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INJURY TO EYE AND FACIAL SKIN ( RABB I T )  ON I MP ACT WITH 

INFLATING A I R  BAG 

Atsumi Kikuc h i , Mi tsuo Hori i ,  Ak ihiro Kawai , S a ch iko Kawai 
Yoshio Komak i ,  Masanori Mat s uno ( M . D . ) ,  Human Factors 
Engine e ring Division Japan Automob ile Re se arch I n s t itute , 

Inc . ( JARI ) Yatabe- cho , I baraki-ken , Japan 

The air bag system ope rates on the premi se that contact 
between the bag and the body w i l l  not occur unt i l  after the 
b ag has ful ly inflated , but there i s  some apprehens ion about 
the possib i l i ty of i n j ury occurring i f  for some reason the 
surf ace o f  a bag s t i l l  i n f l ating were to strike the face or 
eye . In several prev�ous air bag infl ation te sts on U . S .  
Air Force vol un tee rsl J and baboon s , 2 )  , 3 ) the re spe ctive 
s y s tems ope rated normally and no inj ury was reported , but in 
other te s t s  on human voluntee rs , 4 )  , 5 )  pigs , 6 ) and primate s , 7 )  
damage to eardrums , skin abrasion , contusion , lace ration , 
and even death were reported . Our objective was to derive 
thre sholds o f  in j ury occurrence in the event that an eye or 
the fac�ai s k in o f  the sub j e c t  ( a  rabb i t )  came into contact 
with a bag whi le s t i l l  in flating . S uch thre shold values 
would be useful to air bag des igners as supplemental de s i gn 
data pertaining to s afety l i mi t s . 

1 .  E xperimental Method 
1 - 1 . Te st P l an 

A mul tituqe o f  factors might be conceived which could 
l e ad to se condary inj uty attributable to bag inflation at the 
time o f  an automobile col l i si on . Among them are a )  vehicle 
factors such as impact ve loc i ty and veh ic le we ight , b)  human 
factors such a s  pas senger posi tion and re s traint , and c )  air 
b ag factors such as the characte r i s t i c s  o f  the sys tem use d .  
For our experirnent we had to sharply re strict the factors . 
under con s i d iration . For veh i c le factors we emp l oyed an 
immob i l i z e d  te s t  apparatus , for human factors we inve s tigated 
only rabb i t ' s  eye and facial skin , and for a i r  b ag factors 
only one system , a " s ingle tank multivalve air bag system 
( te s t  s tand) , "  was studie d .  I n  evaluating i n j ury , three 

mechan i c a l  factors were taken into accoun t :  1 )  bag inflation 
ve locity , 2 )  bag maxirnum inte rnal pre s s ure , 3 )  i mpulse at bag 
irnpact . The corresponding degree of inj ury to rabb i t ' s  eye 
and f a c i a l  skin was mea s ured using the inj ury s cale ( I S )  
introduced i n  Table 1 .  
1 - 2 . E xperimental Air Bag I n f l a tion System 

A system combining 3 magnetic valves and a copper 
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block and silicon pad for the strike r .  The embryos o f  fertilized hen 1 s e ggs 
take 2 1  days to hatch at tempe rature s ranging from 3 7 .  9 to 3 8 .  6°C with 
humidity of 5 6  to 60%.  A total of 1 64 embryos in the proce ss  of incubating 
from zero to 1 6  days were used in the test . The reason is that a gap devel­
ops between the embryos and e ggshell as the number  of incubating days 
increases and the gap impede s the transmission of impact . The embryos 
in the eggshell floats in the white , therefore , it s position is not static . 
Through a model test using a floating G- sensor (explanation is omitted here ) ,  
we confirmed that change s in acceleration were unrelated t o  the position of 
the embryo.  We also examined the thickness  of  the plaster (0 - 20 mm ) used 
to fasten the eggs to the deck and found that it did not affe ct impact trans­
mission. 

Re sults and Comments 
Table 1 shows still-birth and abnormality rate s re sulting from the 

impact of square waves and also of symmetrical triangular waves .  Fig. 1 
shows the te st conditions and wave patterns of test co�e Nos .  7 and 8 .  In 
the case of triangular wave s ,  embryo mortality test  conditions were grad­
ually increased in the order of test code Nos . 1 ,  2 ,  3 ,  6 and 7 ,  reaching 
the te st conditions of LD 50 at 7 .  

