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HUMAN  CkAiHWORlttlhESS AMD CRASH  LOAD LIMITS 

Bennii.y fc.   von Qietkb,  De Eng,   Intb Kaicps,  Pnü,   «no J«B«B N.   Biinkicy 
bioaynanatb «na Bio*nqln««rin9 Divibion 

Harry C.  Arutrung Aecobpate Mnoical  itesaaren Laboratory 
Wu^nt-Patteibun Air   Foice  Babe,   Omo     45433-657J 

i SUNMAitY 

Oo 
U 
OTne abbebbtuent ox tue haiaro to a cr*wMtnt«r in a («otential 

aircratt craan raquirok intormation about nunan tolerance to 
Omtcnanicai torcas,  a oetiiou tor tne loantitication ana «valuation ot 
tue contributing tactorb to potential  injury in a craab ana a ueanb 

O..       ot eatinating toe environmental  torcea on an occupant ana tne 
l~       reaultant reaponaea ot  tne occupant.    Rcaulta ot  reaearcn In tbe US 
I Air Force in tnea« three areaa are aiacuaaea.    Specitically,  1)   the 
P      rationale tor ana toraulation ot a oynaaiic teaponue aix 

negree-ot-treeoon wnole boay impact tolerance apecitlcatlon, 2)   a 
tt*      uvtailea neaa-apine btructutal mecnamcb ana a venlcle occupant groea 
^k      notion ngia boay aynanica nooel ana then  area» ot  applicability In 

ctaen anaiyaia,  ana 3)   teatutea ot tne newly oevclopea US Air Force 
Aovancea Dynamic Anthroponorpnlc Manikin  (ADAM)  are aiacuaaea. s^ It la 
kuggeatea tnat a coaprenenaive uetnoa tor  '"jury risk asaeaaiieiyt tor 
any ayeten nuat conaiaer ail three areaa. ^   Ti''   j^ 

LIST OF SYMBOLS 

5 - acceleration ot  the aynamic reapona« noacl naaa relative to 
acceleration input point. 

« - relative velocity between the Input point ana the noael naaa. 
« - coMpreaaion ot  tne nooel aprlng. 
• - oanping coetticient ratio. 
DR - oynaaic responae ot tne aoael. 
un - unoaapea natural  trequency ot toe aooel. 
s - aeat acceleration conponent along the pertinent aaia. 
g - acceleration aue to gravity. 
DAX - aynamic  reaponae coaputea tron the X axis acceleration  component. 
DAY - aynamic reapona« coaputea troa tne Y ana acceleration coaponent. 
DM - aynamic reapona« coaputea tron tne I axia acceleration coaponent. 

I. INTRODUCTION 

The ultimate ettectivenebb ot  tne craahworthinaaa ot an aircratt ia ita ability to 
protect toe aircratt occupant.    Vatioua aeaaurea ot an aircratt'a atructural  integrity 
can be naue,  but to« tinal aaaaur« ia the atate ot the crcwaeaber alter tne ctaan.    Thia 
atate prinaniy oepenaa on two tactorai    tne level ot expoaure to necbanical Horcea 
expenenceo by the crewaeaber ana tbe crewaenber'a auaceptibillty to injury aue to auch 
«xpoaur«.    To« tirat requires the apeciticationa ot aucn conaltiona aa whole boay 
accelerations ana localixeo impact torcea un tne boay ana the aecona requires the 
bpecitication ot the criteria tor  tolerance to auch accelerations ana torcea. 

In this report some ot  the latest aavancaa in aatbooa tor  injury  potential asaessuent 
oevelopea by tbe US Air Force are aiacuaaea.    Tbeae incluoe criteria ti.t whole booy 
tolerance to acceleration,  analytical aethooa tor preaicting human boay reeponsea to 
various aecnamcal torce expoaurea ana tbe aevelopnent ot a highly aopbiaticatea manikin. 

II. SIX-OGCREE-OF-FREEDOM ACCELERATION EXPOSURE  LIMITS 

Tne current aetboa tor assebbing tne riak baxaro aaaociatea with whole boay 
acceleration ana which takes into account tbe oynaaic character ot the boay's response 
was oevelopea by steck (Ret. 1) ana la known aa tbe Oynaaic Response Inaex (DRI).  It 
iueaiixea tne huaan response aa that ot a aaaa aupporteo by parallel elaatic aprlng ana 
aanper •l«a«nta wmen respectively represent tbe upper boay aaaa ana tbe luubar/thoracic 
spine. Tbia »ooei waa originally oeveiopeu to piovioe an injury riak aaaeaanant tor 
aircrew aeabera being ejecteo troa aircratt ana ita applicability waa strictly linitea to 
longituainai apinai accelerations.  Nnile thia aoael waa oevelopea to aaareaa ejection 
probleaa, it also waa applicable to otner aituatlona where tbe boay primarily experiencea 
abrupt vertical accelerations aa, tor example, in helicopter crashes. 

Tola aoael oaa recently been generalizeo to also incluoe tore-att ana lateral 
responses at weil aa an acioeo rotational tolerance aecnaniaa (Ret. 2). Tne approach 
taken naa iiuluaeo tne tallowing aaaunptiona ana atepat 

1. Uae ot toe aaa« aynamic mooei tor all three orthogonal boay axes. 

2. Assignaant ot an injury-riak level tor each axia. 
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i.    Aksuaftion ot   iiio*|«na«nt  «tsponso «ion«) ••en octnoyonal  axik. 

