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1.0 INTRODUCTION 

An a n a l y s i s  was conducted t o  assess e x i s t i n g  i n f o r m a t i o n  on motor 

v e h i c l e  acc iden ts ,  biomechanics o f  occupant p r o t e c t i o n ,  and the  

p r i n c i p l e s  o f  occupant r e s t r a i n t  systems i n  order t o  e s t a b l i s h  a  c rash 

t e s t  m a t r i x  f o r  t he  development and e v a l u a t i o n  o f  an a i r b a g  r e s t r a i n t  

system. 

The c rash  t e s t  e v a l u a t i o n  o f  a i r b a g  r e s t r a i n t  systems u s u a l l y  

cen te rs  upon the  t e s t  c o n d i t i o n s  o f  FMVSS 208. T h i s  i nvo l ves  f l a t  

b a r r i e r  c rash  t e s t i n g  a t  30 mph w i t h  impact angles f rom 0"  t o  30°, u s i n g  

50 th  p e r c e n t i l e  male t e s t  dummies (Par t  572).  The l i m i t e d  c rash 

cond i t i  ons speci  f  i ed i n  FMVSS 208 may n o t  be adequate t o  r e f  1 e c t  t he  

p o s s i b l e  r e a l - w o r l d  c rash exposure t h a t  a  p roduc t i on  a i r b a g  system might  

f ace  on t h e  highways o f  t h e  Un i ted  S ta tes .  I t  i s  t h e  i n t e n t  o f  t h i s  

r e p o r t  t o  suggest a  supplemental c rash  t e s t  m a t r i x  t h a t  would r e f l e c t  

more comple te ly  t he  r e a l - w o r l d  c o n d i t i o n s  t h a t  an a i r b a g  r e s t r a i n t  

system e v a l u a t i o n  program must c o n s i d e r .  



2.0 REVIEW OF REAL-WORLD ACCIDENT DATA 

The da ta  base chosen t o  p rov ide  the  i n fo rma t ion  f o r  ana l yz ing  the  

r e a l - w o r l d  c rash exposure o f  an a i r b a g  system i s  t he  data  c o l l e c t e d  by 

the  Na t i ona l  Crash S e v e r i t y  Study (NCSS). The NCSS was a  major acc iden t  

da ta  c o l l e c t i o n  program o f  t h e  Na t i ona l  Center f o r  S t a t i s t i c s  and 

Ana lys is  (NCSA) o f  t he  Na t i ona l  Highway T r a f f i c  Safe ty  A d m i n i s t r a t i o n  

(NHTSA) . Data c o l  l e c t  i o n  began on January 1 ,  1977, and te rmi  nated on 

March 3 1 ,  1979. 

I n  t h e  NCSS study,  acc iden ts  were i n v e s t i g a t e d  i n  seven geographic 

areas w i t h i n  the  c o n t i n e n t a l  Un i ted  Sta tes ,  se lec ted  so t h a t  t h e  

aggregate of the  areas c l o s e l y  resembles the  u r b a n i z a t i o n  d i s t r i b u t i o n  

o f  t he  e n t i r e  count ry .  W i t h i n  each area, a  s t r a t i f i e d  sampling p l a n  was 

used t o  gather d e t a i l e d  i n f o r m a t i o n  on passenger cars,  l i g h t  t r ucks ,  and 

vans, as w e l l  as t h e i r  occupants, i n  acc iden ts  severe enough t o  r e q u i r e  

t h a t  t he  v e h i c l e s  be towed from the  scene. A t o t a l  o f  11,386 acc idents  

(weighted tota l=54,318) i n v o l v i n g  14,805 towed passenger cars  (weighted 

tota1=67,281) , 24,976 v e h i c l e  occupants (weighted tota1=106,121), and 

917 f a t a l i t i e s  (weighted to ta l=917)  were c o l l e c t e d  i n  t h e  NCSS study. A 

more complete d e s c r i p t i o n  o f  the  NCSS s tudy can be found i n  R i c c i ,  

ed. (1) .* 
For t h i s  ana l ys i s ,  t he  summary data  on passengers ca rs  ( 1 )  were 

reviewed f rom the  s tandpo in t s  o f  impact d i r e c t i o n ,  o b j e c t  s t r u c k ,  

instantaneous change i n  v e h i c l e  v e l o c i t y  ( c a l l e d  d e l t a  V) , and i n j u r y  

types f o r  crashes t h a t  would be o f  re levance t o  a i r b a g  occupant 

r e s t r a i n t  systems. A i rbag systems a r e  g e n e r a l l y  f e l t  t o  be most 

e f f e c t i v e  i n  crashes t h a t  a re  o f  the  f r o n t a l  type and whose s e v e r i t y  i s  

s u f f i c i e n t l y  g rea t  t h a t  se r i ous  i n j u r i e s  would l i k e l y  occur i f  t h e  

system were n o t  a c t i v a t e d .  Wi th  t h a t  i n  mind, the  f o l l o w i n g  analyses 

were conducted t o  o b t a i n  an overv iew o f  t h e  r e l e v a n t  c rash data .  

*Numbers i n  parentheses denote re ferences l i s t e d  a t  the  end o f  
t h i s  r e p o r t .  



2.1 Impact D i r e c t i o n  - 
The p r i n c i p a l  d i r e c t i o n  o f  f o r c e  (PDOF) t o  an impacted v e h i c l e  i s  

broken down i n t o  " c lock  d i r e c t i o n s "  o r  30' increments. T h i s  PDOF i s  no t  

n e c e s s a r i l y  t h e  same as t h e  area o f  t he  v e h i c l e  damaged. For example, 

i t  i s  p o s s i b l e  t o  have an 1 1  o ' c l o c k  (30' t o  t h e  l e f t )  impact vec to r  

i n t o  the  s i d e  t h e  f r o n t  o f  t he  c a r .  The PDOF does, however, g i v e  a 

general  p i c t u r e  o f  t h e  v e c t o r  o r i e n t a t i o n  o f  t h e  major d e c e l e r a t i o n  o f  

t h e  occupant compartment. I f  we combine t h e  l e f t  and r i g h t  c l ock  

d i r e c t i o n s  o the r  than 12 o ' c l o c k  ( 0 ° ) ,  we f i n d  the  d i s t r i b u t i o n  o f  

impact d i r e c t i o n s ,  p resented i n  Tab le  1 ,  grouped acco rd ing  t o  occupant 

i n j u r y  l e v e l s .  

