
K INEMATIC AND SP INAL COLUMN I NJURI ES IN ACTI VE AND PAS S IVE 

PASSENGER PROTECT ION .  RE SULTS OF SIMULATED FRONTAL COLL I S I ON S  

D .  K a l l ier i s ,  R .  Mattern , Gg . Schmidt and D .  Warth 

Unive r s i ty of Heidelberg 

ABSTRACT 

A report h a s  been made on the k inematic a l  a na l ys i s  o f  cadave r 
te s t s , pe r f ormed on a f lat car running upon r o l l s  in two s e r ie s , 
s imulating fron ta l impac t s  with a crash ve locity of 5 0  km/h and 
a mean dece leration o f  2 0  g .  The f i r s t  series involved 2 3  t e s t  
sub j ects , protected w i t h  three-point be l ts , i n  d river and p a s ­
senger pos ition ; i n  the second serie s , 1 0  t e s t s  with a i r-bag 
and knee-bar protec ted occupants in pa s senge r po s i t ion were con­
ducted . 

Caused by the sys tem , there i s  a fundamenta l ly d i f ferent kine­
mati c  of the head betwe e n  the two re straint systems . 

No homogeneous d i f ferenc e s  o f  the two r e s traint sys tems can be 
der ived from the mean va lue s  o f  the inve s ti gated d i s p l acements 
a s  we l l  a s  the angul a r  ve locity and the angular accelerat ion . 

I n  the three -point b e l t  te s t s , the i n j uries may be explained 
w i th ante f lexion ; in the a ir-bag knee-bar te s t s  with retro­
f lexion .  The mean value of the i n j ury severity of the spinal 
column amount s  between AIS 2 and A I S  3 for the three-point b e l t  
s y s tem and amount s  be tween A I S  1 and A I S  2 for the ai r-bag knee­
bar system . 

l t  has been noticed that the angular accelerat ion doe s not r e ­
present a suitable parameter for the severity of t h e  s p i n a l  
column i n j uries w i t h  t h e  given c o l l i s ion c ondi tions a n d  the 
restraint systems ; the age represents a much greater inf luence 
than the k inema t i c a l  magnitude s .  

INTRODUCTION 

Crash te s t s  usua l l y  are documented with a t  l e a s t  two h i gh - s peed 
cameras in frontal and s ide v i e w .  I n  spite o f  i t ,  ve ry rare l y  
f i lm analyses of the c o l l i s ion phase a r e  f ound in biomechanical 
l i terature . VARRIEST e t  a l  ( 1 1 , 1 2 ) * pre sented an alyses of h igh­
speed f i lms using 5 h igh-speed c amera s .  They concern f r on ta l  
col l i s ion s conducted w i t h  b e l t - protected p i gs ; the i r  k i nemat i c  
i s  r e l a tively simple , compared with the k inema t i c  o f  human 
cadaver s  and the refore much e a s i e r  to evaluate . The k inematic 

*Numbers in the parenthe s e s  des ignate Re ferences at the end of 
paper 

2 79 



o f  dumrni e s , e . g .  ADOME IT ( 1 ) , i s  given through the s t i ffness o f  
the dumrny , which r e s u l t s  in a poor movab i l ity , a n d  i s  e a s i e r  to 
evaluate . 

I n  l i te rature , more f requently the sequence photographs o f  the 
c o l l i s ion phase ( 2 ,  1 3 ,  1 4 )  are men t ioned , wh ich repre sent the 
f i r st s te p  to the f i lm analys i s .  

Our I n s t i tute presented s ome papers ( 4 ,  5 ,  9 ,  1 0 )  deal ing with 
f i lm ana ly s e s  of fron t a l  c o l l i s ion s  c onducted by me ans o f  ex­
amp le s ; thereby , the comp lex k i nematic o f  the cadaver was ob­
vious . I n  the p resent pape r , l arger nurnbers shou l d  be analysed 
in deta i l  in order to inve s t i gate the corre l a t i on o f  s p i n a l  
column i n j u r i e s  w i t h  the k inemati c . I n  the tests , two re straint 
sys tems were u s ed . A report on loadings and i n j u r i e s  o f  the same 
te s t s  h a s  been a lready made ( 6 ) . 