4. tv«iu«tioi> ot  tut  injury IIKK levei •kkunption* utirnj «xitiiny oat« ttom impact 
t«ktb iiitiuoiny onma witn acc«i*ration vactoia oti  tn« ortnoqonai axas.  ejection beat 
t«üc aaca>  ana acuaiva witn BatnMMticai BOO«!«. 

5. Aaaignaatnt ot angular acc«l«ration liaitit baaaa on tn* cttccts ot  then 
ti«ii»i«tion«i accaitttation coa|)onanta« 

Tu« equations tnat uvbcuL«  tM oynaaic tasponk« along caco aajor  axik at* qivan In the 
tonowing «rquatlonki 

DR(t) 
Un

2Mt) 

Ttitt axas ar«  tauen  so that  the *l accalaration act« tiom toot  to ftaaa ana a +X 
acc*l«ration acts tiom back to tront. 

tatn ot  tu« uynamt  raapona« moaelb,   otnei  tban tor  the  +2  axik,   w«r« ueveiopeo by 
tue ««■• ptoceuure.     Fitbt,   tn« •aparimntal acceletation-tinie niatorla« troa taata with 
vuiunttt«r kubjvet« were approaiBatao with • halt-bin« pulfc« what« t«a«lbi«.     The test 
uata, whicn war« •«aauraa on tn« t«kt tl«tur«« that tranaaittaa tn« accaAaration to the 
kubjactk in wnoi«-boay mpact  tektk,  were obtainea ttom nunerou« report« publish«a by US 
Air Force ana Navy invektigatora ana Department ot De^enae contractor«.     The 
approximations were eatabiibtiea by lit tiny the peak acceleration ana the tine to the 
acceleration peak  (ri«e time)  witn a nait-aine puibe.    Till« proteaute yielaea relatively 
goou tit« tor  tne majority ot  the uata.     However,  the tit was not gooa where  the 
experikiental acceleration pul«« «nape wa« actually mote trapeaoiaal,  a« in aoue ot 
Stapp'k early teat«  (Ket.  3)   or wnere tne accaleration-tiiie niatory wa« irragular.    In 
buch inetanc««,  tu« proceaure uvea we« to tit only tn« initial portion ot tue puls«; thi« 
approach proviuea a coneervative ektmate «inc« tne energy ot  the tlttea halt-bine puibe 
wa« always 1««« tnan tnat containaa in tne actual aata.    Secona,  a uoael  response curve 
was taicuiateo which was oeecnptiv«  ot  tn« bigber  acceleration oata point« where,   in 
many ca«««,  «ubjactiv« tolerance liuit« ot  injune« naa been iaentitlea by the original 
investigator«.    Tn« curve wa« oenveu by conputing the peak raaponsa ot  a 
«ingie-aegree-ot-treeaoui uoael  to ha^t-t>ine acceleration pulses ot varying ouration«.    To 
««ikct tue natural treijuency ana the uasping coetticient ratio tor each axi«,  the natural 
tregueiicy ana tne aanping coetticient ratio ot  tue aoael were aujustea until  the «hap« ot 
tu« peek re«pon«e to the nelt-kina acceleration puite matchfa available human rcBponse 
oat«.    Tue reeuit« ot no-injurious acceleration exposures ot volunteer subjects were also 
coiikioereo to verity the tretjuency reaponee ana aaaping characteriktic« of  the uoael. 
Venticatiun wa« accouplikhea by «tuoy ot the relationshlpa between the acceleration 
input conoition« ana the neaeured reaponses ot  tn« tebt «ubject«!  e.g.»  acceleration ot 
bouy «egneutk,  ai«plac«D«iit ot  boay «eguent««  reetraint name«« loaoa,  «no torces 
ueasureo between the beat  «tructur« «no the tebt  «ubject. 
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Figure 1 Moael Keeponfc« Curve tor +X Axis Halt-Sine Acceleration Pultes 



22y 

rigucc 1 EtiowG the mouej   response  cucvc  initially fittao to oat« collactao troc 
•xiwiisant« couauctvo witn tne acceleration vector alrectea priaarily along the *X axis. 
Ttbtt rekultir.g in injury  (kpinal  tracturea)  or potentially aerioua sequelae 
(caruiovakcuiar snock)  are oeaignatea by tne black aynbola.    The curve was oeriveo troa 
tue responaes ot a natnenatical aooel witn a natural  trequency ot 62.8  rao/acc ana a 
oauping coetlicient ratio ot ».1.    Eacb ot  tne noaels tnat nave been acveloped preauaea a 
apecitic reatraininq sytten. conaiating ot   a lap belt,  crotcn atrap,   and double atoouloer 
ktrap contiguration. 

