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7 e= Rober 3. MaclLean of 21L S, Berkley, Deertwrn, dchifaern. On

Aurast b, 1972, I mede an aflfidavit conteTning the preparstion unoeT TV Supers
visioz 0f & stucy esiimailng the elfectiveness of verious, alternative resiralnt
syste=s for occupasis of paasenger cara, In that ‘”’idavi. I stated that de-
talled materials supporting the principal assumpilons and gcncr.-;.l pethadology of

that study were then under preparation,

The attached repor‘.., entitled "Restraint System Il fectiveness,” cons-
titutes those oaterlsal A [ev comments on Ats gontents are in order First,
the estimates of lives anved shown in Figures 27 and 28 dirTer :ll"'*‘L}' froz the
escimates set forr in our savlier repor< because i was determinec in the course
of prepsring this report that our treatment ol lhe =iitiple impact accident placzec
too lerge a portion of the fatalities ip the Iirst Impact.

Second, 14 should be understood that celculation of these extimates w3
based on tegt &nd design date derived {rom experimental designs p"&-da. ing the
co—ouietions, which were completed in July, 1971. Thus the head anc chest decel-
erations assumed to be experienced by adult-aized cccupants were gerived [ron test
Gate or air beg systez designs currest in the period January througs Me—ch, 187,
=~ather then “he le‘e- designs thai have been developed to reduce the loads irposed
on standing children ©F deplovmenti of the alr bag. Test resulis shov theti & con-
secuence ¢ this rejesign of +he 2ir bag systecz hes beez %o increese ube oecele*-n-
+icns experienced ¥ adult-sized occupants. Accordinglw, the esziizates of lives
seved by eir bag systc..4 ~end to overstate the effectiveness of suck sys..er.'_s &S
they ==¢ zowv designed,

The e+iached report was n-e'ag:-ed under =y superision, ead I belleve
thet 24 feirlv end accurately Teflectis the basis for the estimates set forth in
the Teport etimched to @y effidavi: of August 4, 1571.

R R D

Robert 5. MaclLeal.

Sub.-.::'ibed ang sworn 1z belore be
this ‘5 dey cfl Sepiexber, 1%72.
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\=RODUCT ION

the atudy reporied here wvas i comprehepaive
tential of various automobile occupant safety

restreint systems, including both existing and proposed systams, soDe ef which
resulrs occupant participation (active svstems), some of which do not (passive
systens), and some systems vith both active and passive elemenis. Az analysis of
differsnt systems employing the same benefit criterion and the same basic asszptlions
ahould enhance confidence in the cosparative, 4* mt the absclute, nature of conclu-

sions about the effectiveness of the zystena.

This report contains s main tody discussing the model yssd in generatlng
the Tesulis along with the resulis themselves. In sddition, & mmber of technical
sppendices are included which describe in detail the underlying assuxotions and
cosputaticnal procecdures by vhich certain of the rodel parameters vere developed.
Zach appendix is referenced in the main text &+ the time the relevani technicue de—
seribed in the appendix is discussed. Thus, & the mein text i3 read by itsecll and
the appencices disregarded, the findings cf the study end the generel outline ol the
ethod used will be revealed. Oz the other hend, some readers with in-depil izterest
w1l vent to review sachk appendix as it is ~eferenced in the main text.

- The general objective of
assesspent of the itjury-reduclng P

Restraint Sv s Stydied

Ti"teen restraint systems vel'e studied. The driver in each systexm wvas

assumed to have protection from a third-generation, energy-absorbing (E/A) steering

olwmm. A mre comlete description of the cheracteristics of this E/A coluzm and
found in later smections of this report. The

4he rastraint systems studisd vill be
15 systems categoriszed by the rastraint available to ozcupants in each ssated pozitlion

of the mutcrobile, are lisgted balow.

1. Lap Belis Orly: 6 lap beltas, one for each seated positlon.

5. Presep: Rarness Confipuration, Currexzt Webbing: £ lep belis plus
shoulder belts for driver and right-{ront passenger.

3, Present Harness Conligpwwraiion, Constant-Torce Webbing.

L, Front-Seai Als Bag System: Adr bags for center and Tight-Iront
passengers, 3 lap belis in rear seatl.

S, Froni-Seat Alx Bag Systec Wiih Lap Belts: adr bags for center
and righi-front passengers plus 6 lap belis.

6. Front apd Ream—Sea% Air Bag System: 5 air bags for all occupants
but driver.,

7. TFron:t enf Rear-Seat AL- Bag System With Lap Belts: 5 air bags
plus & lap belts.
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High-Izpact Fenel: Irpact resistant instrusent panetr Ior center

Ah -

and right-front pass.ngers, 3 lap belts in reer seat.

Impact reziztent panel fer centor

Eigh-Izpact Fenel with Lap Selic:
end right-front passengerc plus 6 lap belts.

—as+ rezictant panel for

1€, Yigh~Impact Panel Front and Rezr Seat: I=azs
all occupants but 2river.

1%, Yipgh-Impact Panel Front and R=ar Seat With Loy B2lts: Impact resictant
nanal for all occupants but driver plus € lap boles.

12, l}'lm-nc:a Syztez For All Occupants But Driver, Curreant Webblng.

13, Harnecs Systes For All Occupants But Driver, Consiant-Forcs Webbirg.

15, Harness Systea For All Occupants, Current Wsbbing.

15. FHarness Syste= For All Occupantr, Constant-Force webbing.

Solection Of The Bamelis Coiterion

e banefit critemion used in this study wvas the mumber of motor vehicle

-

fatalities umong umrasirained occupants wilch would be avolded <hrough use ol a

safety rastraint systes.
economic considerations and casueltiies oiber
cluded, this enmelysis wes znade sird

Te=zsaons:

Although & mumeer of additicnz) criteria incorporziing
s+ +hen feielisles could heve been in-
ietly iz terms of lives saved, for the following

The fump frot fatalities to injuriec and/or to dollar~loss as

& criterion would be a large on:. Analysis in terms of

fatelities alone is corplex and difficult; consideration el other
criteria not only would increase the intricacy manyfold bui, st the
seme time, would decrease encrmously the validity ol the necessary
essi—ptions. This introduction of more-questicnatlie ecsupilens,
wniles expanding the scope of anelysis, would reduce consijerably
‘a2 confidence with which the ceaclusions cen be tregted,

Among other szdventages of comsifering only lives saved 1s the
unambiguity cf fatalitv—an occurant is either deed or not dead,
The seme finelity cannot be asscziested with non-fatel injuries.

o wmiversalls aczepied scale of injury severity hes yet been de-
veloped. tiz=piing to rank different injuries on some scale of
trauma imvolves sither the edoption of an oxisting, questionsble
czale of inju=—, or “he consiruriion of & nev scale, Develoning
injusr-reting sthemes iz beyond the scope ¢f this study. The
zrobler is fumher confounded b= the necessity of including fatallily
¢n *he injusr scele. The use of economic loss 25 e criterion in-

valves establisiing a dollar velue for e 1ile, zoonf other necesgesyy’
rrocedures; suzh enzlwsis is, zgein, bayond the sscpe ol this stuzr.

‘3
L8
B




The higher relisblility of fatality date
justification for its use alops., Essent
vehicle fatalities which occur are count
a condition which can be faked or not re

reasons. The seriousness of the consequences ol

provides additional
ially all the motor
od; fatality iz oot
ported for insurance
a fatal

accident alsc snhances th- 1 Xellhood +hat the accident in-

vestigator vill be conscientious in coll
pieces of information aboutl the accident

Caytions In Inte o Ra
No attempt should be made to deterwine t

restraint systems by summing bensfits computed separstely

population of lives saved by each systen DAY overl
separate benefits constitutes eliminating a fatall
ations ths combination of systems mey interact to
of the benefits for sack zystem considered alopne.
onal harnesses alone would be minimal, but when oo

ing systez becomss exirenely beneficial.

ecting the relevant

he benelit of a cocbination of
for each syste=. The
ap; in thia caase, nr=—ing the
ty oore than once. In other situ-
produce benefits exveecing the mmv
For exazple, the benelit ol dlieg-
zbined with a lap belt, the Toslll-
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CEVTRAL - BESCRIPTION OF METHOD OF THIS SvIDY

The two pajor tasks in this: study wvers, firgt, to develop a co==On
method of asaigning an effectiveness value to any arteotile~occupast restralnt
systs= and, second, to compare One restraint system with another on the basis
of nucber of occupant lives saved by applying this effectiveness value to fatal

acclideant data,

_ The first task vas accomplished by using mathematical models. O necoa-
sity, the approach requires ihe formiiesion of a nu=ter of assumptlons. Hovever,
each assu=ption is carefully formulated sc as to have obvious boundaries and im
reviewad corpletely ic terms of tho implications that assumption holds foT the re-
sults of the study. Wherever any aasmcrtion tends to favor one restraint systen
over apother, this fact and the reason: for it are pointec out.

Iven though this approach to determining resiraint effectiveness 1s Zinm-
ited principelly to ringle-irpact, froptel type collisions, ita developmant 1a sip-
nificant and will be fully explained ir the next secilon of this report, whaich dso
deals wvith single~impact fatalities, The single-izpact, frontal ccllision is - far
the Ereatest producer of mrtomobile occrupant fatalitles, and the approach deve.sped
provides &n organized, methodical wvey of assigning the effectiveness of a restreint

in prevecting Lwpact fatalities,

The sscond major task vas ax analysis of accident data to deterzine the
relative frequency with viich the various kinds of fatal accidents ocour.

