heimets have good resistance 10 the 4-foot cone impacts in the
fromial areas, although 150G was recorded for the Q.ply nylon helmet
vsing the movable head helmet test method {Impact Site B)l. The doubie-
sheli helmmets INos. 32 and 213) gave accelerations of 65G and 353G re-
spectively. Helmet No. 32 with the higher density foam gave the lower
acceleration value (65G) indicating that some bottoming was occurring
in the test of specimen Xo. 33, however, no penetration ci the inner shell
of specimen No. 33 eccurred. it should be noted that the impact velocity
in these tests was i& {22t per second ang that the impact energy was
approximately 4 {eet times 13.5 pounds = 54 {oot.pounds. This would be
eguivalent 1o about 100 foot-pounds in tests in which 1 movable heac
heimet zzsembly is impacted by an egual rmass. With the exception of
the 15300 recorded for the nylon helmet! {No. 36}) the acceleration iesvels
were guite acceptabis.

N The “heltnet thiczness' noted in Table & is the thickness of the Juter
shell, urethase {oam iiver. and the inner fiber gisss sheil for the X
32 ang K-33 heimets, while the thickness inciudes only the outer sheil
and liner far No. 36 helmei since no inner skeil was used.
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A1l thres helmets indicated adeguate resistance to the 3C.degrea=corner
impascts in the aft {ovcipital) and crown regions {impact sites D, E, F.
and G) for ¥{oot and ¢foot drops, with cne excepticn: Specimen 33 at
impazt tite D {cexnter occipital} revealed botteming with a peak reading
<f 265G, This drop wae cbviousiy just above the cnergyv-absorption
capacity at this point since 20 botloming occurred at s:8ces E z2d F to
either side in subzequent drops on the same apecimen.

Figure 21 allows z comparison ¢f the nature of the acceleratice-time
secords for 4~icot asé T-foot dreps on the three helmets The zharg
neaks appearing in the records for the 7-foot drops show that baltoming
is sccurring and fhat the cifeciive ezergy-absorplion capacity has been
exceeded. Impacts at still higher velocity will further in-rease these
peak dcczlerations. Ncle that the 9-ply ayilon helme! gave a2 36045 peak
fer tha 7400t Srop compared with 130G for the double-shell helmet No,
32. The 130G decelzration for this epecimnen is near the threshsid of
deceinrative limits as discussed edrlier.

The best performance againet the side. fiat impact from 5 feet was
exhibited by the low dexsity foam belmet No. 33. This weuld be 2: tici.
pated since the flat impact compresses & large area of energy-absorbing
maserial. Helmet Na. 36 again produced high, althcugh probably sur-
vivable, acceieration levels.

Figure 22 illustrates that the ~f{oot {lat iimnpascis by the impactor drop
{Method I} gave consistently lomer accelerztion leveie than for the
corresponding drop of the head helmet assembly ontc a fixed anvil

{Method 1. An exceplion t& thig trend was noted with the 20.degreos-
corner impacis {ramm 3 {zet on helmet No. 33 in wkich a higher acceleration
value was noted for the impactor drops {o. 33D and 33E) than for the

head form drop {Xo. 33F.. It should be noted that impactor drop No.

330 resulted iz bottoming witk a maximum azceleration of 205G; there-
fore. this value i® not comparable with drop 33E in which orly 653G was
recorded. The difference in drops I3E and 313F may be due to localized
variatian in the density of the isamed energy-absorbing material; hew- .
ever, farther testing is needsd to correlate the two methods.

e -\

The above resuits lead to the following conclusions: -

1. The double-sheil helmet concept shews gocd performance for a
wide range of impact corditiens fram the cong to the flat impact.

AU
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2. If polyurethane focam of the type and thickness emplored in these
tesis is to be used, the density shouid be betwees 3 and 4 pom.z:
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per cubic fool, and probabdly cliose to the lower value Actually.
it is the stress-strain characteristics of the matezial which are
important and not the material deasity.

. The impact capabilities of the double-shell helmets described here

greatly exceed the reguirenients as listed in MIL-H-22%95. These
helmetis are about equai in weight to the APH-3 and APH-$ heimels
in current use, and they are about 3/4 pound lighter than the $-ply
aylon helmet proposed as a replacement for the APR-%

. ALl of the acceleration ieveis recorded in the tests cf these three

heimets, inciuding Test No 364 on the 9-ply nylon shell (300G,
were witkin the regquirements of 241L.H-22995 It must be recog-
nized, however, that all acceleration levels in excess of about
123G are considered unacceptable in accordance with the data pre-
sented in the section on Head Acceleration Limite.
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APPENDIX 3
DISCUSSION OF AUXILIARY HELMET EQUIPMENT

The factors which the U. S. Army considess necensary in providing
headgear for aviators were listed previcusiy in Aypprozch 1o the Froblen:
(page 3 ). Five of these items which iead to the installation «f suxiiiery
zquipmient are discassed briefly, and their effects on the crazh pre-
tective qualities cf a helme: are noted below.

VOICE COMMUNICATIONS AXD NOISE ATTENUATION

Six communicatioss manufacturers were contacted during this study teo
determine the states af the art in regeré to communications equipment.
These conilacts indicate that miniaturized, effective commurnications
sguiptnent is availzble: it remains for the purchaser to specify the
operations] acoustical enveionment and degree of speech clarity that is
required or desirsd.

The poise leve! in scme Army aircraft is 100 decibelz snd sometimes
reaches 115 decibels (zeference 14); therefcre, any type of communi.
cations equipment must provide means cf reducing cockpit ncise to more
injerable fevels.

A tentative list of requirements for & good commurnicaticns system in
. 8. Navy military aircraft should include the foliowing factcrs as
taken {rom reierence 3,

1. The racge of freguency response should be between 100 and
10, 00C cycies per second with mirimum distortion. The high
frequency requirement is necessary {or speech clarity, espec-
ially for conscnant scunds.

2. Signal-to-noise ratio - A minimum of 15 decibels is suggested.

3. Noise atteruation - 30 decibels minimum betweer 300 and 1, 200
cycies per second is suggested.

In regard to the selection of a microghone, it appears that a contact
type is inferior to a condenser or noise-cancelling dymamic type.