Figure 2 knows tne oenvca curve and oata points tor -X axlk impacts.    The available 
uata pointk oo not oenonsrate tnat tne nunan body can tolerate higher acceleration levels 
as  tne auration or  tne acceleration pulbe  Ik oecreasea.     However,  this  appeared to be a 
reabonable approximation on tne  basis ot  data tron tests with animal  subjects ana 
analysis ot  physical   responses ot  volunteer  test  subjects.     A tutther   refinement  ot  the 
muaei  coemcients was maoe baseu on  ttanstet tunction calculation relating test  seat anu 
occupant cnest accelerations.    Tne results ot 11 tests conaucteo at a level of  liG 
(impact velocity ot  3«.5 tt/sec)  were analyxea.    The mean natural frequency was founo to 
oe  64.2  rao/bac   (SO ■ 6.*)   ana tne mean aanping coefficient was •.23   (SD ■  B.»7). 
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Figure 2    -X Axis Acceleration Response Curve 

Tue injury-risk levels tor  tne *l axis were assigned by  using the 51,  5,  and 
M.S-petcent probability ot spinal  injury  from tne injury probability distribution for the 
DRI repoitta in reterence 4.    These injury risk levels are characterised as high, 
moderate,  ana low with respective liR values ot 22.8,  18 and 15.2,  aa shown in Figure 3. 
A Slt-percent probability ot  injury was selecteo as the highest spinai  injury rate 

uu - C=3 

^ ttfc=d E 111 (1 
s   ■*.} -R-fl riS Mh-V 1   1 

KS s 1 11  _    t 3-S N n — 
10: llTr"" 

  
i 

1.0 
.001 1.0 .01 0.1 

TIME TO PEAK IN SECONDS 

Figure 3    Injury Risk Levels tor ♦• Axis Halt-Sine Acceleration Pulkes 



•ccaptaoit In tu« ■ystaa a*iil«n tor two reasons.    Fust,  it is tit* blgMat spinal   injury 
tat« tnat oas caan obaarvao tor any USAF ajaction seat.    Sacono,  tnif  lev«! »as judqaa to 
om torn BaxiBuii aliowabi* conaioanng tnat »ultipl» aaposuraa »oui;  l<a iikely subsaquant 
to tn« catapult accaiaration«   i.a.>  rocket accalaratlon>  parachute-opamnq shock«  ana 
grouna lanaing impact.     Tne noocrate-nsk lavai corresponas to the ievel   usea In currant 
USAF ajaction-saat oaslgn  (tat.  5)  ana la at a ma-point between the high ana low levels. 
Tn« low-risk level  corresponas  to accaiaration conditiona usea routinely  without  incioent 
in tests with volunteers conauctaa by  to« USAF. 

Figur« 4 illustrates tn« injury-riak levels aaaignaa tor the -X axis.     Tne DK liait 
values ar« 46,  35,  ana 28. 
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Figura 4    Injury Risk Levels tot -X Axis Ualt-Sinc Acceleration Pulses 

To« Mtooooiogy usea to «staoiish toa risk levels proaucea higher  ctatiaticai 
contioanca in it« application ot toa +/-X ana *t «aa« than in it« application of to« ♦/-V 
anu -I asaa sine« >or« aata «ta available to oatlna to« nigner-risk lavala.    TO« uat« 
usea to oetme toa risk lavala tot th« Y atis oio not parnit tb« assignnant ot  hlgo-tisk 
levels wito an aaaquata oagtaa ot contioanca sine« claat avloaoca ot  Injury oaa not been 
oba«rv«a unaer laboratory conaitions.     The Y-axis aooal waa Initially aaaignaa tb« saae 
coatticxanta as toa X-axis aooal   (tat.  <).    But the injury risk lavala war« lowereu to 
corraapono to to« levels juogaa reasonable on tba basis ot available huuan test aata.    A 
tranatat tunction analysis tacomqua oaa baan us«a to proviae coefticients tor tba Y-axis 
■ooei.     Using aata troa «-C iapact taata »itb 13 volunteers,  a »«an natural  t'raouancy of 
bb.» rao/sac  (8D - 1.7) waa oativaa.    Toa oaaping coatticiant was •.■*  (SD • •.14).     DH 
unit values, which bava baan estmatao,  ata 22,  17, and 14. 

Tba huuan test aata available tor  toa -I axis, ata also liaitaai howaver,  tba 
accaiatation-tiaa histories tOat oava baan usea in non-injurious tests wltb volunteers 
span a relatively latga rang« ot tiaa aurations.    Tb« low-risk level waa aaaignaa on th« 
oasis ot injuty-ttaa laboratory taata wltb volunteer subjects.    Tb« siooerate lavel was 
aaiactaa on tba basis ot ptavloua aownwaro-ajaction catapult accaiaration limits, ano the 
uppar  bounos ot tba available aata troa taata with heavily tastiainaa subjects were  usea 
to «stabilen toa high-risk liait« although injuries wet« not observeo.     Tb« available 
aata wet« oot sutticient to uo «or« tban provioa a rough apptoxination ot  tba ttaquancy 
response tang« ot a aoaal  tnat woula ba oaactlptiva ot human ovnaiiic response to -I  axis 
acceleration inputs.    Since tba +1 axis aooal waa in that range,  tha natural  ttaquancy 
ano aauping coatticiant tot  tb« +1 axis aooal wata aaiactaa tot tha -I axis acceleration 
liait aooal.    Tba DR liait values which wata aaiactaa «r« IS,  12, ana 9. 