TABLE 1 

DISTRIBUTION O F  IMPACT DIRECTION FOR 
VARIOUS OCCUPANT INJURY GROUPINGS 

The data  i n  Tab le  1 i n d i c a t e  t h a t  the  +30° t e s t  cond i t i  ons o f  FMVSS 

208 would cumu la t i ve l y  i n c l u d e  50% t o  55% o f  t he  occupants i nvo l ved  i n  

a1 1 t he  NCSS crashes. The quest  i o n  o f  when t h e  PDOF p e r t a i n s  more t o  

s i d e  impact than t o  f r o n t  impact has n o t  r e a l l y  been addressed i n  t h e  

l i t e r a t u r e .  The r e v i s i o n  proposed by NHTSA t o  FMVSS 214 f o r  s i d e  impact 

i n c l u d e  a +60° impact P D O F .  Thus, one might  conclude t h a t  t h e  d i v i s i o n  

between f r o n t a l  impact and s i d e  impact should occur when t h e  PDOF i s  a t  

245". T h i s  would g i v e  equal f r o n t a l  and l a t e r a l  components t o  t he  

impact v e c t o r .  I n t e r p o l a t i o n  o f  t h e  cumu la t i ve  f requency da ta  from 

Tab le  1 i n d i c a t e s  t h a t  approx imate ly  63% o f  t h e  occupants i n j u r e d  a t  t he  

l e v e l  o f  AIS 3 o r  g r e a t e r  would be inc luded f o r  PDOF d i r e c t i o n s  between 

+ 4 5 O .  Thus, i t  i s  reasonable t o  extend t h e  range o f  t he  PDOF f o r  a i r b a g  

Impact D i r e c t i o n  (PDOF) 

12 O'Clock (0') 
1 & 1 1  O ' c l o c k  (f30°) 
2 & 1 0  o l c l o c k  (+60°) 
3 & 9 O ' c l o c k  (*go0) 

A l l  Occupants 

27.3% 
22.5% 
14.8% 
2.4% 

A I S  2+ 

34.1% 
21.0% 
17.0% 
3.2% 

A I S  3+ 

32.7% 
20.0% 
20.2% 

3.6% 

Fa ta l  

34.4% 
16.6% 
19.2% 
6.1% 



crash testing to include direct ions up to k45' in order to increase the 

coverage of real-world accident victims. 

2.2 Of Object Struck - 
Table 2 shows the distribution of NCSS accidents by accident type 

for the same injury groups. 

TABLE 2 

DISTRIBUTION OF ACCIDENT TYPE FOR 
VARIOUS OCCUPANT INJURY GROUPINGS 

A few comments need to be made about this breakdown of the data. 

The two-vehicle/side-impact data invariably include one side-impacted 

vehicle and one frontally-impacted vehicle in each crash. Thus, only 

half of the data pertain to frontal impacts. These frontal impacts 

would most likely be different than those occurring in two-vehicle/head- 

on crashes, in terms of both the vehicle-to-vehicle interaction and the 

delta V of the frontally-impacted vehicle. An estimate of the relative 

frequency of frontal impact for occupants in these crashes, obtained by 

simply dividing all "side" data by two, produces numbers of occupants 

injured at the AIS2+, AIS 3+, and fatal levels that are somewhat lower 

than those in two-vehicle/head-on crashes. 

Accident Type 

Single Vehicle/Fixed Object 
Two Vehicles/Head-On 
Two Vehicles/Side 
Three or More Vehicles 

Similarly, the single-vehicle/fixed-object data include all impact 

directions. An estimate of the relative frequency of frontal impact for 

occupants in these crashes can be made by taking 63% of the single- 

vehi cl e/f i xed-object data based on the re1 at ive frequency of k45' PDOF 

given in section 2.1. This would produce relative frequencies for each 

A l  1 Occupants 

19.5% 
10.8% 
36 7% 
11.7% 

A I S  2+ 

31.6% 
16.2% 
27.6% 
9.5% 

AIS 3+ 

31.8% 
17.8% 
27.2% 
8.5% 

Fatal 

29.4% 
20.8% 
25.2% 
7.2% 



i n j u r y  group o f  about 18% t o  20%, which wou ld  be s imi  l a r  t o  t he  r e l a t i v e  

f requenc ies  o f  t he  two-vehicle/head-on ca tego ry .  

As a  r e s u l t  o f  t he  above c o n s i d e r a t i o n s ,  i t  appears t h a t  i n j u r i e s  

i n  f r o n t a l  (+45') crashes occur w i t h  s imi  l a r  f requency i n  t he  NCSS da ta  

i n  v e h i c l e - t o - f i x e d  o b j e c t ,  head-on v e h i c l e - t o - v e h i c l e ,  and v e h i c l e - t o -  

s i d e - v e h i c l e  types.  The i m p l i c a t i o n s  f o r  c rash t e s t  e v a l u a t i o n  o f  

a i r b a g  r e s t r a i n t  systems a r e  t h a t  equal emphasis should be p laced on 

v e h i c l e - t o - f i x e d  o b j e c t  t e s t s  and t o  b o t h  types o f  v e h i c l e - t o - v e h i c l e  

t e s t s .  Also, t h e  f a c t  t h a t  f r o n t - t o - s i d e - v e h i c l e  type f r o n t a l  crashes 

occur w i t h  s i m i l a r  f requency t o  t he  o t h e r  two types o f  f r o n t a l  crashes 

should be cons idered i n  s e t t i n g  the  t h r e s h o l d  l e v e l  f o r  i n i t i a t i o n  o f  

a i r b a g  deployment, because these f r o n t - t o - s i d e  crashes would tend t o  

h i v e  1 ower d e l  t a  V l  s  and d e c e l e r a t i o n s  than head-on o r  f  i xed-obj e c t  

crashes.  