A lthough test code No.  8 was the only case using square wave 
impact , it can be compared with code No . 1 because the height of dropping 
and the stopping distance were identical in both cas e s .  (See Figure 1 )  
In the case of code No .  8 ,  mortality was 3 .  6 %. Therefore , it -can be said 
that the impact of square waves is safer to bodie s than the irnpact of syrn­
metrical triangular wave s (significant witi.. p :: 0 .  0 5 ) .  A lthough the table 
does not show it , it is considered that the re is a positive correlation 
between an increase in the number of incubating days (that is ,  an increa se 
in the weight of the embryo) and embryo mortality under the same impact 
c onditions . 

TABLE 1 S T I LL - B I RTH RATES INCUBAT I N G  HEN ' S  E G G ,  PRODUCED BY I�WACT 

TEST WAVE PATTER.'l ACCELERATION DROP HEI GHT TOTAL EGGS JEATHS MCRTALITY 
COD:.! NO. PEAK G ( rn ) 

8 SQUARE 3 7 0  4 . 0  2 8  1 
7 7 2 0  4 . 0  1 8  9 
6 

SYMMETRI CAL 
5 5 0  3 . 0  1 8  3 

3 TRI AN GULAR 2 2 0  1 .  3 30 0 
2 1 9 0  l .  0 3 3  0 
1 1 6 0  0 . 5  3 7  0 

Note : * l  Among the 2 abnormal c h i ck s ,  one had undcrgone _ t h e  �rn�act t � 5 t  
o n  t h c  ninth day o f  incub a t i o n .  Both legs rc�a1nd r 1 g 1 d  �n t 1 l  
death four days aftcr h a t c h i n g .  The o t h e r  chick had a tw1 s t e d  
neck pos ture . 

( % )  
3 . 6  

5 0 . 0  
1 6 .  7 

0 
0 
0 

AB:>;OJU!J\ L I TY 

0 
0 
0 
2 * 1  
0 
0 
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F I G .  1 COMPARISON O F  IMPACT ACCE LERATION WAVE PATTERN 

FOR TE ST CODE 7 VS. 8 

. - . -- ------

� ...... . ,) ·�� 

t e s t  c o de 7 
drop h e i g h t  4 m  
acce l e r a t i o n  7 2 0 G  
s t opp i n g  d i s t an c e  l l mm  

--- - - · · · · · -·- -

f'i -----' � -· ---- . .  --·· 

.,...,.. - ,.,_,,. 

t e s t  c o de 8 
drop h e i gh t  4 m  
acce l e r a t i on 3 6 0 G  
s topp ing d i s tance l lmm 

It seems that the difference in function between bodie s subjected to 
square wave impulse and symmetrical triangular wave· impulse stems from 
the following assumption. It is believed that the first half of a symmetrical 
triangular wave until reaching the peak is a phenomenon of absorbing energy 
because of its characteristics ,  while its latter half is mainly a phenomenon 
of releasing energy (rebound ) .  In the case o f  square waves ,  however ,  the 
total area shown by their wave patte rn is only a phenomenon of absorption 
without a rebound. Because the latter half of symmetrical tr_-ia_ngular waves 
is mainly a rebound, they give an added impact of rebound and , therefore, 
increase injury . 

2 .  Effect of Impact Acceleration Wave Patterns on Rats Floating in Water 

To represent vertebrate animals, rats were used in the test . In 
order to give an even impact load to the whole body, the rats were dropped 
while immersed in a water medium from a certain height ( 2 1  m) using the 
slider guide to provide impact .  To eliminate analytical complexity, wave 
patterns were limited to square and terminal peak sawtooth waves (rebound­
les s ) .  Four stopping distances (A : 20 mm, B :  2 5  mm , C :  30 mm, D :  40 mm) 
were distinguished according to different length of impact absorption . An 
attempt was made to use the same stopping distance for both wave patterns . 
A total of 2 0 2  rats ranging in weight from 1 40 to 3 5 0  g were used in the test . 

Experimental Method 
The rats were left swimming without being ane sthetized in an alumi­

num containe r filled with water.  Its cover automatically closed as it 
reached the top of the dropping tower ,  and the rats were dropped in a sub­
merged condition (duration : 2 .  0 sec ) .  The carriage stopped when the stop­
ping device attached to the bottom of the carriage contacted a lead block 
installed on the ground. The impact acceleration wave pattern at the time 
of stopping was controlled by the shape of the stopping de vice used.  To 
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Results and Comments 
Table 2 shows mortality by stopping distance and wave impact .  