Wnne tha inaiviaual orthogonal axas responses were assuaao to be  ina«p«na«nt,  a 
coabinaa risk sssessuent in tha tora ot an allipsoioal envelope is proposeo.     It can be 
«xpresseo in tb« following fotai 

BnaxiM^    2      +   / j^xiii \   *      ♦   (niiiit\ \   2 A 
UIIXL   J \MYL    J \0UL    I       J 

1.» 

wnet«  tu« suttix L oenotes tba libiting value  tot tba aaaignaa tisk value. 



Tu* tab* ot  ptovnai.y ccitvna tor  bounding «ilowabi« anyuitt   acctitiation nai, been a 
l>tot>i«ai tust oak  caquirco an aBb«b&u«nt  tcon tirat pcincipXas since no preecoent exibte. 
Tua{«  ib vtij   iitti.« aata avanaoi«: on nunan toieranc« to angular  acccltration ano 
Vkiocity.     Tranbiationax acc*Xt>rationb ana angular  rates have been ueasurec  in only one 
itbt wiiere a volunteer «as ex(>osea to tbe conbineo translational  ana tiign-level  angular 
accelerations tnat way be abbociatea witu ejection seat operation   (ret.   7).     The  approach 
b.'iecteo to HBlt tue angular acceleration  it  babeo on the hypotnebis tnat  tne  irounes 
abbociatea witn angular acceleration are directly related to local  linear  accelerations. 
Tnib nypotuesis oas soue support based on tne experimental  tindir.gs ot  Taraov   (ret.   8) 
ano Neibs et al   (ret.   9).     Tnub,   tne  tangential  and,  to a greater  degree,   tne  centripetal 
acceleration uust be considered.     Payne tias  recoDnenaeo that atbtbu-.tnt  ot   the ettects  ot 
angular  acceleration be accoaipllsneo by  applying to the injury noaelb  the  net linear 
acceleration due to whole booy translational acceleration plus tne local  linear 
acceleration due to body rdtation at a body center point.    In the application ot  thib 
Betnoo a bouy center  point that  is  lb.2   in.   up and 3.4  in.   torwara troio  the  seat 
reterence point   (the  intersectitn  ot  the planes ot  tne seat,   seatback,  ano the 
Hid-sagittai  plane ot  toe seat  occupant)   «ab  chosen. 

III.      HttUICTlVt  HUOELS 

Tue Bost uesitabie tors tot  tolerance criteria is one that ib specitiea in terns ot 
external  to the booy variables.     For  exaaple,   the acceleration ot  the  seat,   the  ispact 
velocity ot an aircratt or tne height ot  a fall can be useo to estinate the lixelihooa ot 
an injury.    Uhtortunateiy Bost injuries associated with aircraft operations oo not lenu 
tueubeives to such sinple approaches  because  the exposure conditions are  usually more 
coupiicated anu better  resolution between exposure cunoitionf. anc injury  consequenceb  is 
neeueo. 

This uay  be illusttateo by  consioering the case ot  a helicopter  crabh  in which the 
net  crash deceleration anu ground  impact velocity may be  reasonably estin-ated,   but  the 
degree ot anticipated injury  can be substantially uooitied depending on whether  the 
Helicopter was eguipeo with an energy absorbing seat,  the seat stayed tigloly attacheo, 
toe crewmeBber was in an upright  position at  time ot  impact,   the  'larness  tunctioneu 
propeny  in  restraining tne crewmember  ano the  aircratt structure was  sutticiently 
uetormeu to interact with the crewmember.    Obviously all these factors complicate an 
injury potential assessment ano in a given crash event any one of  them may  be the 
causative factor in an injury or  fatality. 

Wnne no current method exists tnat can factoi  in all such eventualities ano provide 
a meaningful  absolute  uoury  probability  prediction,  analytical  models are  being 
developed that can assess tne relative effects of sysiim designs,   proceoures ano crash 
conditions. 

One sucn mouel  nab been developed by the USAF to predict stresses developed in the 
spine aue to abrupt accelerations applied to tne torso  (Ret.  ID).    This is a thtee 
diBensionai,  discrete mooel ot  the human spine,  torso ano hetid developed for  the purpose 
of evaluating Becnanical  response  in pilot ejection.    It was developed in sufficient 
generality to oe applicable to other booy impact ptoblems,  such as occupant response  in 
aircraft crashes ano arbitrary loads on the head-spine structure. 

A grapnical  representation of  the Head-Spin* model structure is shown in Figure 5. 
Toe anatOBy is modeled by a collection ot  ngia bodies, which represent skeletal  segments 
suco as toe vertebrae, pelvis,  neao and ribs,   interconnecteo by oeforBable elements, 
which represent ligaments,  cartilageneous joints, viscera,  and connective tissues. 
Tecnnttues for representing other  aspects of  the environment,  such as narna*ses and the 
seat geometry,  are also included.     The model  is valid tor large displacements of  the 
spine  ano treats material  nonlineanties. 

Tue basic uooel  is modular  in toraat,  so tnat various components may be ouitteo or 
replaced by simplified representations.     Tnut,  while the complete mooel  is rather complex 
ano involves substantial computational effort,  various simplifieo models are available 
that are quite effective in duplicating the response ot the complete mooel within a range 
ot conaitions. 

