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1 .0 l  NTRODUCT l ON 

C e r v i c a l  s p i n e  i n j u r i e s  have been r e p o r t e d  e x t e n s i v e l y  i n  t h e  

l i t e r a t u r e  ( 1 - l j ) *  and a r e  most  f r e q u e n t l y  rev iewed w i t h  r e s p e c t  t o  

t hose  i n j u r i e s  o c c u r r i n g  i n  i n d i v i d u a l  a c c i d e n t  case h i s t o r i e s .  

App rox ima te l y  a  dozen d i f f e r e n t  types  o f  neck f r a c t u r e s  o r  f r a c t u r e -  

d i s l o c a t i o n s  have been d e s c r i b e d ,  and c l a s s i f i c a t i o n  o f  t h e  i n j u r i e s  and 

t h e  i n j u r y  mechanisms presumed t o  cause them a r e  based on t h e  i n f e r r e d  

head/neck m o t i o n .  There  a r e  f o u r  b a s i c  t ypes  o f  head/neck m o t i o n  t h a t  

occur  n a t u r a l l y :  f l e x i o n  ( f o r w a r d  b e n d i n g ) ,  e x t e n s i o n  ( rea rward  

b e n d i n g ) ,  l a t e r a l  bend ing,  and r o t a t i o n .  I t  i s  hypo thes i zed  t h a t  most 

f r a c t u r e s  and/or f r a c t u r e - d  i s l o c a t i  ons occu r  when t h e  n a i u r a l  m o t i o n  i s  

f o r c e d  beyond t h e  range o f  human t o l e r a n c e .  

The f r a c t u r e  o r  f r a c t u r e - d i s l o c a t i o n  i n j u r i e s  o f  t h e  c e r v i c a l  s p i n e  

wh ich  a r e  observed most f r e q u e n t l y  i n  i n d i v i d u a l  case h i s t o r i e s  a r e  

commonly r e f e r r e d  t o  as " f l e x i o n  i n j u r i e s "  (14 ) .  These i n j u r i e s  i n v o l v e  

f r a c t u r e s  o f  t h e  a n t e r i o r  aspec t  o f  t h e  lower c e r v i c a l  v e r t e b r a l  bod ies  

( p o s s i b l y  wi  t h  d i s l o c a t i o n s  o f  a d j a c e n t  v e r t e b r a l  bod ies )  and/or  t e a r i n g  

o f  p o s t e r i o r  l i gamen ts  and a r e ,  t h e r e f o r e ,  hypo thes i zed  t o  be caused by 

f l e x i o n - c o m p r e s s i o n  m o t i o n  beyond t h e  range o f  human t o l e r a n c e .  

Few expe r imen ta l  s t u d i e s  have made an a t t e m p t  t o  d e t e r m i n e  i n j u r y  

mechanisms and impact response o f  t h e  c e r v i c a l  sp ine  due t o  crown 

l o a d i n g ,  wh ich  occu rs  f r e q u e n t l y  i n  numerous env i ronments .  Cu lve r  e t  

a l .  (11) s t u d i e d  s u p e r i o r - i n f e r i o r  impacts  on unembalmed cadavers .  

Hodgson and Thomas (12) r e p o r t e d  on a  s tudy  i n  wh ich  t h e  heads o f  

embalmed cadavers wear ing  p r o t e c t i v e  he lme ts  were s t a t i c a l l y  and 

d y n a m i c a l l y  loaded i n  t h e  s u p e r i o r - i n f e r i o r  d i r e c t i o n .  Most r e c e n t l y ,  

Nushol t z  e t  a1 . (13) have addressed t h e  i s s u e  o f  neck i n j u r i e s  due t o  

crown impac ts .  I t  was hypo thes i zed  t h a t  crown l o a d i n g  wh ich  causes t h e  

head t o  r o t a t e  f o r w a r d  beyond t h e  range o f  human t o l e r a n c e  wou ld  r e s u l t  

i n  f l e x i o n - c o m p r e s s i o n  i n j u r y  t o  t h e  'ower  c e r v i c a l  s p i n e .  To t e s t  t h i s  

h y p o t h e s i s  c r a n i a l  impacts were d e l i v e r e d  t o  t h e  c a d a v e r i c  s u b j e c t s  i n  

*Numbers i n  parentheses d e s i g n a t e  r e f e r e n c e s  a t  end o f  r e p o r t .  

1 



t h e  S - I  d i r e c t i o n  u s i n g  a  pendulum impact  d e v i c e  w i t h  a  5 6  kg  f r e e -  

f l y i n g  mass. Some o f  t h e  i m p o r t a n t  c o n c l u s i o n s  f rom t h i s  s tudy  were: 

The i n i t i a l  o r i e n t a t i o n  o f  t h e  s p i n e  r e l a t i v e  t o  t h e  impact  a x i s  was 
a  c r i t i c a l  f a c t o r  i n f l u e n c i n g  t h e  t y p e  o f  response and damage 
produced.  

D e s c r i p t i v e  m o t i o n  o f  t h e  head r e l a t i v e  t o  t h e  t o r s o  was n o t  a  good 
i n d i c a t o r  o f  t h e  mechanism p roduc ing  neck damage. " F l e x i o n "  damage 
was observed w i t h  e x t e n s i o n  m o t i o n  and, "ex tens ion "  damage was 
observed w i t h  f l e x i o n  m o t i o n .  

Energy a b s o r b i n g  m a t e r i a l s  were e f f e c t i v e  i n  r e d u c i n g  peak impact 
f o r c e ,  b u t  d i d  n o t  n e c e s s a r i l y  reduce e i t h e r  t h e  amount o f  energy 
t r a n s f e r r e d  t o  t h e  head, neck, and t o r s o  o r  t h e  damage produced i n  a  
cadaver model . 

Al though f l e x i o n - c o m p r e s s i o n  damages were observed i n  t h e  upper 

t h o r a c i c  sp ine ,  o n l y  one s u b j e c t  s u s t a i n e d  t h i s  t y p e  o f  damage 

c e r v i c a l  sp ine .  The m a j o r i t y  o f  c e r v i c a l  s p i n e  damage observed 

s tudy  was o f  t h e  ex tens ion-compress ion  v a r i e t y  and n o t  t h e  f l e x  

compression damage p a t t e r n  t h a t  was hypo thes i zed .  

i n  t h e  

i n  t h i s  

I on- 

The i n i t i a l  phase o f  t he  work per fo rmed under t h e  c u r r e n t  c o n t r a c t  

i s  t o  a t temp t  t o  produce f l e x i o n - t y p e  f r a c t u r e  o r  f r a c t u r e - d i s l o c a t i o n  

damage i n  t h e  c e r v i c a l  s p i n e  o f  human cadavers u s i n g  a  d i f f e r e n t  t y p e  o f  

crown impact env i ronment .  Impacts t o  t h e  head i n  t h e  s u p e r i o r - i n f e r i o r  

d i r e c t i o n  a r e  t o  be produced by a  f r e e - f a l l  d r o p  o f  t h e  t e s t  s u b j e c t  

o n t o  a  r i g i d  s t r u c t u r e  t o  wh ich  padding may be added. T h i s  s tudy  w i l l  

i n v e s t i g a t e  t h e  e f f e c t s  o f  d r o p  h e i g h t ,  padd ing a t  t h e  c o n t a c t  

i n t e r f a c e ,  i n i t i a l  p o s t u r a l  c o n f i g u r a t i o n  on t h e  f o r c e - t i m e  h i s t o r y ,  

k i n e m a t i c  mo t ion ,  and damage response o f  human cadavers s u b j e c t e d  t o  

head impacts under f r e e - f a l l  c o n d i t i o n s .  



2.0 EXPERIMENTAL DESIGN DEVELOPMENT 

The i n i t i a l  t e c h n i c a l  mee t i ng  i n  c o n n e c t i o n  w i t h  t h i s  program was 

h e l d  on Ap r i  1 21, 1982 a t  U n i v e r s i t y  c ~ f  M ich igan  T r a n s p o r t a t i o n  Research 

I n s t i t u t e  (UMTRI). H .  J .  Mer tz  and G .  W .  N y q u i s t  o f  General Motors 

Eng inee r ing  S t a f f  met w i t h  G .  S .  Nushcl l tz o f  UMTRI t o  d i s c u s s  and d e c i d e  

upon t h e  i n i t i a l  t e s t i n g  parameters .  The f o l l o w i n g  i s  a  summary and 

b r i e f  d i s c u s s i o n  o f  t h e  p o i n t s  dec idec  upon a t  t h a t  mee t i ng .  

I t  was hypo thes i zed  t h a t  f l e x i o n  damage was n o t  observed i n  s t u d i e s  

i n  wh ich  t h e  p e n d ~ l u m  impact dev 

reasons.  F i r s t ,  t h e  impact mass 

t h e  " i n f i n i t e "  mass o f  a  w a l l  o r  

was n o t  c o n t i n u o u s l y  a c c e l e r a t e d  

c o n d i t i o n s .  I t  was b e l i e v e d  t h a  

ce was used f o r  t h e  f o l l o w i n g  two 

was r iot  s u f f i c i e n t l y  l a r g e  t o  r e p r e s e n t  

ground s u r f a c e ;  and second, t h e  s u b j e c t  

wh ich  occu rs  under f r e e - f a l l  

f r e e - f a l l  c o n d i t i o n s  would r e s u l t  i n  a  

lower c o n t a c t  v e l o c i t y  t o  p roduce a  g i v e n  damage. I n  a d d i t i o n ,  i t  was 

b e l i e v e d  t h a t  t h e  f o r c e - t i m e  h i s t o r y  krould i n c r e a s e  i n  d u r a t i o n  i n  f r e e -  

f a l l  impacts s i n c e  t h e  body mass woulc have t o  be d e c e l e r a t e d  th rough  

t h e  head/neck s t r u c t u r e .  

I t  was p lanned t h a t  impact  t o  the head wou ld  be accompl ished by a  

f r e e - f a l l  d rop  o f  t h e  t e s t  s u b j e c t  o n t o  a  l oad  p l a t e .  A l oad  p l a t e  

u s i n g  f o u r  f o r c e  t ransduce rs  was dec i ced  upon as opposed t o  a  s i n g l e  

f o r c e  t ransducer  t o  m i n i m i z e  t h e  e f f e c t s  o f  o f f - a x i s  l o a d i n g  and t o  

o b t a i n  f o r c e s  normal t o  t h e  impact  d i r e c t i o n .  

A space-frame w i t h  a  s e a t i n g  arrzngement would p o s i t i o n  t h e  s u b j e c t  

and gu ide  i t  d u r i n g  t h e  f a l l  ( F i g u r e  1 ) .  The f rame was t o  be r e l e a s e d  

f rom t h e  s u b j e c t  and b rough t  t o  r e s t  p r i o r  t o  c o n t a c t  o f  t h e  s u b j e c t ' s  

head w i t h  t h e  l o a d  p l a t e .  Foam padd ing would be p l a c e d  around t h e  area 

o f  c o n t a c t  such t h a t  no a r t  i f a c t u a l  damages wou ld  occur  (e.g. ,  sku1 1 

f r a c t u r e  f rom c o n t a c t i n g  t h e  f l o o r ) .  Nc f o r c e  a s i d e  f rom t h a t  o f  * 
g r a v i t y  would be used t o  a c c e l e r a t e  tble s u b j e c t  t o  impact  speed. 

I n s t r u m e n t a t i o n  was t o  c o n s i s t  o f  a  n ine -acce le romete r  a r r a y  t o  

r e c o r d  head m d t i o n  and t r i a x i a l  acce1e:rometer a r r a y s  a f f i x e d  t o  v a r i o u s  

t h o r a c i c  v e r t e b r a e  t o  r e c o r d  t h o r a x  m o t i o n ,  i n  a d d i t i o n ,  h igh-speed 
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Rope Cutter- 

F I G U R E  1 

movies o f  two o r t h o g o n a l  v iews wou ld  be taken  o f  each t e s t  so t h a t  

t h ree -d imens iona l  m o t i o n  c o u l d  be documented. 

I t  was necessary  t o  t e s t  t h e  i n i t i a l  assumpt ion  t h a t  f l e x i o n  damage 

would occu r  i f  t h e  s u b j e c t  was dropped under f r e e - f a l l  c o n d i t i o n s .  