This statement is based upon the Tesults of speech transinission tests
conuucted by the U. S. Navy School of Aviation Medicine at Pensacols,
Florida3. These tests revealed a definite deterioraticn in the contact- i
mike speech clarity at 100 decidbels and above. ’¢

P AR e

78

- — g — e a0, o . ,,,A%m,,__.-.
X

ot s

o2




The receiving equipment can be of the earplug type or cf the carmuif
type, a8 iong &s g§60d ncise attenuation and good vwoice communication
s7e achisved. AQtenustion up to about 40 decibels {dxperding on {reguency)
csa be ackirved with earmuffs. This value is superior to that of the
earplug slone becautse of the reduction in bone ¢conduction when the ear-
reuff v used. It has been noted in reference 14 that a fungus growth
resuitad from the use of earplugs; thus, it may be necessary o cone.
sider the use of special materiais for ilems contacting the skio to
eliminate this problem.

Regardless of whether an earplug or an earmuff is wilized for voice
cornmunications, the device must be 8o designed that it reduces the
injurious effect of an impact in this 2rca.

One final point on commurdcations is worth consideration. If the
communications system is an integrai part of the heimet. the bhelmet
will prchably always be on the wesrer's head, where it can provide
crask proteciion. whereas, if an independent communications system
{similar to a telephone operator's} were used, the pilot would be

less prone to make use of his helmet, especiziiy in hot climates.

The experimental helmet deveioped in this program contains & provision
for woise attenuvating earmuifs which are {ilied with poiyurethane foar.
These eacmuifs were supplied by Carter Engineering Company of Lose
Angeles, California; their literature indicates that these muffs can
atienuste ncise Dy 4U decibels in the range of 1, C00 to 7,000 cycies per
second frequency They are of smsiler size than the existing earmuifs
in the APH.S kelmet and are much lighter in weight. The use of semaller
earmulfs provides enough extra space for the incorporatior of energy-
absorbing material over the ear area. Although these earmuffs appear
to be an improverment over those now uged ir the APH.S helmet, they
&re not 1o be considered ontimum sQuipment, since this area has not
been investigated ix: this study.

INTEGRATED SUN VISOR

The operational advantages ef 2 sun visor which is permanently attached
to the helmet structure were not evaluated ir this study. The com-
promises 20 the crash protective Gualities of the helmet incurred by its
use are discussed however.
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. #dditional weight is addad in the least desirable position, that
is, in the frontal ares of the halinet.

2. Additional thick«=ess aud weight will result in 2 higher center
of gravity and higher suscegtibility to rotational displacement.

3. The attachrnent of the visor, inside or cuteide the heimet cuter
shell, will zesult in icfury preducing cbstructicas uniess extreme
care and thought is put intc the design. Some type of slide or
rotational attachment must be provided; even if this hardware is
made from plastic materials, the dexdity ie stili many times
over that cf the energy-absording materisl which is displaces.

If the sun visor is a necessity, it should be made from a shatter proof
material such as poiycarbonate. The optiminum appraach weuid be to
incorporate the sun visor {in retracted position) underaeath the cuter
thell of the helmet so that a amooth outer surface i maintained, thus
reducing snagging ir glancing blows.

The experimental heimet model deveioped under this contract does not
irclude a sun visor because cf the compromises it offers to crash pro-

tection: however, a visor couild be installed, underneath: the outer
shell, if necessary.

EYE PROTECTION AGAINST XUCLEAR WZAPONS FLASH BLINDNESS

A nuacisar flash visor kas deen developed by the Navy and the Air Force:
ktwever. additiona]l work in this area &ppears necessary befcre a com-
pistely cperational unit compatible with crask protection is evolved.

The Navy fiash blindness protective helmet has 8 reduced field of vision
over that obtainable with the APH.5; however, it doet accomplish ite
purpose within the required time span. All of the comments made above
with respect to the sun visor are appropriate to the {1ash visor problem.

OXYGEN AND GAS MASK PROVISICNS

The incorporation of oxygen and gas masks in & pratactive helmet is nct
corsideresd a difficuilt task. The attachrnent ol thesz items to the helmet
should be accomplished with a rmmiritnum number of bolts. studs or snaps,
82 that the outer shell surface smoothness is maintained and so that no

injury producing objects will be pushed through the energy-absorbing
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material. it appears feasible to consider the oxypen mask &3 a {ace
guard, that is. deaign i so that impact proteciion of the face is zis0
provided.

BALLISTICS PROTECTION

A heimet whick will provide protection against small arms fire is nat
currently compkiible with iight weight. In view of this incampatibility.
it woulid apse2r more practical i provide haliistics protection in
another rmanner than incorporating 2 into the helrnet itreit.

The doubie-shail councepl proposesd in tais study perirdts the atrengthen-
ing of the inner abell for increased hallistica protecting xith 3 iower
weight pecaley than for equal protection in a single<shell type, since
the inner shell containe 2 smalier ausiace 2rea than that of the cuter
shell.
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APPENDIX 11
HEAD INJURY IMPACT SITES IN MILITARY AND
IVILIAN CRAFT ACC NTS

In order to determine the protable locidtior of the head injuries which
will be experienced by air crewmasn, 1, 679 civiiian and rilitary
accidest2 involving 1. 953 occupantes wcre reviewed. The statistical
study, which wae based on toth military and civilian accidents sccurring
since {932, was comprizsd of 617 a¢cidents which yielded 896 occupant/
cases of head injury. The civilias cases were yelected from ncciderts
invciving aircralt similar in gross weight acd performazce to current
U. §. Army sircraft. The inforimmation ix this stusy has been used to
determine the required area of coverags for 5 prosective helmet.

OBIECTIVES

The objectives of this study were the determination of:

1. Location and fzequency of head injuries and impact sites
inciuding facisl injuries.

2. Type of head injury.

3 Tauszstive agext or geometric surface onto whick e nexd
impacted.

LIMITATIONS

The cases studied were limited to the foliowirg:

Accidents involving nonjet. fixed-wing aivcraft asd beliconters.
. Accldents involving sircraft without ejection aease.

Accidents which were considered potertialiv survivakie

. Crew members only ir :rilitary aircrait accidents.

5 All occupants in civilian aircraft accidents.

cbng_v-'

SCURCES OF ACCIDENT DATA

1. Civiiian Accidents - The data used in this study were xx3=5rted from
Aviation Safety Engineering 2nd Ressarch {AvSER) medica® repes? forms.
The compieted forms are supplied to AvSER by Goveramsat agancies.

State Aeronautics Commissions and State Police Organixations. Ne

identification of injured individuala was made.
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2. Y. S. Army - The bulk of the dats was coliected {rom the medical
reporis of Army accidents in the AVSER files. The remainder was
coliectied from the U S. Army Board for Aviation Accident Research
(USABAAR}, Fort Rucker. Alabama.

