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I n tro duc tion 

H i therto ,  biomechan ical  data  have been  d e t e r m i n e d  mo s t l y for o l der 
adul ts . O n l y  few r e s u l ts are  known for  m i d d l e - ag e d  p e r sons  and 
almo s t  no thing  i s  known abou t  biomechan i c al l e v e l s  of  the inj u r y  
tol o r ance  o f  c h i l dren . Because  o f  t h e  general  absence  of  such d a t a ,  
w h i c h  i s  contrary  t o  the  i n c r e a s i n g  n e e d  for  a n  e f f  i c i e n t  l a y o u t  
o f  e x t e r i o r  vehicle  e l e m e n t s  as  we ll  as r e s t r a i n t  systems,  t h e  aim 
of  this p ap e r  is  the c o r r e l a t i o n  of  dumm y - l o a d  values  with real 
inj u ri e s  of  c h i l dren for  e s tabl i s h i n g  l e v e l s  of  the  inj ury  tole
r an c e ,  b u t  on the o ther  h an d  those  dumm i e s  are  n e e d e d  for the 
e v a l uation  of  s afety  d e v i c e s .  F i n a l l y  b i o m e c h an i c al c r i tical l o a d  
valuos  a s  well  a s  p r o te c tion  c r i te r i a  a r o  d e r i v e d  f o r  d i f feren t 
b o d y  r e g i o n s  o f  c h i l dren . 

T h i s  method  has advantages  e s p e c i a l l y  for  the c h i l drens  group , 
thinking  an repeti tion t e s ts o f  real  t r a f f i c  a c c i d e n ts with  c h i l d  
p e de s tr i an s  as  wel l  a s  r e s t r a i n e d  c h i l d · c ar o c c u p an t s :  
- during  t he p r i m ary  c o l l i s i o n ,  c h i l dren up to m i d d l e  s i z e d  o n e s  

a r e  n o t  thrown o n to p o n toon- s h ap e d  vehicl e s ,  b u t  remain p o s i tio
ned  on  the primary  contact  areas,  with  the c o n t r i b u t i n g  e f fe c t  
o f  a h i g h  .te s t  r e p r o d uc i b i l i ty .  

- c h i l d  r e s tr a i n t  s y s tems f o r  smal l - s i z e d  c h i l dren , which  r e duce  
the  c h i l d  mass  forces  b y  e n e r g y  abso r b t i o n  in  a frontal  deform
a b l e  table  with  area  c o n t a c t ,  have the advan tage  in  frontal  
col l i s i o n  mod e s ,  t h a t  these  d e fo rmations  i n  repe tition  tests  
can be  comp ared  to those  found  in  real  c a s e s . 

- an the o ther han d,  there  e x i s ts a !arge  e n o u g h  n umber  o f  in
dep th  s in gle-case  an a l y s e s  of  r e a l  acc i den ts with  c h i l dren to 
use  a selection  modus  for f i n d i n g  out  app ro p r i ate cases  for 
r e p e t i t i o n .  

B iomechanical  c r i tical  l im i t  o f  t h e  impact  l o a d i n g  s h o u l d  be  the 
rev e r s i b l e  i n j u r y  - s t r ai n  or com p r e s s ion  d amage  o f  a c e l l  -, which 

* T h i s  p ap e r  was worke d  out at the Techn i c al U n i v e r s i ty Berlin  
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rneans no l e thal consequence  an d n o  i r re v e r s i b l e  i n j ury  - d e s truc
tion of  a cell  - , for instance no f r ac tu r e . This  s i gn i f i e s ,  that* the l im i t  i s  l o c a ted  under  an inj ury  s e v e r i ty degree  o f  A I S  2 ( 1 ) . 
A s  an ex amp l e  f o r  p e de s tr i an s  a frequency  o f  3 1  % resul ts for the 
body  regions  with an i n j u r y  l ev e l  of  A I S  2,  an d o n l y  one o f  25 % 
from A I S  3 upwar d .  This  means a l s o , that  i f  t h i s  l o a d  l i m i t  i sn ' t 
exceeded  up to a vehicle  imp a c t  s p e e d  o f  1 1  m/ s - under  which  
about  60 % of  all  injured  p e d e s t r i an s  are  found  ( 2 ) - , a reduc
tion of  49  % of  A I S  2 and only one of  1 9  % from  A I S  3 upward  
woul d then be p o s s i b l e .  

W i t h  the a i rn  o f  a h i g h  e f f i c i en c y  e s tabl i s hing  l e v e l s  o f  i n j u r y  
to lerance . s h o u l d  b e  i n  l ine o f  o rder  w i t h  t h e  r e a l  en d a n g e r i n g  
o f  body  regions .  The  rnain  p o in t i n  the inj ury  m o d a l  o f  c h i l d  
traf  f i c  p ar t i c i p ants  s hows t h e  head  f o r  unre s tr a i n e d  a n d  re
s t r a i n e d  c h i l d  car occupants  ( 2 ) ,  as  we l l  as  c h i l d  p e d e s tr i ans  ( 2 ) 
an d two-wheel  r i d e rs ( 3 ) . T h e r e f o r e  the p r imary  s e l e c t i o n  c r i ta� · 
rion o f  c ases  with  c h i l d  p e d e s tr i a n s  - a l s o  c o n s i d e r i n g  A I S  2 -
i s  the p r e sence  o f  a cerebral  con cus s i on with  u n c o n s c i o u s n e s s  
l e s s  than 1 5  m i n u t e s  - f i r s t  d e g r e e  "Scull  B r a i n  T r auma"  ( SB T  1 )  
by  "TÖNN I S "  - • 

S tarting  with  d i r e c t  comp a r i s o n s  o f  p e d e s tr i an imp act  t e s t s  with  
the  real  acciden t - for  c h i l d  o c c u p ants  only  f i n al r e s u l t s  are 
given - this is followed  by a general  comp a r i s o n ,  which  m e ans  the 
correlation  o f  t e s t  r e s u l ts w i t h  r e a l  i n j u r i e s . 