Rather t h a n  d e f i n e  a  comple te  t e s t  m a t r i x  o f  impact  c o n d i t i o n s  f o r  a l l  

s u b j e c t s  a t  t h a t  t ime ,  i t  was dec ided  t h a t ,  i n  an a t t e m p t  t o  produce t h e  

f l e x i o n - t y p e  damage, t h e  head/neck s h o u l d  be p r e - p o s i t i o n e d  w i t h  t h e  

c h i n  a g a i n s t  t h e  c h e s t .  The s u b j e c t  wou ld  be p o s i t i o n e d  t o  s i m u l a t e  t h e  

seated p o s t u r e  o f  a  v e h i c l e  occupan t ,  a l b e i t  upside-down. A 25-degree 

sea t  back a n g l e  was s e l e c t e d .  

F i n a l l y ,  t o  de te rm ine  t h e  f e a s i b i l i t y  o f  t h e  p r o t o c o l  p rocedure ,  i t  

was a e c i a e d  t h a t  s e v e r a l  s u b j e c t s  over  and above t h e  t e n  c a l l e d  f o r  i n  

the  c o n t r a c t  wou ld  be i e s t e d  w i t h o u t  i n s t r u m e n t a t i o n .  



3.0 PROTOCOL DEVELOPMENT AND METHODOLOGY 

Sub iec t  P o s i t i o n i n g  

The i n i t i a l  phase o f  p r o t o c o l  development i n v o l v e d  u s i n g  a  P a r t  572 

anthropomorph ic  dummy t o  a s s i s t  i n  detmermining s e a t i n g ,  p o s i t i o n i n g ,  and 

r e s t r a i n i n g  schemes. 

I t  was o r i g i n a l l y  thought  t h a t  t h e  c h a i r  wou ld  se rve  as a  

f u n c t i o n a l  c o n s t r a i n t  w i t h i n  t h e  space f rame such t h a t  t h e  s u b j e c t  wou ld  

be suppor ted  f o r  as much o f  t h e  d r o p  t i m e  as p o s s i b l e .  Towards t h i s  end 

a  s e a t i n g  appara tus  was c o n s t r u c t e d  ( F i g u r e  2 ) .  Upon t e s t i n g  t h i s  

appa ra tus  i t  was found  t h a t  t h e  b e l t s  wh ich  sur rounded b o t h  t h e  dummy 

and t h e  c h a i r  c o u l d  n o t  be t i g h t e n e d  s u f f i c i e n t l y  t o  c o n s t r a i n  t h e  dummy 

i n  t h e  proper  c o n f i g u r a t i o n .  An e x t e n s i o n  was b u i l t  o n t o  t h e  c h a i r  i n  

an a t t e m p t  t o  i n c r e a s e  b e l t  t e n s i o n  ( F i g u r e  3) . However, c o n s t r a i n t  

p r o v i d e d  by t h e  c h a i r  was s t i l l  i n s u f f i c i e n t  and t h e  f i x t u r e  became 

e x t r e m e l y  d i f f i c u l t  t o  m a n i p u l a t e .  A second method i n v o l v e d  suspending 

t h e  dummy and t h e  c h a i r  i n d i v i d u a l l y ;  however, a t  t h i s  p o i n t  t h e  c h a i r  

p r o v i d e d  no c o n s t r a i n i n g  f u n c t i o n  and was b e i n g  used s o l e l y  as a  

t e m p l a t e  f o r  p o s i t i o n i n g  t h e  dummy ( F i g u r e  4). I t  was thus  conc luded 

t h a t  t h e  dummy c o ~ l d  be suspended s o l e l y  by t h e  b e l t - h a r n e s s  system 

a t t a c h e d  t o  t h e  r o p e  c u t t e r s  ( F i g u r e  5 ) .  T h i s  was n o t  a t t emp ted  

i n i t i a l l y  because i t  was thought  t h a t  i n a c c u r a c i e s  i n  t i m i n g  t h e  

a c t i v a t i o n  o f  t h e  rope  c u t t e r s  suspending t h e  s u b j e c t  would cause t h e  

s u b j e c t  t o  r o t a t e  d u r i n g  t h e  f a l l ,  r e s u l t i n g  i n  t h e  head m i s s i n g  t h e  

t a r g e t  on the  l oad  p l a t f o r m ,  T r i a l  t e s t s  i n d i c a t e d  t h a t  a  s u b j e c t  

c o n s t r a i n e d  s o l e l y  by b e l t s  c o u l d  be dropped f rom a  h e i g h t  o f  two me te rs  

and c o n s i s t e n t l y  f a l l  w i t h i n  a  1.5 cm r a d i u s  o f  t h e  t a r g e t  p o i n t .  

Fur thermore ,  h igh-speed f i l m  a n a l y s i s  showed t h a t  t h e  rope c u t t e r s  c o u l d  

c o n s i s t e n t l y  be a c t i v a t e d  w i t h i n  one m i l l i s e c o n d  o f  each o t h e r .  The 

b e l t  system deve loped t o  harness t h e  s u b j e c t  i n  t h e  d e s i r e d  

c o n f i g u r a t i o n  s u p p o r t s  t h e  shou lde rs ,  t h o r a x ,  abaomen, p e l v i s ,  and 

knees.  





3.2 Accelerometer Instrumentation 

The following is a brief description of the techniques used for 

mounting of accelerometer hardware. 

Head Nine-Accelerometer Array. Several metal self-tapping screws 

are threaded through small pilot holes into the parietal bone of the 

skull. 'eet are attached to the magnesium accelerometer mounting plate 

(Figure 6) and pos i t ioned near the screws on the exposed sku1 
insure rigidity, plastic acrylic is molded around the screws, 

plate, such that the plate becomes rigidly aff ixea to the sku 

1 .  To 

feet, and 

1 1 .  Three 

triaxial clusters of accelerometers are then attached to their positions 

on the plate. 

S ~ i n e  Triaxial Arrays. Incisions are made over the first, sixth, 

and twelfth thoracic vertebrae. The mounting platforms are screwed 

directly into the spinous processes of both vertebrae. Plastic acryl ic 

is applied under and around the mounts to insure rigidity (Figure 7). 

FIGURE 6. 9 A X  Plate (left) and FIGURE 7. Schematic Representation 
T r i a x  Mount (right) of Spinal Mounting System 

3 . 3  Load Plate 

The apparatus used to measure axial and snear forces in ali tes:s 

to date consists of a rectangular metal platform which rests on four 

piezoelectric force transducers (Figure 8) . A t  the base of each 

rransducer is a bali bearing wnicn may rotate bu: is constrained from 

movement in the horiz~ntai plane by a ?lexiglas template. The output 

signals from ;he transducers unaergo a series of ~rscsssin$ s t e m  ~ r i o r  

t o  being recorded. Charge counie~s 'irs: converc the si~nal information 



f r o m  c h a r g e  t o  v o l t a g e ,  a f t e r  w h i c h  a  s e r i e s  o f  r ange  c a p a c i t o r s  a r e  

n e c e s s a r y  t o  d e c r e a s e  t h e  v o l t a g e  o u t p u t  p e r  pound f o r c e .  The two  a x i a l  

f o r c e  s i g n a l s  a r e  t h e n  added t o g e t h e r  as a r e  t h e  two shear  f o r c e  

s i g n a l s ,  and t h e s e  two  r e s u l t a n t  s i g n a l s  a r e  i n v e r t e d  such  t h a t  t h e i r  

v o l t a g e  i s  p o s i t i v e .  A m p l i f i e r s  i n c r e a s e  t h e  s i g n a l  g a i n  as  n e c e s s a r y  

b e f o r e  t h e  s i g n a l s  a r e  r e c o r d e d  on  a n a l o g  t a p e .  

Piezoelectric Force w 
Transducers c 
Ball Bearings 

Plexiglas Template 

F I G U R E  8 .  Load P l a t e  

The p r e s e n t  l o a d  p l a t e  sys tem p r o v i d e s  a c c u r a t e  a x i a l  and shear  

f o r c e  r e a d i n g s  f o r  impac t s  o f  r e l a t i v e l y  l o n g  d u r a t i o n  (100 t o  300 ms) 

and l ow  f r e q u e n c y  c o n t e n t  and f o r  impac t s  w h i c h  a r e  a s s o c i a t e d  w i t h  

e x c e s s i v e  m o t i o n  o f  t h e  s u b j e c t  on t h e  s u r f a c e  o f  t h e  p l a t e .  

However,  when t h e  impac t  i s  o f  a  l o c a l i z e d  n a t u r e  and t h e  s i g n a l  i s  

o f  a  h i g h  f r e q u e n c y  c o n t e n t  and s h o r t  d u r a t i o n  (10 t o  30 ms) ,  t h e  l o a d  

p l a t e  sys tem f a i l s  t o  y i e i d  a c c u r a t e  r e s u l t s  due t o  t h e  f a c t  t h a t  t h e  

n a t u r a l  f r e q u e n c y  o f  t h e  t o p  p l a t e  i s  a p p r o x i m a t e l y  t h e  same as c e r t a i n  

f r e q u e n c i e s  c o n t a i n e d  i n  t h e  f o r c e  s i g n a l ,  and o s c i l l a t i o n  o f  t h e  p l a t e  

may ~ e s u l t .  W h i l e  i t  i s  u l t i m a t e i y  p o s s i b l e  t o  compensate f o r  t h e  

i n e r t i a l  l o a d i n g  e f f e c t  o f  t h e  p l a t e  b y  e i t h e r  a t t a c h i n g  a c c e l e r o m e t e r s  

t o  t h e  l o a d  c e l l s  and s u b t r a c t i n g  t h e  r e s u l t i n g  a c c e i e r a t i o n  s i g n a l s  



f r om t h e  f o r c e  s i g n a l ,  o r  t o  m a i h e m a t i c a l l y  model t h e  p l a t e  o s c i l l a t i o n  

and compensate t h e  s i g n a l  a f t e r  d i g i t i z a t i o n ,  these a r e  n o t  cons ide red  

t o  be a c c e p t a b l e  a l t e r n a t i v e s  f o r  two reasons.  F i r s t ,  i t  i s  f e l t  t h a t  

t h e  a d d i t i o n a l  e f f o r t  necessary  t o  m o d i f y  t h e  d e s i g n  o f  t h e  l oad  p l a t e  

o r  deve lop  t h e  necessary  s o f t w a r e  techn iques  i s  n o t  j u s t i f i e d  g i v e n  t h e  

n a t u r e  o f  t h e  s tudy .  Second, s i n c e  most  o f  t h e  impacts a r e  o f  a  s h o r t  

d u r a t i o n  and h i g h  f requency  n a t u r e ,  is:  w i l l  be p o s s i b l e  t o  use one l oad  

c e l l  w i t h  a  s i n g l e  compensat ing acce le romete r  and e l i m i n a t e  t h e  load 

p l a t e  e n t i r e l y  i n  subsequent t e s t s .  

3 . 4  Overhead H o i s t  System 

When p o s i t i o n e d  f o r  t h e  impact ,  :he s u b j e c t  i s  suspended by two 

p r i m a r y  harness  systems, each o f  wh ich  i s  u l t i m a t e l y  connected t o  t h e  

c e i  1 i n g  by a  s i n g l e  rope  wh ich  i s  passed th rough  a  rope  c u t t e r  ( F i g u r e  

9 ) .  A t  f i r s t  t hese  two ropes were suspended f rom p u l l e y  systems 

a t t a c h e d  a t  f i x e d  p o i n t s  t o  t h e  c e i l i n g .  When i t  became necessary  f o r  

t h e  s u b j e c t  t o  be p o s i t i o n e d  w i t h  v a r i o u s  head/neck / thorax  ang les  as 

d e s c r i b e d  below, an overhead h o i s t  system had t o  be deve loped wh ich  

would a l l o w  f o r  i nc reased  r e l a t i v e  m o r i o n  between these  two harness 

systems. Consequent ly ,  t h e  system shown i n  F i g u r e  9 was c o n s t r u c r e d .  