2.3 Veh ic le  V e l o c i t y  Change (De l ta  V l  

The NCSS s tudy  c o n t a i n s  20,279 (weighted t o t a l )  f ronta l -damage 

passenger cases. Table 3 g i v e s  i n f o r m a t i o n  on occupants i n j u r e d  among 

the  31,431 occupants i n  these crashes i n  two d i f f e r e n t  ways. One way i s  

t o  g i v e  the  percentage of a l l  occupants i n j u r e d  f o r  v e l o c i t y  changes up 

t o  35 mph and 40 mph, r e s p e c t i v e l y  ( cumu la t i ve  frequency) . The o the r  

way i s  t o  g i v e  the  percentage o f  occupants i n j u r e d  i n  t h e  v a r i o u s  i n j u r y  

groupings among those i n v o l v e d  i n  crashes w i t h  v e l o c i t y  changes 

s p e c i f  i c a l  l y  o f  35 mph and 40 mph ( i n j u r y  r a t e )  . 
TABLE 3 

D l  STR l  BUT l  ON OF VEH l  CLE VELOC l  TY CHANGES FOR 
VAR l  OUS OCCUPANT l  NJURY GROUP l  NGS 

D e l t a  V  

35 MPH 

40 MPH 

AIS 2+ 

Cum. I n j u r y  
Freq. Rate 

87% 50% 

92% 58% 

AIS 3+ 

Cum. I n j u r y  
Freq. Rate 

78% 3 3% 

85% 4 3% 

Fa ta l  

Cum. l n j u r y  
Freq. Rate 

50% 1 1 %  

60% 20% 



These data  i n d i c a t e  t h a t  a  c rash  v e l o c i t y  change o f  40 mph ins tead  

o f  35 mph n e a r l y  doubles the  f a t a l  i n j u r y  r a t e  as w e l l  as produc ing  a  

10% increase i n  t he  cumula t ive  frequency o f  the  occurrence o f  

f a t a l i t i e s .  S i g n i f i c a n t  increases i n  t h e  cumula t ive  f requenc ies  and 

i n j u r y  r a t e s  f o r  t h e  A I S  2+ and A I S  3+ l e v e l s  a l s o  r e s u l t  when 

cons ide r ing  t h e  40 mph leve l  i ns tead  o f  the  35 mph l e v e l .  

Choosing a  crash t e s t  v e h i c l e  d e l t a  V o f  40 mph would appear t o  be 

a  s u i t a b l e  goal f o r  i nc reas ing  t h e  p r o t e c t i v e  c a p a b i l i t i e s  o f  a  v e h i c l e .  

However, i t  must be kept  i n  mind t h a t  the  d e l t a  V values i n  t he  N C S S  

data  a re  no t  equ i va len t  t o  b a r r i e r  crash d e l t a  Vs. The a c c e l e r a t i o n  

l e v e l s  a s s o c i a t i o n  w i t h  b a r r i e r  crashes tend t o  be h igher t han  those f o r  

car - to -car  crashes a t  the  same d e l t a  Vs. T h i s  i s  a t t r i b u t e d  t o  t he  

complet; and u n i f o r m  con tac t  t h a t  t h e  f l a t  b a r r i e r  produces a g a i n s t  t h e  

f r o n t  o f  the  t e s t  v e h i c l e .  Thus, a  40 mph d e l t a  V l e v e l  i n  terms o f  

r e a l - w o r l d  crash s e v e r i t y  may be represented by a  lower d e l t a  V i n  an 

e q u i v a l e n t  b a r r i e r  crash t e s t .  The 35 mph b a r r i e r  crash v e l o c i t y  used 

by Honda i n  p rev ious  t e s t i n g  may be near t h i s  equivalence l e v e l .  

2 .4  D i s t r i b u t i o n  o f  NCSS I n j u r i e s  - 
The goal o f  any r e s t r a i n t  system i s  t o  p revent  se r i ous  and f a t a l  

i n j u r i e s .  I n  meet ing t h i s  goal i t  i s  p o s s i b l e  t h a t  some i n j u r i e s  may be 

produced by the  r e s t r a i n t  system i t s e l f  and t h a t  many lower l e v e l  

i n j u r i e s  may n o t  be prevented. Choosing the  c rash t e s t  s e v e r i t y  l e v e l s  

f o r  e v a l u a t i n g  a  r e s t r a i n t  system r e q u i r e s  a  d e c i s i o n  as t o  what l e v e l  

o f  i n j u r y  w i l l  be judged acceptab le  and what l e v e l s  o f  i n j u r y  a r e  t o  be 

prevented. C u r r e n t l y ,  i t  i s  g e n e r a l l y  f e l t  t h a t  t he  A I S  3 l e v e l  i s  an 

acceptab le  i n j u r y  l e v e l  f o r  t h e  upper c rash s e v e r i t y  l i m i t  o f  t h e  

v e h i c l e .  

I n  view o f  t h i s ,  the  N C S S  data  on the  most f requent  i n j u r i e s  common 

a t  A I S  l e v e l s  o f  4 ,  5, and 6 can p r o v i d e  i n s i g h t  i n t o  the  types  o f  

i n j u r i e s  t h a t  a r e  t o  be prevented. Table 4  presents  the  d i s t r i b u t i o n  o f  

i n j u r i e s  t o  t h e  major body reg ions  f o r  A I S  3 and the  h igher  t h r e e  A I S  

l e v e l s .  

The th ree  most f r e q u e n t l y  i nvo l ved  body reg ions  a t  A I S  4, 5, and 6 

a re  t h e  head, abdomen, and tho rax .  These would most l i k e l y  be w e l l  



TABLE 4 

DISTRIBUTION OF ~15=3,4 ,5 ,6  INJURIES 
BY BODY REGION 

p r o t e c t e d  by an e f f e c t i v e  a i r b a g  system. Note t h a t  a t  t h e  AIS 3 l e v e l  

t h e  l e g  rep resen ts  a s i g n i f i c a n t  p o r t i o n  o f  t h e  i n j u r i e s ,  second o n l y  t o  

t he  tho rax .  I t  would be v a l u a b l e  f o r  a r e s t r a i n t  system t h a t  d im in i shed  

the  occur rence o f  head, t h o r a c i c ,  and abdominal i n j u r i e s  t o  a l s o  

min imize  l e g  i n j u r i e s ,  even though they a re  u s u a l l y  c l a s s i f i e d  as AIS 4 

and be 1 ow. 