TEST METHOD 

The t e s t s  have been pe rf ormed on a f lat car runn ing upon r o l l s  
wh i c h  i s  stopped by means o f  deforming a me t a l  s trap ; the pulse 
s hape is trape zoidal . The c o l l i s i on veloc ity amounted 4 9 - 5 1  km/h , 
the dece leration 1 8 - 2 2  g .  

a )  Three-point b e l t  t e st s . D r i ve r  and front-car p a s senger 
p o s i t ions have been s imulated . I n  the te s ts we used VW beetle 
type I seats and three-point s t andard be l t s  ( 1 7 %  e l ongation a t  
1 1 3 5  daN ) . The anchorage points o f  the belts d i d  not corre spond 
to a certain type of car ; they lay w i thin the var ia t ion range of 
European cars . According to the seating height of the test sub­
j e c t  it w a s  pos sib le to a d j u s t  the upper anchorage point in x­
and z - d i r ect i on . There was no steering as sernbly or dash board 
during the s i mu l a t i on ( F ig . 1 ) . 

b )  A ir-bag knee-bar te s t s . The front seat pa s senger pos i tion 
h a s  been s imulated . We u s ed VW-Golf seats ; a cornb inat ion o f  pas­
senger a i r-bag and knee-bar served as re straint s y s tem . The seat 
w a s  a d j u s ted in such a manner that th e d i stance between knee and 
knee-bar amounted about 8 c m .  In the s imulat ion , the front part 
( up to B - p i l l a r )  o f  the p a s senger compartmen t of a VW-Golf h a s  

been used a n d  moun ted o n  a f lat car runn i n g  upon r o l l s  ( F i g .  2 ) . 

AI R-BAG SPECI F I CATI ONS 

1 .  Sensor t ime : l 7  ms 
2 .  Motive substanc e : N atronac i d  2 x 7 6  g 
3 .  Two gas generators 
4 .  A i r-bag f i l l ing t ime: 3 0  ms 
5 .  A i r-bag volume: 1 7 8  l t r  
6 .  B low out: 2 x 6 5  mm 
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F i g . 1 :  S ide v iew o f  te st c on f igura t i on , te st sub j e c t  w i th 
opt i c a l  targe ts , 3 -point b e l t  s y s tem 

Fig . 2 :  S ide v iew of t e s t  con f igurat ion , t e s t  sub j ec t  w i th 
opt i c a l  targe t s ,  a i r -bag knee-bar sys tem 
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TEST SUBJECTS 

Fresh , unembalmed male and female human cadave rs in the age range 
of 1 4  to 6 6  years have been used . The mos t  important anthropo­
met r i c a l  data can be seen in Table 1 .  A total of 2 3  cadaver tests 
have been c onducted u s ing three-point be l ts and 1 0  cadaver t e s ts 
us ing a ir-bag knee-bar sys tems . 

PHOTOGRAPHIC DOCUMENTATI ON 

H i gh speed cameras took s ide ( 1 0 0 0  p / s )  and f ronta l ( 5 0 0  p / s )  
views . Photos have been made be fore and a f ter the te s t .  

RESULTS 

K INEMATI C 

The f i lm a n a l y s i s  of the conducted t e s t s  resulted f rom the high 
speed f i lm made from l atera l v iew ; the f rame rate amounted 1 0 0 0  
p/ s .  Targe t s  were i n s t a l led on the c adaver ( po i n t s  1 , 2 , 3 , 4 , 5  in 
F i g . 1 and 2 )  and on the seat moun ting device or B -p i l lar ( f ixed 
points 6 ,  7 in F i g .  1 and 2 ) . 

Because of the cornp lex kinematic of the human body during the 
c o l l i s ion phase , these targe t s  were not evident a t  any time and 
therefore , additional targets were i n s t a l l e d  on the c adave r . In 
both res t ra i n t  systerns used , there was sorne t ime s a rotation of 
the upper torso around the shoulder be lt or the a i r-ba g .  The 
rotation o f  the uppe r torso in the a i r-bag system came about a s  
the knees turned a s ide a f ter impacting the knee-bar . 

Thi s  rotation i s  not cons idered in the eva luation ; because of 
the c omp lex kinema t i c  of the test s ub j e c t  caused by the re straint 
system,  the fron t a l  h i gh-speed camera did not a t  any t ime during 
the c o l l i s ion pha s e  show the front area of the t e s t  sub j e c t ;  
the refore , the fron tal h igh- speed f i lm was not used when analys­
ing the f i lm .  

The high speed f i lm o f  the late r a l  v iew h a s  been proj e c te d  
through a mot ion ana l y ser , the coordinate s o f  each target over 
the time have been recorded on a perforated tape ; the evalua t i on 
was made by mea n s  of a tape reade r ,  combined with a computer 
us ing suited computer programs . Caused by the r e s tr a i n t  s ys tem , 
there is a fundame n t a l ly d i f ferent k inema t i c  o f  the h e ad be­
tween the two sys tems , as a l s o  observed by C HENG et al ( 3 ) . 