I t  c o n s i s t s  o f  two power h o i s t s  wh ich  move l i n e a r l y  i n  t r a c k s  o r i e n t e d  

p e r p e n d i c u l a r l y  t o  t h e  l o n g  a x i s  o f  t h e  s u b j e c t .  These t r a c k s  i n  t u r n  

move l i n e a r l y  p a r a l l e l  t o  t h e  l ong  a x i s  o f  t h e  s u b j e c t ,  such t h a t  each 

h o i s t  can be p o s i t i o n e d  a c c u r a t e l y  anywhere w i t h i n  t h e  h o r i z o n t a l  p lane .  



Hoist 

, - Padding 

FIGURE 9. Overhead Hoist S y s t e m  and Restraint C o n f i g u r a t i o n  
w i t h  C a d a v e r i c  S u b j e c t  



Both  a c c e l e r a t i o n  and p h o t o k i n e m e t r i c  d a t a  a r e  used t o  r e c o r d  

th ree -d imens iona l  m o t i o n  o f  t h e  head, neck, and t h o r a x .  The methods 

used t o  o b t a i n  these  d a t a  a r e  summarized be low.  

4 . 1  A c c e l e r a t i o n  

The method used f o r  documen ta t i on  o f  t h r e e - d i m e n s i o n a l  m o t i o n  f rom 

acce le romete r  d a t a  i s  based on a  t e c h n i q u e  used t o  measure t h e  genera l  

m o t i o n  o f  a  v e h i c l e  d u r i n g  a  s i m u l a t e d  c r a s h  ( 1 5 ) .  

For t h i s  app l  i c a t  i on ,  t h r e e  t r  i a x i a l  c l u s t e r s  o f  Endevco 2264-2000 

acce le romete rs  a r e  a f f i x e d  t o  a  l i g h t w e i g h t  r i g i d  magnesium p l a t e  wh ich  

i s  t hen  s o l i d l y  a t t a c h e d  t o  t h e  s k u l l .  The n i n e  a c c e l e r a t i o n  s i g n a l s  

o b t a i n e d  f rom t h e  t h r e e  t r i a x i a l  c l u s t e r s  a r e  used f o r  compu ta t i on  o f  

head mot i o n  u s i n g  a  1 e a s t  squares t e c h n i q u e  (16) . T h i s  method takes  

advantage o f  t h e  redundancy o f  n i n e  independent  a c c e l e r a t i o n  

measurements t o  m i n i m i z e  t h e  e f f e c t  o f  e x p e r i m e n t a l  e r r o r  t o  p roduce 

t h r e e  angu la r  a c c e l e r a t i o n s  and t h r e e  e s t i m a t e s ,  i n  t h e  l e a s t  squares 

sense, o f  t h e  t r u e  s o l u t i o n .  

4 . 2  Reference Frames 

D e s c r i p t i o n  o f  t h e  impact  response o f  t h e  human head r e q u i r e s  t h a t  

k i n e m a t i c  q u a n t i t i e s  measured e x p e r i m e n t a l l y  be d e s c r i b e d  i n  r e f e r e n c e  

f rames which v a r y  f rom one i n s t r u m e n t a t i o n  method t o  a n o t h e r .  One 

method f o r  compar ing k i n e m a t i c  responses between s u b j e c t s  i s  t o  r e f e r  

a l l  r e s u l t s  t o  a  " s tanda rd "  ana tomica l  frame wh ich  i s  e a s i l y  i d e n t i f i e d .  

However, i t  i s  i m p r a c t i c a l  t o  r e q u i r e  t h a t  t h e  t r a n s d u c e r s  be a l i g n e d  

w i t h  t h i s  anatomica l  frame s i n c e  t h i s  c r e a t e s  p h y s i c a l  problems wh ich  

may have no s a t i s f a c t o r y  s o l u t i o n s .  T h e r e f o r e ,  t h e  t r a n s d u c e r s  a r e  

mounted i n  an a r b i t r a r y  and conven ien t  r e f e r e n c e  f rame,  and t h e  

t r a n s f o r m a t i o n  necessary  t o  c o n v e r t  t h e  d a t a  f rom t h i s  i n s t r u m e n t a t i o n  

frame t o  t h e  d e s i r e d  anatomica l  f rame i s  d e s c r i b e d .  For head impacts,  

t h i s  i s  accompl ished u s i n g  a  tn ree -d imens iona l  r a d i o g r a p h i c  t echn ique .  



Four ana tomica l  landmarks o f  t h e  head (two s u p e r i o r  edges o f  t h e  

a u d i t o r y  mea t i  and two i n f r a o r b i t a l  no tches)  a r e  marked w i t h  f o u r  

m u t u a l l y  d i s t i n g u i s h a b l e  l ead  p e l l e t s .  The n ine -acce le romete r  p l a t e  i s  

marked w i t h  l e a d  p e l l e t s  a t  t h e  c e n t e r  o f  mass o f  each t r i a x i a l  

acce lerometer  c l u s t e r  and a l s o  a t  t h e  p l a t e  c e n t e r  o f  mass. The head 

c o n t a i n i n g  t h i s  i n s t r u m e n t a t i o n  i s  t h e n  rad iog raphed  i n  two o r t h o g o n a l  

d i r e c t  i ons  ( t h e  x-z and y-z p lanes)  . On each o f  t h e  two r a d i o g r a p h s  t h e  

o p t i c a l  c e n t e r  and t h e  l a b o r a t o r y  v e r t i c a l  z - a x i s  a r e  s i m u l t a n e o u s l y  x- 

rayed.  D i s t a n c e s  between t h e  p l a n e  o f  t h e  r a d i o g r a p h i c  f i l m  and each 

l ead  t a r g e t  a r e  recorded f o r  each v i e w .  The subsequent computa t ions  

r e c o n s t r u c t  t h e  l a b o r a t o r y  c o o r d i n a t e s  o f  each o f  t h e  l e a d  t a r g e t s .  The 

F r a n k f o r t  p l a n e  i s  de termined and t h e  anatomica l  r e f e r e n c e  frame i s  

r e c o n s t r u c t e d  f rom t h e  f o u r  ana tomica l  p o i n t s .  The i n s t r u m e n t a t i o n  

frame and i t s  o r i g i n  a r e  de te rm ined  f rom t h e  t h r e e  t r i a x i a l  

acce lerometer  c e n t e r s .  F i n a l l y ,  t h e  t r a n s f o r m a t i o n  m a t r i x  between t h e  

i n s t r u m e n t a t i o n  frame and t h e  ana tomica l  frame i s  o b t a i n e d .  

4 . 3  I n i t i a l  C o n d i t i o n s  

As w e l l  as t h e  head i n s t r u m e n t a t i o n  and ana tomica l  r e f e r e n c e  

f rames,  one f u r t h e r  f rame i s  r e q u i r e d  t o  document t h e  i n i t i a l  p o s i t i o n  

and p o t e n t i a l l y  t h e  th ree -d imens iona l  m o t i o n  o f  t h e  head and p r o v i d e  a  

method o f  compar ison f o r  responses between s u b j e c t s .  T h i s  i s  t h e  

l a b o r a t o r y  r e f e r e n c e  f rame, w i t h  r e s p e c t  t o  wh ich  a l l  i n i t i a l  ang les  o f  

t h e  head a r e  measured. 

I n  a d d i t i o n  t o  t h e  anatomica l  r e f e r e n c e  frame o f  t h e  head, 

r e f e r e n c e  systems must a l s o  be d e f i n e d  on t h e  neck and t h o r a x  where 

t r i a x i a l  acce le romete r  c l u s t e r s  a r e  l o c a t e d ,  such t h a t  i n i t i a l  ang les  o f  

these ana tomica l  members may be d e f i n e d .  

A 1  so, t h e  a n g l e  d e f i n e d  as 6 i n  F i  gu re  10 i s  measured such t h a t  

some o f  t h e  k i n e m a t i c  d a t a  may be compared w i t h  t h a t  o b t a i n e d  i n  ( 1 3 ) .  

F i g u r e  1 1  d e p i c t s  t h e  r e f e r e n c e  systems used and a  d e f i n i t i o n  o f  each i s  

p resen ted  i n  Tab le  1 .  The Eu le r  Angle t r a n s f o r m a t i o n s  necessary t o  

d e s c r i b e  t h e  r e f e r e n c e  systems o f  t h e  head, neck, and t h o r a x  i n  terms o f  

t h e  l a b o r a t o r y  r e f e r e n c e  frame a r e  d e r i v e d  and p resen ted  i n  Appendix 

I I I .  





TABLE 1 :  REFERENCE SYSTEM DESCRIPTIONS 

Four re fe rence  systems were used t o  desc r i be  t h e  i n i t i a l  c o n f i g u r a t i o n  o f  each 
t e s t  sub jec t .  The convent iona l  anatomical  re ference system f o r  t h e  head was 
used. The re fe rence  systems assoc ia ted  w i t h  t h e  neck and t ho rax  were no t  
standard and have been de f i ned  f o r  convenience of  measurement w i t h  respec t  t o  
t he  l a b o r a t o r y  re fe rence  frame used. A l l  anatomical  systems were de f i ned  such 
t h a t  t he  1 a x i s  corresponded t o  t he  p o s t e r i o r - a n t e r i o r  d i r e c t i o n ,  t he  2 a x i s  t o  
the  m e d i a l - l a t e r a l  d i r e c t i o n ,  and t he  3 a x i s  t o  t he  i n f e r i o r - s u p e r i o r  d i r e c t i o n .  

The l a b o r a t o r y  re fe rence  system: 
Origin, t i p  o f  t h e  coccyx 
The p r o j e c t i o n  on to  t h e  h o r i -  
zon ta l  p lane  o f  t he  leg  a x i s  
The vec to r  t o  complete t h e  
or thogonal  t r i a d  
The normal t o  t h e  h o r i z o n t a l  
p lane  i n  t h e  v e r t i c a l  d i r e c -  
t i on  

The anatomical  re fe rence  system 
f o r  t he  head: 
Origin, t he  i n t e r s e c t i o n  o f  t he  
m i d - s a g i t t a l ,  co rona l ,  and 
F r a n k f o r t  p lanes 
The p o s t e r i o r - a n t e r i o r  a x i s  
( t h e  i n t e r s e c t i o n  o f  t he  mid- 
s a g i t t a l  and F r a n k f o r t  
p l  anes) 
The m e d i a l - l a t e r a l  a x i s  ( t h e  
i n t e r s e c t i o n  o f  t he  coronal  
and F r a n k f o r t  p lanes) 
The i n f e r i o r - s u p e r i o r  a x i s  
( t h e  i n t e r s e c t i o n  o f  the  mid- 
sag i t t a l  and coronal  p lanes) 

a - The re fe rence  system f o r  t h e  
neck: 

a0 - Origin, T1 
a1 - The cross p roduc t  
a2 - The m e d i a l - l a t e r a l  a x i s  

between t h e  acromions 
a3 - The i n f e r i o r - s u p e r i o r  a x i s  

o f  t he  neck 

Y - The re fe rence  system f o r  t he  
t h o r a c i c  sp ine:  

Yo  - Origin, T4 
Y i  - The cross product  
Y2 - The m e d i a l - l a t e r a l  a x i s  

between t h e  scapulae 
y, - The i n f e r i o r - s u p e r i o r  tangent 

t o  t h e  sp ine  a t  T4 

v  - The vec to r  o r i g i n a t i n g  approx- 
imate ly  a t  T I 2  and d e s c r i b i n g  
t h e  ang le  

GURE 

1 Axis * 

2 Axis ---- 
3 Axis - 

Reference System D e f i n i t i o n s  



4 . 4  P h o t o k i n e m e t r i c s  

P h o t o g r a p h i c  documen ta t i on  o f  a  t e s t  c o n s i s t s  o f  two o r t h o g o n a l  

v iews by h igh-speed movie cameras o p e r a t i n g  a t  1000 frames per second. 

To o b t a i n  th ree -d imens iona l  m o t i o n ,  a  D i r e c t  L i n e a r  T r a n s f o r m a t i o n  (DLT) 

techn ique  may be used. The DLT method a l l o w s  t h e  s p a t i a l  geometry o f  

t h e  image on f i l m  t o  be t rans fo rmed  by a  s e r i e s  o f  l i n e a r  equa t i ons  such 

t h a t  a c t u a l  t h ree -d imens iona l  m o t i o n  o f  t h e  s u b j e c t  i n  t h e  l a b o r a t o r y  

r e f e r e n c e  f rame may be r e c o n s t r u c t e d .  