Various conoitions can be stuoieo using the mooel,  including different acceleration 
pulses,  harness configurations and elasticities,  seat geometries and initial spinal 
postutes.    Predictions include  spinal  oefornatlon,  local stresses and a thoracic/lumbar 
compression fracture probability.     The latter  prediction is based on the predictive 
calculation of vettebtai body stresses during a dynamic exposure event and the comparison 
ot these stresses to measured strength properties ot human vertebral  bodies  (Rat.  11). 

The injury prediction is given in terms ot  an Injury Potential Function which is 
obtained by oividing the maximum predicted stress at each vertebral level by tne 
corresponoing vertebral level mean tallute stress.    An example ot  the Injury Potential 
Function tor a fully upright and tightly restrained individual  is shown in Figure 6. 
Four levels ot vertically applied acceleration ranging troa 14 to 21 g's are considered. 
A bi-BOdel response is observed with peaks at T8 and L3.    The steep increase of the 
curves at T4  lb probably not realistic because ot the relatively unstable response ot  the 
upper  thoracic and cervical  spin* structure.     The higher probability of  injury predicted 
in the middle thoracic region than the lumbar  region, which is the more common region for 
spinal compression fractures,   illustrates the model's capability to examine tne effects 

I 
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ot varying conditions.    In tint C«M it anowaa tbat a highly uptight saatao position ana 
ravtnctca coiusn banuing au« to vary tlqnt toiso taatralnt say aova tft« most llkaly aitt 
ot apinai Injury up tn« spin*. 

Anotnar aooai aoaptao by ttia USAf to atuay gross niuaan body aynaalcs la tlia 
Articulatao Total Body  (ATB)  aoaol  (Hat.  12).    This aodal  la a oarlvatlva ot Uta Crash 
VictiM Slaulator  (Rat. 13)  originally oavalopao to atuay roaa vablcla occupant notion 
outing c.asnaM.    Tft« ooaai  la totally tbraa-dlaanalonal ano ita analyala »atttod la baaad 
on couplao rigid body aynanica.    Its standard contlguratlon> conalatlng of IS sagaianta 
ana 14 joints« as anown In Figur* 7. 

A grapnlcai oapictlon ot tba nooal  la shown In Flgura • wbara tba aagaanta ara 
oapictaa by •iiipaolaal aurtaoas.    Tba graphical dlaplay can bs praaantad fro* any 
uiraction ana aiatanca and ita ifeaga projactaa tbrougb a point.    Buch a graphical dlaplay 
•lions diract coaparlaon to vloao imagaa as wall aa being a convanlant aaana (or 
aaaalhing booy poaition and notion ralativa to support and potentially Intaractlng 
structuraa. 

Too aouaiaa boay atructura la aaauaao to ba passive In that auscla forces do not 
act.    Tne aynaaic reaponaa ot  the boqy can ba inouceu by Interactions with the seat ana 
narnesa systaa or winobiaatf  gravitational or local contact forcaa acting on the 
kegaent«.    in addition to the graphical depletion of body aotion, tha linear and angular 
aiapiaceaents,  velocities and accelerations of all  aageenta,  the (orcea and noaients In 
all jointa«  the points on segaents and forcea of contact and the loads in the harness 
aystaa are predicted. 

Figure 5    Graphical Repreaentation of the Heao-Splrve Model 
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FifciK« V    Gca(.l>ic«i  hen«k*nt»ticn ot  tM Aiticui*teu Total Body Nooal 

Vaiiouv aata baaaa tot alttvcant all« maj«»,  taaalaa and cMldran  (Raf.  14) >  aa wall 
aa tii= Fait 572 ouany   (fiat.  IS)  ano tna Uybtio III oiuny   (Mat.  1()  itava luaan duvclopaa. 
Tiitfct allow a bioao ctiolc« ot occupant alsaa ano can bm uaad to Invaatiqata attacta on 
uynanic caa^onaa ot ana vanation. 

Hunan raai^naa valioation  (Kat.  17)  ano diuuay  taaponaa valloatlona  (Rat.  18)  nava 
baan baoa witn tna aooai.    Aooitionally a numbti   of alaalatlona bava baan batformad witii 
aacallant a^taaaant batwaan ptaolctao and obaatvao taaponaaa  (RaC.  19 and 28). 

Tna ATB uooal  la an aicailant tool  tor claatanoa or body ttajactoty ptatllctlon.    Tha 
■boual waa uaao to invaatlcata cnllo notion In an autoaoblla during |<anlc braking and 
hubaa<iuant »pact   (Rat.  21).    Tnraa cbllo alaaa and aavan olttarant Initial poaltlons 
wara cuoaan.     In Figura 9 a cbilo initially facing torwaro axpanancaa a .SG vabicla 
oacaiaration wbila nia taat nava a .25 aaat triction coafficiant.    In Figura II a child 
ii. tna aana initial position axpanancaa a .7C vahicla dacalaration whlla hit taat bava a 

-f 
V 

:^1 

r T 
Figura t    Two-«na-0n*-Ualt-Yaat-01o Cbilo Notion During .51 C 
Fanic Rraking Dacalaration wltn .25 Saat Friction Coafficiant 
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Figur« 10 Two-«nd-On«-H«lf-Year-Old child Motion During .70 G 
Panic Braking Deceleration with .20 Seat Friction Coefficient 

.it  b«at telction coetticient. In tn« tint case the notion i» relatively benign with 
tne cniiu not contacting the oaan «no coalng to rest on the front part of the seat. A 2* 
percant [«auction in the «eat friction coatficlent, coabir.ea with an incraaa« in vehicle 
oeceleratton fro* .56 to .7C, aubatantlally ■ooltlaa to« reaultant booy notion leaolng to 
a aignifleant heau lapact with tba oaab ana final booy location on the vehicle'k floor. 