3. U. S. Ravy - & visit waz made o the Navei Avistion Safety Center,
Aero-Miedicsl Deparinent, Nerislk., Virginia, and the available data
wete recorded. N2 identificatios «of the injured individuals was made

4. U. 3 Air Force - & »isit way nwde o Noflon Alr Fotce Base.
Calif.rein. Azcident records of selected pircraft, irvsiving head

injuries sndior heimet Amige, were sxamined sad reccorded. Ne
idenzification of infured individusis wa2 mads.

PRESENTAYION OF DATA

2if medicat 4828 wned weTe reporied by physiziins sad medical officers

iz chasge of the inhired perscas: thereiors. the iccatics of the inkury
2ilse pre cysridsred rolinbic.

Ty tyges of sharis have Geern used o iliustrate the locatish and fre-
soeesy of head injaries. Figare 13 shows t2e hesd in quadrasis, snd
iBustrstes doth tae 2xrizae injuTied and the Iracivves of the 12¢ai pop-
giaticn. Figures 24. &%, and 2§ shew the Incation of the fractares for
ihe total pogalation. Skl fracwirs sy be Hmited i 1he npact wile:
aowever, B iractite may Risc be remote from the point of exterpal
itnpact {tontreconp), or botk jocal axnd distast damages may tesult from
the same impact. Thus, soms of the iractore iscatisane iilcstrated in
the charts may nct be the aztua] aite of impace.

Sinne the fractured in ¢tk Nsvoy cares were reporied hy genesal reas
anly. the locaticns cTuid not De reyprozented 2 a fracivre chart, but
these that were apgsicadie weze intinded is the gquadrant head chart.

The gircrafl invsives in the actideslsy ¥tedied arv Histed coording to

their nermat szaticg comfigaration in Takids 7. Note that & of these
sircrsft are £330 the samse Eige 23 present U. S, Army ailrczaft.
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Figure 23. Location of Head Injuries to 896 Occupants ia Accidents
of Civilian sad Military Alrcraft.
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Figure 25. leocatioo of €3 Fractures of the Skuill and Facisl Bones
to 30 Gecupents ia Accidents of Army and Air Force
Aircraft. Note: Fracture percentages lieted are for
both sides.

Figure 26. Locatior of 454 Fracturee of the Skuill and Facial Bones
Invoiving 289 Occupasnts in Accidents of Civilias Aircraft.
Note: Fracture percemtages listed are for both sides.

T T ARV 1 oy e




’A

TABLE 9

NUMBER OF AIRCRAFT AND SEATING FOR CASES USED IN THIS STUDY

Civilian Mi}iur!
No. of No. of
Seat Plazes Aircraft Seat Places Aircraft
1 30 rd 68
2 138 4 12
3 i4 S 4
) 296 6 16
5 iz T 9
&-9 8 3 2
3§98 Total 9 :
io 22
11 1
iz 1
18 1
28 2
739 Total
Aircraft Type - Fixed-Wing Aircraft Type - 40% Fixed-Wing
Gross Weight - 1, 500.4,500 Ib - 60% Helicopters
Grose Weight - Z, 400-29, 000 1b.
RESULTS

The results are discussed separateiy tor the civilian cases and the
military cases.

Civilian

This group of accidents covers the pervicd fzyom 1952 through [963.
Review was made of 738 accidents involving i, 491 sccupants; some

type of head injury was reported in 758 of these casea. It iz significant
that over 50 percent of the occupants scstained soime type of head injury.
Only 701 of the 758 cases were used in this study because of inadeguate
information on the remainder.

The skeletal chart {Figure 24). showing the distributioa cf fractures for
this group. indicates that with the exception of the nasal bone, fractures
are predominant in the fromtai area of the skuli. The frontal bone sus-
tained 16 percent of the fractures, and it is poesible that a considerabie
sumbez xl the fractures in the occipital area were aiso caused by frontal
tlows.




internal Head Injuries - The medical reports in many cases indicated
that some degree of cerebrai corcussion was sustained. Of the 70i cases,
358 (51 percent) are reparted to have sustained some degree of cerebral
concussion along with either {ractures or iesser injuries. It was also
observed that 75 percent of the above 358 cases sustained some period
of unconsciocusress.

Causative Factors of Head Injuries - The structural components
of the occupant area which were directly or indirectly responsible for the
head injuries were identified in 581 of the 70i civilian cases. These
components are listed in Table 10 in a descending order.

TABLE 10
HEAD IMPACT SURFACES
{581 Civilian Case3s!)

Instrument or instrument panei 330
Windshield or windshield frame 87
Door posts or door frame 68
Back rest of front seat 63

Overhead structure or canopy 61
Side or forward braces 50
Control whee! g1
Controls i2
Cowling | 94
Loose objects 8
Side cabin window T
Miscellaneous _2_2_

1606

Total

The highest freguency component is the instrument panel {330), while

the windshieid area is pext i order {(67). These two areas are respen-
sibie for over haif of the reported head strikee. Since these data apply
tc civilian accidents ir whick shoulder harnesses were not worn, it must
be used with caution whesn consideriag military aircraft in which shoulder
harnesses are standargd equipment. The limited amount of injury data
for the military aircraft skows frequent lateral impacis against deor
posts and window frames, especially in helicopter accidents. Thus.

it appears that these surfaces may be invelved in head impacts as often
as the instrument pane! in military aircraft.

87

r‘;- -:g g—- i ,,!.-d_____;:_. W: e e I S e e ML

» ) ha %&m Ry

Lt




’M’“

Mﬁliurz

Army - The Army cases for the period 1956 throughk 1963 cover 256
accidents with 335 occupants. TEhis group yieided 94 head injury
accidents in whick i28 occupants sustained some type of head injury.

Air Force - A review of the available Air Fcrce accident case histories
for the years 19¢0 through i963 produced 1i accidents in which 29
occupents sustained some type of head injury. The injuries of the head
were not specified for f{ive cases arnd a tctal of 24 cases were used.

Navy - A review of appiicadle Navy records yielded 74 accidents for the
period 1958 through 1963 with a total of 98 occupants. The specific
site of head injuries was not available in many of these cases; however,
43 caset were specific enough to be used ir the quadrant head injury
chart (Figare 23).

Thus, i9% Army, Air Fcrce. and Navy cases are inciuded in this study.
In the Armyand Air Force cases, 63 iraciure sites were noted as shown
in Figure 25. It is significant that the parietal segment contains the
largest percentage of iractures in the crarivm. This is & reversal of
the trend for the 39i civilian fractures (Figure 24), in which the frontal
bome sustains the iargest percentage of cranial fractures. Several
factors may be responsible {or this reversal. The firet factor is the
use of a shoulder harness by military perscanel, which usage lowers
the frequency of fromtal bead dlows in many accidents. The second
factor is the large percentage of heiicopter accident cases in the mil.
itary data iz whick the occupants are subjected to more iateral blows
than with the civilian fixed.wing aircraft.