To accomp l i sh  t h i s ,  a  f i e l d  o f  c o n t r o l  p o i n t s ,  each o f  wh ich  i s  

a c c u r a t e l y  d e f i n e d  w i t h i n  t h e  l a b o r a t o r y  r e f e r e n c e  f rame, i s  

photographed i n  two o r t h o g o n a l  d i r e c t i o n s .  The c o o r d i n a t e s  o f  t he  

images o f  t h e  c o n t r o l  p o i n t s  o f  f i l m  a r e  t h e n  d e f i n e d  r e l a t i v e  t o  an 

image r e f e r e n c e  f rame. A s e t  o f  l i n e a r  e q u a t i o n s  d e s c r i b e s  t h e  

t r a n s f o r m a t i o n  necessary  between t h e  r e f e r e n c e  f rames,  and t h e  

c o e f f i c i e n t s  o f  t h e  e q u a t i o n s  d e s c r i b i n g  t h e  p a r t i c u l a r  t r a n s f o r m a t i o n  

o f  i n t e r e s t  a r e  n u m e r i c a l l y  de te rm ined  by a  l e a s t  squares techn ique .  A 

more comp le te  d i s c u s s i o n  o f  t h e  DLT t e c h n i q u e  i s  p r e s e n t e d  i n  ( 1 7 ) .  





5.0 TESTING PROCEDURE 

Four groups o f  p rocedures  a r e  a s s o c i a t e d  w i t h  t h e  t e s t i n g  

a c t i v i t i e s .  They a r e  those  procedures  a s s o c i a t e d  w i t h  p r e t e s t  

p r e p a r a t i o n ,  s u r g e r y ,  impact  t e s t i n g ,  and p o s t - t e s t  au topsy .  The 

e x e c u t i o n  o f  t hese  procedures  make up a  t e s t i n g  sequence wh ich  i s  

c o o r d i n a t e d  th rough  t h e  use o f  a  d e t a i l e d  p r o t o c o l ,  A t y p i c a l  p r o t o c o l  

i s  i n c l u d e d  i n  Appendix i l  and o u t l i n e d  i n  t h e  f o l l o w i n g  t e x t .  

P r e t e s t  P r e p a r a t i o n  

S ince  t h e  a r r i v a l  o f  a  t e s t  s u b j e c t  u s u a l l y  cannot  be p r e d i c t e d  

more than  f o u r  hou rs  i n  advance, p r e p a r a t i o n  f o r  a  t e s t  s e r i e s  g e n e r a l l y  

b e g i n s  t h e  day a  s u b j e c t  i s  r e c e i v e d .  A s u b j e c t  r e q u i r e s  app rox ima te l y  

e i g h t  hours  o f  p r e p a r a t i o n ,  wh ich  i s  a l s o  s u f f i c i e n t  t ime  t o  s e t  up t h e  

impact  l a b  and r u n  t r i a l  t e s t s .  The areas  r e q u i r i n g  c a r e f u l  p r e p a r a t i o n  

a r e  b r i e f l y  d e s c r i b e d  be low.  

Anatomy Lab. Anthropomet ry ,  s u r g i c a l  i n s t r u m e n t a t i o n ,  and a l l  

o t h e r  p e r t i n e n t  s u b j e c t  p r e p a r a t i o n  a r e  per fo rmed i n  t h e  Anatomy Lab. 

T o o l s ,  m a t e r i a l s ,  and i n s t r u m e n t a t i o n  equipment necessary  t o  p repa re  t h e  

s u b j e c t  a r e  s e t  up i n  advance. 

Rad io logy  Lab. The t a b l e  i s  p o s i t i o n e d  and a  s u f f i c i e n t  supp ly  o f  

f i l m  i s  loaded i n t o  t h e  c a s s e t t e s ,  such t h a t  a l l  work i n  t h e  r a d i o l o g y  

l a b  can be comple ted as necessary i n  t,he t e s t  sequence. '  A s u b j e c t  w i l l  

be x - rayed t w i c e .  The s u b j e c t  i s  f i r s s t  x - rayed when i t  i s  r e c e i v e d  t o  

check f o r  s k e l e t a l  i n t e g r i t y .  F o l l o w i n g  t h e  t e s t i n g  sequence, X-rays 

f rom o r thogona l  v i ews  a r e  taken t o  a e f i n e  t h e  ana tomica l  and 

i n s t r u m e n t a t i o n  r e f e r e n c e  f rames.  

Impact Lab. A l l  t e s t  f a c i l i t i e s ,  r e c o r d i n g  equipment,  and 

t r a n s d u c e r s  must be assembled, w i r e d ,  and t e s t e d .  I n  a d d i t i o n ,  a  

p o r t a b l e  c a r t  c o n t a i n i n g  s u r g i c a l  inst . ruments f o r  moun t i ng  t ransduce rs  

on t h e  s u b j e c t  must be prepared.  Impact padd ing  (Sty ro foam and 

E n s o l i t e )  anci t h e  s u p p o r t  harnesses f o r  t h e  s u b j e c t  a r e  assembled near 

t h e  overhead h o i s t  system. The l oad  p l a t e ,  cameras, power s u p p l i e s ,  



l i g h t s ,  and backdrops a r e  s e t  up and t h e  cameras a r e  loaded and 

p o s i t i o n e d .  

E l e c t r o n i c s  Check. The i n p u t / o u t p u t  v o l t a g e  c h a r a c t e r i s t i c s  o f  a l i  

ana log  tape  channe ls  and a m p l i f i e r s  a r e  checked by c a l i b r a t i o n  w i t h  a  

known t e s t  s i g n a l .  The s i g n a l  f r om each channel o r  a m p l i f i e r  i s  p l a y e d  

back ( t h r o u g h  e i t h e r  t h e  b r u s h  c h a r t  r e c o r d e r  o r  a  d i g i t a l  v o l t m e t e r )  

and t h e  p layback  s i g n a l  i s  compared w i t h  t h e  i n p u t  s i g n a l .  

A l l  t r a n s d u c e r s  a r e  l a b e l e d  and t h e n  w i r e d  th rough  a  p a t c h  pane l  

i n t o  t h e  i n s t r u m e n t a t i o n  room. From t h e r e  t h e  s i g n a l s  a r e  sen t  t h rough  

a m p l i f i e r s ,  i f  necessary ,  and w i r e d  t o  t h e i r  des igna ted  channe ls  on t h e  

ana log  tape  r e c o r d e r s .  The t ransduce r  e x c i t a t i o n  v o l t a g e  and t h e  p rope r  

g a i n  i s  de te rm ined  and s e t  f o r  each a m p l i f i e r .  A c a l i b r a t i o n  t e s t  i s  

per formed on t h e  l o a d  p l a t e  t o  d e t e r m i n e  i t s  p roper  p r e t e s t  i n p u t / o u t p u t  

c h a r a c t e r i s t i c s .  

T r i a l  T e s t .  To i n s u r e  t h a t  a l l  mechan ica l  and e l e c t r o n i c  equipment 

i s  f u n c t i o n i n g ,  s e v e r a l  t r i a l  t e s t s  o f  t h e  equipment a r e  per fo rmed on 

t h e  day b e f o r e  t h e  t e s t ,  a l l o w i n g  s u f f i c i e n t  t ime  t o  l o c a t e  and c o r r e c t  

system d e f e c t s .  Acce lerometers ,  a m p l i f i e r s ,  u m b i l i c a l  cab les ,  t ape  

r e c o r d e r s ,  and t h e  l oad  p l a t e  a r e  t e s t e d  by suspending a  rubber  c y l i n d e r  

we igh ing  a p p r o x i m a t e l y  20 pounds f rom t h e  overhead h o i s t  system. A l l  

a cce le romete rs  a r e  taped t o  t h e  c y l i n d e r  and a  p r e l i m i n a r y  check i s  made 

t o  i n s u r e  p rope r  b a l a n c i n g  and n o i s e  l e v e l s .  The c y l i n d e r  i s  then 

dropped o n t o  t h e  l o a d  p i a t e  and t h e  o u t p u t  s i g n a l s  f rom t h e  

acce le romete rs  a r e  reco rded  and p l a y e d  back immedia te ly .  The t imer  box ,  

rope  c u t t e r s ,  l i g h t s ,  and s t r o b e  a r e  t e s t e d  i n d i v i d u a l l y .  T r i a x i a l  

c l u s t e r s  o f  acce le romete rs  a r e  then  l a b e l e d  f o r  t h e i r  s p e c i f i c  p o i n t  o f  

a t tachment  and p i a c e d  i n  p r o t e c t i v e  s l e e v e s .  

T i m i n q  o f  Impact  Events 

Three c l a s s e s  o f  o p e r a t i o n s  t a k e  p l a c e  b e f o r e  and d u r i n g  impact 

t h a t  a r e  necessary f o r  t h e  documenta t ion  o f  t h e  impact :  even ts  

a s s o c i a t e d  w i t h  p h o t o k i n e m e t r i c s  documenta t ion ,  even ts  a s s o c i a t e d  w i t h  

r e c o r d i n g  o f  e l e c t r o m e c h a n i c a l  t r a n s d u c e r  o u t p u t ,  and even ts  a s s o c i a t e d  

w i t h  t h e  impact  i t s e l f .  The event  sequence i s  i n i t i a t e d  by an o p e r a i o r -  

c o n t r o l l e d  manual s w i t c h  and f rom i h e n  on c o n t r o i l e d  by s i g n a l s  



genera ted  by a  s p e c i a l l y  c o n s t r u c t e d  " t i m e r  box."  The d e t a i l e d  

r e l a t i o n s h i p s  among t h e  v a r i o u s  s i g n a l s  o r  g roup o f  s i g n a l s  a r e  

diagrammed i n  F i g u r e s  12 and 1 3 .  I n  t hese  d iagrams,  each s i g n a l  o r  g roup 

o f  s i g n a l s  i s  r e p r e s e n t e d  by a  l i n e  whrch has a  r a i s e d  s e c t i o n  

i n d i c a t i n g  t h e  t i m e  d u r i n g  wh ich  t h e  f u n c t i o n  a s s o c i a t e d  w i t h  t h e  s i g n a l  

was o p e r a t i o n a l .  

P h o t o k i n e m e t r i c s .  The l i g h t s ,  Hycam, and Pho toson ics  cameras must 

be synch ron i zed  such t h a t  a l l  cameras a r e  r u n n i n g  a t  t h e  c o r r e c t  speed 

and t h e  t e s t  s u b j e c t  i s  f u l l y  i l l u m i n a t e d  a t  t h e  t i m e  o f  impact .  I n  

a d d i t i o n ,  t h e  cameras a r e  sequenced such t h a t  they  a r e  o p e r a t i o n a l  f o r  a 

minimum amount o f  t ime .  T h i s  m i n i m i z e s  t h e  amount o f  e f f o r t  a s s o c i a t e d  

w i t h  p h o t o k i n e m e t r i c  documenta t ion  and a l l o w s  f o r  a  smooth- runn ing t e s t  

sequence. 

E lec t romechan ica l  Transducers .  The r e c o r d i n g  equipment must be a t  

o p e r a t i o n a l  speed b e f o r e  t h e  s u b j e c t  i s  r e l e a s e d .  A d d i t i o n a l  even ts  

wh ich  must be c o n t r o l l e d  a r e  t h e  r e l e a s e  o f  t h e  s u b j e c t  f r om t h e  

r e s t r a i n e d  p o s i t i o n  and t h e  a c t i v a t i o n  o f  t h e  sequenc ing  g a t e .  A lso ,  

t h e  s y n c h r o n i z i n g  c o n t a c t  s t r o b e  wh ich  p l a c e s  s imu l taneous  e l e c t r i c a l  

and p h o t o g r a p h i c  s i g n a l s  on t h e  ana log  tape  and h igh-speed f i l m ,  

r e s p e c t i v e l y ,  must occur near t h e  b e g i n n i n g  o f  impact .  