Twvo major sources of accldeal datu wers used., Total accldent fatallty
data vere drawn {ror the report of the Hational Safeiy Council for 1969, the latest
yeur fer which a -report haes been published. Distribution of fatalities by type of
acclidest wec developed using daia provided by the Automotiive Craak Injury Research
activiiy ¢f the Cornell Aeronautical Latoratory. After an effectiveness value was

ealewlated for each resiraint systex studied, it waz applied Lo sach type of fatality-

producing ascident at the frequency wviik vhich each occurred, thus indicatling lives
saved ir thet type of accident. Adding lives savecd in each type of accident abowec
total 1ife savings for each restraint,

b
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METIOD OF CALCULATING EFFECTIVEMESS VALUES

The general approach taken iz this study 12 outlined belov; detalils of the S
mathod w11 be found in appropriato secilona of this repori. -

For esch restraint lisied above, mathematical modeling of the occupant~

restraint-vehicle systez established potential heac and chesi deceleraiions ol the
oceupants in a mumber of narTowl) categorired c- 1sh situations. Husan tolerance for-
milaticons were ussd to convert thene decelerations into elfectiveness values for sach
~rash situation studied. These effectiveness values, wveich reflect the adbility ol a
restraint to save lives in each givan crash situation, were then applied t0 accident
data showing the relative frequency of fatalitlies ocourTing in each suws situstion.
This gave the number of these fatali<ies which would oot have occurred had the re-
straint gystem besn used, Summing the resulis for all situations leads to an overall
estimate of lives aaved by esach reatTuintj this techzicue thus provides a direct com-
parison of <he life-saving potential of esach of the 15 occupant restriiot systemas

studied.

The Cowputer Similation of the Automoblle Crash Victin (1), developed at the
cornell Asropautical lLaboratery, was used for all simulations exvept the alr ba, .
Since the Cornell oodel does npot resesily inelude an 4iT bag asimulatios, anoiher eodel
developed ezpecially for alr bag pimuleiion was used, Ranges of occupant sissa and
crash situations were used ms imputs to both models.

Hyzan Tolerance

Erfectivensss values calculated in this study, as indiocated above, rellect
the ability of & —ezireini to save lives. As the ssverity of an impact increases, the
probatility of su—viving that impact deceases. The tore effective restraints will
attenusts impact severity to a greater degree than the laas effective ones. The
meames of impast assverity used in this stucy were poak head and chest deceleration.
The relationahip of these measures to Fobability of s=ival ia elowe in Figure 1.°
For example, the probability (in percect) of surviving an accident in vhich the msammed
peak head and chert dscelerations are 140 and 65 g's, respectively, would be obtalned
from Fipme 1; the lover of the two probabilities, 32 io this case, is the effectiveness
value. Tre derivatior of Figume 1 iz sxpleined in detail In Appendix A,

o Bl

Co™™mil Orm L T a+io

In mtor vehicle crash aimilaiicn, an elever—degres—of-{reedcm planar model
o7 an ocoupa~t and & vehicle interior cxing 2 frontal collisicon, developed by the Cor—
nell Aercnautical latoretory, provides the highest degree of realimm atteinahle at this .
“ime. A schema‘ic of the model is abows in Figure 2. o

*Figpce 1 is on +he next pags. All Fimmes are included within the text, near tbe
poizt of {irst reference,
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FIGURE 2

)
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CORNELL PROGRAM

MATHEMATICAL MODEL 3
11 DEGREES OF FRREEDOM S




-n—hlso o

T:a model of < human bedy ssmzists of an smiinisie assens
: T Y T L mam - ey 4 +
aight Tigld z=ess zepments e icmr AmT inmeorli: *"‘ ins nre sufliclent
wo nrovide charmacteristlz terzo and extresit.Icl.

These Tipid segmentz are conmeczted by nin Jelinir which inecorperite
ndjustable fricilion, metien-lizmiting zsienr and cla..—.:i e,

zircle with center at
-ﬁ

'l 'J"

b
(W]
1]
8 ]
o
19
‘.-

assu=ad te remain tangent Lo o2
4 -

he hip pi‘.-- end is ripidls anchorod in 2-dizenczicnal

on upper icrse stirap which iz ossumed

The shoulder reziraint consiziz cf
threwgh the thoulder pivat, and & lower zirap wmose intersectlon w2ih the

e
to paszs
<orso center.ine remainc [ixed. The pater-ial characterisiics of the restraint
4 o

syztex are simulated Ty 5th erder polymoziels of displesement and velocity.

1

The seat cushion iz —eprecented by twvo separats verilcal forces., The
primary force is & non-liness Zfunction ¢f vertlcal cushicen delleczion, assumed
to aset through the hip., The sezonda:j' force 1s a lineer funciion of vertical

-

dellaction of thae front edge ¢cf the seat cusnion.

The belt, sect, and contact forces which act on the océupant are calcu~-
lated frow tis clative displacamonts and velociti-s within the model aysiax
guring ths s‘ﬂp'.'..s'a mmericn) imtergration of the eocuctiicn ¢l motion. The dymna=ic
cheracteristizs ol the seat and contact r'-"nces arn regrecsented by 5Uh order pely-

nomials of displacement and velosity. The position and diseztion of the contact

forces are mauie determinent by mpproximsting the ceontact simfaces of the terco
with zirculer aves end resresenting the intericr su~faces ¢ thoe vehiecle vith

plane curlaces,

The irmdependeni or irput parapeLers to the lomell Frograz detall the
shape and meterizl characteristics el phoysicel componentis end subsystexs such
~hat the metk mcZel perfernc es o recl-wetid gvent. These indapendent peremetiors,
ol which there are soon 350, 4:%ine:

. The Cooupanmt -- which ipzludes ihe di-onsionsens ineriial
prener=ies ol the erticulated body zepments, beds loint
charactiaristics and body Lnitind tonditions.

+ The Veohicle -~ whizh includes 2 Jpeciol deacrintion of the
e""l“ interisr relative to the time—zerc position of the
ocopent's hip point mnd the vehiczle initial ccniitions.

« The l'=terip) Charpoterigtics — whick define 4Re ipad-dollesztion
Proterties of the ractiraint syries end of the vehl ime

centsact surlace:,

o ihe Zxcitation Terre —= wrich if tme time-varimmt varnicle
JazeleTavion,




=ne dependent or output paramsters of the Cornell Progras dellise the
response ¢f the Cornell math sodel for a particular set ol independent paramaters. :
The sizilated response locludes the following: o

of the occupezt
fewlated body

Gecupant Kinematics =— the time-variant position
e=d the acceleration of specific points on the art
such as the head, chest and hip.

Contact Forces — the deflscticn and the Velocity of dellection
for the contact surfaces and the force of contact betwsen the oclu-

pant and the vehicle interior.

Belt Response — the elongation and the rate of elongation of ihe
restraint systez and the bel: forcea.

Toe responsss of primary importance in thia study were head anc chesti
decelerations. The load—-derlection Froperties of wvarious resiraint systema and
the pertioszi interlor geomeiry contact p—face locations are the variables

eflfecting ozcupani Tesponse.

Oceoupant And Venhicle Packare o

Srall, mediuz sad large occupantis were simlated, corresponding to the
S5th percentils female, 50th percentile male, and ©5th perctentile mele, It wvan
asaumed that small occupants would have the front peat full-forwvard and laxge
occupants fullersarward. A mid-H-point position of the Iront seal was asmumed
2ot the medium oceupant and for all rear—seat ocoupants.

The iztesior geometry mslected for this siudy ves +hat of the 1973
Tord ca=, TVehicle dsceleratiop-time characiecistiics wvere approximated by the
curves shown in Figume 3 for 20, 30, L0 and 50 mph fixnd barrier crashes.

By

0 4 Pactopl De Imtdp

A review of 4he 15 occupant sestraint systems (combinations ¢l restralint
_l_dompone:‘us) included in the study shows that 7 basic resirzintis wvere evaluatec.
Tack of these restraints 1= discussed separately, as followa: ’

1., Troi=A Gama—ati-r Tpa=oy_ fhag=hins Staszing [olios

Tris 43 an advanced-design steering colurm rystem being developed to pro-
~vide a highes level of safety than the current system, waieh bhas been effective in
Teducin: fatelities and izjuries. The force—dellectlon characteristics of the third
generatisn columm were obiained from impact tests., The cumve was approxinated by a
polyooniel becanse input to the Cormell mathematical model reguires = pelyoorzial of
E.he £104k or lower order. This technigue vas used for all restraints eveluated wvith
-T"ie Corasll moodel. Thé peak head and ches: decelerations resulting fror application of
the model, for +he “hree occupasti sires, are ahovn as ¢ [upcidocr of berrier impact
speed iz Tir—e 4, The solid lime in this and the succeeding [iguree reFresenta the
value used to




FIGURE 3
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stimate gverall probabiliss of susvizel at 20, 30, ~C, and SC =ph, uwtilizi
the tolerance curves of Sigure 1. In Tigpure L and sudsejuent fligures, &
circle reprasents the mean of test date and 5, M, exd L represent the curves for
s=cll, pediu=, and large occupants, resectiively. The =inim= prcballlity ol
. $Yiaa

each speed is indicated on Figure L, asd 4t is usel tc octaiz a meed-probabiliy
Entrix that describes the overall effeciiveneas of <he restraint in e 12 o'clock

impaci,

Secause aprroximately 30 percent of vehicies on the road in 1949 vere
equipped with an E/A steering column, the effectivenesr o the 3rd generatllon
column was modilied b+ the following technigue:

I=.7xEyp+.3x1

whore 33_-, wmnodified effeactiveness of new system

T = imsrovemest in effectiveness over curre=t L/A colimn.

