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RESEARCH ON BIOLOGICAL EFFECTS OF IMPA CT A CCELERATION 

WAVE PATTERNS 

Masahiro Ojimi, Akihiro Kawai, Sachiko Kawai, Atsumi Kikuchi, 
Koshiro Ono, Yoshio Komaki, Masanori Matsuno (M . D .  ) ,  Human 
Factors Engineering Division, Japan Automobile Research 
Institute , Inc . (JARI) ,  Yatabe - cho , Ibaraki , JAPAN. 
Nobuo Moriyasu, Takashi Tsubokawa, Neurosurgery Dept . , Nihon 
University. 

A live body receiving an impact is subject to various effects 
depending on acceleration, duration time, pres sure , vibration, and other 
factor s .  The human body ' s  reaction is generally judged with the presence 
or absence of concussion of the brain as the critical threshold . This 
threshold is defined in SAE J885a by the WSTC (Wayne State Tolerance 
Curve , L .  M .  Patrick ) ,  a function in wide use . GSI (G. W. Gadd) and 
HIC (J . Versace) have been proposed as methods of evaluating injury 
based on the threshold. McElhaney measured head impedance and sug
gested maximum strain criteria for primate s and man. 

We have conducted a te st to study effects on bodie s of impact accel
eration for different wave patterns . In the test ,  the embryos of fertilized 
hen ' s  eggs were used as (huge ) single cells,  rats as vertebrate s ,  and 
rnonkeys as an anthropoid close to man. The limit of death (LD 50)  was 
used as the standard for evaluation of injury to the bodie s .  The test was 
intended to obtain answers to the following questions : 

A .  I s  there any difference in de gree of resultant injury between dif-
ferent acceleration wave patterns when inflicted under the same impact 
conditions (with speed and absorbing distance kept constant ) ?  

B .  How does mortality change when acceleration and duration time are 
changed while keeping irnpact speed constant ? 

C .  What is the relationship between weight of test subje ct and tolerance 
to impact ? 

1 .  Effects of impact acceleration wave patterns on the embryos of 
fertilized hen ' s eggs 

Experimental Method 
Fertilized hen ' s  eggs were used for the test because they are unicel

lular, highly homogeneous ,  and have little individual variation . The bottoms 
of the eggs were fixed to a deck with plaster .  The eggs, affixed to the deck, 
were dropped by using a slider guide from heights ranging from 0 .  5 to 4. 0 m 
to study mortality and abnormality rate s .  

Impact acceleration wave patterns were controlle
.
d by using a lead 



-289-

Tab l e  1 .  Cri t e r i a  o f  S c a l e  o f  In j u ry t o  R a b b i t ' s  

E y e a n d  F a c i a l  S k i n  

lnjurv Dgree oL 
Sc.tl• lnjurv com•• lfy• 114ill r.ve Socket F•clal Sk1n 

(15) 

no Jnjurv no Jnjury no Jnjurv no Jnjury no lnjury 

Sl19ht SJight surf•c• roughing Subdural hemorrhage Sllght hcmorrhagtt of .t;"J J ght $Ubcut.tncous 
• JnJury fl/ 3 total areaJ b9 evo socket . blcedlnq, 

ba9 colli.s1on . Sl lght hvporeml• .  

l'l'Oder.at• Slight surface roughing Noder•te subltduraJ hemo- l!oderate hemorrhge of Su:;t1tincd sllght sub-
„ 1njurv tmore than II J total rrhage , hcmorrhat]ing of eye socket. cutdr.eous blcodJ.ng, 

•reaJ l•crJNl gl1tnds , othors . Sli9ht abr1tsion. 
by bag colll•Jon 

••rJou• Serious surf•ce roughlng Serlou• subdur•l herrrorr•g•, Serlous hemorrhage o{ S#!rlous subcut•neou• 
-· J.njurv (total are•J by Ng •erJous hatrt0rrha91ng of eye socket. blcedin!J, 

colll•lon. lacr1Nl gland• , other•. Abrasion. 

••r.1oua Corne• lacerat1tlll1 t'y•b•ll ruptur•, Ser.1ou helf'Orrh1Age „lth Ltcer4tion, 
- Jnjury COm•• avul•Jon. lfV• vround hfllfr>rrhage. eye •ocket rr•cture SCrious •ubcut•neou• 

bleading 

diaphragrn which could be inserted or not was deve loped . 
The velocity o f  air bag inflation could be varied between 
5 - 8 1  rn/sec.  We call thi s  the " s ingle tank rnultivalve air 
bag systern" {Fig. l ) i 

TANK 

ElECffiiC MAGl\'El IC VALE 

E.M.V 

coe.e.ElU!LJ.TE & ORIFICE 

BAG 

Fig 1 .  Single Tank Multi val ve Air 
Bag System 

1 - 3 .  Test Subjects 

water PS gnuge (2 kg/an . full scale) 