A schemat ic  d iagram o f  t h e  t e s t  equipment and a  w i r i n g  d iagram a r e  

i n c l u d e d  i n  F i g u r e s  14  and 15. 

5 . 3  Impact T e s t i n g  

S u b j e c t s  a r e  o b t a i n e d  f rom The U n i v e r s i t y  o f  M ich igan ,  Department 

o f  Anatomy, and t r a n s p o r t e d  t o  UMTRl by Biomechanics Department  

p e r s o n n e l .  Upon a r r i v a l  they a r e  weighed and p e r t i n e n t  i n f o r m a t i o n  

logged i n .  I n i t i a l  p r e p a r a t i o n  i s  comple ted and 

taken  o f  t h e  head, t h o r a x ,  p e l v i s ,  and femurs.  

s t r u c t u r e  i s  i n t a c t  and no meta l  1 i c  i m p l a n t s  a r e  

taken  t o  t h e  anatomy l a b .  

p rocedure  o u t l i n e d  i n  t h e  p r o  F o l l o w i n g  t h e  

s u b j e c t  i s  f i r s t  p  

t aken .  Any anatom 

p r e t e s t  X-rays a r e  

f  t h e  s k e l e t a l  

found,  t h e  s u b j e c t  I S 

, t h e  o c o l  (Append i x l  I )  

l aced on i t s  back and a n t h r o p o m e t r i c  measurements 

i c a l  a b n o r m a l i t i e s  a r e  reco rded  and s p e c i a l  n o t e  

a r e  

I s  
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t aken  i f  t h e y  w i l l  a l t e r  t h e  usua l  i n s t r u m e n t a t i o n  t e c h n i q u e s .  The 

s u b j e c t  i s  t hen  r o l l e d  over  t o  a l l o w  f o r  i n s t a l l a t i o n  o f  head and s p i n a l  

acce le romete r  mount ing  hardware.  F o l l o w i n g  c o m p l e t i o n  o f  a l l - m o u n t i n g  

p rocedures  t h e  s u b j e c t  i s  d ressed  i n  a  v i n y l  s w e a t s u i t  t o  p r e v e n t  

e x c e s s i v e  leakage o n t o  t h e  o u t e r  s e t  c f  l ong  underwear.  

The s u b j e c t  i s  t r a n s f e r r e d  t o  t h e  impact l a b o r a t o r y  and a l l  

t r a n s d u c e r s  a r e  r i g i d l y  a t t a c h e d  t o  t h e  mounts. A f i n a l  check o f  

e 1 e c t r o n i c . e q u i p m e n t  i s  made w i t h  t h e  t ransduce rs  on t h e  s u b j e c t  t o  

i n s u r e  t h a t  acce le romete rs  and a m p l i f i e r s  a r e  f u n c t i o n i n g  p r o p e r l y  and 

t h a t  a l l  w i r i n g  connec t i ons  a r e  secure,.  

The cameras a r e  p o s i t i o n e d  o r t h o g o n a l l y  and t h e  f i e l d  o f  c o n t r o l  

p o i n t s  f o r  t h e  DLT c a l i b r a t i o n  (as d e s c r i b e d  i n  S e c t i o n  4 . 4 )  i s  p l a c e d  

t h e  l o a d  p l a t e .  A b r i e f  exposure  c ~ f  t h e  c o n t r o l  f i e l d  i s  made on t h e  

1m i n  each camera such t h a t  t h e y  c a r  be c a l i b r a t e d  f o r  t h e i r  p o s i t i o n s  

t h i s  p a r t i c u l a r  t e s t  s e r i e s .  

A f t e r  t h e  s u b j e c t  i s  f i t t e d  w i t h  t h e  b e l t  harnesses t h a t  w i l l  

spend i t  f rom t h e  overhead h o i s t  sys'tem, t h e  s u b j e c t  i s  h o i s t e d  and 

p o s i t i o n e d  f o r  a  low-energy d r o p .  The exac t  h e i g h t  and t h e  i n i t i a l  

ang les  o f  t h e  head/neck / thorax  a r e  measured and reco rded .  Setup photos  

a r e  taken  and a  f i n a l  c h e c k l i s t  i s  r u n  th rough .  When a l l  i n i t i a l  

c o n d i t i o n s  a r e  met, a  f i n a l  z e r o  o f  t h e  acce le romete rs  i s  made and t h e  

t e s t  i s  r u n .  

T h i s  p rocedure  i s  r e p e a t e d  t h r e e  t imes f o r  t h e  low-energy drops ,  

however, p r i o r  t o  r u n n i n g  t h e  subsequent  t e s t s  a l l  r e c o r d e d  s i g n a l s  a r e  

p l a y e d  back on t h e  b rush  r e c o r d e r .  Thus, a m p l i f i e r  g a i n s  may be changed 

i f  a  c e r t a i n  s i g n a l  has an unexpected v a l u e  and/or  equipment t h a t  may 

have f a i l e d  d u r i n g  t h e  t e s t  may be e i t h e r  l o c a t e d  and r e p a i r e d  o r  

r e p l a c e d .  

P r i o r  t o  t h e  h igh -ene rgy  d rop ,  t h e  g a i n  v a l u e s  o f  t h e  a m p l i f i e r s  

a r e  changed, t h e  s u b j e c t  i s  p o s i t i o n e d ,  i n i t i a l  ang les  a r e  reco rded ,  and 

t h e  t e s t  i s  r u n .  

When t h e  t e s t i n g  sequence has been completed,  i n s t r u m e n t a t i o n  i s  

removed f r o m  t h e  s u b j e c t  and a n  autopsy  i s  per fo rmed.  





5.0 PRELIMINARY TEST SERIES 

The f i r s t  t h r e e  s u b j e c t s  i n  t h e  s e r i e s  were t e s t e d  w i t h o u t  

i n s t r u m e n t a t i o n  t o  observe  t h e  damage response o f  t h e  s u b j e c t  w i t h  

r e s p e c t  t o  s e l e c t  i n i t i a l  head/neck / thorax  ang les  ( F i g u r e  l l ) ,  and a l s o  

t o  compare t h e  f o r c e - t i m e  h i s t o r i e s  t h a t  were measured w i t h  t h e  l oad  

p l a t e  t o  those o b t a i n e d  i n  t h e  pendulum impact  s tudy  ( 1 3 ) .  

The pendulum impact  s tudy  found t h a t  i n i t i a l  head/neck / thorax  

p o s i t i o n i n g  was a  c r i t i c a l  f a c t o r  w i t h  r e s p e c t  t o  t h e  damage produced 

(as we1 1 as t h e  f o r c e - t  ime h i  s t o r i e s )  , and t h a t  t h e  damage was a lmost  

e x c l u s i v e l y  o f  two t ypes .  F l e x i o n - t y p e  damage was found  t o  occur  i n  t h e  

upper t h o r a c i c  sp ine ,  and e x t e n s i o n - t y p e  damage was observed i n  t h e  

c e r v i c a l  sp ine .  

I n i t i a l  c o n d i t i o n s  f o r  t h e  pendulum s tudy  i n c l u d e d  a l i g n i n g  t h e  

m i d - s a g i t t a l  anatomica l  p l a n e  o f  t h e  head and neck w i t h  t h e  AP-IS p l a n e  

o f  t h e  t h o r a x  i n  an a t t e m p t  t o  r e s t r i c t  t h e  r e s u l t i n g  m o t i o n  t o  two 

d imens ions .  However, t h ree -d imens iona l  m o t i o n  was c o n s i s t e n t l y  observed 

i n  t hose  t e s t s  i n  wh ich  f l e x i o n - t y p e  damages o c c u r r e d .  

S i m i l a r l y ,  f o r  t h e  t h r e e  p r e l i m i n a r y  t e s t s  per fo rmed i n  t h e  p r e s e n t  

s t u d y ,  t h e  head was p u l l e d  w i t h  tape such t h a t  t h e  c h i n  was tucked i n t o  

t h e  c h e s t  and t h e  m i d - s a g i t t a l  p l a n e  o f  t h e  head was a l i g n e d  w i t h  t h e  

A P - I S  p l a n e  o f  t h e  c h e s t  i n i t i a l l y  and f o r  t h e  d u r a t i o n  o f  t h e  f a i l  

( F i g u r e  9) . I n  these t h r e e  t e s t s ,  t h e  tho rax  was ang led  a t  20, 25, and 

25 degrees r e l a t i v e  t o  t h e  h o r i z o n t a l  ( F i g u r e  l l ) ,  and d rop  h e i g h t s  were 

1.0 m, 1.8 m, and 1.5 m, r e s p e c t i v e l y .  

Based on t h i s  i i m i t e d  number o f  p r e l i m i n a r y  t e s t s ,  a  t r e n d  e x i s t s  

i n d i c a t i n g  t h a t  t h e r e  i s  no gross  d i f f i a r e n c e  between pendulum impacts 

and f r e e - f a l l  impacts i n  terms o f  damalge response and f o r c e - t i m e  

h i s t o r y .  A s  i n  t h e  pendulum impacts ,  9 0 t h  c e r v i c a l  s p i n e  e x t e n s i o n - t y p e  

damages and t h o r a c i c  s p i n e  f l e x i o n - t y p ' e  damages were observed.  One 

c e r v i c a l  s p i n e  f l e x i o n - t y p e  damage was observed i n  t h e  second s u b j e c t ,  

a l t h o u g h  i t  must be cons ide red  t h a t  t h i s  s u b j e c t  was ex t reme ly  

o s t e o p o r o t i c  and s u s t a i n e d  many damages n o t  produced i n  those s u b j e c t s  



which  were  more s t r u c t u r a l l y  i n t a c t .  W i t h  r e s p e c t  t o  f o r c e s  reco rded ,  

t h e  peaks and d u r a t i o n s  were s i m i l a r  t o  t hose  i n  t h e  pendulum impact  

t e s t s ,  and t h e  shear f o r c e  reco rded  by t h e  l oad  p l a t e  was n e g l i g i b l e .  I n  

a d d i t i o n ,  t h e  head m o t i o n  o b t a i n e d  f rom t h e  dua l  camera system was 

s i m i l a r  t o  t h a t  observed i n  t h e  pendulum t e s t s .  

For t h e  pendulum impact  t e s t s ,  t h o r a c i c  s p i n e  f l e x i o n - t y p e  damages 

were a lways a s s o c i a t e d  w i t h  t h ree -d imens iona l  m o t i o n  o f  t h e  head a f t e r  

impact .  T h e r e f o r e ,  i t  appears t h a t  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  

c e r v i c a l  s p i n e  f l e x i o n - t y p e  damages i s  sma l l  when t h e  m i d - s a g i t t a l  

ana tomica l  p i a n e  o f  t h e  head i s  i n i t i a l l y  c o n s t r a i n e d  i n  t h e  A P - I S  p l a n e  

o f  t h e  t h o r a x  ( w i t h  r e s u l t i n g  m o t i o n  p r i m a r i l y  i n  t h e  m i d - s a g i t t a l  

p l a n e ) .  A d d i t i o n a l l y ,  i t  i s  u n l i k e l y  t h a t  t h e  head/neck m o t i o n  o f  

v e h i c l e  occupan ts  i n  wh ich  c e r v i c a l  s p i n e  f l e x i o n - t y p e  damages a r e  

common f o l l o w s  such a  two-d imens iona l  p a t h  d u r i n g  t h e  impact  e v e n t  due 

p o s i t i o n i n g .  

on t h i s  e x t r e m e l y  l i m i t e d  number o f  

1 l ow ing :  

i g n i f i c a n t l y  d i f f e r e n t  f r om t h e  56 kg  
pendulum impact  t e s t s  i n  terms o f  damage response and f o r c e - t i m e  
h i s t o r y  f o r  s u b j e c t s  w i t h  s i m i l a r  i n i t i a l  c o n d i t i o n s .  

t o  randomly o r i e n t e d  i n i t i a l  

Some o b s e r v a t i o n s  based 

p r e l i m i n a r y  t e s t s  a r e  t h e  f o  

a F r e e - f a l l  t e s t s  a r e  n o t  s  

r The damages a s s o c i a t e d  w i t h  f l e x i o n - c o m p r e s s i o n  m o t i o n  o f  t h e  head 
f o r  s u b j e c t s  w i t h  t h e  m i d - s a g i t t a l  p l a n e  o f  t h e  head i n i t i a l l y  
a l i g n e d  w i t h  t h e  A P - I S  p l a n e  o f  t h e  t h o r a x  a r e  p r i m a r i l y  c e r v i c a l  
s p i n e  e x t e n s i o n - t y p e  damages and n o t  f l e x i o n - t y p e  damages as was 
o r i g i n a l l y  t h o u g h t .  