Tn« above aiaulatlona are only two of over lit  that «era pertoraea in which varloua 
conaitiona ana paraawtere were vanao« but they llluatrat« the eac« of esaalnlng the 
relative attacta of aucn change*. The Boael hat alao been uaed In a nuabet of Internal 
UKAr atuaiaa to lc«k at booy Mition ana dearancta of lUiba aurlng eacape fro« aircraft. 

IV.  MWAMCtO NAMIKIM OEVELOPHtNT 

To« ua« of Mechanical huaan aurrogatea or uunaiea la becoalny a aora coaaon ana 
relevant approach tor aaaaaa^ng the aatety or craah protection ayateaa and procedurea. 
Kariy auaaie» ware oeveiopea to pcovla« Inertial loaalng alallar to that of the huaan 
body ana were prlaarily uaea to teat the proper operation of harneaaea« aaat atructurea 
•no ejection aaata. In theae taata the concern waa with tba taaponae of the aqulpaant aa 
attactaa by tn« inertial etfacta of the huaan body. Typical duaalaa uaed for auch 
applicationa ware oeveiopeo by Sierra and Aloaraon In the l>5ta prlaarily to pcovloa 
nuaan-üKe bailaat for ejection aaata. Nhlle their overall aaaa diattlbutlon properties 
were ijuit« good« thalr joint aoblllty and booy flaslblllty ware highly Halted. Thla 
reaultad In a highly rigid raaponaaa to aaternal torcaa anc Internal oynaalc aeaaureaanta 
tnat oio not coapate well to huaan reaponaea tor kiallar «xpoaucas (Ref. 22). 

A new genecation of auaaiea waa oevalopec in tne 19ila ano 197»b, ptiaarily oriven by 
increaMio «apnakia on rvao uotor vehicle aafety.  Tne aoat coaaun ot theae it the Hybrid 
II uuaay originally oeveiopeo by General Hotora ana aaoptoa by the National Highway 
Traffic aatety Aoailniatration aa the atanoara autoaotive aafety coapliance teating duuay. 
Tula uuaiay. Boat coaMonly Known a» the Part 572 ouaay froa ita ooeuaentation oeaignation« 
nau conaiuerabiy laproveo buaan-llae tioelity ana was aealgnea to provioe internal 
raaponae aeaaurea that coulo be corrciatao to M|uivalant huaan rcsponaea ai.a possibly« 
likelihooa ot injury, aeverei other auaaiea were oeveiopea in tne Uniteo Stateai Great 
•ntain ano Sweoen In tbla saa« tlae petioo that atteaptea to lapcove reapons« 
characterlatica> but none acnieveo the oegree ot atanoara acceptance aa haa the Part S72 
ouaay.  In tne late l*7ts General Notora oeveiopeo the Bybrlo Hit which had iapioved 
bio-tloeiity ano inattuaentstion capability over tba Hybtlo II. 

This evolutionary process old laprove the atata-ot-tbe-art In ouaay dealgn 
aopniatication, blofloeiity and reapona« aeaaucaaant capability. Noat ot it, however, 
was directed at road vehicle aafaty dealgn conaloatatloiia with considerable «aphaaia on 
cheat ana beaa lapact teaponaeat horitontal plane lapact events and teating under highly 
conttellao conoitlona. 

Attaapta to us« these types ot ouaales in aaroapaca anvlronaenta lea to the 
laentiticatloa ot a nuaber of ahortcoalngs. Tbaa« Includea the lack of a proper oynaalc 
longituoiaal spinal aus raaponae« which is the pcaooalnant loaalng direction tor 
aicctatt related force eapoauraa. Standard data retrieval by aeans of an uablllcal cord 
Halting traaooa ot ouaay notion and requiring a aaparate oata acquisition systaa. 
Durability auttlciant only to withatand relatively low fotcea coapared to those 
encountereo in aircraft crashes or escape fro« aircraft. 

• 
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Vo •oar««» tne»« sDoitrallB, tb« US Air rote* baa purauaQ the osvelopnent ot an 
Aavancaa Pynauic Antoropoaoiptilc Hanlkln  (ADM)  to b« uaao In tb* testing of escape 
ayataM ana varloua protection ayataas ano proceouces  (Ref.  23).    Tbia effort«  initiateo 
}.a 19«! nas raaultaa in the proauction of a aaall and a large Hale prototype nanlkln. 
Tneae aanlkln aiaaa are baaao on an Air Force Mia aviator antbropoaetrlc survey 
conouctea In 1M7  (Rat. 24) with the apacltlc dlaanalona ano Inartlal properties taken 
ttom US trl-aarvlca recoauaenaations (Bat. 25).    Tba aMll ADAM wbltb full akin covering 
la anown in Figure 11.    Tba aaall ADAM with upper torao,  rlgbt ara and right lag aklna 
reaovco to »now tba Mechanical structure«  battery atoraga coDpartacnt In upper leg and 
the instruavntatlon package located In tb* thorax,   la shown In Figure 12.    Also shown In 
Figure 12 la a beau mounteo antenna uaao for data tranaalaalon. 