E x i s ting R e s u l t s  

A summary o f  r e s u l t s  with  r e l ev a n c e  to t h i s  top i c  i s  g i v e n  b y  ( 4 )  
in which  also  f i r s t  r e s u l ts o f  t h i s  an a l y s i s  are  s hown w i t h  
regard t o  t h e  c h i l d i s h  h e a d  an d n e c k  r e g i o n .  I n  conc l u s i on i t  c an 
be  s a i d ,  as f o l l o w s :  
- the kinematic  b e h av i o u r  o f  the  r e s tr a i n e d  Al derson  V I P  3c  an d 

6c c h i l d  dummy c o r r e l ates  f a i r l y  w e l l  w i t h  b aboons  an the  
basis  o f  head  excursions,  r e s p e c t i v e l y  the V I P  6c  kinematic  i s  
simi l ar t o  cadavers  during  f r o n t a l  imp a c t s  when r e s t r a i n e d  a s  
car  o c c u p an t .  

- dumm i e s  show h i g h e r  and  s h o r t e r  a c c e l e r ation p u l s e s  t h an c a d a
vers  as  well  as  l ower ground  c o n t a c t  f o r c e s  in  l a t e r al p edes
tri an c o l l i s i on s .  

- blun t,  r e s p e c t i v e l y  great  s u r f  ace  l o a d i n g ,  i s  f a v o u r a b l e  for a 
comp ari son o f  dummy and c a d a v e r .  

- o t h e r  c o r r e l a t i o n  setups  m a d e  u p  t o  the  p re s e n t  h a v e  n o t  s tart
ed  f i r s t  wi th  d i r e c t  comp a r i s o n s  o f  a greater  number  o f  single  
case s ,  but  r a t h e r  b y  corr e l a ti o n  of  group s of  dummy tests ,  as 
wel l  as  group s o f  l i v i n g  human b e i n g s  by i n d i v i du a l  c al cu l a te d  
dependencies  to a p ar ameter  o f  acciden tal sev e r i t y .  Con trary  to 
a b as i s  o f  d i r e c t  comp arison s ,  a g r e a t  number  o f  the trauma 

* N umbers  in p arentheses  d e s i gn a te R e ferences  at  e n d  of  p ap e r .  
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i n f  luencing  t r a f f  i c  p ar ti ci p a n t  o r  v e h i c l e  o r  acciden tal  p ar a
meters  c ann o t  b e  eliminated  then . 

C h i l d  P e d e s t r i an Acci dents  

Test  Apparatus - So  as to  a l l o w  as  much  e v i d e n c e  as p o s s i b l e  
con c e r n i n g  b o dy se gmen t s ,  an A l derson  V I P  6c  an thropom e t r i c  dummy , 
Figura  1 ,  was m o d i f i e d  b y  b r i n g i n g  i n  addi t i o n al m e a s u r i n g  gauges 
which are also  of  importan c e ,  e s p e c i a l l y  for  p e d e s tr i an c o l l i s ions, 
s e e  also  ( 4 ) . Wi th  the  aim o f  a h i g h  r e p r o duci b i l i ty ,  the main 
i n f l ue n c i n g  accidental  p ar ame t e r s  on k i n e m a t i c  as  well as l o ading  
o f  the  dummy - for  i n s t a n c e :  impact  speed  of  car ,  b r e ak i n g  decel
eration  a t  time  o f  imp a c t ,  primary  imp a c t  p o i n t  at v e h i c l e  and 
dumm y ,  p o s i ti o n  o f  u p p e r  and l o w e r  l i m b s  - were r e a c h e d  to b e  
r e p e a t a b l e  b y  the imp a c t  t e s t  f a c i l i t y .  B e c au s e  o f  the l o w  in flu
ence  cf  walk i n g  speed  on  the p o s i t i o n  o f  c h i l d ' s h e a d/ b o n n e t  
imp act  - due  to i t ' s l o w  stature  h e i g h t  - t h e  l atter w a s  n o t  s imu
l ated  e i ther  in  o r d e r  to achieve  a better  rep r o d u c ib i l i ty o f  t e s t  
r e s u l t s .  P o s t- c r a s h  v e h i c l e  and dummy a r e  p o s i ti o n e d  i n  t h e  
i n i ti al p h ase o f  c o l l i sion  t o  f i n d  o u t  the c o r r e l a t e d  con tact  
a r e a s .  