I n  the te s t  sub j ects u s ing a three-point b e l t  an ante f lexion o f  
the head occurred a f t e r  a trans l atory d i s placeme n t .  The tran s ­
latory moveme n t  l a s ts about 3 0  t o  40 ms a fter the crash , then 
f o l lows a c omb ined movement in x- and z-direct ion . The photo­
graph i c  targe t in the center of the head d e s c r i be s  an c ircular 
path in the t i me 50 to 1 0 0 ms a f t e r  the crash, the radius o f  it 
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d i f f e r s  in each te s t ;  dec i s ive for the length of the radius i s  
the seating he ight o f  the t e s t  subj e c t . A l s o  the target ( P 2 )  in 
the lower area of the c e rvi c a l  spine de scribes a s irn i l a r  course 
in th i s  time p e riod after the crash ; howeve r , the radius i s  
sma l l e r  than the one o f  target P l .  While the target s  P l , P 2  o n  the 
rebound phase rnove backwards in a lower leve l than in the pr irnary 
phase , P3 ( shou l de r )  move s in a h igher leve l ;  t h i s  corre spond s  to 
the add i t ion a l  upwards rnovement of the arm dur ing the col l i s ion . 
The same behavior can a l s o  be observed at the knee targe t .  A f t e r  
a sma l l  turn ing radius , t h e  pe lvis targe t performs a tran s l a tory 
movement in

.
the p rimary phase as we l l  as in the rebound phase . 

F i g .  3 show s a typ i c a l  plot o f  d i sp l acements o f  photograph ic tar­
gets on the body of a 3 -point b e l t  protected sub j e c t .  In the a i r ­
bag knee-bar t e s t s  dur ing the f i r s t  4 0  t o  5 0  ms t h e r e  i s  a tran s ­
latory rnovernent unti l  t h e  a i r -bag head contac t .  Mo s t l y , a further 
trans latory d i sp lacement f o l lows , howeve r , s ome t ime s an ante­
f l e x ion or retrof lexion o f  the head a l s o  occur s . T h i s  depends upon 
the f i l l i n g  cond i tion of the a i r -bag during t he head c ontact .  I n  
our test se r ie s , the a i r - bag started t o  inf late between 1 2  to 2 lms 
after the c r a s h . The photograph i c  targets in the lower area of the 
cervical s p ine , shoulder and p e l v i s  predominantly showed trans­
latory d i s p l acements . A d i f ferent course of the pelvis target was 
noticed if the knee turned a s ide the knee-bar upwar d s  or t o  the 
side . F i g . 4 shows a typic a l  p l o t  of the d i sp laceme n t s  of the tar­
gets on the body o f  an air - bag knee-bar protec ted occupan t .  

Fig . 3 :  D i s pl acements o f  photo­
graphic targe t s , mounted on the 
head , neck , shoulde r ,  pe lvis 
and kne e .  Run No . H 7 4 2 7 , three­
point belt t e s t  
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F i g . 4 :  D i spl acements of photo­
graphic targe t s , mounted on the 
head , neck , shoulder , pe l v i s  
a n d  kne e .  Run No . H 8 0 0 3 ,  a ir­
bag knee-bar system 

283 



D I SPLACEMENTS 

Tab l e  1 shows the most importan t anthropome t r i c a l  data , the max i ­
mum head d i s placements and the corre sponding shoulde r , pe lvis and 
knee d i sp lacements of the 3 3  cadaver te sts . The maximum head d i s ­
p lacements of the 3-point b e l t  te sts are between 3 9  t o  5 7  c m  and 
in the ai r-bag knee-bar tests between 3 7  to 6 0  cm . The variation 
of the d i s p l acement of 1 8  cm in the 3 -point belt s y s tem can pre­
dominantly be expla ined through the d i f ferent s eating he i ght of 

Run Sex 
No. 