The colculietion lz shown in the following Table:

Barrier-

Tquivalezt Iffeztiveness,§ Irorovement

Speed, M Ex Eurant : LI x 1 T x E;; Modified E
0-13 100 °3 7 2 TC 72
16-25 100 70 30 S 70 79
28-35 97 ks 52 i5 65 83
36-45 23 10 13 L 16 0
Ls-s5 C o] c 0 0 0
56 & Tp o D ¢ 0 0 0

For smltizle impacis and rollovers, the benefii for +the driver behind
en I/i ccluzm can be sxhanced by a 1ap bel:, since <he lap belt will kesp the
operator ir position, preveniing ejesticn and reducing hazards of secondary im—
pects,

2. p= TRal+e

The lem belis used in these effectiveness =sti=etes are sizulations of
1%s used in curTent vemicles., That they are Teascaatli =flective at crash speeds
to 30 ok 15 seen iz Figure g5, Irn the absence of aa effective 1pDer-torno Te-
giraisi, iap belte are comperatively ineffective iz recucing fatalities at bigher
impact speeds, Towever, the lap bell does provide ec izmortamt function &t higher
Fpeels Dr relaining vahicle occupanis inside the vericle dusing rollover accidents,

6§
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3. Current Earpes: [river

The currest harmess 1is smade of webbing baving esgectinlly lipeur force-
elongation characteristics, It consists of & lag beLE and diagooal shoulder bel:,
e D,

Tbe responses for this restreint are glved io Flgu

L, Current E=mrness, Possenger

cribed 1ip the precedlzg sectico.

This restraint is identical to that des
re due to 8 dilference

The mizor 2ifferecces in effectiveness sbown ip Figure T a

-

in peciaze geometry.

S. Harness Witk Constant-Ferece Webbing

lap bel:is and diagonal shoulder belts rmde of foree-limitiog webbing
car substaptially reduse peak deceleraticns sustaipel My victims of an autoonb le
crazh, as shovp in Figure B. The sbo:lder belts are designed to elongate at a
copstent foree of 950 lbs, thus dissipeting eDergy EOT® efficiently ‘ban lizesr
belts. Tests gbov that these belts also provide lerge hysteresis, the=eby reducing '
the possibility of injury due to rebound into seat bezks or other occupants. P

Ir <he 50 mph crmch, the driver restrained by & constant-force bharp-ss
received slightly lover chest accelerations thac tbe passenger. This reised .be
driver's probability ef survival to .38, compared to .33 for tbe passenger.

€. At~ bBag
Sipce at the time of this study tbhe Cornell model could pot simulate

occupant dymesics vhern restraimed by zir bags, it VBS pecessary to use anotber
model. The only codel in existence stuitable for ccocupent sizmulatiop with eir beg
ressrint was 2 single-degree-of-Treecon podel develcped by Ford in 1958, This
=odel is showr in Figure 9, end i5 deszibel in detell below.

The eir bag system is functionally apelogous to B pistop, cylinder and
OTifice assembly. The epergy of en izpacting body is dissipeted by cozpressing
+he ges in the bag ond forcing the cocpressed gas through an exit orifice. The
model vas made tC accuretely predict occupant upper torso motion vith tbe elr bag
resiraint by ediusting scme = the occupant paramsiers unatil corTesponsence With
ezzual tes: results vas achisved, Tbe eguations of cotion for tkhis sodel were

developed &35 Inllcews;

(Text continues co page 12.)

A 4 e
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Az the mass impacts the syatem, Navton's lav governing the motion ¢f the mass
an? piaton la:

MX = I Fy | I (1) |

{l,,v whare!
M
LFx

The forces acting on the piston are due to the pressure inside the cvlinder
and the atmoapheric presaure outsido the cylinder. Equation 1 becomes:

mass of the lepacting body

sum of the forces acting in the I directlion.

MX = PoA = PqA _ _ _ (2
whers: ' ' )

Py = oimaspheric pressure

Py = preasure in ths cylinder

A T prea of the piston

Sinen the compressicn ocsurs qulckly, the hwat transfor is small, and the L4
process is maarly s -iabatic, If the ges in the cylinder is ideal: B

-
+

v’ =¢(C (3)

o,
whare!
vV = spacific volume :
T T roatlo of the constant pressure and constant volume : o
aneclfic heets of ths fas '
¢ < ¢ conztant determined by the conditions et the
beginning of the corpr=zaion
By definition v
v <= W (%)
where
¥ = the volume of tkn cylinder
W = thn mass of the gas in the c7lizder
Vay, - AX ' (5)

1

wvhers Vq = initial volume of the cvlinder. Substituiing § into &,
and the result inte 3 end asolving for P« glves:




Dl

FIGGAL §

SCHEMATIC FOR AIR BAC MUOE

P2

Independent Vasiable
initial Bag Pressuse
Atmospheric Pressmice

Initial Temp, of Ga= In Bag
Ges Constant

Orifice Dimchergs Coofficiert
Goouapant Contact Area
Occupant Effective Weight
Zag Initial Volume

(rifice Aven

Vehicle Impact Velocity
MaxX—um Vehicle Deceleration
Treguency ¢f Hal{-Sine Pulse

anitlel Occupant Displacement

c2
1,71, /‘2'
a
=A3*SIN{W2*X)

n pal
P2 psi
1 op
jiak
ce
n _ £t2
w1 _ | | 1b.
2} 243
2 | 2
S ft/mec
A3 | ft/nec?
w2 red/mec -
m | ~

U




. .
P, = y &
S v e
substituting € into 2 gives:
o - - —E—n (7)
X Pk AC (Vi-ﬂ)

r At any time depends on the [low rate of

v, the amount of gas in the rylinde
is a funetion of the pressure and tazperature

the gas through the orifice, <hich
inside tho cylinder.

RTR AN

The nxpressic: ro§ flov rate of air through an orifice faor P;/Po € 1.B9 is glven by:

: " . '
—g-g— =W = - NRTy 4 8 JPQ {7y - Pn) . (8 : §
n n 3
o= = (20 7 [(3) -]
- PQ (o] ]
Py
— -1
o ,
“harst “‘
g = gravitational conatent
R = umiversal pas conziant
Ty = tenperatire in the cylinder "
Ao = oTillice cres ‘ ]
from the perfect pas egquation of state: )
Fav = Ry | | (9)
v = RTy
Fi
equation 3 solved for v rivas:
1/n
ve(%) (10)
2guzting 9 exd 1C, and solving for Ty :
- P - n-1 : . :
ne Mg s n B e 2 ;
R
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e T age (R o (TR - Ee 2

N Vo-AX
o- ! oo
bt - - n n
ﬁ - L] - A' = n - — _:_- '
-1 (5'9 ('h-A)‘.) Fo | 71-A -3

o L] nooo_ g
To (Vi'n
17 P4/Te :Z 1.89 th~ orific~ 13 shoked and [lov for alr is given by

o2 A = (13)

cubssituting equationz 5 and 11 into 13 glves

¥E o= 532 A VR /2 (v et T14)
Vi-}..": 2 )

The =ight hand side of both agquniions 72 and 14 =est be multiplied by &
dlsarargs coefficient, The value of the discharge coefficient ranges from

.56 to .99 dapanding on the shope of the orifice.

Ecuation 7, whan cmtined with 12 and 14 results in a systsm of nen-linear
dtrr.sertinl aguatinns wnick ars dlscontinuous at Fy/Py = 1.85. This ovsten
car be aclval for & a3z = funciion of time, and the agopciated derivitives to
cive the voloclty ond azw2lceratllion,

Sefore using this mcdel in the present study,
was correlated with air bag test results on the Hype €lead, The lirttation ol tai:s
-odel i predict chest ceceleration only does not allszt ~he pccuracy of the stuss
—ince tests have shown that chest decsleration will be the predominent faztor in-
fluencing fatality with the plr baog design thatl was sizleted.

L]
-

In simulating the oir bap, !¢ was nascumed thal a sensor capable af
raspeniing %o crashes vz to plus or minus 30° from heei-on will be available.
At prezsnt, such a senser is s5till under development.

Te allow for morma) senczor actuation and air bag inflation time, the
melxt allowes the occupant six inches of unrestrainsd Zorwurd =otlen befors
aontwctizg the air ®agz. Thiz distance &s based on Eryge cled test resulis, and
wnz ured foT 2l impast speed:s included in this study.

With the pbove assurmiions, the chest decelerations with air bagz wer?
znlcilated Sor o the ranpe ¢f impact Speeds and occuoent sifer for collisions head-
en 2ni 2t 3I°,  Tne reciits, showm It Figure 10, indi-gte that the cuTent aiv
Bap f2mirm wil) heve the smde nffectiveness foT all Irental czllisiznz vp o 309,
Laberais—y fest resulis fur the SC4k percemtile meds rrazh du=y 2t X zoh show
“hiat 4ha model resulis ere Tealdistic.
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deler=inec U7 referTing the BOAZ DeAK CDeI. OOCE-t. o — -=r
occupant sizes in the sizmilated crashes to the human snlerance Clr¥s. ihe resultle

ars shown in Figure 10.