R e a l  A c c i dents  - B as e d  an 200  m e d i c al l y  a n d  techn i c a l l y  i n 
dep th  s i n g l e  c a s e  an a l y s e s  c f  r e al c h i l d  p e d e s tr i an a c c i den t s ,  
1 0  c a s e s  were  s e l e c t e d  which  c a r r e s p a n d  ta a r e q u i remen t ! i s t .  
A s  t h e  head  i s  t h e  m o s t  traum a t i s e d  b o d y  r e g i o n  f o r  c h i l d  t r a f f  ic  
p ar t i c i p an t s ,  o f  the c a s e s  s e l ec ted  eight  shaw  a p rimary  f i r s t  
degree  S c u l l  B r ain Trauma ( S B T  1 )  a f  t h e  chi l d  and  twö a n e  o f  a 
second  to t h i r d  degree  ( SB T  2 to 3 ) . 

Camparison  af  R e al A c c i den t/Oummy T e s t  - A survey  a f  the 
s e l e c t e d  r e a l  c a s e s ,  as we l l  as  the warked  o u t  imp a c t  t e s t s ,  i s  
given b y  F i gu r a  2 .  T h e  v e h i c l e  i m p a c t  s p e e d  i s  v a r i e d  in  the 
t e s t s e r i e s  within  the r ange a f  the re al· a c c i d e n t  with  the aim ta 
have  the  t e s t  c a r r i e d  o u t  at the l a w e r ,  as well  as the u p p e r  l im i t  
p o s s i b l y  a l s o  a t  the  mean v a l u e  a f  t h e  r e a l  i m p a c t  s p e e d .  E a c h  
t e s t  s e t  c o n s i s t s  o f  m a r e  than twa rep e ti tian  tests  d e s igned  to 
p ro v i d e  in f�rmation  an the con s i s ten cy  a f  r e su l t s .  

A d e t a i l e d  camp arision  o f  r e al a c c i d e n t  data  with  t h o s e  a f  the 
repeti tian  t e s ts regarding  the h e a d  region  is s hown in  F i gura  3 .  
The p eak v al u e  c f  resul t an t  h e a d  accel e r ation  ( a� ) ,  the maxi-. rmax mum resul t an t  value far  time  d u r a t 1 o n s  greater a e q u a l  3 ms  
( aK ( �  3 m s ) ) an d the H e ad I n j u r y  C r i te r i o n  ( H I C )  were  taken 
f ro�g the measured  s i gn al s .  

The  i m p a c t  d i r e c t i o n s  a f  the h e a d  shaw  a gao d  carresp a n de n c e .  
F o r  the  evaluation  o f  the c o r r e s p an d e n c e  c f  the v e h i c l e  damage 
due to the head imp a c t ,  as  main p arameter,  the dep th  a f  p en e tra
tian is s h a wn in the r i g h t  c a l umn . The real  dep th  v a l u e s  m u s t  be 
taken here  as app r o ximated  v al u e s .  As the lo cal  s ti f fness  o f  the 
bannet  is  in f l u e n c e d  by  the p a s i ti a n  of  b r a c i n g s ,  an additional 
in formatian  i s  given  r e g a r d i n g  i ts p o s i tion  r e l a t i v e  ta the 
v i c i n i ty o f  b r a c i n g s .  
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Repr o duci b i l i ty o f  T e s t  R e s u l t s  - The  d i s tr ibution  o f  test  
results  contains  also  the d i s t r i b u tion as  c o n s e quence  o f  the 
desired  v e h i c l e  imp act  s p e e d  c h a n g e s .  The av e r a g e  s p r e a d  in the 
test s e r i e s  is found  for the H I C  to + 1 S  %. T o g e t h e r  w i th other  
body region s ,  the aver age  s p r e ad of  To a d  c h arac ter i s t i c  values  in  
the test s e r i e s  - their repro duc i b i l i ty - is  as  f o l l o w s :  

he a d  + 1 S  - to 2 3  % 
n e c k  + 6 - to 1 S  % 
thorax  + 1 0  - to 1 9  % 
ab  dornen + 1 2  - to 23  % 
p e l v i s  + 1 0  to 23  % -
lauer extrem i t i e s  + 1 0  to 1 2  % -

Correl ations  - A s  the  t e s t  imp act  s p e e d  was  mo s t l y  in  the 
r ange  of  the r e al a c c i d e n t ,  all  recorded  m aximum l o a d  c h ar ac te r i s 
tic  v a l u e s  of  a b o d y  r egion wi thin a t e s t  s e r i e s  c o u l d  b e  the 
searched  correl a t e d  v a l u e ,  with the  e x c e p tion that area and typ e 
o f  imp act  wou l dn 1 t be  comp a r a b l e  to the real  a c c i den t .  S h o u l d  
there be  only  two i n s t e a d  o f  t h r e e  accep ted  c as e s  in  a t e s t  s e r i e s, 
then t h e i r  a r i t hme tic  mean v a l ue i s  taken as  an a d d i ti o n a l  third  
value  fo r an  e q u a l  con s id e r a t i o n  of  e a c h  s e r i e s . 

Head  R e gion - The  typ e o f  the chosen  l o a d  c h ar a c t e r i s t i c  
values-of ä body region , f o r  ins tance H I C  and  aK ( �  3 m e ) are 
of  great i n f l u e n c e  on the  r e s u l ti n g  s t atemen t s .  r gThere fore  e f 
f e c t i v e  l o a d  v a l u e s  ( ae ) are  also  c a l c u l a t e d  an d r e l ated  t o  the 
p u l s e  time  duratio n .  