Body Region 

Head 
Abdomen 
Thorax 
Leg 
Neck 
A r m  
Back 

AIS 5 

38 6 3% 
30 . 7% 
25 -4% 

0.2% 
4 .O% 
0.0% 
1 . 1 %  

AIS 3 

10.2% 
8.3% 

36.6% 
26.1% 
4.2% 

12.8% 
1 .g% 

AIS 6 

29.7% 
1.4% 

23.1% 
o .o% 

43.4% 
0.0% 
0.9% 

AIS 4 

24.7% 
29.9% 
19.2% 
16.5% 

1.3% 
7 3% 
1.0% 

A I S  4,5,6 

30.1% 
26.3% 
21 .9% 

8.6% 
7.9% 
3.8% 
1 .O% 



3.0 DlSCUSSlON OF FACTORS INFLUENCING 
AIRBAG DESIGN AND PERFORMANCE 

The r o l e  o f  an occupant r e s t r a i n t  system i s  t o  coup le  t h e  occupant 

t i g h t l y  t o  t h e  v e h i c l e  so t h a t  he can r i d e  down t h e  c rash us ing  t h e  

v e h i c l e ' s  energy absorbing c a p a b i l i t i e s  w h i l e  a t  t h e  same t ime 

prevent ing ,  i n s o f a r  as p o s s i b l e ,  c o n t a c t  o f  the  occupant w i t h  t h e  

i n t e r i o r  o f  t h e  v e h i c l e .  A t h i r d  f u n c t i o n  o f  a  r e s t r a i n t  system i s  t o  

d i s t r i b u t e  o r  l i m i t  t he  loads produced by the  crash on t h e  occupan t ' s  

body. Whi le  a l l  o f  these f u n c t i o n s  can be prov ided f o r  i n  p r i n c i p l e ,  

t he  c r i t i c a l  f a c t o r s  t h a t  come i n t o  p l a y  i n  t h e  ac tua l  s p e c i f i c a t i o n  o f  

r e s t r a i n t  performance l e v e l s  a re  the  mechanical response c h a r a c t e r i s t i c s  

o f  the  human body under such I oad i ng cond i t i  ons and t h e  1 i  m i t s  o f  

mechanical l oad ing  t h a t  can be r e l i a b l y  a p p l i e d  w i t h o u t  se r i ous  i n j u r y .  

Such i n f o r m a t i o n  i s  known as the  biomechanical impact response and 

to le rance  o f  t he  human body. The l ack  o f  adequate knowledge o f  such 

f a c t o r s  has impeded the  progress  o f  r e s t r a i n t  system design,  

p a r t i c u l a r  1 y  w i  t h  respect  t o  i  nnovat  i v e  approaches t o  occupant 

r e s t r a i n t .  To pu t  i t  i n  s imp le  terms, an engineer must know the  

mechanical c h a r a c t e r i s t i c s  and f a i l u r e  modes o f  the  s u b j e c t  t h a t  i s  t o  

be p ro tec ted  j u s t  as much as those o f  t h e  s t r u c t u r e s  or systems t h a t  a r e  

be ing  designed t o  do the  p r o t e c t i n g .  Given a  d e s i r e d  upper c rash 

v e l o c i t y  l e v e l ,  i t  i s  the  l i m i t s  o f  t he  human body t o  w i t h s t a n d  the  type 

and magnitude o f  the  loads produced on i t  by t h e  r e s t r a i n t  system t h a t  

d i c t a t e  the  ac tua l  performance l e v e l s  o f  t he  v e h i c l e  c rashwor th iness  

s t r u c t u r e s .  

I n  a  f r o n t a l  crash, an a i r b a g  r e s t r a i n t  system has severa l  

t h e o r e t i c a l  advantages over t he  lap /shou lder  b e l t  r e s t r a i n t  system. 

F i r s t ,  the  a i r b a g  prov ides  a  much l a r g e r  area t o  r e s t r a i n  t h e  occupant 

and thus can app ly  l a rge r  t o t a l  loads t o  t h e  body f o r  a g iven  u n i t  

loading.  Second, the a i r b a g  can load t h e  head as w e l l  as the  r e s t  o f  

the  body and can thereby c o n t r o l  t he  mo t ion  o f  t h e  head i n  a  manner t h a t  

be1 t systems cannot. A t h i r d  p o s s i b l e  advantage i s  t h e  ab i  l i t y  t o  

increase t h e  s topp ing  d i s t a n c e  o f  t he  occupant by p r o v i d i n g  c o n t r o l l e d  

forward mot ion  w i t h i n  the  occupant compartment d u r i n g  the  c rash.  T h i s  



f e a t u r e  can be designed i n t o  b e l t  systems a l s o .  The above advantages 

were r e f e r r e d  t o  as t h e o r e t i c a l  advantages because i t  depends t o  a  g r e a t  

e x t e n t  upon the  s e v e r i t y  o f  t he  c rash v e l o c i t y  l e v e l  as t o  whether o r  

n o t  such fea tu res  a r e  a c t u a l l y  necessary t o  p reven t  severe o r  f a t a l  

i n j u r y  t o  t he  v e h i c l e  occupants. The c rashwor th iness  f e a t u r e s  o f  the  

v e h i c l e  s t r u c t u r e s  must be capable o f  adequately do ing  t h e i r  j o b  o f  

managing the  c rash energy and p r e v e n t i n g  occupant compartment i n t r u s i o n  

a t  a  p a r t i c u l a r  des ign  c rash v e l o c i t y  b e f o r e  such a d d i t i o n a l  f e a t u r e s  as 

load d i s t r i b u t i o n  on t h e  body, c o n t r o l  o f  head mot ion ,  and increased 

s topp ing  d i s t a n c e  a re  needed. The bas i c  f u n c t i o n  o f  t h e  r e s t r a i n t  

system i s  s t i l l  t o  p r o v i d e  r i d e  down o f  t h e  c rash and t o  prevent  

u n c o n t r o l l e d  i n t e r i o r  con tac ts .  Rea l -wor ld  a c c i d e n t  i n v e s t i g a t i o n  data  

has found t h a t ,  f o r  crashes i n  which the  v e h i c l e  c rashwor th iness  

s t r u c t u r e s  have remained e f f e c t i v e ,  t he  proper  use o f  a  lap /shou lder  

b e l t  poses no se r i ous  t h r e a t  o f  i n j u r y  t o  t he  occupant. These crash 

s e v e r i t y  l e v e l s  appear t o  i n c l u d e  the  c o n d i t i o n s  o f  t h e  p resen t  FMVSS 

208. 