Oscypant Mia-pogliioning. The probability of survival with air bag re-
straint shova in Figure 10 assumed proper occupant positioning; however, studles
have shown that ocrcupant positioning relative to the instrument panel cal VeIy
at the time of air bag inllation for & mmber o Treasons. The air bag ngy ot be
erlfective in preventing a fatality for scoe out-of-posltion occupants. 7Tests have als
shown that the alr bag can in soms capdes cause high decelerations on & mis-positlioned
occupant, kigher than if the cccupant ware uprestrained.

For this study, the theoretical effoctivensas values for the air bag weTe
reduced Lo compensate for occupants who are out of position due to pevers braxing
preced the crash, and vho are leaning forvard prior to the igpact. A recant
study(3) has shown that up to 3 percent of crashes are preceded by heavy traxing (20
=ph or more speed change prior 1D impact in sccident investigators' repoTte), and lab
tests have shown that even az attentive pecupant can be forced against the instrument
panel by the braking force. Wnile the actual number of out—c {-ponition cccupanta 1=
o+ kmown, it was apsumec that all occupaats in crashes preceded LY beavy braxing were

potentially out of positios, and that half of these were actually out ol positlon.
Thus, it vas asmumed that in 18 percent ol ibe front sccidents, occupasta wvill be

out of position due o severe braking. Aother etudy L) {ndicates that aa additional
1 percent of occupants will be 1eaning forverd at the time of the impacst. I: was fur-
ther assumed that the effectivensss of ihe alr bag for cut-of-positior occup mts
showld be reduced only in the higher speed ranges (above 25 zph ).

In addition, the air bag elfectivenezs was reduced for collisions in the
0-15 =—ph reage since the air bag wvill ot operate belowv 10 mph.

The shove zcssu=ptions pecounting foT ocut-cf-position occupants and low speed
1neffectiveness reduced the probability ol su—ival for the ai~ bag by 19 parcent,
resulting in the final alr bag affectiveness matrix shown in Figure 1.

7. High-I=pect Tnpsimcent Panel

A high-impact panel was used in pone of the restrein+ sywtexms in this study
to protect rear-seat passengers as vell as Syomt-seant paasengers. This concept,
wheiher incorporated in the instrimment panel OT wvbether in & rear seal protectlive
penel, involves e fixed epergy-adbeoTbing coosite structure extending closer to the
pessenger than cuwreni instnment panels, Fanel dealgn vas aspumed to be optimised
for protsction of un—estrained occupante and, bence, was ot accorded the bigher eflfec-
siveness valuaiion that wulé be appropriste for a design optiz=ized to provide upper
4orgo resireizt t0 lap-belted cccupanta. The passsnger H-poi.nt—w—pmol.relationship
wAs Daintained constant for ihe rear-pest cccupaats. The panel performance is depicte:
in Tigure 12.

Typrmie OF Trrapidy « Cpleulms

e mothod used to caiculate the 1ives paved by & given restraizi sraten
wes as [ollcws:

'_I'lje efractiveness valus table for the present bamness confipuration with
curTent wething Ls shown in Tlgue—e 13, Zack ol these values represents it

P
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FIGTRE 13 ' o -

EFFICTIVENESS (IN FERCENT) OF
CTRRZNT HARNESS STSTZM
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1ife-saving effectiveness ol the restraint in the particular sccident situatlon,

as resulted [roz exercising the Cormell model in the manner descridbed in the

preceding pages. The accident situation is defined in terms of occupant ssated

position, direction of force, and fixed-barrier—equivalent speec, &s theae wvere
the variables used in the developmeat of the estimates.

Figure 1k is drawn from accident atatistics breaxdovns, which are
developed in subsequent sections of this report. This Figurs lists the percentage
of fatalities wvaich were found in various accident situatlons. These situsticos
are defined asiztlerly to those in Figure 13, except that Cornell Aerosautical
laboratory (CAL) reported severity ratings are used instead cf apeed ranges.

However, as will be clarified later, the speed ranges are the barTier—equivalents

for each respeciive severity level., Thus, the BarTier Spesd colimm of Fligure 13
1s compatible wvith the CAL Accident Severity rating colum of Figuse 14,

This compatibility allows the proporilons in the two Figures to be
mittizlied, The product of a factor im a cell of the first Figure (the fatallt_es
elicinated) times that in the corresponding cell of the second Figure (the actul
proportion of total fatalities) gives the proporiion of total existing tatalili s
vhich would be eliminated iz that cell. The resuwlt of this cell-by-cell miltlp i-
cation is shown in Figure 15.

The si= of the numbers in Figuwe 15, across +he three sccidapt~situstisn
variabler (seated position, direction of forcs, barTier—equivalent spead), gives
the percentage of axisting fatalltles vhich would mo longer occuw, as a result ol
the given rewiraint systexz. In this case, for 100 percent usage of the Freseat
harness confipimetion, these mmbers s to 49 percent. This represexztis the
Froportional effectiveness of the Present harness configuration and may be ip-
terpreted as indicating that L9 percent ol tihe parestrained ocevpants whe lost
theiT lives would bave lived if all the occupsats had availed thesselves of the

frescnt hasmess arTangement,

This proporiional effectiveness (L9%), when multiplieé by the anticipeted
mumber of single-izmact passesger car occupant fatalities (23,600 in 1869, 1f o
restreints had besc used), produces the numper of lives ssved, For 19(9, this mm-
ber wes celculated as 11,700 lives saved,

The rrocedure for determining life-saving effectiveness for each ol *%y
other restraint systems wvams the same as that ovtlined here, vith a dillerez: taL.s
of effectivenss: velues for sach systexm, For each Tesiraint systed, howcT =T e
astual fataliy distribution based on currezt accident statistlios (Figure 1‘45 Te-
ssins unchanged, This fact wuld allow effectiveness calculations for palety sym-
iems not discusses iz this paper to be derived easily 1f effeciivenesa estimates

oould be generated,

An effectivenens value matrix for esch restraint system considersd in
tris study i: sbowm in Appendix E. This Appencix constitutes the basic recort of
results Troz the crash cynacics modeling phase of this siludgy.
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- FICURE 14

TIRCIMNTAST CTITRIRUTION COF FATALITIZ
» ﬂcI—-_—\ -

DETIEMINED FROM COENTL AC

s

=7

Lt il

i sh

MEACTS

CETIR RICET
RTVE FRONT FRCNT
. CAL o
ACCIDENT DIRECTION SITRECTICX SIRESTICH
SEVERITY . JF FOR= (T FDORZE QT FeecT
RATIMG 11 12 ) 1 2 1 bl 12 3
Minor .19 C.83 .11 0.02 c.C7 c.0l .08 0.35 C.0%
Moderate c.bg  1.79 C.57 c.C5 0.1% c.ok 0.22 C.Bs c.i7
Moderately
Severe 2.2 9.5 1.72 c.23 0.76 ©C.1 c.98 4,48 2.4
Severe L,53 14.18 2.06 0.47 1.23 C.15 2.1  6.65 1.7
Ext,rémels'
Savere 0.00 ©0.14 c.00 0.00 Cc.01 C.00 .00 0.06 C.00
Ixtrome .00 0.00 0.00 0.0 C.0C O.C c.00 0.0¢ C.00
1ery cor= RIS
RIAR RES PIAR
CAL
ACCIENT DIRECTION cizzITIic DIRTTTICY
SIVERITY 0T TQRID T _TRCZ gr ToRIT
PATING i 12 1 1 a2 1 hl 12 1
Minor c.c2 0.0+ c.O01 0.0t c©.C2 0.00 0.1 0.0+ C.01
Moderate .05 0.08 .04 0.02 0.04 c.C1 0.03 ©.08 (.05
Moderately ,
Severe o1 R A T S N 0§ | c.1¢c ¢.2s C.C& el "R o T8 "N 5 1 1
Severe c.k2 ©¢.61 C.2)3 D.22 C.35 C.CS .29 0.65 C.17
Ixtremely
Severs .00 2.C1 L.00 0.Cc C.cld C.C2 c.00 0.C: C.e2
Txtrens ©.0C c.ot Lo c.00 .02 C.C0C c.00 C.02 .00