The  foun d correl ations  are  s hown here  for a l l  r e l e v a n t  b o d y  
r e g i o n s ,  b u t  in  greater  d e t a i l  for  t h e  m o s t  imp o r t an t  h e ad region . 
The percen tal accumu l a t i v e  f requency  o f  H I C ,  aK ( �  3 m s )  and 
aK c o r r e l a t e d  to r e a l  inj u r i e s  o f  S B T  1 i s  r gs hown in F i g .  4 .  
N o tm��c l u d e d  are  the  r e s u l t s  o f  test  4 . 1  and  4 . 2 , b e c au s e  a 
s houl der imp a c t  occurs  i n  e v e r y  t e s t  w h i c h  i s  contr ary  to the real  
acc i den t .  For  the  H I C  SO  % o f  the values  are  l o c ated  u n d e r  8 40 and  
for aK ( � 3  ms)  under  83  g ,  as  well  as  for  aK under  1 4 3  g .  r g  rmax  
The arithmetical  m e an v a l u e s  o f  the test  s e r i e s  s how a b i omechan i 
c a l  d i s tribution  w i t h  a s t a n d a r d  d e v i a t i o n  o f  + SO % for  H I C= 1 0 3 1 , 
+ 23  % for aK ( �  3 ms ) =9 S  g an d + 3 2  % f o r  a

-
K = 1 6 1 g .  - r g  - rmax  

A method  fo f i n d  o u t  a correl ate d  r ange  o f  r e v e r s i bl e _ c h i l d  head  
inj u r i e s ,  where from level  - e f f e c tive  ( av e r ag e )  a c c e l e r ation  -
and time  duration  o f  l o ading  c an be  t aken , i s  s hown in F i gura  S 
i n c l u d i n g  a regress ion function  for S B T  1 as  w e l l  as  s i n g l e  data  
o f  S B T  2 to  3 .  Also  dr awn i s  the  Wayne  - S tate  - Un i v e r s i ty -
Curve f o r  cerebral  conc u s s ion  wi th f i r s t  s c u l l  fracture  ( A I S � 2 )  
( S )  ( 6 ) . A s  t h e  d i r e c t  h e a d/ f r o n t  imp act  c an be  accep ted  a s  c ause  
o f  the i n j u r y ,  but  on  the  other  hand  the i n d i r e c t  head  accel era
tion can also  b e  a factor  o f  the t r auma,  the e f fe c ti v e  resul tan t  
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h e ad acce l e r a tion  i s  s ho wn f o r  b o t h  g r a u e s .  

The  c o n s e qu e n c e  o f  c al cu l a t e d  l o a d  v a l u e s  r e s t r i c t e d  to a l i m i t e d  
t i m e  d u r a t i on s h o w s  t h a t  t h e  r e g r e s s i o n  c u r v e  o f  c h i l d r e n  i s  
p o s i t i o n e d  a t  a l o w e r  n i v e a u in  con t r a s t  t o  a d u l t s . A l s o  a s  ten
dency the  b o rder  l i n e  of i r r e v e r s i b l e  head in j ur i e s  - 50 g,  1 2  to 
1 5  ms  - w i t h  c h i l d r e n  i s  r e ac h e d  b y  a l o w e r  d i r e c t  l o a d i n g ,  con
t r a r y  to adu l t s .  The  l i m i te d  i mp u l s e  time  d u r a t i o n  is  n e v e r t h e l e s s  
o f  s p e c i a l  i mp o r t an c e  f o r  t h e  l a y o u t  o f  s a f e ty d e v i c e s  i n  p e d e s 
t r i an col l i s i on s .  

N e c k  R e g i o n  - A m o n g  the  1 0  r e a l  c a s e s ,  t h e r e  i s  n o n e  w i t h  a 
n e c k

-
injÜry.-As c h i l dr e n ' s  n e c k s  a r e  d i sp r o p o r t i o n a l l y  s m a l l e r  in  

d i am e t e r  t h an these  of  a d u l t s ,  it  is  a l s o  of  g r e a t  i n t e r e s t  to  
c o r r e l ate the s e  w i th m e a s u r e d  imp a c t  l o adi n g s .  

I n  F i g u r e  6 , 50 % o f  the  maximum  r e s u l t an t  s h e a r i n g  f o r c e s  i n  t h e  
n e c k  s p i n e  a r e a  o f  C 7 a r e  l o c a te d  u n d e r  F H  C7 = 8 2 5  N an d 50 % 
o f  t h e  maximum  r e s u l tan t b e n d i n g  m o m e n t s  

5 rmax  are  u n d e r  
M � C 7  = 9 2  N m .  T he  m a x imum c r an i al n e c k  f o r c e s  s e em t o  b e  v e r y  
h i g nr�f�h  a m e d i an v al u e  o f  F H  C 7  = 1 9 30 N c o n s i d e r i n g  a h e a d  
m a s s  o f  the  V I P  6 c  o f  2 , 5  k g  c m a x a n d  a n e ck m a s s  o f  0 , 4  k g .  A s  
a comp a r i s o n , B u r o w  ( 7 )  d i s c o v e r e d  t h r o u g h  a d u l t  c a d a v e r  t e s t s 
t h a t  a s h e ar f o r c e  o f  1 80 0  - 2 6 0 0  N c an r e s u l t  in  an i n j u r y  o f  the 
c o n d y l e  j o i n t  ( r a n g e  of the ad u l t  h e a d  m a s se s :  2 , 7  to  3 , 5  k g ) . 
Mo r e o v e r  he f o u n d  in  o n e  c a s e  a r u p t u r e  o f  the  n e c k  w i t h  a c r an i al 
f o r ce o f  1 0 0 0  N .  O n  t h e  o th e r  h a n d  S i m o n s .  a n d  H e r t i n g  ( 8 )  found  
o u t  t h a t  a c r an i al force  of  a p p r o x i m a t e l y  9000  N h av i n g  caused  i n  
t w o  c as e s  a n e ck rup tur e .  T he  m e a s u r e d  c h i l d  s h e a r  f o r c e s  a r e  
h i g he r  w i t h  adul t s  b y  t h e  f ac to r  1 , 5  to · 2 , 1 w h e n  c o m p a r e d  w i th the  
h i g h e s t  average v a l u e  of  a te s t  s e r i e s  ( 6 . 1 - 6 . 3 ) . 