I t  i s  h y p o t h e s i z e d  t h a t  t h e  i n i t i a l  c o n d i t i o n s  f o r  a  f r e e - f a l l  t e s t  

wh ich  may r e s u l t  i n  c e r v i c a l  s p i n e  f l e x i o n - t y p e  damage s h o u l d  t a k e  i n t o  

account  t h e  s i x  degrees o f  freedom f o r  each o f  t h e  head, neck, and 

t h o r a x ,  and t h e  a s s o c i a t e d  c o n s t r a i n t s .  W i th  t h i s  requ i remen t  comes an 

extreme i n c r e a s e  i n  t h e  c o m p l e x i t y  o f  t h e  t e s t  m a t r i x .  An i n i t i a l  

a t t e m p t  w i l l  be made t o  reduce t h e  number o f  t e s t  s u b j e c t s  needed by 

p e r f o r m i n g  a  s e r i e s  o f  low energy  ( s u b - i n j u r i o u s )  d rops  w i t h  v a r y i n g  

head!neck/thorax ang les  on each cadave r .  I t  i s  a n t i c i p a t e d  t h a t  

reco rded  k i n e m a t i c  m o t i o n  f rom t h e s e  t e s t s  may be c o r r e l a t e d  w i t h  t h e  

t y p e  o f  damage s u s t a i n e d ,  t he reby  making up f o r  t h e  i nc reased  c o m p l e x i t y  



o f  t h e  i n i t i a l  p o s i t i o n i n g  f a c t o r .  To a l l o w  f o r  t h e  head/neck / tnorax  

ang les  t o  be v a r i e d  as necessary ,  t h e  overhead h o i s t  system as d e s c r i b e d  

above was deve loped.  





7.0 PRELIMINARY INSTRUMENTED TESTS 

F o l l o w i n g  t h e  un ins t rumen ted  t e s t  s e r i e s ,  two f u l l y  i n s t r u m e n t e d  

s u b j e c t s  have been t e s t e d .  The main d i f f e r e n c e  w i t h  r e s p e c t  t o  i n i t i a l  

c o n f i g u r a t i o n  between t h e  u n i n s t r u m e n t e d  and i ns t rumen ted  t e s t  s e r i e s  i s  

t h a t  f o r  t h e  un ins t rumen ted  s e r i e s  t h e  m i d - s a g i t t a l  p l a n e  o f  t h e  head 

was a l i g n e d  w i t h  t h e  A P - I S  p l a n e  o f  t h e  t h o r a x ,  and f o r  t h e  i ns t rumen ted  

s e r i e s  t h e  heads o f  t h e  s u b j e c t s  were r o t a t e d  n o t  o n l y  about  t h e  l a t e r a l  

a x i s ,  b u t  a l s o  about  t h e  A? and IS  axes as w e l l .  A lso ,  i'n t h e  

i n s t r u m e n t e d  s e r i e s ,  t h e  t h o r a x  was t w i s t e d  about  i t s  'IS a x i s .  The 

f  i r s t  s u b j e c t  ( s e r i e s  8 2 ~ 4 8 7  t o  821-489) underwent  two low energy  d rops  

w i t h  d i f f e r e n t  head/neck / to rso  i n i t i a l  p o s i t i o n s  and a h i g h  energy  d r o p  

f rom 1.5 me te rs .  The second s u b j e c t  ( s e r i e s  8 2 ~ 4 9 0  th rough  8 2 ~ 4 9 4 )  

underwent  f o u r  low energy drops  and a  h i g h  energy d r o p  f r o m  1 . 1  me te rs .  

P o s t - t e s t  a u t o p s i e s  showed t h a t  c e r v i c a l  s p i n e  f l e x i o n - t y p e  damages 

o c c u r r e d  i n  b o t h  s u b j e c t s .  I n  t h e  f i r s t  s u b j e c t  a  f l e x i o n - d i s l o c a t i o n  

damage o f  CS was observed,  as w e l l  as f r a c t u r e s  o f  t h e  f i r s t  and second 

c e r v i c a l  v e r t e b r a e .  These l a t t e r  damages a r e  proposed t o  have been 

caused by o v e r d r i v i n g  t h e  system and t h e r e f o r e  t h e  d r o p  h e i g h t  was 

reduced f o r  t h e  n e x t  t e s t  f r o m  1.5 m t o  1 . 1  m t o  a l l e v i a t e  t h i s  p rob lem.  

The second s u b j e c t  s u s t a i n e d  a  f l e x i o n  wedge f r a c t u r e  i n  t h e  t 6 - C 7  

r e g i o n .  





8.0 RESULTS 

The raw d a t a  f o r  a l l  p r e l i m i n a r y  i n s t r u m e n t e d  and u n i n s t r u m e n t e d  

t e s t s  i s  i n c l u d e d  i n  Appendix I .  T h i s  k i n e m a t i c  d a t a ,  as w e l l  as i n j u r y  

response d a t a ,  i s  summarized i n  Tab les  2  t h r o u g h  5 .  The damage p a t t e r n s  

cbserved f r o m  gross  a u t o p s i e s  a r e  d e s c r i b e d  i n  T a b l e  3, where neck 

damage i s  c l a s s i f i e d  a c c o r d i n g  t o  t h e  t y p e  o f  m o t i o n  t r a d i t i o n a l l y  

hypothes i zed t o  cause t h e  i n j u r y  (e.g.,  " e x t e n s  i  on-compress ion"). These 

c a t e g o r i e s  a r e  used o n l y  t o  d i f f e r e n t i a t e  between t h e  types  o f  damages 

observed and do n o t  n e c e s s a r i l y  cor respond t o  t h e  mechanism p r o d u c i n g  

t h e  i n j u r y  1 i s t e d .  

T a b l e  4 summarizes t h e  i n d i v i d u a l  t e s t  c o n d i t i o n s ,  where t h e  column 

" I n i t i a l  C o n d i t i o n s "  d e s c r i b e s  i n  a  b road  sense t h e  i n i t i a l  p o s i t i o n  o f  

a  s u b j e c t ' s  head r e l a t i v e  t o  t h e  t h o r a x  p r i o r  t o  t h e  t e s t .  For t h e  

u n i n s t r u m e n t e d  t e s t s ,  t h e  m i d - s a g i t t a l  p l a n e  o f  t h e  head was c o n s t r a i n e d  

t o  l i e  p a r a l l e l  t o  t h e  AP-IS p l a n e  o f  t h e  t h o r a x ;  however, f o r  t h e  

i ns t rumen ted  t e s t s ,  t h e  head d i d  n o t  l i e  i n  any s p e c i f i c  o r i e n t a t i o n  

r e l a t i v e  t o  t h e  t h o r a x  (see Appendix I l l ,  F i g u r e  2 ) .  

Some i m p o r t a n t  k i n e m a t i c  q u a n t i t i e s  o b t a i n e d  f rom t h e  i ns t rumen ted  

t e s t s  by t h e  UMTRl th ree -d imens iona l  m o t i o n  a n a l y s i s  computer program 

a r e  p r e s e n t e d  i n  T a b l e  j. 

TABLE 2 .  ANTHROPOMETRIC DATA 

S u b j e c t  

8 2 ~ 4 8 4  

Age 

6 0 

H t (cm) 
I 

w t  ( k g )  

180 i 6 7 



TABLE 3 .  D A M A G E  SUMMARY 

821484 
Extension-Compression Type: 

C4/C5 - r u p t u r e  o f  d i s c  

Flexion-Compression Type: 
T3 - F r a c t u r e d  r i g h t  s u p e r i c r  a r t i c u l a r  p rocess 
T2/T3 - P a r t i a l l y  t o r n  i n t e r s p i n o u s  l i gamen ts  
T3/T4 - P a r t i a l l y  t o r n  l igamentum f lavum 

82L485 (Extreme Osteoporos is )  
C 1 ,  C 3 ,  C4 - F r a c t u r e  o f  laminae 
C2 - F r a c t u r e  o f  dens 
C 3  - F r a c t u r e  o f  spinous process 
C4,5  - F r a c t u r e  o f  v e r t e b r a l  bod ies  
C4/C5 - Ruptured d i s c  
T l ,T3,T4 - F r a c t u r e  o f  laminae 
12 - F r a c t u r e d  body 
T j  - A n t e r i o r  l o n g i t u d i n a l  l i gamen t  t o r n  

82L486 
Extension-Compression Type: 

C 1  - F r a c t u r e  o f  a n t e r i o r  r i n g  a t  dens 
C4 - F r a c t u r e  v e r t e b r a l  body; 
C 3 / C 4  - F r a c t u r e d  Spinous Processes 
C2/C3 and C4/C5 - Ruptured d i s c s  
C2/C3, C3/C4, C4/C5 - Anter  i o r  l o n g i  t u d i  n a l  1 igament t o r n  
C 3  - P o s t e r i o r  l o n g i t u d i n a l  l i gamen t  t o r n  

821489 
Extension-Compression Type: 

C l  - F r a c t u r e s  o f  p o s t e r i o r  a rch  w i t h  s i n g l e  f r a c t u r e  
o f  r i g h t  a n t e r i o r  a r c h  

C2 - Complete f r a c t u r e  o f  dens w i t h  s e p a r a t i o n  o f  
a l l  a n t e r i o r  l i gamen ts  

F lex ion-Compress ion Type: 
C5/C6 - Sub1 u x a t  i o n  o f  C 5  over  C6 wi t h  d  i s r u p t  i o n  

o f  a1 l C5/C6 1 i gaments, capsul  es and d  i  scs 
T1/T2 - Compression o f  s u p e r i o r  body T2; t e a r  o f  p o s t e r i o r  d i s c  

8 2 ~ 4 9 4  
Flexion-Compression Type: 

C6 - F r a c t u r e s  o f  RT lamina and o f  a n t e r i o r - s u p e r i o r  body 
C 7  - F r a c t u r e  o f  body and o f  r i g h t  l a t e r a l  f a c e t s  a t  base 
C6/C7 - A n t e r i o r  l o n g i t u d i n a l  l igament ,  l igarnentum 

f l a v a ,  and p o s t e r i o r  aspect  o f  du ra  t o r n  



TABLE 4 .  TEST SUMMARY 

T e s t  
No. 