FIGURE 15

HARNZSS STSTIM

FIRCINT CF ToTAL FATALITIES ELIMINATED (LIVES ZAVED) WITE FRESENT
. CENTER RISKT
RIV= TRONT PR
CAL
ACCITENT DIRTCTICN DIRECTICN DIREZTICN
SEIVERITY CF FTRE OoF FORCE OF FCRZET
RATIIG 21 W, 2 i 12 ) 1 ) bl
Miner 0.19 ©.83 0.1l 0.02 0.07 c.Q1 0.08 .39 C.09
(0-15 =ph) . .
Moderate 0.8 1.75 0.56 0.05 ©0.14 0.0~ 0.22 0.8B3 c.%7
(16-25 rmoh)
Moderatedy : ' )
Sevare 1.88 .08 1.29 0.1« 0.53 0.05 0.74 L,3s 1.2
(26-35 mph)
Seve:‘emp 2.9 10.64 C,32 c.,00 C.02 0.00 c.%0 5.32 1. 1
{35-L5 moh)
xtrezely
Severe c.00 0,0t C.CO p0.0c C.00 C.OC 0.00 0.C2 C.OC
{46-55 =ph)
Sxtre=xe 0.00 ©.00 C.00 0.00 0.0Cv 0.0 c.00 0.C0 0.C0
(56 13 moh)
LERT” CTITERR RICFT
FEA® RZAR PIAS
CAL
ACCIDENT DIRECTION DIRSCTICN DIRZSTION
STV ITTY CF FORCT OF FORCE ) OF FORCE
RATING 11 12 1 13 12 b 1 12 b
Mmoo 0.2 0.0 0.01 c.0l £.02 0.00 c.01 0.0 o.02
(C-15 moh)
Yoderatle p.04  0.08 c.O% 0.2 ¢.O4 op.C 0,03 0.08 0.0
(16-25 mzh)
Moderately
Snvere 0.21 C.29 0.07 c.06 C.17 0.02 0.08 0.3 D.C7
(25-35 woh)
’.:eve:‘e c.0D o.Cl 0.00 0.00 0.01 0.&C 0.00 .01 D.CO
36-45 roh)
wxXireaelys :
~ Severe C.CO D0.00 9.0C 0.02 C.0C 0.CC 0.00 0.C0 0.0
(46-55 =ph)
Ixirene c.20 .06 c.0C o.0C .00 C.CC .00 0.00 0.0
(56 vz =mh)
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cpe raleiation of the ellec-
Zacr sltus=-
tha

This repors has thusr ras ewli malnly with

siyeness of each restraint syzten L0 & pariicular acciaent situation.
ton was specilfied b thivee Tazll th.e neates puziiicn 97 ihe occupany,

o)
¢ire=tion of Ll=pact, and the rarrier-pguivalen: tpred.

acclsnnt =tatllstiecs are analyzed !0 deter-

Ly, i
=ine the current freguency ¢ “stalltiesz, in ea-h 1200C of a=clusnt situatlon. The
rumber of lives each reriralint oauls zawe vz Loen doter=ined :v cozblining tnlis
statistical infersatlon wits the eflectlveness valuer.

The distribusion of taorier-cmulvalent i=pact speer: represantative of
real-wvorld accidents i3 alse oeveloped in Lhie scellon. :

Distr 'hution OF Data ™ Tlmzeoent OF “atullty

XA

Ustor venlcle [&tolizies can ce catoparized 4n 8 nuster of wvays] aone
these is classification v placesent of the Jatality: e.g., occupant of a cart, ov
of & <rmuck, or pedestrian, oic, Flowre 165 akowe & distribuiion of the 56,00 fr-al-
ities reported by the National Safety Councll (322} for 190G. About ope-fifthc”
these ratalities (20,700} were not oSccupants of rotor vehlcles—included here ar-
Yicycllists, /ong the occudanis, about "ane-CLfth were in vehicles

pedestrians and O
other “han passenger caxrs; these 3,600 fatalitlies were Frisaxily truck occupactis

and motorcyelists.

ies, tomgiiiuting about two-thirds of 1959
S passengaT cara,  Lhls stufy is limitec,
ritans Seln ncinoere?, strictly to theee

25 Sl

totor vehicle degths, were occupunts
because of the nature ol the :aler)

o e

passenger—car OcIUpanis.

~e reaaining 37,100 Tatellt
a

Digt—Ibution OF Tatality Veilsler D= Thepm BF Izzach

i

Fassenger car oacupant fatalitlen can ne clnacified further -according to
the “ype of izpact experienced o the vehiclz. Ferhaps Llhe ZoOsi i=portant izpact
consideration, in terms of occupant kinemaiics, i3 whetner ar 1ot the vehicle rollied
over. Among ron-rellovors, & "single i=paci” designation means that the vehicele in
vhich the fataliiy occur—ed (fatali<y vehicle) had collided wviil exmctly one other
object (which zay be another ve.‘.icle%; +he "=1+iple i=pact’ cetepory includes fatai-
ity vehicles which had colliced vit: moTe then tae object.. An accident is clas=i-
Tied as & "principal rollover” vhen the Tatallity venisle overti—ns wvithout siriking
ey other substansis) oliect. Iinaily, & "collizion rollover" designates an acci-
dent in which 4he vehicle in Tirzilcn had csllilad with sone obtject, I adéition Lo

overiurning,

Tirzre 17 2mnus 8 dlatritution of fstelitles azong these categories. The
source for th tstritation wnr she accident cete bank maiztainel by the Anomtiive
= (

-

z 2CIT) emtiean of the lernell Aerornuuticdl Laporatory {CAL).
of sgrldent resu=dz on tose tnan 50,700 miel, Anjurw-produzing
e 3,00 sezzrdn encerniss seesentor cosr ¢l el year 1050 or

PR T

4
Crask Injur A
.nie flle cons s
szzidents, Only ik
later ue:'-er_con:i:e:-nr.’ for une In tRe sUrgy, imown eflort tu salect a sa=ple moTe
tloaely mefisctin: surrent dezlen lewel.,  AxTong ihe cooTaeiely ummestrained cccupacte

- - -l
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FIGURE 17
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FISORE 16

DISTRIBUTION OF 1969 MOTOR VEHICLE FATALITIES BY PLACEMENT OF FATALITY '.

TCTAL
FATALITIES

54,400 !‘%.0%
[

.
B1% 9%
OCCUPANT how-occumm
(PEDESTRIAN)
45,700 | 81.0% 10,700 | 19.0%
19% BI%
OTHER —~
(TRUCK, PASSEN GER
MOTORZYCLE) CAR
B,600 | 15.2% 37,100 | 45.8%
- 3". -




found and these fatalitles cons-

{n this sample of vehicles, 1649 fatalitiee wers
Safety systez eflfectiiveness

t{¢ute the sample cistributed by vehicle izpact iype.
vae determined seperataly for each of these impact types.

Diesmibyt lon OF Accident Sitystiona

The source for deterzining the proportion of fatalitles vhick occox in
each ascident situation wes the 934 asingle-impact rfatalities contained in the ACIR
sa=sle (Figure 17). Three varishles were usec 1o identily the accident situation
for each fatality. Ome of these vas the d p of the occupant. Six dif-
ferant values were used for ssated position, eorresponding to the six pormal vetu-

pant locations within the wvehicle.

he accident situation vas the girscilon
e 12 clock Poaitions were usec &

ing & direct frontal collisioz.
ion and dizection of

Another factor used to describe ¢
gl forge applied to the fatallty vehinrle.
values for this descriptor, with 12 o’clock represent
Figure 18 fllustrates the placemest of vmlues for seated posit

force.,

Potential 1ife-saving benefita wers determined only for frontal (11 to
1 o'clock) impacts, in this study, Most impact dynsmics research, both expirical
and theoretical, has been conducted with frorial impacts. Thus, corparatively
little is ¥nown about dynamics it side and rear impacts, particularly when resiralists
are imvolved. Alibough reswarch in these areas is nov under vay, the present state
of krowledge Gictates that benefit estimates for side and rear izpacts would be more
speculative than estimates concerning vehicles iroacted at the fromt. The elizina-
tion of side arnd rear impacts fron consideration has at least ope effect, an under-
estimation of overall belt effectiveness reletive to air bags. Belis have an obvious
sdvamtage, not possessed by alr bags in side impacis, However, the results may not
te cuite 30 disicrted as would appear 2l rirst, since about two-ihirds of single im-

pact fataliiies occur in {rontal izpacis.

The ihird measure used in describing the accident situation was the
severi+v, This index is coded by ACTR personnel on the basis of vehicle deformation
end freme damags shown in vehicle photographs. Six different severity levels, rang-

ing fror "minorT to Pextreme®, are used by ACIR.
Secrier—Equdvelent gt od

Tow *he calculatiop of lives saved by each restraist it vas pecessely to
establish a distribution of barrier-equivaleat speeds in fatzl accldents.

The sizplest approach would be to accept the collisior speed reported by
R A the investigator for each fatal acciden
file, apd then to copvert that reported speed to & barrier—equivalent value. The
following facters were considered iz the conversion: the relative closing speed be—
tween the fateliiy venicle and the object struck; the weight differential; & conter
of gravity adiusrimezt and an eccidezt locatior adjustment, boib of which ars described
below. The adjusiments used ir arTiving at these speeds are discussed in zmore detall

in Appeniix C.

- 13 -
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IDENTIFICATION OF SEATED POSITION AND DIRECTION OF FC.CE

FZGURE 13
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4 second method of relating barrier-equivialent speed to fatal accidents was L
investigated, based on the accident peverity asz reflect=d in the veticle damags.
This relationship was eatablished by a carsful nmatering of photographs (furnished by
ACIR) for each accident -severity level with photographa of barrier crashes conducted
by Ford Motor Cozpany at known irpact spesds., Thle procedure 1s illustrated in Fig-
ure 1. The first eolumn showe the ACIR sevarity levels, and tha second column assoc-

{ated reference photographs used by the ACIR accident coding experi: for deter=ining
the variocus severity levels, These photographs were then reviesved and a range 2f speeds
into a fixed barrier (column 3) producing the same damage wms estimated for each photo-
graph. Each reported severity rating was thus assigued an associated fixad-barTier

speed.