T h e  a r i thm e t i c  m e an v a l u e s  o f  t h e  t e s t  s e r i e s  s h o w  a b i o m e c h an i cal  
d i s tr i b u t i o n  w i t h a s t a n d a r d  d e v i a t i o n  o f  + 29 % for  F H  C 7  = 

o1 r11- s m a x 8 1 0  N ,  � 1 4  � f o r  MH C 7 m a x=90 N m  an d � 2 7  � f o r  F Hc C 7 m a x  = 1 9 7 8  N .  

lh�r�tic_R�gio� - I n  t h e  c a s e s  s e l e c t e d ,  t h r e e  c h i l dren  s u f 
f e r e d  a n  i n j u r y  o f  t h e  tho r a x ,  o n e  o f  t h e  type  o f  a l u n g  con t u s i o n  
a n d  - b l e e d i n g  ( A I S  3 ,  c a s e  2 ) , o n e  o f  a s m a l l  l u n g  h a e m a to m a s  up 
to d i am e te r s  o f  3 cm ( A I S  3 ,  c a s e  6 ) , as w e l l  as o n e  o f  a c l avi cu
l a r  f r ac tu r e  ( A I S  2,  c a s e  8 ) . 

F o r  the c a s e s  w i t h o u t  t h o r a ti c  i n j u r i e s  - n o t  u s i n g  s e r i e s  4 as 
w e l l  as t e s t  9 . 3 ,  F i g u r e  7 ,  the m e d i an v al u e s  a r e  S i r= 3 0 0 ,  aT ( �  3 m s )  = 5 8  g a n d  a T = 54  g .  A s  f o r  t h e  group  w i t h  i r r e - r g  
v e r s i b l e  tho r a t i c  i n j utT��  ( A I S  2 - 3 )  o n l y  n i n e  t e s ts a r e  wor k e d  
o u t ,  a t r e n d  anal y s i s  g i v e s  m e d i an v al u e s  o f  S I T=9 8 0 ,  a T r g ( �  3 ms � 
9 4  g an d aT = 1 5 4  g .  rmax 
The  a r i thme t i c  mean v al u e s  of  the  group w i t ho u t  i n j u r i e s  show  a 
b i o m e c h a n i cal  d i s t r i b u ti o n  w i t h  a s ta n d a r d  d e v i a ti o n  o f  + 1 2 3 % ( ! )  
f o r  S l r= 5 7 2 ,  � 5 4  % f o r  a T ( �  3 m s )  = 6 7  g and � 7 5  % fo r 
aT = 8 3  g .  A d e q u a te r e s u f � s  f o r  the  c h i l dren 1 s  g r o u p  wi th i r r e -
v e F�f�le  i n j ur i e s  a r e  + 2 2  % f o r  S I T = 1 0 5 1 , + 1 2  % f o r  a T ( �  3 m s �  - - r g  
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1 0 3  g and  + 1 8  % for  aT = 1 4 6  g .  - rmax 
ßb�o�i�al ßesi2n_- Among the s e l e c t e d  real c a s e s ,  there are 

four  that  s how  high irrever s i b l e  abdominal i n j u r i e s  o f  A I S  4 to  S 
o f  the type o f  o r g an ruptures  with  the n e c e s s i ty f o r  e ac h  o f  them 
to receive  an inten s i v e  m e d i c al tre atmen t.  

For c ases  without  abdominal  i n j u r i e s ,  F i gu r a  8 ,  the m e d i an values  
are S I A= 3 7 0 ,  a A ( !: 3 m s )  = 57  g an d a = 7 3  g .  F o r  c ases  1Jith  
abdomin al  inj urf�s ( A I S  4-5 )  the  m e d i a�rmaxv a l u e s  are S I A=2430 ,  
a ( � 3 m s ) = 1 36 g an d aA =22 1  g .  arg  rmax  
The  ari thme tic  mean values  of  the unin j u red  group  show a b iomecan i
� al d i s t r ibution  with  a standard  deviation  of  + 42  % f o r  S I A=37 1 , 

..!:. 30 % f o r  aA ( ;;  3 m s )  = 5 3  g and + 20 % f o r  ä ?'79 g .  F o r  the 
group with r gi r r e v e r s i b l e  inj u ries the a d e q u a ��max values  are 
+ 30  % for  S I A= 2 3 3 1 , + 9 % for  aA ( �  3 m s )  = 1 30 g an d + 1 9  % f o r  - - r g  -
aA =20 8 g .  rmax  

Eelv!c_R�g!o� - Among the s e l ected  c a s e s  there  are o n l y  two 
in which  chil dren s u f fe r e d  an inj ury  o f  the  p e l v i s ,  o n e  b y  a 
f r acture  o f  the r i g h t  " o s  i l iu m "  ( A I S  2 ,  c as e  6 )  c a u s e d  by  the 
headl i g h t  surrounding and ano ther  by  an i n f r a c t u r e  o f  the upp er  
p u b i s  b r anch  ( A I S  2 ,  c as e  1 0 ) , also  c a u s e d  by  the  h e a d l i g h t  
surrounding.  