Mortality was 1 00 %  in the case of group A under both wave impact condi­
tions.  In the case of groups B and C, the square wave impact showed a 
slightly lower mortality rate than that for the sawtooth wave impact . In 
the case of group D, the square wave impact had a definitely lower mortal­
ity rate than the terminal peak sawtooth wave impact (that is ,  the square 
wave was clearly safer) . 

The difference in biological effects of both wave impacts appears 
conspicuously at the impact level of group D. We determined an impact 
injury scale for the rats and made an anatomical observation of macro­
scopic pathological changes  in them.  (The impact injury scale is  omitted 
here.  ) On observation, lung injuries were found in all the de ad rats . The 
following is a comparison of the square wave impacts of groups A and D 
shown in Fig .  3 with respect to physical load conditions and body reaction. 

When peak G was increased by about 2 .  2 time s (880 / 40 5 )  and dura­
tion time was reduced by about half (2 . 1 /4 .  0 )  while keeping impact speed 
constant, mortality increased by about 1 4  times ( 1 00  / 7 ) .  Fig. 4 shows 
that mortality increases as body weight increase s .  Dynamic water pres ­
sures at different depths were measured by taking into consideration the 
effect of the pressure of water inside the container on the rats at the time 
of impact .  It showed that the dynamic water pressure at a depth of 2 .  5 cm 
(the height of rats ) was 2 ,  0 kg/cm2• It is presumed that when duration time 
in the water is 3 ms ,  the limit of death (in the case of dogs) is about 1 0 .  5 
kg/ cmz (Desaga, NASA SP- 3006 ,  p .  92 ) .  It can be concluded ,  therefore , 
that dynamic water pressure alone is not a cause of death and that accelera­
tion has an additional e ffect .  

F I G .  3 COMPARI SON OF I MP ACT RE SULTS AN D  MORTAL I TY I N  RATS 

A GROUP 

�=:·;t:�.�·�:�·:.·::.'.�����-. ····--· .  - ._,�� -- :-:-=:- . -- . 

:.:· : 1 1 1 �- • - ·.,i-, --�-.-. -1.-·;r;;:.'�� 
1 • - • �I j 1 • 

ACCELERATION : S S O G  
DURATION: 2 . lm . s  
MORTALITY: 100\ 

;0t1AJ 
� . . ; · r -. ;  - ��-.=

-
- ·:: ::::.�. :: �.1 ' „ 

. ' ' . „.,""' . :/ �:.„�'�r::�_-·.:: �--::=.: __ ·]� �"----
ACCELERATI ON : 1170G 
DURATION : 1 .  Sm. s 
MORTALITY: 100\ 

B GROUP 

=-�� -- ��-!�1 _ _;-. ::�.-::.= .. � : : :  
- - !l . . - -- -- · 

·
- .  :::- :::: .:; ' 19\ ·: -� ··: 
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i 1 ,,. 
ACCELERAT I ON :  6 4 0 G  
DURATION: Z ,  S m .  s 
MORTALITY: S 4 \  

..:_ ._:! _, _· � - - . 
. J · '' \ . � :. 

.- - - 1 , \ ----- · -,''---11,1 . . -;-· I� ,„; 'y•/;1111,',''�"„/'4.J 
L · -------�·�, ____ __: 
ACCELERATION : 1 1 6 0 G  
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MORTALITY: 93\ 

C GROUP 

ACCELERATION: 600G 
DURATION: 3 . 3m . s  
MORTALITY: 7 6 \  

� -:· : .::· .�� ; - : .. . ��:/'.-��p�: 
� . „  ',\:�2 . ·�--ttl\� 
ACCELERATION : 1 0 8 0 G  
DURATION : 2 .  S m .  s 
MORTALITY: S 3 \  

D GROUP f�,,.IiTT-�� . L i· ' · . �> j l . • -�-p . : .-..... : 
-· ,, 
-ACCELERAT I ON :  410G 

DURATION : 4,  Om.  s 
MORTALITY : 7 \  

.;... ___ _ -_ __ -.--.-„„...-��-

ACCELERATION : 840G 
DURATION : 3 .  2m. s 
MORTAL ITY : 4 4 '  



-244-

eliminate any serious effect of the water pre ssure on the rats ,  decks were 
provided in the water for the rats according to their size to keep the depth 
of water constant . Acceleration was measured on the surface of the car­
riage , while wate r pressure was measured in the water (See Fig. 2 ) .  The 
rats  subje cted to the impact load test were observed for behavior and dis­
sected for m acroscopic pathological observation. 