Figur*   II     Small  ADAM with Full 
■kin Covering 

Figure 12    Small ADAM with Skins Partially 
Removed  to Show Mechanical Structure 

and Instrument Package in Thorax 

tba oaaign tor tbia aanikln stresses faithful buaan joint articulation ana torao 
anal oafotMtion to properly reflect tb* aaas ahitt» and liab aotion, a* «all aa oynasiic 
spinal coapruasion,  tnat an actual crewawaber would eiperience during a «bole body 
iapact.    Ml tba joint* with tb* exception of tb* neck and spine,  are single or coapound 
revoiute joint* with preciaely d*flM0 axes orlentationa,  joint atop* «itb »oft anubber», 
aojuktabl* tnction pada and poaiticn aanaing potantioaatara.    Thaaa feature» can be a**n 
in Figur*» 13 ana 14 which are tba knee and ahouloar joint* r*»pectlvely.    The axial 
apina eleaMnt ia a coablnao apring and hydraulic aaaplng alaaant which la tuneo to 
provide longitudinal iapact raapon** with a natural reaonanca ia tba If to 12 Ht rang*, 
«•-tuning aay be accoapilanad by apring r*plac*a*nt and uae of different viacoaity 
nyoraulic fluid,    »elow tba axlally oeforalng aplnal eleaent ia a univeraal joint that 
aiiowa tor yaw aotion and fleaural and lateral banding.    Tbia coapound articulation ia 
approsiaataiy in ta* luabar aaatoaical region ana provio*» tb* only bending articulation 
in tbe toreo.    Ta* total apina »tructure ia anown in Figure IS. 
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Figure  13    ADAM Knee Joint  Showing Flexure Figure   14     ADAM Shoulder Joint Showing 
and Tor«ion Articulations,  Friction Pads Multiple Revolute Articulations 

and Wire Connections to Position 
Measuring  Potentiometers 
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Figur« 15    ADAM Spin« 
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Tu« (lutatuxity ot tu« manikins WM speciiito in t«raa ot  a violant exposure 
envxronaant in wnicn tiiey auat be able to operate witnout any functional dagcadation. 
Tnib environuent i6 tne ejection into a 7M KCAS «rina strean,  in an ejection seat with 
unradtrainao iiabs for  tn« large aanikin and restrained araia ana iegs for the aaall 
uanikin.    Tney aust alao be able to auataxn 4SC iapact loaoa in tb« Gx, Gy and Gs 
diracciona witnout functional oagraoation or («raanant structural danage. 

Tb« stanaaro Hybria III auoiiy neaa and nack ar« used,  but«  aa opposea to tb« Hybrid 
III aasign,  tn« n«aa akin covering extenas over  tb« neck aa can b« s«en in Figur« 11. 

Tn« total inatruaantatlon ana data acquisition ayataa for AOM ia a substantial 
«ovancamnt over any other current aanikin.     Tb« syste* la located in tb« thorax,  la 
toaiputer  controlled ana«  in its standard configuration«  can collect 128 cbaniMla of  data 
a«: !••• aaaplaa/cbannal-aac and store up to 4 aaconoa of data aa wall aa teleaeter tbia 
of.tm in real time to a ground atation.    Tb« ayataa configuration can b« aodifica by «n 
operator«  tnrougb coaputer input« to change tb« nuaber of  channels,  tb« aaapllng rat« and 
tb« tiiter banowidtna.    Tb« circuit board configuration«  fro« a raar view, la shown in 
Figur« If. 

Figure  16    ADAM  Instrumentation Package with Rear Access  Panel   rvmoved 

Tu« availability ot  12« cbannals allows extensive monitoring of the aanikin'» 
responsas as wen aa collection ot external data.    ADAM baa been aesigneo for n«aaur«n«nt 
ot  tnree ortnogonal  accaieration couponsnts in tb« heau,   thorax and pelvis« six fore« and 
uoBent  coa|>onents both between tne heaa and tb« top of tb« neck and between the lumbar 
spin« ana tn« peivis; and tb« position of all  rcvolute joints.    Additionally, load call« 
ar* located at tb« jointa in the lower laga to aeasur« toraional moments.    The 
inatruaantation aystau provia«a tor signal  conditioning«  analog to digital data 
convaraion and pr« ana post data collection calibration for all of these transducer 
cnanneit.     A listing of  these tranaoucar cnannala«  including onas for internal 
teapwtatura ana parachute riaei loaaa, are presented in Tabl« 1.    Tb« other channels may 
t* usea for additional  ADAM aanaors or to collect external  information. 
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TABLS 1 
ADM TRAhSDUCtR CHANNELS 