F o r  c as e s  with  p e l v i s  i n j u r i e s ,  Figura  9 ,  the  m e d i an values  are  
SI 8=7 1 0 ,  aR ( �  3 m s )  = 8 6  g an d a = 1 1 8  g .  A s  for  the group 
Wi th i rr e v e f Q i b l e  i n j u r i e s  o n l y  5 ����� have been work e d  o u t ,  a 
trend o f  m e d i an v a l u e s  w i t h  S I 8= 1 2 8 5 ,  a8 ( �  3 m s )  = 9 3  g and  
a = 1 0 8  g c an be  given here  o n l y .  T h er �ri thm e t i c  mean values  of  
t��mt � s t  series  taken  from the group o f  un i n j u r e d  c h i l dren  show  a 
biomechanical  d i s tri bution  w i th a s t an d a r d  dev i a tion  o f  + 8 6  % for  
S I 8 = 1 2 1 4 ,  + 52  % for  a8 ( �  3 ms ) · = 1 00 g and  + 50  % f;r a = 
1 4 3  g .  

- r g  - 8rmax 

L ower  fx!r�mitle� - Among ths  s e l e c t e d  c as e s  there  are seven 
where the l o aded  leg  was un i n j u r e d ,  three  wi th an i n j u r y  s e v e r i t y  
d e g r e e  o f  A I S  1 ,  two with  o n e  o f  A I S  2 an d three  with  o n e  o f  A I S  3 , 
whereby  the l atter  are  o f  the type  o f  d i s l o c a t e d  femur s h a f t  
fractu r e s .  

P o s i tion  a n d  v a l u e  o f  t h e  m aximum bending  momen t s  ( M r  ) ,  as  well  
as maximum imp ac t  force  in  the femur o r  t i b i a  are  foo�a: as  
f o l l o 1J s :  
- g r ap h i c al connection  o f  t h e  maximum b e n d i n g  momen ts a t  d i f f e r e n t  

l ev e l s  o f  t h e  m e a s u r i n g  gauge s ,  a s  f o r  i n s tance in  t h e  m e d i a l  a s  
wel l  p r o ximal an d d i s tal a r e a  o f  t h e  femur c o n s i d e r i n g  a l s o  
p o s i ti o n  o f  j o i n t s .  

- c a l c u l ating  t h e  imp act  f o r c e  by  means o f  the  known m a s s  o f  the 
l ower  and upper l e g ,  as  well  as  total  b o d y  mass and  l o c ation  o f  
the maximum bending  momen t .  FE „ means the  r e s u l tan t s ta t i c  
f o r c e  which  c au s e s  t h e  s ame sa  m aximum b e n d i n g  momen t and 

199 



FE the app r a i s e d  d y n amic  v a l u e .  smax  
For  cases  with  i n j u r y  s e v e r i ty degrees  o f  A I S  < 2 , Fi gura  1 0 ,  the  
m e d i an values  are FE . .  = 1 3 8 5  N en d ME =2 1 1  N m .  A s  the medial  
areas  o f  the  femu r ,  sa as well  as  them a x t i b i a/ fi b u l a ,  are most  
endangered ,  because  o f  their  smal l cros s - s e c ti o n al a r e a ,  addi tio
nal d i s tr i butions  are s e t  up for the a p p r o p r i ate bending  momen ts . 
The m e d i an v al u e s  therefore  are as  follows : M F = 1 39 N m  
( m i d d l e  o f  femu r )  as  w e l l  a s  MT/F = 1 1 6  N m  mrma{m i d d l e  o f  
t i b i a/ f i b u l a ) . m a x  

F o r  c ases  with  i r r e v e r s i b l e  i n j u r i e s  o f  the  l o w e r  e x tremities  
( A I S  2 to  3 )  the m e d i an v a l u e s  are  FE . .  = 3 9 30 N and  ME = 5 3 3  N m .  sa  . max  A s  there  was no  fracture  i n  the t e s t  s e r ie s ,  the dummy-bones  
could  reach  a h i g h  b e n d i n g  momen t and  t h e r e f o r e  e s p e c i a l l y  these  
m e d i an values  m u s t  be  c l e arly  higher  than the  r e a l  fracture  mo
men t .  

T h e  ari thme tic  mean v al u e s  o f  t h e  test  s e r i e s  with  group A I S  2 
show  a biomechan i c al d i s tribution  with  a s t a n d a r d  devi ation o f  
+ 6 4  % for FE = 1 6 1 3  N ,  + 5 2  % for  ME =248  N m ,  + 6 3  % for 
M = 1 74Nmsmax and  + 31  % for  MTL F 

ma� 1 29 Nm.  For the group Emr oo a � - mmax � A l �  L to 3 the adequate  r e s u l ts are + 69 � for FE =4499  N 
an d + 50 % for ME = 5 0 4  N .  