II 7 4 2 7 M 

II 7430 M 

H 7 4 3 3  F 
ll 7 5 4  2 M 

II 7 6 2 2  F 
II 7 6 2 3  M 
H 7 6 2 5  F 
II 7 6 2 6  M 

II 7 6 2 7  M 

II 7 6 2 9  M 

H 7 6 3 2  F 
II 7 6 3 3  M 

II 7 b 3 4  F 
II 7636 F 
II 7 6 3 7  M 
II 7 6 3 9  M 

11 7 6 4 0  M 
II 7 6 4 2  M 
II 7 6 4 3  M 
II 7 7 1 0  M 
II 7 7 1 2  F 
II 7 7 1 3  F 
H 7 7 1 4  M 

x -

· ·- - ·  - · -

II 7 8 2 2  �· 

H 7 8 5 2  M 

H 7 9 2 7  M 

II 7 9 2 8  M 
II 8003 M 
H 8004 M 

II 8 0 1 5  M 

II 80 1 9  M 
H 8022 M 

H 8 1 03 M 

x · 

Agc 
(yearsl 

6 5  

4 5  

6 5  

3 9  

2 2  

1 4  

3 2  

2 9  

2 3  

4 5  

5 4  

20 

2 6  

22 
2 5  

2 1  

20 

4 5  

2 2  

s o;  
5 3  

3 7  

2 2  

3 4 , 8  

6 6  

6 �  

26 

34 

65 

26 

4 3  

1 8  

1 8  

5 5  

4 1 ,  7 

Body- Body- scat;-
mass length hcight 
fkg) (cm) fern) 

8 7  1 8 6  -

8 1  1 82 84 

6 9  1 5 5 7 9  

7 6  1 7 5 9 3  

5 2  1 60 92 

58 1 66 93 

5 3  1 6 3  8 8  

6 9  1 7 5 90 

76 1 8 3  9 2  

7 5  1 5 9 9 3  

6 0  1 6 6 8 9  

7 6  1 7 8  9 4  

5 5  1 66 90 

4 8  1 6 3  88 

6 1  1 7 2  96 

5 6  1 6 9 8 8  

6 7  1 7  3 9 7  

6 2  1 6 4 8 8  

8 9  1 9 2  1 03 

8 1  1 b 3  90 

57 1 5 9  86 

4 9  1 5 5  8 7  

7 1  1 8 2  92 

6 6 , 4  1 6 9 , 8  90, 5 

7 5  1 70 96 

9 3  1 7 7  9 8  

6 4  1 ·1 2 94 

64 1 7 4  90 

7 3  1 78 9 5  

7 4  1 80 9 2  

8 5  1 9 1  100 

69 1 76 90 

6 9  1 76 94 

7 1  1 7 7 94 

7 3 , 7  1 7 7 , 1  94 , 3  

Displacement (cm) Restraint-
system 

Head · Shoulder Pelvis Knee 

3..:Point 
54 3 1 1 6 1 6  belt 

50 4 3  2 7 2 7 " 

3 9  40 2 4  2 5  " 

5 2  4 4  1 8  1 8  " 

4 4  4 4  1 6  1 5  " 

4 3  40 2 1  20 " 

4 2  3 5  1 7  1 4  " 

46 3 7 20 20 " 

46 4 4  1 7  2 1  " 

48 3 8  1 8 1 8  " 

4 2  3 8  8 1 6  " 

4 9  4 7  3 1  2 3  " 

4 5  4 3  1 4  1 1 " 

3 8  3 8  1 6  1 8  . 

48 46 1 4  1 2  II 

4 8  40 1 7  1 4  II 

5 1 5 3  1 2  1 3  " 

4 9  3 8  2 0  20 " 

5 5  4 9  1 9 1 8  " 

4 4  46 25 3 1  " 

5 7  5 2  1 3  1 2  . 

46 3 9  1 6  1 6 " 

48 4 4  26 30 " 

4 7 ,  1 4 2 ,  1 1 8 , 5  1 8 , 6  . 

3 7  3 7  1 7  1 0  
Air bag 
knee bar 

46 6 5  20 1 3  " 

46 5 2  1 6 7 " 

4 8  5 3  1 8  1 1  " 

4 4  4 1 1 6  8 " 

5 1  5 4  20 1 7  " 

5 2  6 1  3 5  1 6  . 

4 8  4 9  2 4  1 6 " 

60 6 2  2 4  1 4  . 

5 4  5 4  20 ·1 3  . 

4 8 ,·6 5 2 , 8  2 1  1 2 , 5  . 

Tab le 1 :  Sub j ec t  spec i f ic at ions and d i s p l acements for the 2 3  
3 - point belt te sts and the 1 0  ai r-bag knee-bar tests 
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the t e s t  subj e c t s . The seating h e i ght amount s  b e tween 7 9  cm and 
1 0 3  c m .  The correlati on o f  the head d i s pl ac e me n t  w i t h  the seating 
he i gh t  is p re sented in F i g .  5 .  It has been noticed t ha t  the head 
d i splaceme n t  increases w i th the seating he i gh t . The Pear son cor­
relat ion c o e f f icient amount s  r = 0 , 5 8 .  I n  the a ir-bag knee -bar 
system, howeve r , no corre l a t i on between head d i s p la cement and 
seating he ight could be obse rved . On one hand , t h i s  depends on 
the spec i a l ,  above a l l , t r a n s latory k inemat i c  of the a i r -bag 
system , on the other hand , according to our opinion , to d i ffer­
ence s i n  the a ir-bag f i l l ing ( d i f ferent i n f l a ti n g  t ime , r a te of 
pre s su re r i se , f i nal pre s su re ) . 