In this group of 195 head injiiry cases, the medical reports revealed
that i12 {58 perceat) experienced some degree of concussion. It was
further indiceisd that out of the il3 concussion cases, 45 {4C percent)
reporied scime period of unconsciousness.

In ordar to determine the degree of protection afforded by existing
helmets. those cases in which they were worn were studied to deter-
mine wheiher they were retained during the crash and whether or not
adequate protection was provided whern retained.

Helmae? information was spesifiad in 77 out of 128 Army cases studied.
Culy 29 of the occupants wore helmets. Of the 29 wearing helmets,
only 1¢ retained them daring the crash. Of the 16 cases. 11 {69 percest}




were not injured in the area protected by the aelmet, while 5 {31 per-
cent) sustained injury in this area {2 minor, | moderate. axd 2 {atal).

in the €l remaining cases of the 128 studied, in which heinizte were
either lost or not worn, it is revealed that 7 {Ii.5 percent) were not
injured in the area norm&ny_grcucud by a helmet and 54 (88.5 percent;
received various degrees of head injury ir this area {27 minor, 12
moderate. 2 severe, 3 critical, and 10 fatai}. It is eignificant that
injuries were reduced from 88 percent to 31 percent by those retaining
their helmets, a reduction of 63 percent.

The Navy helmet cases could not be treated in the same manner as the
Army cases due to insufficient information. however, scme statistics
are noted. The Navy group of 43 caszes indicate that out of tte 37 who
wore helmets, 13 (35 percent) lost their helmets while the remaining
24 {65 percent) retained them.

In the Air Force group of accidents, it was noted that 12 beimet users
received an impact to the head without receiving head injury: however,
the ar=a was oot specified, and no impact sites could be charted.

Causaiive Factors of Head lnjnrieo

Information on the impact surfaces caneing head iniury was available

in 50 percent of the Army cases. Those com:ponents which were named
as being directly or indirectly responsible for the injuries are listed

in Table 11.

TABLE 11
HEAD IMPACT SURFACES
{64 Army Cases - Primarily Heiicogon!

Windshield or bubble 36
Instrument panel !5
Side door or window frame 13
Control column, pedestal or ¢cyclic stick n
Radic box or jack box 7
Overhead structure 4
Miscellaneous _1

Total 7i
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It is noted that even though the population of this group is considerably
smaller than the civilian cases, the zame components are {reguerntly
struck, Since the windshield and instrument panel are relatively '3t
surfaces, it can be concluded thel L s3tection should be proviled for
flat surfaces and that the crushing strength of heimet liners should be
seiected accorgingly.

All Cases

The overall frequency of injury for the entire group of civilian and
military cases is shown in Figure 23. XNote that the upper anterior and
lower anterior contain 88 percent of ali injuries.

To determine if the area illustrated by Figure 27 reqQuires helmet
protection, injuries occurring in this outiined area (both sides) were
tabulated in civilian, Army and Air Force accidents. The resulits
show that only 4. 7 percent out of the total 1, 641 sites appear here.
Fractures contribute 1. % percent of the injuries in this arca, and 94
percent of the fractures are located in the 2asal area of skuli.

In a repert describing the meckarvism of skull fracture, it was
estadlished that blows upon the frontal or lateral areas of the head are
~ften the cause of basal skull {ractures. Thus, the fractures in this
area may be caused by impacts to other areas of the head. In either
case, the small percentage of injuries implies that the need for helmet
protection in this area is minimal.

Head {fractures of the total population {civilian and militaryj are shown

in Figurs 2¢. Note that the facial bones receive a iarge percentage of
the total fractures with 19 percent of the total in the nasal area. 1%
percent in the maxilia, 15 pezcert ir the mandible and 10 percent in the
zygoma. Fractures in the cranium indicate that 15 percent occurred in
the frontal done. 10 percent in the parietal, 8 percert in the sphenoid-
tempcrai and 8 percent in the occipital region. This fracture chart

also indicates that the occurrence of fractures is greater in the {rontai
srea. A comparison of the total fractures of the four areas of the

faciai bones with the four areas of the cranium reveals that 41 percent
of the total fractures occurred in the cranium. Although only 4i

percent of the fractures occurred in the cranium, it is significant that 88
percent of the fatalities in 829 head injury cases are attributed to injuries
in this area. It is also informative that some degree of concussion was

e rienced in all cranial fracture cases: this fact reinforces the state-
ment on this subject made by the authore of reference 9, as noted in

The Head Acceleration Limits section {page 10) of this report.
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Figure 27. LlLccation of Injury Sites Within Outlined Area
(1. 64i Injury Sites, 853 Cases).

CONCLUSIONS

i. Of 1, 491 civilians involved ir aircraft accidents, head injuries were
sustained by 51 percent.

Z. Some degree of concussicn was iaported in almost half of the head
injury cases studied, and in these, 74 percent experienced some pericd
of uncomsciousneses.

2. In those cases in which helmets were worn and retained on the head,
head injuries were reduced dy €5 percent compared with those cases

in shich the helmet was not retained or worn. (These data are based on
a relatively smail sampie )

9




4. Since 41 percent of all head fractures occur in the critical cranial
area and ali these cranial fractures are associated with some degree of
concussion, it is vitally important that this area receive ample pro.
tection.
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APPEIXNDIX il
GEOMETRY OF PROBABLE HEAD IMPACT STRFACES
INU. S, ARMY =12 "RAFT

\ The following aircraft were examined:-

OH.23C (H-23) UH.ID 1H-i9)

U<bA {L-20}) CH-34C H.34)

TQ-i1D {L.-19) C-30 {L-2})

CH-21A (H.21) XH-40A {Pretatype UHL1)
OH-23C{#-23)

The sharpest surface in the cockpit appears te be the upper sdge of the
instrument consocle in front of the pilot. Two 9. 15-inch-thick aluminum
plates, to which the instruments are mounts? present a sharp edge of
approximately 0. 05<inch radius within reach of the pilot's kead. Al.
though deformation is expected on contact, it is doubtiul that this sharp
corner would be reduced significantly. Figure 28 iliystrates contact

of the helmet with this surface.