Thus, i t  appears t h a t  t h e  b iomechanical  advantages o f  t h e  a i r b a g  

a re  n o t  s t r i c t l y  necessary f o r  sa fe  occupant p r o t e c t i o n  i n  s u r v i v a b l e  

v e h i c l e  crashes w i t h  t he  p resen t  l e v e l  o f  c rashwor th iness  i n  t o d a y ' s  

cars .  Only as the  c rashwor th iness  l e v e l  ( t h a t  i s ,  t h e  s u r v i v a b l e  crash 

v e l o c i t y )  i s  r a i s e d  t o  h ighe r  l e v e l s  w i t h  f u t u r e  v e h i c l e  des igns  might  

i t  become necessary t o  p r o v i d e  t h e  a d d i t i o n a l  f r o n t a l  c rash  p r o t e c t i v e  

f e a t u r e s  o f  t h e  a i r b a g .  A t  j u s t  what l e v e l  t h i s  occurs depends t o  a  

g r e a t  degree upon a  good knowledge o f  t h e  biomechanical f a c t o r s  i nvo l ved  

i n  human t o l e r a n c e  t o  impact i n j u r y .  

The a i r b a g  i s  a  r e s t r a i n t  system t h a t  i s  designed t o  do one 

p a r t i c u l a r  j o b  very  w e l l .  That  j o b  i s  t o  p r o v i d e  pass ive  p r o t e c t i o n  f o r  

a  we1 l -p laced ( t h a t  i s ,  seated, f o rward - fac i  ng, centered,  and back i n  

t h e  v e h i c l e  seat)  v e h i c l e  occupant i n  a  p r i m a r i l y  f r o n t a l  f o r c e  c rash i n  

which t h e  major  c rash  events take  p lace  w h i l e  t he  a i r b a g  remains 

i n f l a t e d .  The a i r b a g  i s  mounted i n  t h e  forward s t r u c t u r e  o f  t h e  v e h i c l e  

and t h e r e f o r e  depends t o  some e x t e n t  upon the  s t r u c t u r a l  i n t e g r i t y  o f  

t he  fo rward  s t r u c t u r e ,  i n c l u d i n g  t h e  w indsh ie ld ,  i n  t he  case o f  t he  

passenger a i rbag .  Windsh ie ld  r e t e n t i o n  i n  v e h i c l e  crashes i s  an 



impor tant  f a c t o r  i n  keeping un res t ra ined  occupants i n s i d e  the  car and i s  

covered by FMVSS 212. However, o u t s i d e  o b j e c t s  can d i s r u p t  t he  

w indsh ie ld  i n t e g r i t y  d u r i n g  a  c rash and thus might  compromise the  

performance o f  a  passenger a i  rbag. An anal ys i  s  o f  the  Col 1 i s  i on  

Performance and I n j u r y  Report  (CP I R)  acc iden t  da ta  f  i 1 es f o r  f r o n t a l  

crashes w i t h  impact f o rces  between 10 and 2  o ' c l o c k  y i e l d e d  5,705 

v e h i c l e s  o f  which 991 broken w indsh ie lds  occur red.  O f  these, 412 were 

caused by occupant c o n t a c t ,  358 were broken by o the r  than occupant 

con tac t ,  and 221 were o f  unknown cause. T h i s  means t h a t  6.3% t o  10.1% 

o f  t he  crashes may have represented a  problem f o r  passenger a i r b a g  

performance. 

The o u t - o f - p o s i t i o n  occupant presents  another f a c t o r  f o r  

c o n s i d e i a t i o n  i n  the des ign and performance o f  a i r b a g  r e s t r a i n t  systems. 

Thi s  s  i t u a t i o n  can occur f o r  bo th  the  d r i v e r  (2) and f o r  the  passenger 

(3,4). P reven t ion  o f  dangerous ou t -o f -p lace  occupant i n t e r a c t i o n s  w i t h  

the r a p i d l y  i n f l a t i n g  a i r b a g  has s i g n i f i c a n t  i n f l uences  on i n f l a t i o n  

c h a r a c t e r i s t i c s ,  bag f o l d i n g  p a t t e r n s ,  and system placement. The o u t -  

o f - p o s i t i o n  c h i l d  occupant g e n e r a l l y  presents  the  most severe 

r e s t r i c t i o n  on des ign parameters. 



4 $ 0  D l SCUSS l ON OF B  l OMECHAN l CAL FACTORS 

The problem o f  d e s c r i b i n g  t h e  mechanical response, i n j u r y  

mechanisms, and t o l e r a n c e  t o  f o r c e  o f  t h e  human body i s  paramount i n  

r e s t r a i n t  system design.  As a t tempts  a re  made t o  upgrade and o p t i m i z e  

the  per formance o f  r e s t r a i n t  systems, t h e  g r e a t e r  t he  need f o r  more 

complete and accu ra te  da ta  on the  biomechanics o f  t he  human body. 

Biomechanical knowledge can be u s e f u l  i n  many ways i n  r e s t r a i n t  system 

des ign  and e v a l u a t i o n .  The i n f o r m a t i o n  can be used t o  s e t  des ign  

c r i t e r i a  f o r  load l i m i t s  produced by the  r e s t r a i n t  system, such as t h e  

c o l l a p s e  load o f  t he  energy-absorbing s t e e r i n g  column o r  t h e  b reak ing  

l oad  o f  t he  HPR w indsh ie ld ,  w h i l e  i t  can a l s o  be u s e f u l  i n  s p e c i f y i n g  
, 

t h e  response o f  a  human su r roga te ,  such as a  dummy o r  a  mathematical 

model,  F i n a l l y ,  i t  can be used t o  assess t h e  i n j u r y  p o t e n t i a l  o f  a  

p a r t i c u l a r  r e s t r a i n t  system through the  use o f  i n j u r y  c r i t e r i a .  

There are  severa l  problems r e l a t e d  t o  t h e  b iomechanical  use o f  t h e  

p r e s e n t  t ype  o f  t e s t  dummies s p e c i f i e d  f o r  use i n  FMVSS 208 ( the  so- 

c a l l e d  P a r t  572 dummy). Such t e s t  dummies had t h e i r  o r i g i n s  i n  dummies 

t h a t  were intended t o  s i m u l a t e  t h e  shape and mass d i s t r i b u t i o n  o f  t he  

average (50th p e r c e n t i l e )  male human body. The a r t i c u l a t i o n s  o f  these 

dummies were o n l y  c r u d e l y  r e p r e s e n t a t i v e  o f  t he  human l i nkages ,  and 

t h e r e  was no a t tempt  a t  s i m u l a t i n g  the  mechanical response o f  such 

c r i t i c a l  s t r u c t u r e s  as t h e  head, neck, and ches t .  Most o f  t h e  f e a t u r e s  

o f  t h e  P a r t  572 dummy were developed t o  improve the  repeatab i  1 i t y  and 