ro 
� � 
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� 
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� 
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75 eo 85 
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• • 

• 

• 

00 95 100 

• 

y•0,38x + 12,70 
r• 0,58 

e 1 W  
Seat.height (cm) 

F i g .  5 :  Head d i s p l acement a s  function o f  the seating he ight 

The shoulder d i s p l aceme n t  o f  the a i r-bag knee-bar s y s tem has an 
higher average value ( caused by the sys tem ) than in the 3 -point 
belt system. Because o f  the a d j u s ted d i stance ( pr ior to the 
crash)  of the knee to the knee-bar o f  about 8 cm in a l l  t e s t s , 
the knee d i sp lacement showed , a s  expected , on ly a re l a t ively 
sma l l  scattering and i s ·  lowe r t han the one in the 3 -point be l t  
te s t s . I n  the ai r-bag t e st s , d i s pl acement s  between 7 c m  and 1 7  c m  
( mean va lue 1 2 . 5  c m )  have been measured . D i splacements achieving 

mor e  than 8 cm o f  the a d j u s ted i n i t i a l  d i s t an ce occurred because 
the knee s s l ided upwards over the knee-bar and therefore reached 
further forward . 

Surpri s ingly in the a i r -bag system , the d i s pl acement of the pe l ­
v i s  w i t h  1 6  c m  t o  3 5  c m  ( mean v a lue 2 1  c m )  w a s  somewhat h igher 
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than in the 3 -point be l t  tests ( 8 - 3 1  cm , mean value 18 . 5  cm) . 
E spec ia l ly the knee d i s p lacement value was s ign i f  icantly ex­
c e eded . A po s s ib l e  exp lanation could be that in the c o l l i s i on 
phase an upwards movement of the knee over the knee -bar occurred 
( z -direction )  or a pa s s ing away of the knee in latera l d i rec t i on . 

I n  the 3 - poin t b e l t  t e s t s , however , the d i s p l acements o f  pelvis 
and knee were equa l ly h i gh .  Thi s  is  a n e c e s s a r i ly consequence of 
the spec i f i c  kinema t i c  o f  the lap b e l t  a s  the pelvis moveme nt is 
determined by the b e l t  and the knee movement by the pelvis be­
cause of the anatomi c a l  connect ion of the knee s  and the upper 
thigh . 

ANGULAR VELOC I TY - ANGULAR ACCELERATI ON 

I n  former evalua t i on s  of our s imu lated fron t a l  c o l l i s i on s  with 
b e l t  protected occupan ts we observed among other inj urie s a l s o  
i n j u r i e s  a t  the spinal co lumn . The se i n j u r ie s  were concentrated 
at the tran s i t ion of the cervical s p ine to the thoracic s p ine 
and the thorac ic spine to the lumbar verte b r a l  column . The more 
s e r iou s  i n j u r ie s , however , occurred at the tran s i tion of the 
cervi c a l  s p ine to the thoracic spine . In t h i s  pape r ,  we try to 
k inema t i c a l ly ana l y s e  t h i s  area in more d e ta i l s  and to inve s t i ­
gate t h e  correlations w i th t h e  in j ur i e s .  A s  mea s u rement , the 
change of the angle has been used , con s i s t i ng of the c onne c t ion 
of the targets P l - P 2  ( head cen ter - low e r  cervical spine , F i g . 1 
and 2 )  and the targets P 2 - P 4  ( lower cervical spine - pelv is , 
F i g .  1 and 2 ) ; t h i s  angle became sma l l e r  dur ing the c o l l i s ion 
phase and reached values of 3 0 °  to 9 0 ° .  The r e l ative l y  low angle 
values determined here may b e  exp lained because the uppe r torso 
rotated around the s houlder belt and because of the s e l e c t ion of 
point P4 inc luding the total thorac ic- and lumbar vertebral 
c olumn . Because o f  the bending of the s in g l e  segmen t s  of the 
thorac i c  spine the actual angle at the tran s ition cervical spine 
to thora c i c  s pine remains larger than we inve s t iga ted h ere . A 
more conven i e n t  point around the middle o f  the thorac ic s p ine 
could not be inve s tigated in th i s  evaluation . 