Group of 
Imf_a c t  

A•20mm 

B • 2 5 mm 

C•30mm 

D•40mm 

Notes : 
l Drop 

COVER (Shuts Automat i c a l l y  on Reaching 
Top of Dropping Towe r . )  

CONTAINER ( a l uminum) 

RAT 

WATE.R 

DECK 

STOPPING DEVICE 

STOPPING D I STANCE 

LEAD BLOCK 

F I G .  2 CONTAI N E R  AN D  STOPP I N G  SYSTEM 

T a b l e  2 Compa r1son of Drop Impact U n d e r  S q u a r e  a n d  TermJnal Peak 

Sawtooth Wave P a t tern , R a t  W e i g h t  1 3 0 - 3 5 0  Grams 

Type of Acce l e ra t 1 o n  Duration .r.ccel e - T o t a l  Ra t s  D i e  S u r v i  val 
Wave P a t t e rn (ms) r a t i on c ( a j  l!!J_ (c} 

squarewave 2 . 1  (1 80 1 5  1 5  0 

s11 wtoo thwa ve l .  8 1 1 7 0  1 0  1 0  0 

square wave 2 . 8  6 4 0  2 5  2 1  4 
s 11 w t o o t h  wava 2 . 3  1 1 6 0  2 7  2 5  2 
square wave 3 . 3  6 0 0  2 5  1 9  6 
s a w t o o t h  wave 2 . 8  l O B O  1 8  1 5  3 

square wave 4 . 0  4 1 0  3 0  2 2 8  

s11wtooth wavs 3 . 2  8 4 0  34 1 5  1 9  

He1ght 2 l m ,  Con s t a n t .  

M o r t a l i  t y  
(b) / ( a }  l 0 0  

1 0 0  

l OO 

84 

93 

7 6  

8 3  

7 

4 4  

. 2 Surv1 va l 1 S u rv1ved Longer Th an 24hrs • 
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5 0  

1 0 0  
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B GROUP 

. - ...... . ,,, 
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_. 

1 5 0  2 0 0  

-
C GROUP 
- - - - ·  

o--o SQUARE WAVE 

... - - • SAWTOOTH WAVE 

2 5 0  3 0 0  

WE I GHT ( gr ) 

F I G .  4 COMPARI SON O F  MORTAL I TY VS . WE I GHT O F  RAT , SQUARE 

AND TE RMMI N AL P E AK SAWTOOTH WAV� 

1-IEAD RESTRAINT MASK 

STOPP ING DEVICE 

SLIDER GUIDE 

THRUST COLUMN SLED BODY PROTECTOR 

FI G .  5 A DEVI CE FOR I NVES T I GAT I ON OF HEAD I NJURY DUE TO 

L INEAR AC CELERAT I ON 
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3 .  Horizontal Impact on Head of Primates  

The impact device shown in  Fig. 5 was produced to  accelerate 
horizontal impact on the head of Japanese monkeys (Macaca fuscata ) and 
to monimize effects on other parts of the body . The device was installed 
on a 1 2 - inch HYGE shock tester .  It was de signed to impel a sled at the 
speed of 1 00 km /hr, with the impact slide r sliding along the slider guide 
to hit the lead block.  The head of the monkey was se cured using a plaster 
mask and , therefore , the impact of the impact slider was directly trans­
mitted to the monkey ' s  head . The device was so arrange d  that the accel­
eration wave patterns generated on the slider could be changed into square 
or terminal peak sawtooth wave pattern by adjusting the shape of the stop­
ping device . However ,  the wave patterns measured by the accelerometer 
attached to the monkey '  s occiput did not completely agree with those on the 
slider .  Twelve monkeys ranging in weight from five to 1 2  kg were used in 
the te st .  As the re sult of  testing conducted under identical conditions, 
including speed,  a group -of six monkeys ranging in weight from 5 to 8 .  5 kg 
survived ,  whereas another group of 6 with a weight of ,8. 5 to 1 2  kg all died 
(within 1 5  min) . Therefore , it can be said that the impaet mortality thresh­
old level of monkeys is  greatly affected by body weight . A s  regards the 
e ffect of wave patterns, the square wave impact showed a mortality rate 
of 44% (four of nine monkeys died ) ,  while that of the sawtooth wave impact 
was 6 6 %  (two of three die d ) .  