r e p r o d u c i b i l i t y  o f  t h e  dummy, t h e  f i r s t  p r i o r i t y  o f  any t e s t  dev ice .  As 

a  r e s u l t ,  t h e  P a r t  572 dummy g i ves  exaggerated va lues  o f  a c c e l e r a t i o n s  

and f o r c e s  generated under some o f  t he  impact s i t u a t i o n s  t y p i c a l  o f  

r e s t r a i n t  systems t e s t i n g .  These d i sc repanc ies  a r e  the  r e s u l t  o f  a  lack  

o f  what i s  known as b iomechanical  f i d e l i t y .  An a d d i t i o n a l  c o m p l i c a t i n g  

f a c t o r  i s  t h a t  t h e  i n j u r y  c r i t e r i a  used i n  FMVSS 208 were based on 

b iomechanical  impact d a t a  o b t a i n e d  w i t h  human cadavers. As a  r e s u l t ,  

t h e  1 im i  t e d  i n j u r y  c r i t e r i a  p u t  f o r t h  i n  FMVSS 208 (head, ches t ,  and 

femur i n j u r y  c r i t e r i a )  were ob ta ined  w i t h  t h e  b e s t  avai  l a b l e  su r roga te  

o f  t h e  human body b u t  a r e  i n t e r p r e t e d  w i t h  a s u r r o g a t e  (Pa r t  5 7 2  dummy) 

t h a t  does n o t  n e c e s s a r i l y  respond i n  t he  same manner as t h e  human body. 



The human body i s  a  very  compl ica ted biomechanical s t r u c t u r e .  I t s  

c r i t i c a l  s t r u c t u r e s  and t h e i r  i n j u r y  1 i m i  t s  a re  not  comple te ly  

understood.  Cu r ren t  research work i s  aimed a t  improving t h i s  s i t u a t i o n ,  

b u t  i n  some reg ions ,  such as b r a i n  i n j u r y ,  i t  may be many years b e f o r e  

an adequate unders tand ing o f  a l l  t h e  p o s s i b l e  modes o f  i n j u r y  and t h e i r  

causes a r e  achieved. The same i s  t r u e  t o  a  l esse r  ex ten t  i n  t he  chest .  

The s i m p l i f i e d  i n j u r y  c r i t e r i a  o f  FMVSS 208 represented t h e  bes t  

a v a i l a b l e  i n f o r m a t i o n  a t  the  t ime  o f  i t s  f o rmu la t i on ,  bu t  i t  neg lec ts  

o the r  p o s s i b l e  forms o f  i n j u r y ,  such as neck i n j u r y ,  because l i t t l e  i s  

known q u a n t i t a t i v e l y  about the s u b j e c t .  Such incomplete s p e c i f i c a t i o n  

o f  p o t e n t i a l  types  o f  i n j u r y  i n  a  r e s t r a i n t  system's performance 

standard r e q u i r e s  t h a t  r e s t r a i n t  system development be approached on a  

very  cgnse rva t i ve  bas i s  t o  ensure t h a t  a  system t h a t  i s  aimed a t  

p reven t i ng  one t ype  o f  i n j u r y  does n o t  produce another,  p o s s i b l y  more 

se r i ous ,  type o f  i n j u r y .  

The GM Hybr i d  I I I dummy (5) has s i  gn i  f  i cant  improvements i  n  

biomechanical f i d e l i t y  over t h e  P a r t  572 dummy. I n  a d d i t i o n ,  t h e  Hyb r id  

I l l  dummy has p r o v i s i o n s  f o r  advanced t ransducers i n  the  neck, ches t ,  

and legs  t h a t  can a i d  i n  t h e  assessment o f  i n j u r y  p o t e n t i a l  i n  body 

reg ions  no t  p o s s i b l e  w i t h  t he  P a r t  5 7 2  dummy. The problem o f  

understanding the  i n j u r y  l i m i t s  remains, however. 

General Motors has a l s o  developed a m o d i f i e d  th ree-year -o ld  c h i l d  

dummy w i t h  improved i ns t rumen ta t i on  i n  the  form o f  neck and ches t  load 

c e l l s .  Th i s  dummy was intended p r i m a r i l y  f o r  o u t - o f - p o s i t i o n  t e s t  

e v a l u a t i o n  o f  a i r b a g  systems. The dummy may n o t  have good biomechanical 

f i d e l i t y ,  s i nce  such data  on c h i l d r e n  are  l ack ing .  



5.0 DISCUSSION O F  CRASH TESTING FACTORS 
AND SUGGESTED CRASH TEST MATRIX 

To t e s t  t he  p r o t e c t i v e  performance o f  an occupant r e s t r a i n t  system, 

i t  i s  most o f t e n  necessary t o  s imu la te  a  v e h i c l e  c rash t o  some degree, 

and t o  i n c l u d e  a  s i m u l a t i o n  o f  the  v e h i c l e  occupants. V e h i c l e  crashes 

can be s imu la ted  by a  v a r i e t y  o f  techn iques,  i n c l u d i n g  s l e d  t e s t i n g ,  

component impact t e s t i n g ,  and f u l l - s c a l e  car  c rash  t e s t i n g .  Each 

techn ique has v a r i o u s  advantages and disadvantages.  The most r e a l i s t i c  

techniques,  ac tua l  c rash ing  o f  cars  i n t o  r e a l  i s t i c  o b j e c t s  (o ther  ca r ,  

t r e e ,  o r  roads ide  s t r u c t u r e ) ,  s u f f e r  f rom a  l ack  o f  p r e c i s e  c o n t r o l  o f  

t h e  exper iments and can r e s u l t  i n  problems o f  r e p e a t a b i l i t y  and 

r i p r o d u c i  b i  1 i t y  o f  t e s t  r e s u l  t s .  Techniques t h a t  o f f e r  more c o n t r o l  can 

compromise t h e  r e a l i s m  o f  t h e  crash envi ronment by e l i m i n a t i n g  v e h i c l e  

c rash mot ions,  such as p i t c h i n g  and yawing, and t h e i r  subsequent e f f e c t  

on occupant k inemat i cs .  Any t e s t  program w i l l ,  o f  n e c e s s i t y ,  i n v o l v e  

compromises between r e a l i s m  and r e p e a t a b i l i t y .  