Furthermore , the angu lar ve loc ity o f  the angle has been evalu­
ated , which is formed by the axis P 2 - P l  and the vertic a l .  Th i s  
angle , at f i r s t , incre a s e s  i n  the course o f  t h e  head bending and 
de creases in the rebound phas e . It on ly d i f fe r s  from the above 
men t i oned angle through the f act that one s ide of the angle i s  
mov in g ,  whi l e  the othe r , the vertical axi s , remains f i r m .  The 
above men t i oned angle , however ,  inc ludes the moving componen t  
of t h e  axis P2 P l  a s  we l l  a s  the a x i s  P2 P 4 . 

The angu l a r  ve loc ity- t i me - h i stories for the angle P l  P2 P 4  were 
f i l te red w i th 1 0 0  H z . A l l  2 3  diagrams reached the i r  maximum 6 0  
to 7 0  ms a f te r  the start o f  the crash . During t h i s  time inte rva l 
the h ead has not yet reached the maximum o f  the d i s placemen t  and 
i s  s t i l l  above the turn ing are a .  The angle veloc i ty maxima show 
great s cattering ; they l i e  between 2 8  rad / sec and 5 8  rad/sec . 
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... 

F igure 6 shows the scatter ing d i agram of the angul ar ve l o c i ty 
over the time for a l l  2 3  tests conduc ted with 3 - point b e l ts . 

The s cattering diagram o f  the angul a r  ve loc i ty of the head bend­
ing angle Pl P2 c a l c u lated to the ver t i c a l  is shown in F i g .  7 .  
The maxima are reached a f  ter about 8 0  ms f r om the crash beginning 
and lie between 2 6  rad/sec and 6 0  rad/ sec . I n  the presentation , 
the angular ve loc ity-time - h i stories o f  the s in g l e  c a s e s  have 
been averaged in 1 0  ms interva l s .  
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-100 +---...---...---...---...---...---..---..------. 
20 40 60 80 100 120 1<40 160 
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F i g . 6 :  I nterval of the angular 
ve locity-t ime h i story , 
2 3  te sts by u s i n g  thre e ­
point belt 

F ig .  7 :  I n te rva l of the angu l a r  
v e l o c i ty- time h i s tory , 
2 3  te sts by u s i ng three­
po i n t  belt 

I n  the a i r-bag knee-bar te sts , also angu lar ve loc ity - t ime - h i s ­
tories of the angle P l  P 2  P 4  ( Fi g . 2 )  have been made . The h i s ­
tories have been f i l tered with 1 0 0  H z  a s  i n  the 3 -point be l t  
te s ts ; however , they cannot b e  pre sented i n  the same manne r  a s  in 
the 3 - poin t  belt tests . In each te st , c on s i derably d i f fe rent 
course s can be seen . These courses are partly uni-directed , part­
ly a lso countercurrent i n  the same te s t .  The angu lar velocity 
maxima l i e  between - 4 9  rad/sec and + 4 4  rad/ sec and we re reached 
in d i f ferent times between 75 ms and 1 6 2  ms . 

The angular accelerat ion h a s  been c a l c u lated f rom the angu lar 
ve loc ity-time - h i story , a s  in the range of the maximum ve locity 
change (= maximum ascent)  the quotient has been f ormed from the 
ve locity d i f ference and the correspond ing t i me d i fference 

• .... \„ 
( a

max = ;\ ) . The evaluated maximum va lue s o f  the angu lar a c -

ce leration are shown in T a b l e  2 .  

2 8 7  



INJURY FINDINGS AT THE S P I NAL COLUMN 

In a l l  te st sub j ec t s , the inj uries at the spinal column have been 
d iagnos e d ,  u s ing the previous de scribed techn ique ( 7 ) , ( 8 ) . To 
i t ,  a t  f i r s t , f o l lowed a preparation o f  the vertebral muscular 
system and an evaluation o f  the bony and l igamentous i n j uries 
recogn i z ab l e  on the outs ide a f ter removing the muscular system . 
After tha t , the tota l spinal column has been removed " en b loc " 
together with the rear base o f  the skul l ,  frozen up , and in t h i s  
c ond i t ion , by means of a band- saw , d i s sected in three f ronto­
dor s a l  longitudinal section s , one of it through the middle of 
the vertebral column as we l l  as left and r ight through the verte­
bral j oints . By u s ing t h i s  techn i que , injuries of the vertebr a l  
bodie s , the longitudinal l igament apparatus , the intervertebra l 
d i sc s ,  the vertebr a l  j oints , the spinal ganglions and the spinal 
cord can be easily recogn i zed . The d i agno s t i c a l  security by f a r  
exceeds t h e  routine x -ray method . 