Two rminor adjustments vere made in the speeds to obtain the final barTier-

equivalent =peed distribution. The first of these, the center of grevity edjustment,

attempted to isolate the proportion of crash energy dissipated along the direction-of-

fores line, That is, in some cases, such as striking a fender in a l2 o'clock Cirsce .
tion, only & portion of the crash enmergy is lost along the 12 o'clock line. The re- :
rainder 15 dissipeted through "spin—out.” It was asmmed that only the initlal crasr ' i
foress, along the designated directiop—of-force line, contributed to occupant treums, R
and that fatal injicy was not directly assoclated vith rotational forces. Thus, in

identifying a collision severity level ir a certain direction for each fatality weh-

iale ic the ACIR case history file, only the energy level associated with thai direce

tion of force was of interest; the rotational energy was elixminated as & contributor

to ssverity level, GEoth the directiopof-force and the area of izpact were used o

determine +he extent (il any) to which the line of force in each case missed the veh-

icle cester of gravity and thus induced spin. A mre corplete discussion of this

correction, including the adjustment factors used in each cdirection and area ol force

comtination, may be found in Appendix D,

4 second adjustment in vehicle speed waz performed to corrTect the murel
bias of the data source. The National Safety Council bad once estimated izpact
speed distribution for fatal accidents occurring both in rural and in urban areas.
Although these cist=itutions are mot defiritive emough for use as the actual speed
estimrtes {for purposes of thip study, the differsnce betwesn the mrral speeds and
the overall (urban and rural) speeds vas taken ar an indication of the amunti by
vhick rural estimates mey be misrepresentative of the overall aituation. I these
overall vs, rural differences are applied uniformly for each direction of impact to
the rurzl-orisnted cezter—ol-graviiy-adjusted speeds previously obteined, the resul-
tazmt distribuitions should be free of avcident locatisn bias., Appendix E i1llustrates
thie procedure in detsil.

Figure 20 shovs +the consequeace of sach adjustment on ihe speads ol the
fatellty vehicles impacted from the front. The accident-location adjusiment vas made
subsecqueny 10 and includes the center-of-gravity adjustment. The accident-location-
adjusted izpaci speeds should be imterproted as approximating an equivalent speec isto
s Iixec barrier. Thus, the median berrier-equivmlest speed for fatality vehicles in
Ireztal collisions 4s about 35 mphk. 14 bears smphasizing that this distribution 1e
for the speed of the vehicle iz vhich the fatality oceur—ed. Had al) injury-producing
a:;ida:‘.: been taken, 4he disiribuitior would have shifted downwvard, and even mDOre-0
had properily demage cases besn included, :

R TSt AT I S M R

Although these speeds are =mowvn as coniimpus in Figure 20, 1t is well %0
Texexber inal the distrilutions were based orizinslly on a cdiscrete partition ol the

-435 - | : | : 1




 RELATIONSHIP .BETWEEN ACIR ACCIDENT SEVERITY RATING AND CORRESPONDING
FIXED-BARRIER SPEED

CAL ASSOCIATED C ORRESPONDING
RATING PICTURE SPEED (MPH)
MIN OR 0-15
MODERATE 16 ~ 25 | .
AODERATELY
SIVERE 26 - 35
SEVERE 36 - 45
EXTREMELY
SEVERE Lb - 55 =
EXTREME | 56+
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data imo six coded severity levels. The severity levels were trangformed to
speeds to facilitate the making ©f these adjustment: and to allov calculatlon
of the effectivensss value, a calculation which regiired analytical izpuria 0

& dypazics model,

The approprizteness of reducing

speed can be questioped, ipasmich &3 ce&rs
objects of various weight and stif{pess. The pature of the object struck in a

collision has a 1ct to do with the severity ol the collision and the level of
bazard to the occupanta. Light wveight, sofl objects can be struck at higher
apeeds than heavy, rigid or fixed objects, with the aime degres of hasard to

ocoupants of the striking vehicle.

TherafoTe, to study automobile collision fatalities, 1t 1p necessary

to idemtify collisions which presest roughly the same basard to the occupants.
This can be done most convenlently by expressing the peverity of a1l collisions
in terms of & corxon scale. Howvever, this cen never be done exarily since
collisions which are equivalent in one dypazic paradeter are seldor equivalec:
in others., For exzzple, if we base collision severity on speed change we Iin:
that pesr vebicle accelerations and absorbed energy vary considerahly, due to the
varving dyna=ic characteristics of objecta involwved in collisions,

2]l crashes to a barrier—ecuivalent
collide wit: variouas fixed and ovable

It thua pecomms necessary to select a scale for comparing colliaions
and exazine the oonsequences of asmpiions mads., i 4hts study, colldision
severity hes been expressed in terms of fived barcisr-equivalent impect gpeed.
That i3, the collision severity iz expreased by the speed that a vehicle would
i=pact & fixed barrismr to produce the sdze vohicle ccush that was obaerved in
+he actua) sccident. Thus, the barzrd to the occupazi s aszumed to be related
+o +the smoumt of energy absorbed by his vehicle. Expresaing collision severit
in terme of & fixed barriem—equivalent collision is also converdezl gince most
availshle test data and mathematical sim: ations are for thls type collislon.

Boveves, as stated atove, all ccllislons vith the same energy absorption

do ot involve the same vehicle speed changs, Calculations sbow, for axxxmole ,
+nat for ccllizions iovolving vehicles of the same wveight but with a 2 to 1 stiff-
ness ratio, the siiffer veahicle may beve undergvne 8 velocity change 2 perceant
grester than the barTier equivalent while the weaker vehicls would bave undergone
& Telocity change 1k percent less than the barTier egquivalent. The not result ie
thas ths actual velocity changes of veticles may be alightly higher than the bar-
rie- squivalent velocity changes. Bovever, the maxim= vehicle deceleration will

be ths anme.

The extezt to which the above situation actually ocewre is ot koowm,
but the difference betwveen the barrisr—equivalent apesd cdistributiion and the
speed~change ciztrilution 1s believed to be amall co=mared to the uncertalnoty
inherent in determining the digtrimriions.

Fuothermore, it is koown froz dymanic similations that incressing the
vekhicle speed changs st a fixed peak vsxicle decelerziion will mot necessarlly
incrsase the loads on the occupant and in some cases bay dscrease the=, Sisoe
i is the eventual effect on the occupast that is cf Interest, 1t i believed
1hat vericle ensrgy absorpiion exypressed ‘= termp of barrier—ecuivelest izpact
apeed La & suflicienily accursie msas—e ol collieion severity.
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Bar—lev-nquivalent izpact spes? distributlions as derived froc both

szproaches 2lzcuscad in “he preceding secilon are shows in Flguar Y.
wide divergence batwaen ihs tvo d4istributicns, perticulsrly et the Ripher e
indicates a zajor derivstion problen asasciated with 2% least cnn of tn=
ations. This diverpence ls of concarn heszause the tws di-e-thyticns e bosred
on the saze data fila. Thu3, an attermt was maje to valldale cne of ithe i=pact
epeed distributions by cosparing thesns 1vD 3ets of barrizm-aguivolent cpasis
from the ACIR date with a zimilar disteitution bnsed on in=2epih, CT “elinieal "
accident investigations conducted under the sponsoTship ¢l th» Ausomobile Manu- B
facturers Association (AMA). Each of these rigorous investigeiions lezis to n
detaliled report conce™ning 2 large number of accidant-ralated vehicle and octu-

pant parazmeteTs; about BOO such ceses wvers contalined In the dnza file, This file
consists of investigations conducted by the UCLA Traume Reseamch Group, M. Al Siegel,
Principal Investigator; and by the UM accident investigstion group, Dr. D. Huelke, _
Principa) Investigater. While these AMA cases are inapproprinte as sourcs cale for ”
this paper dus %o their scall number and the lack ol apprepriete sa=rling tectmiguer ‘
4w their coliecticn, sinmilarity betwsen the AMA and either of the ACIR L=mac% apeed

¢istridusions would tend to verify that disteibution as being Tepresentaiive of
the actual "real-worid" spesds. The distribtution of barrler-equivalent speeds forT
the 42 fatality vehicles impacted [rom the front in the AMA in-depth [ile, along

Wi th the twp barTier-equivalent speed distributions based upon the ACIR data, are
shown in Figere 21. The close resexsblance of +he AMA and the ACIR severily-
rpting-based digtritutions at least partially validates the seaverity-rating-based

speec estimates actuelly used in this swuedy.

shat the ACIR stats trooper speed reporis ars grossly

Fipere 21 sugrests
overestimstes at the higher speeds. One possible wxplanation for this misfepre-
<es 2—e obtained by

sentation concer=s the genernl manner in which the estinat
pclice crganizations. The estimates aTe dete==ined by neens ol reports of
witnessis, cn-scene interviews with vehicie occurants, and personal evaiuetion e s
by the imvesiigating officer. The persoczel wruasion may be inlluenced by the ' =
outcoms, in ter=s of injusy, of the accident--that 43, speed may De oversstimated :
in accidents mn~ilting in serious injury, and underesilmsted In minoT or no-injury I
accidents., T~ r~eports of witnesses and acci~ent-involved vehicle pccumentis may
be consider> suspect in some cases--these dr.ple olten have a vested interest in '
the speed ,cpsrtad by the trooper. In alditdon, ot cansigtency of the eslizmates

ray be opsn i5 guestion dus to the large mcber ol evalusioTs (petrolmen) zaking
estimates,

Tven 1 the trooper errors in estimation are non-systamstic, an over-
estimate of :ifh-spesd [{reguancy would be found. That is because any error ol
maasurenmsst slwe—s serves tc inflete the veriance ol the distribution of re-
ported velues, —egerdles: of th= nature ol the cata. Thus, repoTled varience
(i.e., the mspn-square deviation froz the mean) %s =quel tz the o= ol 7 e
verience end "er—or” variancs. White and Nelson'6 T poizt this out, ir suggesting
that high speed estimates would tend Lo D= exaggerotad. Tney state that Terrors
in estimeiin: steeds of aczidarme-inyplvec vehicles causes the involvenent ralse, ;
whan plottei s & fumsziien of the speed deviaticr, o Dbe U-chaped-—pyverestinated
To7 large deviatlcens (from the maean) and undsrsstimated oo s=z1) devietiens.”
Write amd Nelscn refer ¢ traveiing, not i‘zoact, spaed, ul tho princizle is the
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FICIRE 21
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stme ip vither cace. Fusthersore, W3lf et &l, (7) iz uo AZIR report, inilcote
thut the repzrted ACIR traveling ap2 impast speeds Ore sozevhat a_...*:g Tcis
clese cermcopsndence betwveen (BT TWD wWon tDl‘"‘T‘.cd in o Ford ztudy ; ic fazv,
~n rcceont Doeporiment @) Trapsporiotlcon ot -( ) aasusied An exact one=-to-coe

relationzhip between traveling ood izpact opeec.