T =
c T
=

Figure 28, Helmet Impact Against Edge of instrumesnt Pane! in OH-23.
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U-b6A (L.-20)

The front door frame adjacent tc the wirdshield is square-cornered .
{Figure 29); however, the sheet metal will easily yield, expesing tne 2
more ductile wood frame with & 1 /8-inch radius. The main wing spar

and its suppor? structure (bekind the pilots head) is solid, with a 0.10.
incheradias edge covered cnly by a thir plastic cover: bowever, this

surface wouid cnly become dangercus on rebound of the head. Figure

30 shews the countrol wheel of this aircrafl which cowid be injuricus if

staticnary. It is 2 l-inch.diameter aluminum casting. The control

whee! wouid probably yield on mpact because it rotates for aileron

movemnent.

3
Figure 29. Forward Door Fost Edge and Wing Main
Beam Sipport in T-6,
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Figure 3C. Control Wheel v T.0

TG-1D iL-1%

The iostrument panel in ®is aircraft is €. 12.inch~thick aluminsn: plate
whase spper edge is unprotected. I presanis & skarper wlye <hax the
sanel in the CHH.-2I3. DCepending on t&¢ directicn {rom which (i pesel
is struck. it may be sxtrermely dangerces and i3 iz kndwn that i has
caured fatalities during accidents iz which helrmels weze 522 worn.
Figuze 15 shows the 0p edge of thie penel. The yrozt dogr Irssues ave
protecited by 3. il-inch-ikick alvrniners sheet 2ith 5 radive of 3. 23 inch.
Cusdet plxtes aze installed 21 the o7 of front daor frames it the wind-
screen Y.-brace attacivnent, ad ehown in Figore 32, This 5 39 5 0.5
x J 64} alaminwen angis preasexts A sharp corves: hoxwever, this surface
will flatten 0 some extest whsen struck. A fIop mmotar ie suschkEd o the
cwiling Zekingd the pilot's hexd sad predzcis 3 2 S-inchdismeter rsriace
which can be tvack o rebsund. The moter i3 nermaily covvrad with

a §. §8<ipch Jhick spenge ru2ozr pad Fhick wounid ofier some prsiection
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MKircrait.

3f Instrasnont Panel in O-3A
{View josiking thrcaph the windshield frem the

ige. 3

&S

Figure 31.
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=3t and Upper Gosset Pistes in T0-1D.

Foerwargd Door

Figure 32
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CH-Z21A (H-2])

Thé forward cockpit window {rame presents an 0. &3to 2. @4.inch-thick
aluminum edge of approximately O. 08-inch radias. This member has
tean struck by pilote ir accidents with fatal results decsudsz of helmet
fracteore as documented i reference i in accident cases A, D azd E.
This ‘rame fiattened urder imnpact andé presented an: edge of /2-t0 i
inch width. All other windshield hraces kave the seéme radizs of .08
inch and are sheet metal "hat™ sections whkich wili fiatzen somewhat
urder impact. The overts¥ad pane!l presents & €. 52 inch-rading edge
of aluminum: sheet. The instrument panel is well protecied with a
fibergisss glare siield. Figsres 33, 34, and 33 3how the window
fearme, wirdshield braces and overhesd ptnel. respestively.

Figere 33. Forward Wincdow Frame and Probabis Helmet
Impac? Position in CH-21.
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Figure 35. Helmet impact Against Overbead Panel in CH-21.
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UH-19D (H-19)

This aircraft has extremely close working quarters. The forward
window-entrance frame is about one foot from the pilot's upright posi-
tion. Thin gauge aluminum sheet arouné the door post. which is slotted
to close the window (entrance}, presents a Q. 10-to 0. 13-inch-radius
edge, but it would flatten considerably ca impact {Figure 36). All other
windshield bracing is witkin 2 to 3 feet from the pilot’s head, as may
be seen in Figure 37. The radio compass is located overhead and
mounted on a 0. Ob.-inch alumirum bracket which, when struck from the
proper direction. mnight have a piercing efiect or a helmet (Figure 38}
A radio junction box between the pilot and copilot seat can be struck on
rebound {Figure 39}, but the thin sheet would probably flatten under
impact. The instrument penei is well protected by a fiter glass glare
shield.

Figure 36. Helmet Impact Against Forward Window
Entrance Frame in UH-19,
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Figure 38. Helmet Impact Against Edge of Radio Compass
Mounting Bracket in UH-19,
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Figure 39. Position and Edges of Radic Junction Box i UH-IS.

TH.34C{H-34)

This aircraft is somewhat similar to the UH-19, but has a slightly
iarger cockpit. The forward window.entrasce {rames contaic a 0. 50«
inch-ragdius siuminum shield arcurnd a solid square framirg (0. 50 x

0. 25 inch) with sharp {C. 05 inch] corzers. The overkead wirdow ‘rames
are made of & $30.izck siuminum channels attached to steel irames
{see Figure 40) Thc cverbead radic panel is square-cornered and
would not vield on impact: however, it is not iikely o be struck unless
the aircraft is inverted A rotor brake hardle is alsc located on the
piiot's side of the overhead radic parel. The cast irce Sandle. with

3 l-irnch-diameter steel knodh, wouid neot easily vield, but is ot & likely
striking surface unless inverted. A fuse box between the pilot ané
copilot seat is 8 sirikiag surface on rebournd as may be seer in Figure
41. The instrument panel is protected by a fider glass giare shield

%l
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Figure 41. Helmet Impact Against Edge of Fuse Box
oe: Possibie Rebound in CH-34.
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U-8D (1..23)

Oniy teo s:rfaces which could be potentially dangerous were found in
this cockpit. Figure 42 shows the helmet impacting against a 0.25-
10 G. 20-inch-radius casting which is mounted ox the ceiling for the
attachkment of the sunviscr. The other surface is 3 switch junction
box as shown in Figure 43 which is very rigid and contains a &. 12~
to 8. 13«inch-radics edge. The instrumest panel is well protected

a8 shown in Figure 43.

R e e 1 TN SN

Figare 4. Helme? Impact Against Sun Visor Mounting
Bracke: in U-3 Aircrait.
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Figare 45. Halmet Irmpact Against Switck Junction
Box i -8 Aircralt.

XH-40A {(Prototype UH.1}

The most cdjectionable surface in the cockpit appears to be the far-
ward door post. Accidext experience has showrn tiis ¢ be a {reguent
impact site. Tke radius of the edge presented iz approximately 2, 18
inch; however, it will fiatten somewhat oo impact. The instrument
paze} is aeil protected by & fiber glass giare shieid. Figure 44 showe
3 helmet impacting the deer poat.

194
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Figure 44. Helmet Impact Against Forward Door Fost and
Windshield Wiper Aotor in XH-40 Aircrafe.