a )  S p i n a l  Column I n j u r i e s  with the Three -Point B e l t  System . 
With the here simulated severe f ron ta l c o l l i s i on s , u s i ng the 
3 - point b e l t  restraint sys tem , a typica l inj ury f inding at the 
s p ina l c olumn was the combinat i on of inj ured s tructur e s  a s  
fol lows : Tear drop fracture o f  a vertebral body ; laceration of 
the intervertebral d i sc of the above a d j o ining intervertebral 
d i s c ; l aceration of the l igamentum f lavum of the same segment .  
This i n j ury combinat ion occurred one- or poly- segmen t a l  and pre­
dominantly f e l l  upon the area between the third cervica l segment 
and the f ourth thorac i c  segme n t  ( F ig . 8 ) . The lower thoracic 
vertebra l co lumn ( ThS - Thl O )  very se ldom was i n j ured . Oc­
c a s i on al l y ,  inj uries of vertebra l bod ies , interve rteb r a l  d i s c s  
a n d  one t i me a l s o  of the l i gamentous syste m  occurred a t  the 
thorac i c - lumbar tran s i tion ; the segmental combination i n j ury , 
descr ibed for the cervi c a l -thora c i c  tran s i t ion , however ,  was not 
observed . 

A fracture o f  a vertebra l body was hardly ever combined with a 
more severe ( �  2 0 % )  compre s s ion . F requently the rear , but never 
the anterior longitudinal l igament apparatus was lacerated . The 
inten s i ty of the i n j ury i s  s ignif icantly i n f l uenced through age , 
con s t i tution and degenerative degree . 

b )  S p i n a l  Column I n j ur i e s  with the Air-Bag Knee-Bar System . 
U s i n g  th i s  res traint system , no l ac e ra tion o f  the l igamentum 
f lavum occurre d .  Characte r i s t ic a l ly may be the l acerat ion of 
the anter i or longitudinal l igamen t or the ventral l aceration 
of the interverteb r a l  d i sc s .  I n  severely inj ured test subj e c t s , 
such i n j u r i e s  were comb ined with a lacera t ion o f  the ventral top 
edge and/or the bottom edge o f  the a d j oining vertebra l body . In 
two of the older test sub j ec t s  th i s  inj ury combination occurred 
in seve r a l  segments . Here too , the in j ury area was located at 
the ce rvic a l - thora c i c  trans it ion , howeve r ,  c ontrary to the three­
point be l t  sys tem a l s o  inj uries were f ound at the lower thoracic 
s p ine ( F i g .  9 ) . Only in one case rema ined the thorac ic- lumbar 
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tran s i t ion area un i n j ured . 

D I SCUSSION 

Corre l at ion Be tween Physical Magn i tudes and Spinal Column 
I n j ur ie s  

Table 2 shows the most irnportant anthropome t r i c a l  data o f  the 
t e s t  s ub j e c t s , the rnaxirna of the angular veloc i t i e s  t-v 

1 and L�
2 , 

the maxima o f  the angular acce lerat ions a 1 and a2 , as we l l  a s  

the seve r ity degr e e s  o f  the spinal co lumn i n j u r i e s  öf t he 2 3  
three-po i n t  be l t  t e s t s  and the 1 0  a i r -bag knee-bar t e s t s . 

The severity o f  the spinal column in j ur i e s  h a s  been s t ated ac­
cordi n g  to two methods : 

1 )  According to A I S . Det a i l  i n j u r ie s ,  not e xp l ic i tly me ntioned 
in the AIS 8 0  r e v i s ion have been eva luated analog i c a l  t o  gene r a l  
cr i t e r i a  ( e spe c ia l ly health thre a t ) . 

2 )  Accord i n g  to the number of spinal c olumn i n j ur ie s .  S imilar a s  
i n  the evaluation o f  t h e  t horax i n j uries according t o  Thorax AI S 
and number of the r i b  f r acture s ,  we have tried to determine the 
numb e r  of the spinal column i n j u r i e s  as seve r i ty parame t e r .  
Fractures o f  the bone s ,  lacerations of the intervertebr a l  d i s c s  
and l igaments were counted a s  equ iva lent i n j ur i e s . Furthe r in­
j ur ie s  were not cons idered . 

I n  the attempt to de scr ibe the inj ury seve r i ty o f  the spinal 
co lumn a s  fun c t ion of the angular acce lerat ions a

1
max and a

2
max , 

no convincing f unc t i on s  could be found e ither for the A I S  f ind­
ings or for the number of the spinal colurnn i n j ur i e s . 