1 
32 -::::=:=.i.-t---... _::__ To arrqilifier 

5 8 

1 

0 .  I 1m1· thick filrn 
of polyvinyl chloride 

Al. llllim.rn· put ty 
(80\ aluninum·putty, 

20\ plastic; 
IEVCl.lN F) 

Fig 2 .  Eye Model (Impulse Measurement 
Device) 

The rabbits , oryctolagus cuniculus 
{ Japan white ) , were anes the ti zed with a 
neal inj ection of sodiurn pentobarb ital , 

var . dornesticus 
25 rng/kg intraperito
and the ir face s were 
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shaved on the irnpact side . After suturing thei r  eye lids open, 
they were placed in a wooden box and their whole body was 
secured in place . The total nurnber of rabbits tested was 3 7  
( 9  rnale s ,  2 8  fernale s )  and their average weight was 2 . 9 7 k g .  

1-4 . Eye Model 
In order to find the irnpul se on the rabbit ' s  eye , an 

irnpul se rneasurernent device called the " eye rnode l "was 
constructed (Fig.  2 ) . An irnpress ion of the contact pattern 
( replica) was irnprinted on the polyvinyl chloride rnernbrane 
serving as the cornea at the instant o f  irnpact . 

1-5 . Layout 
Figs . 3 and 4 show the layout of the test equiprnent . 

Fig 3 .  Experimental System 

2 .  Experimental Re sults 

PRES.GAGE 

Fig 4 .  Di agramatic Layout of Experi
mental Air Bag In fla tion 
System 

The re sults o f  the rneasurernents of rnechanical load are 
shown in Fig.  5, and the biological inj ury to the eyes and 
facial skin o f  the rabbits i s  shown in Fig.  6 .  ( Quantitative 
re sult tab les have been ornitted . )  

3 .  Di scuss ion 

3- 1 .  Cornea Inj ury 

( 1 )  Maj or Factor Leading to Cornea Inj ury 
The charts in Fi g .  6 show the inj ury trends differen

tiated according to whether a copper diaphragrn was used or 
not . At a di stance of 2 0 0 - 4 0 0  mm the IS readings are roughly 
the sarne for both case s ,  but at distances closer than 2 0 0  mm 
the IS readings go sharply upward for the case where ·the copper 
diaphragrn is ernployed . 

This differential rnay be explained as fol lows . 
a)  In Fig.  5 it i s  c lear that irnpulse and bag rnaxirnurn 
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Fi g 5 .  Mechanical Factor Measure- Fig 6 .  
ments (Infl a tion Vel oci ty, 
Impul se, and Bag Maximum 
Interna] Press ure against 
Distance) 

Note : • 
0 

with copper diaphragm 
without copper di a
phragm 

Biological Injury Measurements (Cornea , 
Eyebal l , Eye Socket ,  and Ficial Skin 
against Distance) 

• wi th copper diaphragm 
o wi thout copper diaphragm 
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internal pressure values change in approximately the same 
pattern whether the diaphragm i s  present or not . Accordingly , 
we can safely state that neither factor should be responsib le 
for the di f fering patterns of cornea inj ury evident in Fig.  6 .  
b )  In f lation ve locity , howeve r ,  does change distinctly in 
Fig.  5 depending on whether the copper diaphragm is used or 
not , and the manne r  o f  change when the diaphragm is used in 
the region under 1 0 0  mm i s  an ascending curve that resembles 
the Fig. 6 cornea inj ury curve for the same condi tion . We 
conclude that the increasing seriousness of cornea inj ury 
when a diaphragm i s  present is due to the velocity of bag 
inflation . 

( 2 )  Change in Inflation Ve loci ty and IS Reading 
Over the distance of 2 0 0- 4 0 0  mm the digree o f  cornea 

injury is s light ( IS +) irrespective o f  the di aphragm ' s  
presence or absence . The in flation ve locity graph in Fig .  5 ,  
however ,  indicates over the same distance that velocity i s  
about 5 0  m/sec when the diaphragm i s  present and about 2 0  
m/sec when i t  i s  not , or a di f ference o f  about 3 0  m/sec . In 
other words , IS readings remain the same in spite of di f fering 
veloci tie s .  Let us examine this discrepancy . 

B iological phenomena in gene ral are of ten expre s sed by 
a cumul ative function known as an ogive or sigmoid curve . 
In Fig .  7 i s  i l lustrated the relationship between bag infla
tion velocity and the IS readings . Curve AB is the approximate 
s i gmoid curve . Over the 2 0 - 5 0  m/sec range curve AB describes 
a plate�u , indicating that the IS reading is unchanged .  We 
can hence conclude that even though IS readings are equal 
for both an average velocity of 50 m/sec (diaphragm present) 
and an average velocity of 20 m/sec ( di aphragm absent ) ,  no 
theoretical contradiction exists from the biological phenomenon 
standpoint . 
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( 3 )  Permi s s ible Safety Thre sholds and Recommended Practices 
( a )  Safe ty threshold for i n flation velocity 
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From Fig.  7 we can state that a ve locity under 4 1  m/sec 
is nece ssary to hold cornea inj ury within the s light boundary 
(+ or - ) . The safety thre shold recommended for practice in 
actual automobile collis ions should hence be a relative impact 
velocity of bag and face less than 4 1  m/se c .  