- srmax  
- m a x  

Comp a r i n g  t h e s e  r e s u l ts w i t h  o th e r s  t aken  · from l i te r a tu r e ,  the 
following  i s  of  s p e c i a l  imp o r t an c e :  
- f i r s t  f r ac t u r e  w i t h  FE . .  = 1 28 5  N a s  well  a s  MF = 2 2 2  N m  in  an 

a r e a  of a p e r cental  heI�ht  o f  32 % of the  fem��� The average  
v al u e  for b o t h  cases  o f  A I S  2 i s  F E . .  =2874  N ,  as  well  as s a  ME =405 N m .  m a x  
h a l f of  the  f r a c t u r e s  a r e  l o c ated  and  the  medial  a r e a  o f  the 
femur,  r e s p e c t i v e l y  t i b i a/ f  i b u l a .  

C h i l d  O c c upan t A c c i d e n t s  

The  r e al c a s e s  w i t h  c h i l d  o c c u p a n t s  u s e d  here  f o r  rep e ti tion  on  a 
hydropneumatic  c a tap u l t  are  taken from three  group s o f  documen ta
tion con s i s ting  of 93 c h i l dren u s i n g  r e s tr ai n ts ( 2 ) .  T h e s e  group s 
are made  up  from t r a f  f i c  a c c i d e n t  r e s e a r c h  p ro gr ams in  H an o v e r  
an d B e � l i n  ( 2 ) ,  s up p l emented  b y  p o l i c e  r e p o r ts f r o m  the c i ty o f  
Hanover  ( 2 ) ,  a s  wel l  a s  the t r a f f i c  a c c i d e n t  documen tation o f  
Römer  - B r i tax  ( 9 ) . 

A l l  c a s e s  s e l e c ted  are  c l o s e  to a u s e d  A l d e r son V IP 3 c  anthropo
metr i c  dummy also  with  regard  to  frontal  imp a c t  d i r e c tions  an d 
documen ted  deformations  o f  the con t a c t - t a b l e  o f  a c h i l d  r e s t r a i n t  
s y s t e m .  Among t h e s e  c as e s  t h e r e  was  o n l y  one  with  a n  inj ury  o f  
A I S  1 ( c ase  1 1 ) ,  f r o m  typ e o f  a b l u n t  a b dominal  trauma witho u t  
con s e q u e n c e s .  

S O  % o f  t h e  c o r r e l a t e d  r e v e r s i b l e  l o adings  ( A I S  < 2 ) a r e  l o w e r  than 
S I A r d=9 2 - values  are r e l ated  to the  m a s s  o f  the real  c h i l d  ( rd ) -, 
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res p .  a maximum abdominal  u n i t  p r e ssure  pA d  o f  9 , 5  N / c m 2 , resp . 
a maximum resultan t  abdominal  force F A 

m aä r 1 385  N as w e l l  as  
a maximum resultant  abdominal  acce l e r a�T8� aA d of  2 6  g ( SK O ) .  

� rr max · 

75  � o f  the values  are lower than S I A r d=1 7 6 � PAdmax=1 4 , 2  
N/cm2 , F A d  =2 1 80 N and aA d = 3 1  g ( SK 1 J .  max rr  max 
Biomec hanical  C r i ti c al L o ad L im i ts 

A summary o f  the correl ated dummy load  v a l u e s ,  - i n c l u d i n g  regres
s i o n s  o f  effective  ones  - F igura  1 1 ,  s hows  t h a t  for  the  h e a d  
reg  i o n t her e a r e o n 1 y r e s  u 1 t s r e �a r d in  g i r �,e v e r s i b l e in  j u r i e s a n  d 
for the neck area  there  are  o n l y  rever s i b l e  o n e s .  The  o th e r  b o d y  
regio n s ,  howeve r ,  s ho w  r e s u l t s  for  both  group s o f  i n j u r y  sever i t y .  

F o r  the defini tion  o f  b iomechanical  pro tection  c r i t e r i a  a g a i n s t  
i r r e v e r s i b l e  i n j u r i e s ,  t h e  u p p e r  l im i t  o f  r e v e r s i b l e  lo adings  i s  
s e ar c h e d  f o r ,  b u t  as a r e s u l t  i t  c an be  seen  t h a t  both  d i s tr i bu
tions  are overlap p i n g .  Therefore  two d i f fe r e n t  types  of  p ro tec
tion c r i te r i a  c an be  d e f i n e d :  
- SKO gives  comp l e te p ro tection  agai n s t  i r r e v e r s i b l e  i n j u r i e s ,  

o n l y  rever s i b l e  inj u ri e s  a r e  allowe d .  
- SK 1 with  an accepted  p o r tion  o f  for ins t an c e  25  % i r re v e r s i b l e  