Occipital effective acceleration (Ge ) was obtained from the occiput 
of  the monkey. Shown in Fig. 6 is  force curves .  There are- G(e ) times 
the weight of the monkey used (kg) and plotted against the product of the 
WSTC (Wayne State Tolerance Curve ) time s the weight of a U. S. male 
adult of 7 5  kg. The WSTC is the human concussion threshold level, while 
the re sult of the test using the monkeys this time is  the impact mortality 
threshold level of monkeys . It is inte resting that the two thre shold levels 
resemble each othe r .  

Comments on bioche mical, pathological, and physiological analyse s 
are omitted here . We intend to study more test case s for further investiga­
tion. 

4 .  Conclusion 

We studied effects on bodies of both s -.1uare and sawtooth impact 
wave patterns to derive mortality limits using fertilized hen · s eggs as a 
monocellular body ,  rats as a vertebrate , and Japane se monkeys as a pri­
mate . A s  the result , the following conclusions were drawn: 

a) A s  for acceleration patterns under the same impact conditions (speed 
and absorption distance being constant ) ,  the square wave pattern is safer 
than the terminal peak sawtooth and symmetrical triangular wave patte rns . 

b )  A s  for injury to bodie s inflicted at the same impact speed , accelera­
tion acts as a greate r factor than duration time . 

c )  A s  for injury in flicted on bodie s under the same impact conditions , 
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T a b l e  3 G e n e r a l  S u mma r y  Tes t  C o n d i t i on s  a n d  M a i n  R e s u l t s  

Ma x .  A c"e l e r a t i on & Pr,e s s ure (d u r n � j on ms) S n c c i mon 
Eirp t .  Impact Impact Monkey llcad Mon k c y  H c a d  Fron ta l .Jody 

Jj.E..!_ Ve l o c i  t!I. (ml,sl S l i der,<J. OcciL?.i t a l  i'J. Pre s s ure ( X<J.(.cm2) 
0 3  2 7 . 0  1 5 5 6  2 3 9 5  J . 02 

( 4 .  4 )  ( 3 .  0 )  
0 4  2 6 . 0  1 4 7 8  2 4 4 8  2 .  9 4  

( 4 .  l l  ( 3 .  l )  
O S  2 7 . 2  1 5  3 0  1 7 7 0  

( 4.  2 )  ( 3 .  l )  
06 2 6 . 9  1 3 7 3  2 1 9 9  3 . 8 6 

( 3 .  5 )  ( 3 .  s )  
0 7  2 7 . 2  l 3 6 9  1 40 7  2 . 2 9 

( 3 .  8)  ( 3 .  5 )  
0 8  2 7 . 2  1 4 9 7  1 4 8 7  2 . 5 7  

( 4 .  5 )  ( 3 .  '1 )  
0 9  2 7 . 2  1 4 4 9  1 2 6 0  l .  74 

( 3 .  8)  ( 3 . < )  
1 0  2 7 . 2  l 3 0 5  9 0 8  

( 3.  7)  ( 3 .  3 )  
l l  2 6 . 9  1 2 2 9  1 3 9 3 

( 3 .  8 )  ( 4 .  l )  
1 2  2 7 .  2 l 5 81 l 7 3 8  

( 4 .  0 )  ( 3 .  7 )  
1 3  2 7 .  3 1 5 4 0  l 3 6  3 

( 4 .  3 )  ( 3 .  6 )  
1 4  2 7 . l  1 4 8 3  1 4 7 8  

( 4 .  0 )  ( 3 .  3 )  

No t e s : 
1 E xp t .  N o .  0 3 - l l  Squa re o f  Acceleration P u l s e  P a t tern . 

2 Eirpt. No . 1 2 - 1 4  Triangular of a c c e l e r a t i o n  P u l s e  P a t tern . 

3 H•Ha l e ,  F•Fema l e ,  S•Surviva l , D•Death 

!'1ei crh t, K� 
6 . 5  
8 .  2 

9 . 0  

. 7 .  3 

9 . 5  

6 . 0  

l 0 .  5 
5 . 0  

6 . 0  

1 0 .  s 
5 .  0 

l l .  0 

Da t a r  
s�x 

N 
F 
F 

X 

�· 

M 
.': 
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F 

.V. 
N 

N 

1 5 0 0 0  

�:C:\KEY \·:E : c::irx EFFEC7IVE ACCE:.ERJ..T!C:\ 
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0 
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the de gree of injury increases as the body weight of the test subject in­
crease s .  