SUMMARY

The most severe impact surfaces in light military aircrait contain a
sharp edge or & rounded corzmer. The edge will usually bend scimewhat
upan impact on account of the thinness of the metal. modifying its
threat to that of rounded corner. Exception may be found in the OH-
23 ard TO-1D; she upper edge of the instrument panel in these air.-
craft is anprotected and is not expected to flatten 0 any extent becaus2
of its rigidity. However, the chance that this edge wili be struck per-
pendicularly is remote and this knifelike edge is nct considered 2 pri-
mary threat.

it appears, therefore,. that most surfaces within striking range in
cockpits are of three types: {!)} flat suriaces, suck a3 an instrument
parnel, (2) corner surfaces, such a3 door pests and window {rames. and
{3} box corcer surfaces, such as protrusicns and coraers of mounted
boxes, etz The striking surfaces of 2 drop device shouid. therefore,
inciude the icilowing shapes:




—— -
-

1 A flat surface
2 A 90.cegree corner with a 0.25-~inch radius
3. A box corner

The sharp. box-corner type surface is roted in only two of the eight
aircraft examired and this type surface is &ot expected to exist in Dther
current or planned Army aircraft suchk as the U-$, AO-i. CVv.2,
CTH-47, XC-142, or the light observation helicopter in which enviren-
mental cockpit bazards have been considered more closely than in older
aircraft. Thas, protection against a sharp surface app=ars to te less
important thar protection against the $0.degree corner and {fiat suriaces.
This statement is reinforced by the data presented in Tablies 10 and i,
of Appendix II. which indicaite that less than 26 percent of the surfaces
impacted can be considered sharp enough to classify 23 box corzers.

Even thoughk the very sharp box corner sur:ace is not prevalent in un-
damaged cockpits, acci’ent analysis indicates tkat aircrait structure
does somelirmes hreak or bexd into the cockpit area so that iagged,
sharp sections of stxif metal pretent a very severe impact surface.
Thus. the helmet shouid provide scme measure of protection agaicst
peneiration by sharp objects, evern though they 3r= not the primary
tnreat The guestion still 1emains, should protectioe against very
sharp box corrner or cone suriaces egaai the protection provided for
corzer and fiat surfaces® Since there is presently little engineering
data available on the impact velocities appropriate fsr the different
types of impact surfaces. it is difficull to access 1the relative imporiance
of the cone tes! i1n belmet evaluation. Good reszistance te peretratioz
is intuitively desirable; however, it has been shown in Appexdix Ii that
the incidence of sharp surface impacts is small compared 20 ceciner Or
flat imipacts. It thus appears :hat heltnel performance against corner
and flat surface impacts skould not be compromised i, aRempling %o
attain ¢gual profecticn against pecetration iz the sense that resistance
at equadl imipac? esergy be reguired As a matter of interes:, Speci-
fication MIL -33.22933{WEP calls for: {1} a 16G-foct-pound™ impact
with a 1 S.inch.radiue sphericai impactor azd i2) a 1C-{oot-pound im-
pace with & (l.Cagree cone. o2 & 10 to ! energy ratin. The ratio shexid
probabdiv be nearer 2 tc i and this can be approached withoxt penally
az shows in this report.

*= Both head arnd heline? essembly and striking mmass mosadle, aznd thus
rexuiring adout 30 foot-pounds 12 be atsorbed by the helmet See
zppiement Ii.
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n the t=3ts condusied in this project. the vox corner was simulated
with 3 ¥C.degree cone with & radius of O D6 inch at the apex. The come
t=3$t also demonsirates rasistance o pecelration from broken structure
and other sharp objects.
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AL A o TP NI

APPENDIX IV
HELMETY SUSPENTION METHOIS

A helmet can be suspended by two basic meibeds: (1} pads placed Ye-
tween the helmet and the head. and 12} 3 #iing or net suspension which
is attached 1o the lower periphery of ithe helmet sheil.

PAD SUSPENSION

It is noted in reference 14 zhs? ths hear retention of the APH.5 heime!
is the grestest casue of cosnipiaints by users. The farge firting pads.
in intimate conikct with the skis. undoultedly prevent perspiration
evaporation. Tiss, if oads are used, some m2thod of silowing alr
cireslation urder 35d berssen thern is necessary 1o achieve some de-
gree of comior:. Frohakly the best methog of schieving natsral air
ventilaticr. whex= pads are qeed, Tonsists of grooving the sads vertically
toward the crows 3o fhasz the risizg air 2o exit through sevwral hkoles
in the top of the Zeimes. Even this method. however. will prohadiy
inkidit free 2ir movemen? 10 2 greater extent t2an would a net or #ling
sugpensgicos.

if forced-air vexriiation & Congiderssd feasible. then grooved or peTe
forated pads appear tc be more acceptabie. A forced-air ventilatior
helme?, mansfactures iTF nte by aerial applicater pilcls, was sx===i.
5zd. The pericrated ang channeled sads naed in thix 2elme? ase shown
in Figure 45. The forced 3ir wentiiation throughk the pads has proved
to be beneficial for crep dScfier piiots because {iltezed air i3 forc

into the heimet from it a%t dzse a5 channeled through the pads ard
éowrzars oves the f2re s 242t perspiraiion removal i3 =nhanced.

TEe advasidset of 3 DAL SUFDEnSISn appRar o be: i} good sralilizanes
hrongt sdzasamart of pad izikeess o fig the andividual, 2=£ 21 sasy
Teglacesrnert Spos Zeterisration. Tne disadvanisges 1ppeir 1 be: {1}

"

heat retenticn. an? {2} poar ventizatios

SLIESC SUSPERSENE

During ohiz 2337, se7zral nock-o3e 3 sling scapensions sere made 13
s3sies i evaivaizg Hia fopoent. Typcal sysiers are shownm inm Figure
$&.  Botd of ke IYRIeET 209N o B ¥XeITEES cumisis sivags which wonid
formn the 282ntisn sysfem o 25 Seimel.  Althongh the suipension svsiems
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Figzre 46. Sling Suspension and Retention Methods. {Sketch A

illustrales 2 Net Retention System. ) Sketch & illusirates
2 Webhixg Retention System. )
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shown i the figure appear practical and f{szasible, it was decided to
eliminate zebbing pressure on the head by the use of an epan weave

et material. A ne? miateridl yields good pressure distribstion 2leng
with optimum natural vextilaticn, and the sweat band is climinated.
This suspension system is showis 24 {t is instalisd in the experimental
heimet in Figure 47. A crocheled net with 3/ié-inchdiameter openings
was selzcted. The crochet net tends to prevent unraveling., The
material is marufactured by the Davis Milis Company, Lzke City.
Temt. A preliminary svaliygstion of this cet concept in the exgerimental
heime? indicates that it wili be comfnrtable and easily adjustzble by the
use of the drawstrings. The all-net suspensisn 3ppEATs sSuperior to any
of the known 3uspensicn sysiems in gse