i n j u r i e s .  
F o r  some body regions  o f  c h i l dren i n  t h e  s e l e c t e d  c a s e s  there  are  
e i ther none  o r  only  a small  n umber  o f  r e v e r s i b l e  i n j u r i e s ,  and 
for o t h e r  body  regions  ei ther  all  i n j u r i e s  are i r reversi b l e  o n e s  
o r  o n l y  a small n um b e r  o f  h i g h  r e s p e c t i v e l y  l o w  l e v e l  o n e s . T h e r e 
fore  the  frequency o f  i r re v e r s i b l e  i n j u r i e s  m u s t  be  deduced  o u t  o f  
the l o ad d i s t r i b u t i o n  o f  r e v e r s i b l e  correl a t e d  inj u r i e s  on  d e f  i n e d  
l o a d  l e v e l s .  The  b o d y  regions  b e s t  sui ted for  t h i s  a r e  the thorax 
o r  the l ower e x tremi t i e s .  The  i r r e v e r s i b l e  inj u ri e s  from A I S  2 and 
3 which are l o c a t e d  at the l ower l i m i t  of  i r re v e r s i b l e  i n j u r y  
d e g r e e s ,  show t h a t  for t h e  thorax  84  % o f  t h e  A I S  2 v al u e s  are 
lower than an S I  of 754 and 25  % of the i r r e v e r s i b l e  i n j ur i e s , 
respectively  their  c o r r e l a t e d  dummy l o ad v al u e s  are also  lower  
than  t h i s  level . F o r  t h e  lower e x tremi t i e s  there  are 6 4  % of  
r e v e r s i b l e  i n j u r i e s  r e s p e c t i v e l y  25 % of  i r re v e r s i b l e  ones  r an g i n g  
u n d e r  F E . .  = 1 5 50 N .  sa  
Therefore ,  p rotection  c r i t e r i a  for  body  regions  seem  to  be  mean i n �  
ful which  cover 75  % o f  the correl ated  r e v e r s i b l e  i n j u r i e s  and 
thereby  accep ting  about 25  % of  i r re v e r s i b l e  inj u r i e s  ( SK 1 ) .  O n  
the o t her  hand those  c r i te r i a  which  c o v e r  about  50  % o f  r e v e r s i b l e  
inj u r i e s  and whereby  no  i r r e v e r s i b l e  i n j u r i e s  a r e  e x p e c t e d  ( SK O )  
are also  s hown i n  F i gu r a  1 1 .  T a  f i n d  the  l o a d  v a l u e s  for  S K O ,  
p ar t l y  the l o w e r  l i m i t  o f  i rr e v e r s i b l e  i n j u r i e s  i s  t a k e n  for  t h e  
n e c k ,  thorax an d abdom i n al r e g i o n ,  i n c l u d i n g  also  50 % o f  t h e  
correlated  rev e r s i b l e  i n j u r y  d e g r e e s .  · 

The  observed  upper  l im i t  o f  r e v e r s i b l e  inj u ri e s  r e s u l t i n g  from 
direct  fron tal abdomi al surface  l o ad i n g  c an be  e s timated f rom case  
1 1  w i t h  F A d  = 2 380  + 5 % ( N ) ,  p A d  = 1 6 , 2  + 1 1  % ( N/ cm 2 ) ,  max - max  -

20 1 



aA r r d=4 4  � 1 1  % ( g ) ,  aA e r d= 25 , 0  + 1 6  % ( g ) as w e l l  as S I A r d =3 7 7 .  

Concl u s i o n s  

T h e  o b ta i n e d  r e s u l ts a r e  a l l  d e p e n d e n t  a n  t h e  dummy u s e d ,  a m o d i 
f i e d  A l d e r s o n  V I P  6c a n d  3c , w h i c h  m e a n s  t h a t  t h e s e  a r e  c o r r e l a t e d  
v a l u e s .  A s  these  dumm i e s  s ho w  a s i m i l ar k in e m a t i c  b e h a v i o u r  to 
t h a t  o f  l iv i n g  human b e i n g s ,  the r e sul  ts c an a l s o  g i v e  an e s tima
tion  o f  t h e  area  o f  b io m e c h an i c a l  tolerance  l ev e l s  o f  c h i l dren , 
b u t  a n  the  o ther  h an d ,  those  dumm i e s  c an b e  u s e d  f o r  a b e t t e r  
q u a l i t a ti v e  v a l u a t i o n  a f  s af e t y  d e v i c e s ,  toa . 

A s  dummy m e a s u r i n g  v a l u e s  s h a w  o n  the average  h i g h e r  and s h o r t e r  
s i g n a l s  campared  t o  t h a s e  o f  l i v i n g  human b e i n gs , t h e  c o r r e l a t e d  
b i o m e c h a n i c a l  l o a d  v a l u e s  are  in  their  o v e r a l l  l e v e l  somewhat 
h i g he r  t h an the real  o n e s .  
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r i g .  6 - P e rcen tal accumulative  f r e q u e n c y  o f  m a x imum resul tan t 
s he a r f o r c e  ( F H C ?  ) a n d  m a x i mum r e s u l tan t b e n d i n g  s rmax 
momen t ( M HC? ) as well  as rnax irnurn c r a n i al force  rmax 
( F HcC?max ) i n  the neck s p i n e  area o f  C 7  of the V I P  6 c  

c o r r e l a t e d  t o  real  l o a d i n g s  w i thout  i n j u r y  c o n s equence 

205 



- 40 r:: --' 

u 
... 

�� 20 

154 

500 

50 100 150 

2000 

200 

(AIS 2 d , n = 9 )  
Si r -

Orrg ( !: 3msl---
O rr mox -·-·-

2500 

( g l  250 

Si r 

Orrg (!:: 3 ms), arr max 
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F i g .  8 - P e rcental  accumul ative  f r e q u e n c y  o f  S I A and m a x imum r e s u l -
tant  a c ce l e r a tion  ( aA ) as  w e l l  as  for  time  durations  rmax  
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F i g .  9 - P ercen tal accumul ative  frequency  o f  S I 8 and maximum r e s u l -
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