Drop 
H e i g h t  

(d 

Peak 
Force 

(kN) 

Con tac t  
V e l o c i t y  

(m/ s) 
I n i t i a l  

C o n d i t i o n s  

M i d - s a g i t t a l  
p l a n e  o f  head 
i n i t i a l i y  a l i g n e d  
w i t h  AP-IS p l a n e  
o f  t h o r a x  

Uncons t ra ined  

Uncons t ra ined  

Uncons t ra ined  

Uncons t ra ined  

Uncons t ra ined  

Uncons t ra ined  

Uncons t ra ined  

Uncons t ra ined  

HIC 

- - 
- - 

- - 

5 

7 

2240 

2 

4  

3 

3 

477  

TABLE 5 .  SUMMARY O F  KINEMATIC. DATA F O R  INSTRUMENTED SUBJECTS 

T e s t  
No, 

L i n e a r  
V e i o c i  t y  

h / s )  

L i near 
A c c e l e r a t i o n  

(m/sL) 

Angu I a r  
Acce le ra  ion  $ 

( rad /s  ) 



P r e l i m i n a r y  Conc lus ion  

R e s u l t s  f rom t h e  p r e l i m i n a r y  t e s t s  suggest  t h e  f o l l o w i n g  t e n t a t i v e  

c o n c l u s i o n s :  

r The c r i t i c a l  f a c t o r s  a s s o c i a t e d  w i t h  c e r v i c a l  s p i n e  f l e x i o n - t y p e  
i n j u r i e s  common i n  many a c c i d e n t s  appear t o  be compression o f  t h e  
v e r t e b r a l  column d u r i n g  impact  and a l s o  the  r e l a t i v e  p o s i t i o n  ( i n  a  
th ree -d imens iona l  sense) o f  t h e  head, neck, and t h o r a x  a t  t h e  
i n i t i a t i o n  o f  impact .  

r When t h e  head i s  c o n s t r a i n e d  t o  move i n  t h e  m i d - s a g i t t a l  p l a n e  d u r i n g  
crown impact ,  f l e x i o n - t y p e  c e r v i c a l  s p i n e  i n j u r y  appears u n l i k e l y .  

r F lex ion -compress ion  t ype  c e r v i c a l  i n j u r i e s  were produced as a  r e s u l t  
o f  a  1 . 1  m crown impact .  When t h e  heads o f  t h e  unembalmed cadaver 
s u b j e c t s  were c o n s t r a i n e d  t o  s a g i t t a l  p lane  m o t i o n ,  f l e x i o n -  
compression c e r v i c a l  i n j u r i e s  c o u l d  n o t  be produced.  Such i n j u r i e s  
c o u l d  o n l y  be produced when t h e  head was p r e - p o s i t i o n e d  t o  produce 
n o n - s a g i t t a l  p l a n e  mo t ion ,  

8 . 2  Recommendat i ons f o r  Add i t i ona 1 T e s t  i n q  

A d d i t i o n a l  crown impacts s h o u l d  be conducted where t h e  c a d a v e r ' s  

head i s  c o n s t r a i n e d  t o  s a g i t t a l  p l a n e  mo t ion .  However, f o r  t hese  t e s t s ,  

t h e  s a g i t t a l  p l a n e  bend ing r e s i s t a n c e  o f  t h e  neck s h o u l d  be made q u i t e  

s t i f f  by a r t i f i c i a l  means, such as u s i n g  s p l i n t s  o r  wrapp ing w i t h  

e l a s t i c  bandages. 
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GENERAL MOTORS 

STUDY OF CERVICAL SPINE INJURY MECHANISMS 
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as performed by 
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The University of Michigan Transportation Research Institute 
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December 9, 1982 

TEST - 

(rev. October 24, 1982) 

DESCRIPTION 

Test No. 

Cadaver No. 

Test 

(Low--7 to 13cm, High--1 to 2m) 

Sex : Height: Weight: 

description:Head drop, subject in an upsidedown seated 
position with head flexed forward. Impact is to 

parietal head surface. 

Drop Height: 10cm 

Head/plate contact point: centered 

Padding: 3cm Ensolite (AL) 

Post-impact restraint: 20cm seating foam covering floor 

CAMERAS (FPS) POS I TI ON 

Photosonics 1: 500 P-A, S-I 

Photosonics 2: 500 R-L, S-I 

INITIAL POSITION ANGLES (Est.1 

ACCELEROMETERS - AND LOCATION: Head ( 9-AX), Spine ( 3 triaxes) 

Angle 

TARGET LOCATION: Head, Acromion, Spine 

L SERIES 

Head 

2 0 

Test Description - 2 

Neck 

20 

Thorax 

20 

Legs 

0 



December 9, 1982 (rev. October 24, 1982) 

TEST DESCRIPTION - 
Test No. (Low--7 to 13cm, High--1 to 2m) 

Cadaver No. Sex : Height: - Weight: 
Test 
description:Head drop, subject in an u~sidedown seated 
position with head flexed forward. Head tilted 

from mid-sagittal plane. Impact is to left parietal 

surf ace. 

Drop Height: 10cm 

Head/plate contact point: centered 

Padding: 3cm Ensolite (AL) 

Post-impact restraint: 20cm seating foam coverinq floor 

stills: 

CAMERAS ( FPS ) POSITION 

Photosonics 1: 500 P-A, S-I 

Photosonics 2: 500 R-L, S-I 

INITIAL POS I TI ON ANGLES 

ACCELEROMETERS AND LOCATION: Head (9-AX), Spine (3 triaxes) - 
TARGET LOCATION: Head, Acromion, Spine 

Angle 

L SERIES Test Description - 3 

Head Neck Thorax Legs 



December 9, 1982 (rev. October 24, 1982) 

TEST DESCRIPTION - 
Test No. (LOW--7 to 13cm, High--1 to 2m) 

Cadaver No. Sex: Height: Weight: 

Test - - -  - 

description:Head drop, subject in an upsidedown seated 
position with head flexed forward. Head rotated. 

Impact is to left parietal surface. 

Drop Height: 10cm 

~ead/plate contact point: centered 

Padding: 3cm ~nsolite (AL) 

Post-impact restraint: 20cm seating foam covering floor 

CAMERAS ( FPS ) POSITION 

Photosonics 2: 500 

P-A, S-I 

R-L, S-I 

INITIAL POSITION ANGLES (Est, ) 

ACCELEROMETERS AND LOCATION: Head ( 9-AX) , Spine ( 3  tr iaxes) 

Angle 

TARGET LOCATION: Head, Acromion, Spine 

L SERIES 

Head 

20 

0 

20 

Test Description - 4 

Neck 

20 

0 

0 

Thorax 

20 

0 

0 

Legs 

0 

0 

0 



December 9, 1982 (rev. October 24, 1982) 

TEST DESCRIPTION - 
Test No. (LOW--7 to 13cm, High--1 to 2m) 

Cadaver No. Sex: Height: Wej ght : - 
Test 
description:Head drop, subject in an upsidedown seated 
position with head flexed forward, Thorax rotated. 

Impact is to left parietal surface. 

Drop Height: IOcm 

~ead/plate contact point: centered 

Padding: 3cm Ensolite (AL) 

Post-impact restraint: 20cm seating foam covering floor 

CAMERAS (FPS ) POS I TI ON 

Photosonics 1: 500 P-A, S-I 

Photosonics 2: 500 R-L, S-I 

INITIAL POSITION ANGLES (Est, ) 

Angle 1 Head I Neck 1 Thorax I Legs 1 

ACCELEROMETERS - AND LOCATION: Head (9-AX), Spine (3 triaxes) 

TARGET LOCATION: Head, Acromion, spine 

L SERIES Test Description - 5 



December 9, 1982 (rev. October 24, 1982) 

TEST DESCRIPTION - 
Test No. (Low--7 to 13cm, High--1 to 2m) 

Cadaver No. Sex: Height: Weight: 

Test 
description:Head drop, subject in an upsidedown seated 
position with head flexed forward, Head tilted and 

rotated. Thorax rotated. Impact is to left parietal 

surf ace. 

Drop Height: 1.5m 

Head/plate contact point: centered 

Padding: 3cm Ensolite (AL) 

Post-impact restraint: 20cm seating foam covering floor 

CAMERAS ( FPS ) POSITION 

Photosonics 1: 1000 P-A, S-I 

Photosonics 2: 1000 R-L, S-I 

HyCam: 3000 P-A, S-I 

INITIAL POSITION ANGLES (Est, ) 

Angle 1 Head 1 Neck I Thorax I 

ACCELEROMETERS AND LOCATION: Head (9-AX), Spine ( 3  triaxes) 

TARGET LOCATION: Head, Acromion, Spine 

L SERIES Test Description - 6 



December 9, 1982 (rev. October 24, 1982) 

TEST DESCRIPTION - 
Test No. (Low--7 to 13cm, High--1 to 2m) 

Cadaver No. Sex : Height: - ~eight: - 
Test 
description: 

Drop Height: 

~ead/plate contact point: 

peas: "". 
Post-impact restraint: 

35mm stills: 

CAMERAS (FPS ) POSI TI ON 

Photosonics 1: 

~hotosonics 2: 

HyCam: 

INITIAL POSITION ANGLES (Est. ) 

TARGET LOCATION: 

Angle 

L SERIES Test Description - 7 

Head Neck Thorax Legs 



December 9, 1982 (rev, October 24, 1982) 

TEST DESCRIPTION - 
Test No. .(Low--7 to 13cm, High--1 to 2m) 

Cadaver No. Sex: Height: Weight: 

Test 
description: 

Drop Height: 

~ead/plate contact point: 

Padding : 

Post-impact restraint: 

35mm stills: 

CAMERAS (FPS) POSITION 

Photosonics 1: 

Photosonics 2: 

HyCam: 

INITIAL POSITION ANGLES (ES~.) 

ACCELEROMETERS/LOCATION: 

TARGET LOCATION: 

L SERIES 

Legs 

Test Description - 8 

Thorax Neck Angle Head 



December 9, 1982 

PRE-SURGERY 

(rev. October 28, 1982) 

1 TASK 1 TIME 1 COMMENTS 

Pick up cadaver from 
U of M Anatomy Dept. 
and transport to 
UMTRI Biomedical lab. 

Weigh cadaver and log 
cadaver information, 

Store cadaver if 
necessary. 

Sanitary preparation. 

pretest X-rays: 
( KV/MA/T ) 

(100/10/1) 
head A-P 2 

(9O/lO/l) 
thorax A-P / / 

(9O/lO/l) 
thorax A-P(2) / / 

femur 

Anthropometry. 

L SERIES Pre-Surgery - 9 



December 9, 1982 (rev. October 26, 1982) 

ANTHROPOMETRY 

Height: 

Weight: 

Sex : 

Age : 

Stature: left: right: 

Suprasternale height: 

Head to C7: 

Acromion height: left: right: 

Biacromion: 

Head breadth (R-L): 

Head depth (A-P): 

Head circumference: 

Neck circumference: 

Axillary breadth: 

Substernale height: 

Substernale breadth: 

Symphsion height: 

Biiliocristale breadth: 

L SERIES Anthropometry - 10 



December 9, 1982 (rev. October 26, 1982) 

~natomical Ô no ma lies L Clinical Observations 
1. Head: a. Brain b. Skull 

2. Neck: 

3. Thorax (ribs, heart, lungs, diaphragm, abdomen): 

COMMENTS : 

L SERIES Anthropometry - 1 1  



December 9, 1982 (rev. October 24, 1982) 

HEAD 9-AX MOUNT --- 

With cadaver supine, 
locate the occipital/ 
parietal/temporal 
junction on the right 
side of the head and 
remove skin from 
an area approximately 
the size of the 9AX 
plate. 

TASK 

Drill four holes within 
this triangular area. 

TIME I COMMENTS ' 

Attach four feet to 
the 9-ax plate such 
that three of the 
feet can be positioned 
near the screws. 

Place acrylic around 
screws. 

Place plate on top of 
acrylic base, making 
sure the acrylic goes 
through the center 
holes in the plate. 

Insert a strain relief 
bolt in the acrylic 
base of the head 
platform. 
Make sure bolt does 
not contact plate. 

Drill hole in left 
occipital/parietal/ 
temporal junction. 

I Screw in target mount. 

L SERIES Mounts - 12 



December 9, 1982 

Pre fe r red  p l a t e  l o c a t i o n  

P re fe r red  t a r g e t  l o c a t  i on  

(rev. October 24, 1982) 

I f "p re fe r red "  n o t  used, 
d e v i a t i o n s  i n d i c a t e d  above. 

L SERIES Mounts - 13 



December 9, 1982 

SPINAL MOUNTS 

( r ev .  October 2 4 ,  1982) 

TASK TIME COMMENTS I 
Spinal mounts go on 
T I ,  T8, and T12. 

Make inc i s ions  over 
T I ,  T8, and T12. Clear 
muscle and t i s s u e  away 
from process ,  but do 
not cu t  between 
processes,  

D r i l l  a small hole 
1/4" deep i n  each 
process. 

- - 

Screw mounts on with 
wood screws (be sure  
screws a r e  i n  p rocess ) .  r 
IF NEEDED, place 
s t a b i l i z i n g  and 
mooring devices on 
each s i d e  of the  
laminae. Secure with 
Tie Wraps. 

Mold a c r y l i c  around 
(and under) mounts and 
mooring devices and 
allow t o  dry .  

Make sure  accelerom- 
e t e r s  a r e  anatomically 
or iented.  

Spinal geometry i f  
necessary. 

L SERIES Mounts - 14  



December 9 ,  1982 

PREPARATI ON 

(Rev. October 2 6 ,  1982) 

Dress cadaver. 