Figure 47 Xylon Net Suspension and Retendion Harness
Inetalied ia the Experimental Heimet.
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HELMET RETENTION METHODS

it is =oted in Appecdixz I that 13 helmets cut of 29 worn were lost during
accidests. QObvioesiy, retzmtion sf lhe helmet on the head in a crash is
2% iMpoTriznt as the force-attenuation progerties of the helmet. A felt
Rat wisch rernaips io place =ouid be guperisr to s helmet which becomes
&siodged 3l the time of greatest need. Theré are two requirements

for & reftenzion syztern: (i} 11 must rewain the helmet on the head during
cxrz2h decelerations wkich are egual to itbe sirength of the perscanel
resTyaint system. and (2} i cus? se comifortable

The iirst require-
mant wiii protkbiy be met if the refention system iz designed for the
inertin faTce SSCarTing 1 2 éecelerzlive puite in which the head 224
ek arve extented o the limnet of zyrvival in whole bady desslrrsticns.
Cermzinly, larger iorTes caxn be expocied if the whale body resirais:
rystemn I3ils 3nd the heirnet i3 onpacied in suchk 2 manser thEl 3 force
acts upward aisag the front rizs of the ebmst dz2igning for seck a=
tnpact does not appess prasiical snill msfa 13 o
ant bead tafezance 1o such forses T, 1f the ohis 2irsp stremzih
i$ baszed opom the wErix forces whick may @ agpiied, ks Sss:1gn
sirenzih 0 cbiziced by maRipiving e bebma: geigh? oy the expeaiad
imertiza G fgctor:

2 Zbogd the msack

)\i\'c‘{'("".““"'“’MW"“ ARG A e

¥
-
T

2GF X 2% sadery Sertor X . Copound helmet weight=e

Wb

st

3o

;

g

7]
v“%ﬁ“}/«ﬁ\‘\ .h""" '

The uee of o strengih vaize 3 Welatwvely

recomrnendesd uatii marse
Z3ts mre zvaiiatle.

the relemtion hzraess mesd b
shark emocgd 1o preven?t cressing when forces arz applis? which wad

I3 rotete the Delroes Intermally or longitodinaliy,
= R xz

FThe chin stz=p {gs chun SITRn ¢over! of

Thr extsiing chin sirap
=meh o e APTH.T is considrred oo thin. it is recormInended
shar the Vhdckness be increased 1o 2 mininne™ trkoess of §. 08 inch,

The sxisimmz i-imchk widih of the APH.3 chin strap appears risscaaile.

T T T 5 5 rpmimt < g
F &30 tesed uncn ziasned selirsini sywlemn strengsh for 1

. &, Azmy
7o ver Teforanse i3,

22 Hared opon the G0 jrmterirs F-pir srice helmet it cxygen mask.
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Several mock-ups of retention concepls were integrated wiatk sling sus.
pension systems as previcusly shown in Appendix IV, Figure 46. Both
of the webbing suspensions shown in these 5 .eiches appear to offer a
snug fit around the base of the skull which i3 necessary tc prevent for-
ward rotation of the helmet; however, these systems are shown attached
to the sweat band and since the sweat band is elimirazed with an all-net
suspension. the retention harness must be aizached directly to the shell
of the heimet. [n order to fit the retesticn $ystem as szugly as posgsible
uuder the base of the skull, its attachment to the inner sheill of a double-
shell heimet is preferable for ocbvious reascus.

A net retention harness with & w=3bing chin strap was szlectes for use
in the experimental heimet concent 3s shown in Appendix IV, Figure 37.
The pet harness is bonded to the outside periphery of the inner shell.

It is acjustable through a drawsiring at the rear. The =2t retertion
appears to be superior to webbing retenticn methods because 1t elimi-
sates (1) localized pressure points around the base of the skull and
{2} nape strap adiutz=nent buckies

The novrsal reslacement reguirements of the suspensios and relenticn
taruessed were not considered 1n the develngmment of the sxperimental
Eebmet sioscrited herein; however, renizcement mav be made by the
az¢ s 2 slotted track or sxtruded slide along the lower rum «f the :oner
skl as showm in Figuce 48,

VIEW A A

Figure 38. Prapoessd Meihsd ior Replacameant of Net
Szsnenics and Reltontics Haroettes.




The retention net would be trimmed with a balbous ecge so that it would
be retaired in the extruded slide.

The ability of the net suspension to it the neck sanugly and prevent for.
ward rotation of the helmet from the nead is demoastrated in Figure 49
it can be seen in the photogragch that the forward edge of the helmet is
riding on the top of the nose. but further rotation was not possible with
an applicatisr of about 5P.pound fsrce. The 8C.percentile helmet in the
figure iz fitted 1o x 50-.percertile bead and 43.percentile neck; there-
fore, an extremeily loose {itting neimet is demcnstrated. A larger
head size woueld not permnnis a3 mach movement 2s indicated here.

Figure 49. Photograpk Iiiastrating the Retention Capacity
cf the Kyloz Net Harness.

In corclusion, it car be stased that any retention harness should cantais
a peripheral tie around the tase cf the skuil 1o prevent forward rotatien
of the helmet off the hezd in severe crash ccaditicns.
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: PPENDIX VI

he o dET SIZING (FIT)

The importance of the correct size nielmet for each irdividual carnnst

be cver-emphasized, since an incorrect size is detrimental to comiort
&rnd retenticn. A review of the literature tz determine the variatics iz
size and shape of the hurnan head has not revealed informatice more
compiete than the Air Force study A Head Circumference Sizing System
for Acceleration Desigs {(WADD Report 60-63111°. This repor: it based
3pcn the anthropometric data obtained from 4, 000 {lying Air Faorte
personnel in 1956, The study reveals that the variatics of the human
kead in size and shape is remarkable; for example, the ear positic=
varies approximately ! inch horizontally and vertically witk respect

to the frost and top cf the head. The head widih varies by maze han

1 inch and the head length varies by more than i.1/4 inches. For s
given head length, the head width will vary by as muach as 142 inch.