I n  the 3 - po i n t  be l t  sys tem , spinal colurnn i n j u r i e s  of A I S  3 can 
a lready occur be low 1 0 0 0  rad/ se c 2  , but a l s o  at 3 0 0 0  rad / se c 2  or 
more ( F ig . 1 0 , 1 1 ) . 

Con s ider ing the number of spinal column i n j ur i e s  they a l so show 
great scatterings ( F i g .  1 2 , 1 3 ) . 

I n  the a i r-bag knee-bar t e s t s , s irn i l a r  large scatterings have 
been observe d .  For the inve s t i gated col lect ive s it can be deter­
mined that the de fined k inema t i c a l magn i tude s are no r e l iable 
predictor s .  

I n  older test sub j e c t s , we observed severe and/or numerous spinal 
column i n j ur ie s . The re fore , the age factor seems t o  be an im­
portant parame t e r  a l so in this analy s i s , a l though even young test 
sub j e c t s  show i n j ur i e s  o f  A I S  3 w i th the 3 -point be l t  system.  

With the a ir-bag knee-bar sy stem we had the impre s s ion that 
h i gher i n j ury degrees on ly occurred in o lder t e s t  sub j ect s .  
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In two test sub j ec t s  ( age 6 5  and 6 6  yea r s )  even occurred spinal 
column i n j ur i e s  A I S  4 ,  where a s  such s erious i n j u r i e s  were not ob­
served in 3 -point be l t  tests . When compar ing the i n j u r i e s  caused 
pos t -mort a l  with i n j u r i e s  c l in ic a l ly determined from real acc i ­
dent s ,  the d i f ference in the d i agno s t i c a l  method has t o  be consid­
ered . Acc ident stat i s t i c s very s e ldom g ive i n f ormat i on on such 
k inds of i n j ury patterns at the spinal column o f  c a r  occupants as 
the se mentioned in detai l . In our forensic autop s i e s  o f  real ac­
c idents we observe corre s ponding i n j ury findings a t  l i gaments , in-· 
tervertebr a l  d i s c s  and vertebra l bod i e s  in appl y i n g  our deta i l ed 
preparat ion technique , i f  comparable acc ident i n f luenc e s  did e x ­
ist l ike i n  our experimental traumati sation s . Often , the proof of 
such i n j ur i e s  i s  even e a s i er , because they indicate themselve s 
through strong hemorrhage s i f  they a r i s e  intrav i ta l ; wherea s ,  
there are only sma l l  hemorrhag e s  i f  they a r i se p o st-mort a l . Ac­
cord ing to our previous exper ience , we have no indications that 
the i n j ury seve r i ty of the s p i n a l  column i s  heavier in post-mortal 
trauma t i sations than in real acc i dents . 

Concern i n g  the c l i n i c a l  re l evance o f  the cervico-tho r a c i c  spinal 
inj uri e s , one cannot sure ly conc lude from po st-mortal trauma­
tisat ions to c l in i c a l  funct io.na l  d i se a se s . 

I n  our present te s t s , we have not observed s p i n a l  cord i n j ur ie s ;  
however ,  i t  i s  pos s ible that due to the acting l o ad s , contus i on s  
of the s p i n a l  cord may occur , c a u s i n g  temporary or rema ining 
paralys i s ; po st-mortal we did not f i nd a r e l i a b l e  ev idence . 

CONCLUS IONS 

1 )  The angular acceleration is no re l iable p re d ictor for the 
severity o f  the spinal co lumn i n j u r i e s  of both re straint systems 
at the g iven test cond i t i on s .  The inf luence o f  the age in regard 
to the i n j ury severity is l arger than the one o f  the k inemati c a l  
parameter s .  

2 )  With the same test condi t ions ( 5 0 km/ h , 1 8 - 2 2  g ,  frontal c o l ­
l i sion)  i n  the a i r-bag knee-bar system occurred in the average 
l e s s  severe s p inal column i n j u r i e s  than with the 3 -point b e l t  
syste m .  Howeve r , the mo st serious inj uries ( A I S  4 )  were observed 
in two a i r-bag tests . 

3 )  I n  both systems , the i n j ur i e s  o f  the verteb r a l  column were con­
centrated at the cerv i c a l-thorac i c  tran s i tion . The inj ury pattern 
with the 3 -point belt system obv i ou s l y  resulted f rom an ante­
f lexion ; with the a i r-bag knee-bar system f rom a retro- f l e x i on . 

4 )  I f  the k i n emati c  i s  d e s c ribed by the parame ter d i sp lacement , 
angu lar veloc ity and angul a r  a c c e leration , no homogeneous d i f ­
ference s o f  the systems can b e  derived from t h e  mean values o f  
thes e  magni tude s .  

2 9 3  
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