Thus, the invelvesent rote ot Eigk speeds {sepresenting large deviatlion:s
f»cm the mez:z zpeed for ol accident-1 nvc.lved vchic..c-) weuld tend to be overestis
=ntcd, acsorlipg to White and lielson; in eddl n, the higber thc cpeed, tpe Grecter
thiz over=ztizate would tend to be., OCther evidcwcc +het there i5 2130 scoe loogrmun

- -

exogreration of the bigh cpeeds would socpoupd the erTer.

Single-Troazt Fataliew Dist=fbutions

lisv that the porameters indicative of the aegident situation bave been
defincd, each ::Lnsle-i:npac: fotzlity coao be unijuely ploced in a peated position
by direction cf force by anccident severity category. With 6 seated positions, 12
directlens of fc*cc, and § zeverity levels, there are poteatinlly 6 x 12 x 0 = k32
+abular cells ipto which & feielity may be placed. In tizis study ozly the 105
cells associnted with fromtel (11, 12 and 1 o'clock) collisions were used. The
plocexzent of ':t::.l“'ies vithin such & tadble allows the propor:ica of fewalities
in ench cell 15 be deter—ined, The pe*-c:nt.abe distributiocn of fatalities (o
Irontal col.l‘.:ic::s is sbhown in Pilgure ZZ2.

Certain marginsl distributicms =ay be derived fro= the data shown in

Tpure 20, Toe percentege distribution ef cented position by dircetlop-of-force

depicted 1= ™Mpure 23, TFer 4he sake cf ccopnleteness, the distributian is
nown for ell direcztizns of force, even thoush ozly 11, 10 apd 1 o'clock directloos
were used in determinins petentinl restroict benefits. (These Ifrogptal directions
cocount for sttt two-thisds of the fatelftiles.) Figure 23 zlso ipdicetes thas
the driver and the right-frout passenger comstitute ubout B5 percent of oll
fatziities,

Coldcutatizs CF Terfectdverss: Ir Sipsle T—oeois

Yocwing the 2iziritution of reel-werld nccident situations and the
eecliveness velues prcoiided by eech oscupest resIreiant systen, one can calculate
the number 2 lives that voulld be spved by eaczk rmestruict in each accident situntion,
iog o)) pssident situcticz: lead:s to the mimder of lives which would be soved

?
l
b
'

through use ¢f 8 glven resiroint system. Sipce eoch restireipt hes a different set
¢l oObatvereer  velues, combizing this different set Tith the usnaltered accident
Sttuntion distributicn yielé: o dilfferent guaber of lives saved for each restrcipt.
(Az oomle ¢ e complete sizsle-idmpact elffestiveness calculatiop wos present

exzrlier o page 20.)
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Pmmm}: DISTRIETTION OF FATAZITIES IN SINGLE-IMPACT ACCIDET

FIGIRE 22

e

CENTZR RIGET
DRIVER FROKNT ™OoNT

CAL N
ASZInEmT DIRSCTION DIRECTION IRTITION
STVERITY QOF YORCT pr _roRcT JaBas AN
RATD 1 12 1 1) 12 bl 1 12 b
Minor c.19 0.83 0,11 0.02 0.07 C.Cl 0.08 £.3% C.09
Moderate o0.49 1,79 O©C.57 5.05 0.1% D0.0% 0.22 C.3% 0.47
Moderataslz

Severs 2.2  6§.56 1.72 0.23 0.76 0.13 0.8 L.UB 1,42
Savara 4,53 14,18 2,06 0.47 1.13 0.15 2.01 6.65 1.70
Zxirepely .

SBVB.‘. C.OO O.ll‘ 0.00 D.DO 0.01 0-03 0.00 GuOD C.OO
Tx-rene 0.00 0.00 0.00 .00 95.00 0.0% ©.00 0.02, 0.00

=T LI RISET
BDA2 Y REAR REAZ

cal
ACCIDENT DIF=cTIoN DIRSCTION DIRECTION
STVZRITY Qf ToRIE ¢T _FCRCT Q7 _TCRT
RATING 13 ) 1 1 12 N pEl 22 1
Miner 0.2 0.0~ 0.0 0.0: ©.C2 0.0 0.01 C.0& 0.0
Moderase ©.05 0.08 0.0k 0.02 0,04 O.CI 0.03 C.08 0.05
Moderatels :

Save=e .22 0.5 C.u1 0.1C C.24 O0.C= D,k C.LL 0.1k
Savare c.k2  c.&r  0.13 0.2 0.35 0.03 c.29 0.65 0.7
ZxiTenelr , :

Severe 2.00 0.0 C.00 c.Co 2,00 0.CC c.0Cc C.% C.00
Ixieane C.00 C.CO 3.0 0.02  0.0C C.O0T c.00 £.00 C.00

- k2 -

N




TOTAL

~
h L.P-u.'.-
-

i

RIC
RIAR

2

L,
T
e

L 14

™71

AZAR

LET]

23

CF FATALITIES IN SINGLE-

D PC3TTION AND DIRTCTICN OF

FICURZ

TiTTp ©
RIGHT
FRONT

Py

o

DIS

IMPACT ACCIDRTS, BY SZATS

CZIIZR
TRACUT

-

PIRCETACT

PRIVIA

ot

CTICh

-
-

CT PO
(o1 CLOCE)

5

a...-rb 30¢3??37200
9_3C1C1C16=/ . r
— -

ANMONOC MO oI 1N
OUJIOOOOOAGO O

-._1...:-u.br.Cﬁ._.\.1.:f
ﬁnr..bcf.ucr_cr.tr.-.u

3250C1C.L6—?7ﬂ.
CUOO0OUVLOUDO

7‘_851.1. 23953.
3n;.a:crucrvr.r~3?_

M0 Oy (0 MMM )
CDOCOCCDOCCD_

o) (va) O ay . _ah..u 45

Pl B o I -,CCOCCHBT.@

AN N -0 O ....4*

10C.D

=.8

.c

Q
(TaY

Ll ]

inm
[T

- L3 -




1 1t iole Tmmort Tllewioveress

3 — -
——e—

Taanm multiple impert ecnsists, ty delfinitizn, W= i=is4al izpoct
r-2l=wed L¥ nr IronaIv cinredonel erlliziezz; thesc gruutlm oraches vill
=+ "™ Tme azple el =ultiple

A=2loctively be termes, Cihe sekseguent i=po

fomasu fetlitfes caz thus be Jiwided: eoc permien concisting of occupanis
Feii.a ip e fnitizl dimpust, und the resatnisg paTicon ¢-=pusel of LeTupaLo
ruint Leaeris will be 2liiferead

¥2lled in ~oc cubsequent lmpusi. Sloce the ™=t
i~ eueh €F these portiovn, o0 essimate ol t welative poriizn &f the Tl
czople in esck divizizn mach L. obicined.
fivisten gf Lethalitw., The souee a* {nformctiss on the division of
lethalizy mapsisted in parmt of 3he AMA iz-depth éota Tile, discuzsed earlier
on pKSC 3¢, Iz emdditiom, obcout L50 Multidisciplinary Accldéent Iovestigotlons
conducted ty o nusber of groups under the spansorchip ¢ the Natiocoal Highway
DPeorfic Salety A2ministrotica (HEISA) vere =imed for yelevnrnt inforoation.
Theze investiritions ere ccniusted Ln & RRRST —dmilar 4z thot described elove
fo- the AMA tavestigaticzz. From these two souTces, 30 =ul<iple impact

fotality coses were discovered. The na-retive cccount cf ecach of these thirty
mmts . the ioiviz]l T the sub-

coscs wos exsscined to determine which of the i=zcctic,

seguent, prxduced the fatul injuty. Tt vac found that § ef the 3C fetolitles

(30%) resulted from the first izgpact, vhile the reoainins 21 dextbs (TOR) vere
These voluss, 30 percent and 70 perceni, were

caused by the subsequent Inpuci.
~mur toker <o be the likelihecds ol esch opeIs, initizl or subsecguent, producing

+he fa*ality o 2 rmuliiple izpoct accident.