1 Lett Hip Abouction/Aaouction Position 
2 Kiynt Hip Abauction/Aaductlon Position 
3 Lett Hip Flexion Position 
4 Kignt Hip risulon Position 
i Lett Hip «eaul/Lstetal Position 
i Kiynt Hip Hsoisl/Lstsral Position 
7 Lett Knee Flexion Position 
• Hignt  Knee Flexion Position 
• Lett Ens« Keai»l/L«tci«l  Position 
l§ Hicjnt  Knee Mtoiei/Latetal   position 
11 Lett  Snoulaet Aim-Joint Abductlon/Aoductlon Petition 
12 Hic,nt snoulaet  Ats-Joir.t  ALauction/Aaauction Position 
13 Lett snouloet Tnotsclc-Jolnt Abauctlon/Adduction Position 
14 Kiynt snoulaet Tr.otscic—Joint AMuctlon/Aaductlon Position 
15 Lett Snoulaet  Flexion/txtension Position 
It Kiynt Shouluet  Flexion/Extension Position 
17 Lett St.ouloet Nsalsl  Lstetsl  Position 
!• Kiynt Shouloet Hsalsl/Lstst«!  Position 
1» Lett Ac« Rsltlng/Lowsilng Position 
2t Kiynt AtB Ksising/Lowtlny Position 
21 Lett Elbow Flexion Position 
22 Kiynt Elbow Flexion Position 
29 Lett POISSIB SuplMtlon/Pronstlon Position 
24 Kiynt FctestB Supinstlon/Pronstlon Position 
25 Lett Lowet Ley Totqu« 
2C Kiynt Lowet  Ley Totqu* 
27-32 Hack Porcas «no NoMnts   (( asls) 
33-311 Lusibsr Fotce» «no Noasnts  (C axle) 
39-41 Heao Accelettion  (ttiaxlal) 
42-44 ■••a notation Rat*  (3 cata aanaors) 
4S-47 Cbaat Accalatatlon (tciaalal) 
4t-Si Palvls Acc*ief*tion  (tciaalal) 
S1-S2 Patacnut* Loaos,  Rignt and Lett Rlsars 
S3 Tmparatute H*asut*a*nt 
54-5» Lunbat Position 
St Vlscats Position 
<• Vlacara Accalatatlon 
(1 Stainoclavlculai llavation/Oapraaalon Position 
(2 Stetnoclaviculat  Ptonatlon/Retiaction  Foaltlon 

V.     CONCLUSIONS 

It Is suyyestau tnat a coaprahansiv* assassaant ot  Injury potential  In a crash or 
otnac aspoauca to violent Mcnamcal fotcas r•quires a broad baaad nethoaology Including 
diract Injury praoiction baaaa on envitonnental  condition*) analytical or nodeliny 
approacnaa tnat an ptovio* mteipolttive, aittapolatlva and sensitivity  Inforaatlon; and 
tn* us* ot Mcoanlcal  aurrogatas tnat can provla* diract aaasura* ot what the nunan body 
woulo aapananca in a «Ivan anvlronaant. 

Tna oiract tolerance crltarla« while usually  the aaalaat to us*,  otten have llaltad 
utility bacauaa taity apply to vary spacltlc nodas and aactoaniawi ot  injury,    for »xaxiple, 
tna ORI aa apacltlwd for avaluating allowable ajactlon aaat accalaratlona (Ret. S)  Is 
only applicable to I aaia accalatftlons and la strictly baaad on obaarvad spinal 
coapraaaion tracturaa aa ttoa Injury nechanisn. 

Analytical Mtnoaa and aodal» can provlda a neans of ralating a ganaral body exposure 
to a specific susceptible body structura and»  given the appropriate strength properties 
of the local structure,  allow praoiction of tallura/lnjuty of that particular structura. 
Proa an anglnaarlng point this 1* a straight torwara process;  bowevsr,  In application It 
can ba difficult cue to tn* larga variability In biological aatarlal propartlaa,  tna 
structural coaplaaity of  the buaan body and ttoa generally unknown axtant of actlva auacla 
participation.    Where tna aodallng aathooology  1* particularly  useful Is in relative 
assessments of ayataa oaaign cbangas, procaduca aodiflcationa ana operation condition 
variations.    Tna aaaaaaaanta ara naoe on ttoa basis of predicted changas in local 
straaaaa, daforaationa and accelerations) external  contact and harness forces; aaxiaua 
tanges of liab action;  and aaount of clearance between body aagaanta and atructucal 
alaaanta. 

To oafina ttoa expoaura environment,  tasts auat ba conductao that, aa closely as 
possible,   replicate ttoa anticipataa operational  conditlona.    Tbia not only raquiraa that 
tna vatoiclt' ot occupanta astarnal environaent la propatly controlled, but that ttoa 
occupant M an appropriate aurrogata for a ccawaaabar.    ttoa AOAM has baan dasignad not 
only to prMVid* corract raactiva load* into ttoa harnass,  aaat and any other interactive 
structures,  but to also ba auffidantly intetnally biofidalic ao that its internal 
response Measures aay ba raiateo to equivalent human responses  under ttoa saae exposure 
condition*.    While substantial validation atill needs to ba performed,  ttoa biofidality 
and extensive response aaaauraaant capability of ADAM should make it a powerful tool foe 
tna uafaty assessment of  aircraft,  subsystaaa and procedures. 
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