( b )  S afety thre shold for impul se 
Cornea inj ury is related to the 3 factors of impul se , bag 

maximum internal pre s sure , and inflation velocity at bag 
impact . In Fig.  8 i s  shown the re lation ship between impulse 
and infl ation velocity . The safety thre shold and recommended 
practice for impulse , within the boundaries o f  velocity 
41 m/sec and IS (+ ) , is an impul se of 2 2 3  gr · sec/8 . 0  cm2 . 
The area within CDE in the figure represents the " greate s t  
safety zone" and the curve ADB i s  the " forecast inj ury 
tolerance curve . "  

( c) Safety threshold for bag maximum internal pre s sure 
As shown in Fig.  9 ,  bag maximum internal pres sure should 

be 0 . 4 4 kg/cm2 . Again CDE encompasses the greatest safety 
zone and ADB is the forecast inj ury tolerance curve . 
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Fig 8 .  Conea Safety Zone a t  Impact of 
Air Bag (Bag Infl a tion Veloci ty 
versus Impulse) 

Fig 9 .  Cornea Safety Zone at Impact of 
Air Bag (Bag Inflation Velocity 
versus Bag Maximum In terior 
Pressure) Note : • IS - or + 

• IS ++ or +++ Note : • IS - or + 
• IS ++ or +++ 

( 4 )  Cornea Inj ury Pathological Findings 
We shall omit di scussion of the correspondence between 

rabbi t ' s  cornea inj ury and the degree o f  traces on the model 
eye polyvinyl chloride menbrane . As a reference , see Figs . 
1 0  and 1 1 .  

3-2 . Inj ury to Eyebal l ,  Eye Socket , and Facial Skin 
Just as with cornea inj ury safety thresholds were derived 

for inj ury to the eyebal l ,  eye socke t ,  and facial skin with 
respect to the 3 factors o f  bag inflation ve locity , impul se , 
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and bag maximum internal pressure . The resul ts are presented 
in Table 2 ,  but detailed discussion wil l  be omitted here . 

Fig 1 0 .  Impression of Bag Fabric 
on Eye Model PVC Membrane 
after Impact 

4 .  Conclusion 

Fig 11 . Impression of Bag Fabric on 
Rabbi t ' s  Cornea after Impact 

An animal experiment us ing rabbits as the subject was 
performed to derive the degree of inj ury to the eye and facial 
skin on impact with an inflating air bag . Permi s sible s afety 
thre sholds were derived on the basis o f  the experimental 
re sults (Table 2 ) . 

I t  should be noted that i f  one o f  the 3 me chanical factors 
s tudied here were to be restricted more than the recommended 
practice , it would be logical to assume that the other factors 
could be allowed a greater f reedom than the safety thresholds 
we propose . Neverthe les s ,  within the context of our study 
the set of values given in the right column of Table 2 
represents the recommended practice for air bag design 
proposed to de signers as a criterion o f  safety. 

It has been reported that the time required for a human 
to blink is 2 8- 2 1 7  ms . 8 )  Since the inflation time o f  
commercial a i r  bags i s  2 5 - 3 5  ms , it i s  entirely conceivable 
that eye inj ury could occur . No mode l rules have been 
established to compare the response on impact between humans 
and rabbits , but i t  still can be presumed that rabbits are 
suitable sub j e cts in view of the possible presence of 
women and children in accidents . 

In conclus ion . we have demonstrated that the ai·r bag 
doe s  constitute a source of danger to eye and facial skin , 
but we do not thereby reason that air bag development and 
application should be brought to a hal t .  Rather , our hope 
i s  to contribute to the development o f  safer air bags by 
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Tabl 2 .  Proposed Safety thresholds and Recommended Practices for Air 

Bag Design (Permissible Safety Threshold Val ues) 

1 
Mechanical Cornea Eyeball Eye Facial 1 RecoITUTleneded 
Factors Socket Skin , Practice 

Relative 1 In fla tion 
4 I  5 7  6 4  B I  

Veloci ty 1 

(m/sec) 

Impulse 
(Kg sec/Bcrr?) 2 2 3  2 2 3  1 I I 6 1 8 5 0  

Bag Max .  
Internal Press . 0 . 4  4 0 . 4 0  0 .  3 0  0 . 39 

(Kg/c�) 

I )  Iermissible safe t y  threshold val ue mean IS ( + or - ) . 

2) Boldl y frame shows major mechanical factor for injury, 
vorrMl frame supplementary factors . 

4 I  

I I 6  

0 . 3 0 

demonstrating suitable recommended practice s for air bag 
de sign .  

B ibl iography 

1 

1 
' 
1 

1 
1 
1 
1 
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