Al:ii~ugh the sa=ple upzd vhich this @ivision iz based is rather rzall
(z0 cases), it is well ¢ Temomper +npt well over 1000 in-depth investigeticns
were exomined to yicld the simple, ond that 30 othe> ca—morable scusce of In-
cr—ntion i5 Ymown Lo exiIt.

by

Tedsinl-I=pact Effectivenest ., I=i+ini=impact troportionnl elfeciives~
mess wps deter—ined im the tome wny &n sizgle-IDpact effezsiveness. For eech
rectraint sysiem, the apprerriote table of effeactiveness values i»

m2dsiplied, =ell-by-c=ll, by on pccident sisuation matrix for maltiple-iomsact

fazzlisy crocurronces. The zu= ol Lbe resslzent Drolucts representco tbhe pro—
;;):rti:.‘::._.. life szomings oppresriate for the 30 percent peraion of the muliiple-
i=pocst fptzlities zzzumed tc occur in the fir=t izpocTt.

v=s posmed that no fu—ther protection ic

. In fez:i, bovever, it is possible tbat the
ifm_threazesin~, Igporing tbis possibilizy,
cuatly exxe=ces the ef{e-tivcness of passive
2 partizuloir.

Tzr thece ocguponts, it
required iz the Tolleowiny iZpuess
subtseguent fzpest could 2lsc be 1
g we bave Lz thizs ciady, o-silac

L - <

oy A - - - - - mer e o g
~eziriintz, oo ir Yoz Iyniems

PRI -1
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po residual benellit recnin: for ary subsequent

Opoce oo air bag 1S deployed,
tigh level ol pro-

cep)lisica; belt syste=s, T +he ctber bazi, maintaln &
tectios throushout the seguence c” eollisions.

- Tre bepelil assizmmed to restruiot
systext cubsequent ccllislon depended on the
positisoing arrforded by & lzp belt. FPor thoce cctupants vhose restroint 1o-
cluled & lap balt, the gptive restraltt VA5 AS5uUDEC L be fully cperaticasl iD
the subscguepnt izpact. 1. wns presuoel that +be 1lop bel: wvould retaln the
ococupont reascnobly in pince thrcugh tbe initinl i=pact cnd hepce allov the
corplete restreint to perform 1tsS desiged Mupction. e acual proporticaal

effectivepess was thus salculatcd exactly a8 if the l=—pelft bad octurred Iirst.

~beeguent Icpact PErfectivepess
- +hose occuparts killed in tbe

-

*
-

Tbis postulatioo produces &an orerestimate of lives saved for tbe alir
bog plus lap belt restreizs. Assumioy toat the eir bag is alvays operatle Lu
the subsequent collisicz is ipaccurate for all ipstonces {u which the eir bag
deplcyed on & previcus izpact -- probadly at least half the time. Tais over-
pstimete very likely occurs, o o much lesser degTee, for other active-passive

et

hybrid resiralnt systems.

I+ wves assumed thet co=pletely pessive restreints would fenish no
subcequept impact proteciion &t all. The unbelted occupest vould tend to be
severely cisplaced by the irnitial izpact, amd would pet be positicoed to recelire
beperit o the subsequent Jethsl impact. On tbhe contrary, Forc i=pact testis
bave chown thet air bag dgeploym=ns +self can izpart seriously high deceleratlicms
to & rmispositiomed occupect, gnd thereby possibly jeoperdize occupants previousl:”

Do sriied.

Assigning po subsequent impart bepelit to the higk-impact papel DY
{tselc prchbably leads 10 &2 pndsrestiomte of tkhe overell protectlon pffered by
this resireint. I~pact-ipduced mispositiozing Iin some situations could actually
improve the protectiod ¢’ tbe panel, Since the cccupant might "ride-dowvr” the
other-—se lethel subseguest IZpacs, +hus receiving lover deceleratioms.

Rolleover Lffectivedessd

Li?e gavipgs in both priocipal and collisior rollovers. is releted tO
the reducsion in the incidence of ejectior resulting Ircm the use of & restraint
systez. A=ong occuparnts of overturpei vebicles, ejeciees are ki31el much more
frequeztly then are pom-ejcctees ir boih Types of rollcvers. Reducing the
{neidente ©f ejection woull thus ~educe the propsTiios &7 ovecupants xilled.
Preveriiss eiection would 20t (by jtsell) coopletely eliztpete TOllover spntality,
however, cince & portiom cf the pop-ejected occupanis &XT still killed in easch
rollover type.

The 1ife savings potentisl it rollovers was determined by placing 3
portics ¢f the previcusly ejected occupasts inside the vehicle; Bowe of tbese
srevicusly ejected OCCUPATLiS WO Were sormer.y fetalities are 30 longer killed.
hs explzined in Appepcix ¥, each =~estreint Eystexz bac its Ow3 charecteristic

estimssad ratio of ejectees %D tctel occupants. The percentage of lives saved

with epch system represepts the overall elfectiveness =* the: systen iz the

~cllover situptioc. For each rollersr ypr & seperate, but anelogous, 2ife
govizg: exelysis wWas prrfc—==d,

The very conservailve assuTSLior VES cade thet po bepellt ITcs
ceraints voulld accrue to DOD-¢jecled occupanis *m rollovers. Woile this
umption is —ether pessizistis, otber studles alsv have incdicates that tbe
impwy bepefit of restreizis Iis ip ejessicn centrol; se3sTeints ‘nbiblit
jectioz ani 4its izcreasec visk ¢f seriosus lojwry.
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Even if scre benefit does actrus to poo-e'ectel occupacis in Tllovers, it vouldd
be oversbaiowed by election prevestlion zoyvsy. Fur-be:r=nsre, assessicg tbe exterct
e this bepefft would be Alilicudr, particularly fcor collisiaz rcllovers. AD
attempt was cade 1o this repart to presept benefils cnly vber The derivatlo:s coulld
be reasonstly well substantisted. The detailed procedusr viti wbich effeztiveness

i each rzllover type was deter—iped oay be found ic Appeciix 7.

—
.

Azolicntioz of Effectivenes: Values Derived Iroc this Ctuav Te tntionwide

Patclities &= 1659

+-pint systez ellective-
ress {or each ‘—peact

s 2 produces the over-
yeress measures may thez
< of each resirolibt.

A procedure has becn developed fcr assecsips T®
pe5s within each of tbe izpect types. Sw=—icg the elle
«ype, welighted by the p: "poriion af <hn: typ: shown it
cll life savings potential of each syvytez. These elleci!
be copared vith eech other to establist the relntive b=nciis

Seme modificatioz in the pumber of passengelr ©Al ratalities shovo ino

Figure 16 =ist be made befcre tbese date cac be used ar 2 basls for estimiing en
actual nusber of lives saved. These adjustoents are pec=ssary because ihe 1=pact
zype distriduzion shown in Figuwe 17, as well es the elffectivencss measures foT
eech type, essupes that cack cccupant 43 u=restreined; this doec pol describe the
106¢ situstisn. FHestraint system usage in 1969 was takez to b= JO percest lap
belt usags, plu¢ 1 percent herness Eystes usage. (Any chasge ir tbese usage
ectimates would change the zetual estimates of lives saved slightly, but vould -
ant offect the relative copiribution of dillerent syste=z )., It was asrved that
Lenefit wes uniformly distrivuted among ell useTrs pnd +hat no &ifferectisl sccidentis

p-opensss existed exong veesers and DOR-VEATETS. +hough this zay be e cuesilod~
esle assu—mtion, Do guantitative grounds for an alterpative fezTulation wes evident.

Using the effectiveness percentnges discussed ebove, Ao estimate of the pucber of
cpralities wiich would bave occurred had oo restraints been used was establisbed.
Toe elgebroic procedure by vhizh this was ¢ sccrmliched iz found in Appencix G.
Tris enticizesed fatelity distribution (Pigure 2L) deccmm:c the foundatiss Lo which
+he effectivepess measures can be applied. The number of lives saved vith use of
eech resireint systec is then estimated by aTvplying the perceptage ol lives seved
within eack i=pact type o the projected nuzoer of lives lpst. Figure 29 is aa =
extensior cf Tigure 15 ovteicsd Trom the azticipated fatelity cistributico by
eotlying the effectiveness DeasuTes aspeciated with ectu=l 1969 restraict usage.

RESULSS

?f_t_.é-'-"f 2" Toesests tbe lives scved for each restrelnt cogponent exaznined
LE: this stuiy. Iv izndizetes that the epergy absorbimg ¢3iuJm Ty iteels voull save
etout cne-Zifth cf o)1 drivers. Adding e cymstact-force barpess incresses this
protecTios o imclude abous two-thirds of those drivers vbo wvourld othervise bave
Twern ¥fllei. Tor front passengess, lap bslts and erir bsss eack save about the
f“_'::ﬂ r.u::»L-e: 2 lives. As wl) be imdicated in Piguvre 27, these mavinas are Zibs
“riputed guiie Eifferently ‘=i0 <he vmricas impecst Type:. The bigh-iTpezl pene
:izulated o this study dose Dot exhibit the sede degres oI ber2Iit a5 coes eecn
Stber sysim; Ibis penel izstelled for ell frpzt ast reer pesseagers vould, by
ise

- ~ - - -
sel”, bewe spved 6% of the totil pessezger ces fatelity pupuletiod ib 107y,
Trepes alter_itive restrgizt systes configuresisss, composed cf the

es=poment: i= Pigure 25, vere evelueted feT Mife-paving E.ve. ThoBe TeEuliE
2Te Shown - the seciico taetl fallows.
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