The goa ls  of an a i r b a g  r e s t r a i n t  system development program can 

b e s t  be met by a  combined approach u s i n g  f u l l - s c a l e  car  c rash t e s t s  f o r  

major  system e v a l u a t i o n  and supplementing them w i t h  s e l e c t e d  s l e d  t e s t s  

f o r  e v a l u a t i o n  o f  spec ia l  cases. The General Motors a i r  cush ion  c rash 

t e s t  program (5) used such an approach. The GM s tudy  had a  number o f  

c r i t e r i a  f o r  s e l e c t i n g  t e s t  c o n d i t i o n s  and c o n f i g u r a t i o n s .  These 

i nc luded  s e l e c t i n g  s i m u l a t i o n s  o f  h igh-occur rence r e a l - w o r l d  acc iden ts  

based on acc iden t  data,  mi leage and env i ronmenta l  e f f e c t s ,  occupant s i z e  

and p o s i t i o n  mix, and d u p l i c a t i o n  o f  p a r t i c u l a r  acc iden ts  i n  which t h e i r  

a i rbag-equipped v e h i c l e s  had been invo lved.  

I n  comparison t o  t h e  GM study,  t h e  proposed Honda study would 

n e c e s s a r i l y  d i f f e r  i n  two aspects.  F i r s t ,  t h e r e  a re  no r e a l - w o r l d  

acc iden ts  t o  r e c r e a t e  i n v o l v i n g  a i rbag-equipped Honda cars ,  and second, 

t h e  Honda system has been developed t o  exceed t h e  requ i rements  o f  FMVSS 

208 by meet ing t h e  i n j u r y  c r  i  t e r  i a  a t  a  c rash  speed o f  35 mph. An 

a d d i t i o n a l  f a c t o r ,  which can enhance the  Honda s tudy ,  i s  t h e  

a v a i l a b i l i t y  o f  advanced a d u l t  and c h i l d  dummies f o r  e v a l u a t i o n  o f  

system p e r f  ormance. 



The suggested t e s t  c o n d i t i o n s  and c o n f i g u r a t i o n s  f o r  t h e  Honda 

study are  based on the  i n f o r m a t i o n  prov ided i n  t he  p rev ious  sec t i ons  o f  

t h i s  r e p o r t  and a re  intended t o  r e f l e c t  r e a l - w o r l d  acc iden t  exper ience.  

The suggested t e s t  m a t r i x  (shown i n  Table 5) cons iders  the  

f o l l o w i n g  f a c t o r s :  

a. Type o f  crash t e s t  ( b a r r i e r ,  car -car ,  car -po le ,  o r  s l ed )  
b. lmpact angle (0°, 30°, 45') 
c. Impact v e l o c i t y  change (De l ta  V)  
d. Occupant s i z e  
e. Occupant p o s i t i o n  

The v a r i o u s  combinations o f  these c o n d i t i o n s  and c o n f i g u r a t i o n s  have 

been r a t e d  accord ing  t o  t h e i r  r e l a t i v e  importance i n  e v a l u a t i n g  the  

o v e r a l l  performance o f  t he  system. The r a t i n g  used the  f o l l o w i n g  code: 
I 

A = Essen t i a l  Test  
B = Important  Tes t  
C = Usefu l  Test  
D = Can O m i t  

General comments on the  fea tu res  o f  t he  t e s t  m a t r i x  f o l l o w .  

A: Essen t i a l  Tes ts .  Al though b a r r i e r  t e s t s  a r e  no t  as 

r e a l i s t i c  as car -car  o r  ca r -po le  t e s t s  i n  terms o f  r e a l - w o r l d  f requency,  

they do rep resen t  a  repeatab le  and h i g h l y  s tandard ized t e s t  c o n d i t i o n .  

The 0 ° /  35-mph b a r r i e r  t e s t s  w i t h  t h e  50th  p e r c e n t i l e  male Hyb r id  I I  I 

dummy and t h e  5 t h  p e r c e n t i l e  female and 95th  p e r c e n t i l e  male dummies 

have been g i v e n  a  r a t i n g  o f  A due t o  t h e  combined importance o f  range o f  

occupant s i z e  and increased biomechanical da ta  needed f o r  a complete 

e v a l u a t i o n  o f  t h e  system performance. S i m i l a r l y ,  car -car  t e s t s  a t  oO/ 
40-mph and 30' / 40-mph have been g i v e n  A r a t  i ngs a1 so. From a  

r e p e a t a b i l i t y  and t e s t  c o n t r o l  s tandpo in t  o n l y  one o f  t h e  v e h i c l e s  i n  

t he  car -car  t e s t s  should be moving, i f  p o s s i b l e .  One c a r - p o l e  t e s t  a t  

j0°/35-mph has been added t o  eva lua te  t h e  system performance under 

l o c a l i z e d  v e h i c l e  deformat ions.  The A-rated s led  t e s t s  a r e  r e l a t e d  t o  

o u t - o f - p o s i t i o n  occupants f o r  t h e  50 th  p e r c e n t i l e  male and 3-year-o ld 

c h i l d  dummies and a  passenger-posi t ioned 95th  p e r c e n t i l e  male dummy. I t  

i s  suggested t h a t  the  o u t - o f - p o s i t i o n  occupant t e s t s  be r u n  f i r s t ,  and, 

based on s u i t a b l e  performance i n  those t e s t s ,  t he  r e s u l t i n g  system 



T A B L E  5  

HONDA A I R B A G  CRASH TEST M A T R I X  

+ S p e c i a l l y  m o d i f i e d  w i t h  neck and chest load c e l l s .  

* * O r  th resho ld  bag f i r i n g  d e l t a  V .  

3 - Y E A R - O L D  
CHILD DUMMY* 

P a s s .  O u t  of 
P o s  . P o s  . 

C  C  
C  D  
D  D  

D  D  
D  D  
D  D  

C  C  
C  D  
D  D  

D D  
D  D  
D  D  

C  C  
C  D 
0 D  

D  D 
D  D  
D  D  

C  A 
B  8 
B C  

C  A 
B B 
B  C  

A = E s s e n t i a l  T e s t  
B = I m p o r t a n t  T e s t  
C = U s e f u l  T e s t  
D = C a n  O m i t  

- 

5 T H  P E R C E N T I L E  
FEMALE DUMMY 

D r i v e r  P a s s .  O u t  of 
P o s  . P o s  . P o s  . 