The conclusion was drawsn in the Air Force study that a sizicg system
based upcn the head lengik and the hezd breadth, as basic dimensions.
is less versztile than a head circumference sizing system because of the
difficuity in obdtaining accurate fleid measurernents of head length and
breadth; thereiore, a sizing systesm based upon the head circumfrrence
only was recommanded. This cosclusion is prodably valic if the ziear-
ante between the head angd the helmet is not considered very imposiunt.
It appeazrs, however, that the maximum ciexrance between the helrnet
liner and the head is very important. Witk greater clearance, the
amount of hebmet rotation which cas occur due to impacts tangens te
tke surface increases, and heinet reteontion is more éifficuit wher
large rotations are permitied.

The head iength and head breadth clearances permitted by a S-size
circurmferential and 2 £.size., head=length and bead-bBreadth sizing
system: were examined in the Air Force report. It wis noted that if
2 b-size., head-length and bead-breadth system is used in place of the
c. ~tentiy aceepled 2-size circumfisrencte system, the head lengih
clearance withis-a-size heimet wiil bt reduced by ity percent and
kead breadth clearance wiil B¢ reduted by {wesly pescent. The per-
centage reductions stated are hased upon egual percentils coverage
for the {iying popuiatiom.

The following factors shoalé be considered before the sining systen
for aviator heimess is sefzcted: {1} eptimum {it enhiances helmes re~
texticn due tC the redused clearsnces, expeciaily for & nape stragp
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harness: {2} optimum fit reduces size and weight to the minimum for
each individual. It is conciluded that a 6-size head-length ané kead.
breadth system significantly reduces ciearance dimensionx, and this
system is recommended especially for helmets with nape strap re-
tertion systems. If the supply problems of stocking & sizes are zone
sidered prohititive. then the second choice wosid be a 4-size sysizm
based on head circumierence in whick the sizes are called small,
medium, i&rge. and extza large. It will be more imporiant to use a
b-size iength and breadik sizing system if the nape and chin strap
continue ir: ase as the priccary method of helmet retention. if a
peripheral “collar™ type retextion system is adopted, the effect of fit
on retenticn is reduced, aad the l.size circumference system should
be actceptabie.
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APPEXNDIX VE
HELMET COMFORT AND COOLING

Comfort is defired by Webster as “a stale of ease and quiet enjoyment,
free from worry, pain, etc.”. UObvisusly, a helmet cannot provide this
blissful state; therefore. comiort in an aviator helmet must be defined
as minimizing the discomfort of carrying 2 weight on the head. The
helmet wearer should tolerate a certain degree of discomfort if con-
vinced of the additional safety provided by its use.

In order to provide a minimeuem amount of discemior:, tne follewing
items should be considered in the development of @ heime?: {!) mini-
mum weight. {2} minimum moment of inertia, (3) muinimum pressure

on the head due to helmet weignt. {4} helmet center of gravity csinciding
with head center ©f gravity as nearly as possible. and {3) a comfortable
temperature and humidity level. The first fcur items are discussed

in the main body of this report. but temperature and humidity are
considered here.

Most helmets should be comicrtable in low temperature environments
because of the s#xcelient insulating properties of the energy-absorbing
materiale. Of course, the oxcellent insulating properties work in re-
verse in high temperature ensvironments. and the cuiflow of keat from
the head is retarded unless heat rejection is accomplished through
better ventilation.

Several methods of cocling a belmet can be considered such as (1)
natural ventiiaticn, (2) forced.-air ventilation, {3) reirigeration by a
circulating flzid, and {4) thermc electric cooling. None of the methods
of cooiing were developed in this study: however, satural ventilation
cocling was considered and a test was conducted 10 determine what
benefit corid be gained from ventilation holes with 2 total area of 3
square inches in the aft portios of the helmet crown. An area of 3
sQuare inches does nol compromise impact prolection to any exient
tince it is shown in Apperndix Il that a low {requency of injuries occurs
in this area. The temperature tests are described in this section as
foliows:

HELMZET TEMPERATURE MEASUREMENTS WITH AND WITHOUT
VENTILATING BOLES

Test Article Description - Two large size 2eimets manufaciured for
the Air Force by Coasclidated Contrels Corporaticn were used in this

o
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exprriment. The helmots were lned with Q. Z3.inchthick viay! foam
pads ia the front top and back. The helmets wezre cut oif 2t 5.3 inches
from the top at the exr canal (tragus) Iocation as skows in Figure 30.
The sling suspensions in the helmets wers unmedified angd they weare
adjusted to give approximsaiely D. T3.inch ciearance in the crown of the
helmet between the vinyl pad and the siing Suspensios.

Provision was made to instail a thermmometer in the air spice between
the head and the crown of the helmet. A thermomster with 0.2 degree
U graduation was used 2o that accurzte tempeszturs readings could be
obtained. The heimets were desigaated 4 and 8. Helmet! B was drillsed
veith feur i-inch-dizameter holes o 3-inch centers. The tast article

is shown in Faigure 58,

TESET PROCEDURE AND RESUL'TS

3

Test No. 1 - This test wae periormed indsors ander controlled con-
ditions to evaluate the temperature difference inside he'mets A and B
éue to bedy heat aicne.

The ambient 25 temperature was noted at the beginning of each test.
The thermometer reading inside the helmet was recorded every five
minutes until the temperature stabilized. The temperature versus
times data for this test are plotted in Figure 31. It can be szen that the
ventilated helmet B was about 1.3 degrees C (3 degrees F) cosler than
the unventilatezd helimet A.

T2st No. 2 - This test was performed outdoors to evaluate the effect
of high ambvient ternperatures on the temparature difference inside
helmets A and P. The test prceccedure ‘r23 identical to test No. | except
that the helmets were exposed to the sun for enough time to elevate
their temperature toc ambient conditions pricr to donning.

The results of test 2 are aiso shown in Figure 31. The fiuctuations
noted are the resui? of gusts of wind ventilating and coocling the helmet
interior rapidly. The temperature readings were stopped after 45
minutes bacause stabilized readings were not obtained as with the in-
door tests. it can be seen that the average temperature difference
between helmets Aand Bis about 1.0 degree £ (2 degrees F).
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The small temperatore difference noted betweern the veatilated and
unventilated heimets alone may not justify ventilation, bowever, the
teneficial effect of perspiration evaporaticn due to ambient air move-
ment may ke mare important than the small temperature difference.

In view of the low {approximately 20%) humidity conditions under which
the tests were cunducted, the benefits of perspiration evaporation could
ot be evaluatsd. It may be that the upward movement of air in humid
climates wouid be helpful in perepiration removal. Further tests with
varving humidity may be necessary to determine the maximum benefits
obtainable with natural ventilation.
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