6 A  D  
C  C  D  
C  C  D  

C  C  D  
C  C  D  
C  C  D  

A  B  D  
B A  D  
B  B  D  

C  C D  
C  C  D  
C  C  D  

C  C  D  
C  C  D  
C  C  D  

C C D 
C  C  D 
C  C  D  

D 0 B 
D  D  D  
0 D  D  

B B  B 
B 6 D  
C B D  

T y p e  o f  
C r a s h  

B a r r i e r  

C a r - C a r  

C a r - P o l e  

S l e d  

I m p a c t  
A n g l e  

0- 
3 0 '  
4 5 '  

0' 
30' 
4 5 '  

0' 
30' 
4 5 '  

0‘ 
30' 
4 5 '  

0' 
30- 
4 5 '  

0' 
30' 
4 5 -  

0' 
30' 
4 5 '  

0' 
30' 
45' 

I m p a c t  
V e l o c i t y  

C h a n g e .  A V  
( m p h  

3 5 
3 5 
3 0  

3 0  
3 0  
2 5  

4 0  
4 0  
35 

3 0  
3 0  
2 5  

3 5 
3 5 
3 0  

3 0  
3 0  
2 5  

20* * 
2 0 *  * 
2 0 * *  

35 
35 
35 

5 0 T H  P E R C E N T I L E  
MALE H Y B R I D  111 DUMMY 

. 
D r i v e r  P a s s .  O u t  o f  

P o s  . P o s  . P o s  . 

A  A  0 
6 B  D  
C  C  D  

C  C  D  
C  C  D  
C C  D  

A  A  D  
A  A  D  
B  B  D  

C  C  D  
C C D  
C ,  C  D  

B  C  D  
B  A  D  
C  C  D  

D  D  D  
D  D  D  
D  D  D  

C  C  A  
D  D  B  
D  D  C  

B  B A 
B B B  
C  C  C  

9 5 T H  P E R C E N T I L E  
MALE DUMMY 

D r i v e r  P a s s .  O u t  of 
P O S .  P o s  . P o s  . 

A  B  D  
B  C  D  
C  C  D  

C  C  D  
C C  D  
C C  D  

B  A  D  
A  6 D  
B  B D  

C  C  D  
C  C  D  
C  C  D  

C  C D  
A  C  D  
C  C  D  

C  C  D  
C C  0 
C  C  D  

D  D  B 
0 D  D  
0 0 D  

B  A B 
6 B  D  
C  C  D  



should then be evaluated w i t h  t he  95th p e r c e n t i l e  male dummy s l e d  t e s t  

t o  ensure proper performance o f  t h e  system. 

Impact Angle. The impact angles have been chosen t o  r e f l e c t  t he  

i n fo rma t ion  d iscussed i n  Sec t i on  2 . 1 .  

Impact V e l o c i t y  Change, I n  a l l  cases two d i f f e r e n t  v e l o c i t y  l e v e l s  

have been suggested. T h i s  was done t o  a l l o w  f o r  t he  es tab l ishment  o f  

system performance over a  range o f  crash v e l o c i t i e s  r a t h e r  than " tun ing "  

a  system f o r  a  p a r t i c u l a r  v e l o c i t y .  

Occupant Size. The dummies suggested f o r  use i n  t h i s  s tudy were 

chosen f o r  two b a s i c  reasons. The 95 th  p e r c e n t i l e  male and 5 t h  

p e r c e n t i l e  female dummies were chosen t o  represent  t he  range o f  a d u l t  

occupants t o  be p ro tec ted  by the  system. The 50 th  p e r c e n t i l e  Hyb r id  I l l  

male and the  3-year-o ld c h i l d  dummies were chosen t o  p r o v i d e  a d d i t i o n a l  

biomechanical da ta  on the  system performance f o r  the  p r o p e r l y  p o s i t i o n e d  

a d u l t  and o u t - o f - p o s i t i o n  a d u l t  d r i v e r  and c h i l d  passenger. These 

dummies a r e  commercia l ly  a v a i l a b l e  and rep resen t  t h e  b e s t  a v a i l a b l e  

devices f o r  e v a l u a t i n g  a i r b a g  performance. 

Occupant P o s i t i o n .  The l o n g i t u d i n a l  seat  l o c a t i o n  o f  t he  dummies 

i n  the  d r i v e r  p o s i t i o n s  should correspond t o  dummy s i ze ,  except  f o r  t he  

o u t - o f - p o s i t i o n  d r i v e r  where a  c lose r  sea t i ng  p o s i t i o n  or  a  slumped 

p o s i t i o n  may be chosen. Passenger -pos i t ion  dummies should be i n  a  

mid- t o  far-back seated l o c a t i o n  even f o r  t he  5 t h  p e r c e n t i l e  female and 

c h i l d  dummies. The o u t - o f - p o s i t i o n  c h i l d  dummy should be s tand ing  or  

knee l i ng  c l o s e  t o  t he  ins t rument  panel .  



6.0 REFERENCES 

Ricci, L.L., ed. NCSS Statistics: Passenqer Cars. Highway Safety 
Research Institute, The University of Michigan, Ann Arbor, June 
1980. Report No. UM-HSR I -80-36. 

Horsch, J.D. and Culver, C.C. "A Study of Driver Interactions with 
an l nf lati ng Air Cushion." Proceedings of the Twenty-Thi rd Stapp 
Car Crash Conference, 17-19 October 1979, San Diego, California. --  
SAE Paper No. 791029. 

Biss, D.J. and F i  tzpatrick, M.U. "A Systems Approach to 
Quantifying Air Bag-Thoracic Interaction.'' Proceedinqs of the 
Twenty-Fifth Conference of the American Association for Automotive 
Medicine, 1-3 October 1981, San Francisco, California. 

Takeda, H. and Kobayashi, S. "Injuries to Chi ldren from Airbag 
Deployment.'' Eighth International Technical Conference 2 
Experimental Safety Vehicles, 21-24 October, Wolfsburg, Germany. 

Foster, J.K., Kortge, J.D., and Wolanin, M.J. "Hybrid Ill--A 
Biomechanical 1y-Based Crash Test Dummy." Proceedi nss of the 
Twenty-F i rst Stapp Car Crash Conference, 19-2 1 October 1977, New 
Orleans, Louisiana. S A E  Paper No. 770938. 

Wilson, R.A. and Piepho, L.L. "Crash Testing the General Motors 
Ai r Cushion." - F i fth International ~ e c h n i  cal Conference 2 
Exper imental Safety Veh i cl es, 4-7 June 1974, London, Engl and. 