TASK 

Using masking tape 
wrap tape around head 
covering a l l  but 9AX 
p l a t e .  

Place parachute 
harness on cadaver. 

TIME 

Store  cadaver i f  
necessary. 

COMMENTS 

Transport cadaver t o  
t e s t i n g  a rea ,  being 
ca re fu l  not t o  damage 
mounts, 

L SERIES Post-Surgery - 15 



December 9, 1982 (rev. October 26, 1982) 

ELECTRONICS CHECK AND PRETEST TRIAL RUN 

Electronics Check 

- check accelerometers (excitation and zero) 
- check wiring and cables 
- mount accelerometers in triax clusters 
- check amplifiers 
- calibrate tape with impedance-matching amp 
- recorder 
- complete wiring 
- check strobe, gate, timer, rope cutters 
- run trial test 
- load platform calibrated day before test 
- load ~hotosonics and HyCam cameras with Kodak 16mm 

7242-#FB-430 color film 

Pretest Trial Run 

1 - Suspend rubber tube five inches from impact plate 
with fiber tape, 

* *  - Tape all accelerometers (while still in sleeves) 
to rubber tube with paper tape, 

3 .  - Attach the contact switches to the impact plate. 
4 .  - Run trial test. 
5 ,  - Record all signals, gate, and strobe. 
6, - Put a one-volt signal on a junk tape and check 

to see if one volt is played back, 
Use signal generator o; ihpedance- 
matching amp with the scope to 
calibrate output. 

L SERIES Pretest Trial Run - 16 



December 9 ,  1982  (rev. October 24,  1 9 8 2 )  

HEAD IMPACT 1  
( L o w D r o p )  - 

Test No. 

Head impact 1. 
(Low Drop) 

Attach ball targets 
and phototargets. 

TASK 

Attach thorax belts 
and pelvis/leg belts 
to cadaver. 

Using pulleys and 
adjusting belts, 
hoist cadaver into 
position. 

Using plumb line to 
anticipate contact 
point, continue 
positioning cadaver. 

Set up head catch 
system. 

Final positioning 
(see figure). 

Place BLT on platform; 
take short exposure. 

Measure and record 
head, neck, thorax, 
leg angles. 
Record drop height:- 

Setup photos. 

Final checklist. 

Run test. 

TI ME 

L SERIES 

COMMENTS 

Head Impact 1 - 17 



December 9, 1982 (rev. October 24, 1982)  

L SERIES Head Impact 1 - 18 



December 9 ,  1982 

EQUI PMENT 

( r e v .  October 2 4 ,  1982)  

HEAD IMPACT 1 - -- - 
Timer Eiox Setup 

Impact 

I 
Gate ( s t a r t )  

Thorax rope cu t t e r  ( 5 )  

Photosonics I ( s t a r t )  

Leg / pelvis  rope cu t t e r  ( 5 )  

Photosonics I 1  ( s t a r t )  

TIMER VALUES 

Delay 

7 
Run 

L SERIES Head Impact 1 - 19 



December 9, 1982 (rev. October 2 4 ,  1982) 

FINAL CHECKLIST - 
- doors locked 
- load platform calibrated 
- check transducers and time base 
- all timer box switches to 'off1 
- timer box values correct and correct timers charged 
- power on 
- timing lights on 
- strobe charged 
- gate trigger established 
- cameras set and in correct positions 
- cameras set at correct FPS -- 500 FPS for low drop 

1000 FPS for high drop 

- Newtonian reference 
- calibration target and all targets in view of cameras 
- rope cutters threaded and nylon strings unfrayed 
- rope cutter cables free 
- backdrops in place 
- overhead hoists in correct positions 
- all four break bolts on hoists locked 
- hoist cables out of camera view 
- targets in view of cameras 
- padding 
- final positioning 
- BLT calibration target exposed 
- drop height recorded 
- head, neck, thorax, leg angles recorded 

L SERIES Head Impact 1 - 20 



December 9, 1982 (rev. October 25, 1982) 

HEAD IMPACT 2 
(LowDropj - 

Test No. 

Reposition cadaver 
setting new initial 
angles. 

TASK 

Check head catch 
system. 

Final positioning 

IF NEEDED, BLT update. 

TI ME 

Measure and record 
head, neck, thorax, 
leg angles. 
Record drop height:-. 

COMMENTS 

Setup photos. 

Final checklist. 

Run test. 

L SERIES Head Impact 2 - 21 



December 9, 1982 (rev. October 2 5 ,  1982 )  

L SERIES Head Impact 2 - 22 



December 9 ,  1982 ( r ev .  October 2 5 ,  1982) 

EQUI PMENT 

HEAD IMPACT 2 - - 
Timer Box Setup 

- Impact Delay 

TIMER VALUES 

Gate ( s t a r t )  

Lights  ( s t a r t )  

Thorax rope c u t t e r  (5) 

Photosonics I ( s t a r t )  

Run 

I 

0490 

0900 

Leg / pe lv i s  rope c u t t e r  ( 5 )  

~ h o t o s o n i c s  I1  ( s t a r t )  

L SERIES 

0490 

0900 

Head Impact 2 - 23 



December 9, 1982 (rev. October 25, 1982) 

FINAL CHECKLIST - 
- doors locked 
- load platform calibrated 
- check transducers and time base 
- all timer box switches to 'offs 
- timer box values correct and correct timers charged 
- power on 
- timing lights on 
- strobe charged 
- gate trigger established 
- cameras set and in correct positions 
- cameras set at correct FPS -- 500 FPS for low drop 

1000 FPS for high drop 

- Newtonian reference 
- calibration target and all targets in view of cameras 
- rope cutters threaded and nylon strings unfrayed 
- rope cutter cables free 
- backdrops in place 
- overhead hoists in correct positions 
- all four break bolts on hoists locked 
- hoist cables out of camera view 
- targets in view of cameras 
- padding 
- final positioning 
- BLT calibration update 
- drop height recorded 
- head, neck, thorax, leg angles recorded 

L SERIES Head Impact 2 - 24 



December 9, 1982 (rev. October 25, 1 9 8 2 )  

HEAD IMPACT 3 
Tow-Drop) - 

Test No.- 

TASK TIME COMMENTS I 
Reposition cadaver 
setting new initial 
angles. 

Check head catch 
system. 

Final positioning 

IF NEEDED, BLT update. 

Measure and record 
head, neck, thorax, 
leg angles. 
Record drop height:-. 

Setup photos. 

Final checklist. 

Run test. 

L SERIES Head Impact 3 - 25 



December 9, 1982 ( rev .  October 25 ,  1 9 8 2 )  

5 SERIES Head Impact 3 - 26 



December 9, 1982 ( r ev .  October 25, 1982) 

HEAD IMPACT 3 - - 
Timer Box Setup 

EQUI PMENT TIMER VALUES 

Impact Delay Run 

Gate ( s t a r t )  

L i g h t s  ( s t a r t )  

Thorax rope c u t t e r  ( 5 )  

Photosonics I ( s t a r t )  

Leg / p e l v i s  rope c u t t e r  ( 5 )  

L SERIES 

Photosonics I 1  ( s t a r t )  

Head Impact 3 - 27 

0490 

0900 

7 0050 

8 1030 



December 9, 1982 (rev. October 25, 1982) 

FINAL CHECKLIST 

- doors locked 
- load platform calibrated 
- check transducers and time base 
- all timer box switches to 'off' 
- timer box values correct and correct timers charged 
- power on 
- timing lights on 
- .  strobe charged 

- gate trigger established 
- cameras set and in correct positions 
- cameras set at correct FPS -- 500 FPS for low drop 

1000 FPS for high drop 

- Newtonian reference 
- calibration target and all targets in view of cameras 
- rope cutters threaded and nylon strings unfrayed 
- rope cutter cables free 
- backdrops in place 
- overhead hoists in correct positions 
- all four break bolts on hoists locked 
- hoist cables out of camera view 
- targets in view of cameras 
- padding 
- final positioning 
- BLT calibration update 
- drop height recorded 
- head, neck, thorax, leg angles recorded 
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December 9, 1982 (rev. October 25, 1982) 

HEAD IMPACT 4 
( L o w D r o p )  - 

Test No. 

Reposition cadaver 
setting new initial 
angles. 

TASK 

Check head catch 
system. 

Final positioning 

TIME 

IF NEEDED, BLT update. 

COMMENTS 

Measure and record 
head, neck, thorax, 
leg angles, 
Record drop height: - 

Setup photos. 

Final checklist. 

Run test. 
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December 9, 1982 (rev. October 25, 1982) 

HEAD IMPACT 4 - - 
Timer Box Setup 

EQUI PMENT TIMER VALUES 

Impact Delay 

I 
Gate (start) 

Lights (start) 

Leg / pelvis rope cutter (5) 

Thorax rope cutter (5) 

Phocosonics I (start) 

Photosonics I1 (start) 

0490 

0900 

Run 

I 
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December 9, 1982 (rev. October 25,  1982)  

FINAL CHECKLIST - 
7 

doors locked 

- load platform calibrated 
- check transducers 
- all timer box switches to 'off' 
- timer box values correct and correct timers charged 
- power on 
- timing lights on 
- strobe charged 
- gate trigger established 
- cameras set and in correct positions 
- cameras set at correct FPS -- 500 FPS for low drop 

1000 FPS for high drop 

- Newtonian reference 
- calibration target and all targets in view of cameras 
- rope cutters threaded and nylon strings unfrayed 
- rope cutter cables free 
- backdrops in place 
- overhead hoists in correct positions 

all four break bolts on hoists locked 

- hoist cables out of camera view 
e - targets in view of cameras 
- padding 

final positioning 

- BLT calibration update 
- drop height recorded 
- head, neck, thorax, leg angles recorded 
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December 9, 1982 (rev, October 2 5 ,  1982)  

HEAD IMPACT 5 
m g h  ~rop)- 

Test No, 

Reposition cadaver 
setting new initial 
angles and new 
drop height. 

TASK 

Check head catch 
system. 

Final positioning 

TIME 

IF NEEDED, BLT update. 

COMMENTS 

Measure and record 
head, neck, thorax, 
leg angles. 
Record drop height:-. 

Setup photos. 

Set cameras at 
1000 FPS. 

1 

Final checklist, 

Run test. 
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e , - 
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December 9 ,  1982 

EQUI PMENT 

( rev .  October 25, 1982) 

HEAD IMPACT 5 - 
Timer Box Setup 

TIMER VALUES 

Impact Delay 

I 
Gate ( s t a r t )  

HyCam ( s t a r t )  

Lights ( s t a r t )  

Thorax rope c u t t e r  ( 3 )  

0005 

Photosonics I ( s t a r t )  

~ e g / p e l v i s  rope c u t t e r  (3) K 
Photosonics I1 ( s t a r t )  

Run 
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December 9, 1982 (rev. October 2 5 ,  1982) 

F I  NAL CHECKLI ST 

- doors locked 
- load platform calibrated 
- check transducers and time base 
- all timer box switches to 'off' 
- timer box values correct and correct timers charged 
- power on 
- timing lights on 
- strobe charged 
- gate trigger established 
- cameras set and in correct positions 
- cameras set at correct FPS -- 500 FPS for low drop 

1000 FPS for high drop 

- Newtonian reference 
- calibration target and all targets in view of cameras 
- rope cutters threaded and nylon strings unfrayed 
- rope cutter cables free 
- backdrops in place 
- overhead hoists in correct positions 
- all four break bolts on hoists locked 

hoist cables out of camera view 

- targets in view of cameras 
- padding 
- final positioning 
- BLT calibration update 
- drop height recorded 
- head, neck, thorax, leg angles recorded 
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December 9, 1982 (rev. October 26, 1982) 

POST TEST PROCEDURE -- 

2-X 
(Profile) 

TASK 

Remove all targets 
and triax clusters. 

Store cadaver if 
necessary. 

Transport cadaver to 
anatomy lab. 

Remove all 
instrumentation, 
except for 9AX 
head plate. 

Remove head and 
transport it to X-Ray 
Room for post test 
radiographs. 

2-Y 
(Frontal) 

L SERIES 

TI ME 
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December 9 ,  1982 

X-RAYS (X-RAY ROOM) 

( r e v .  October 26, 1 9 8 2 )  

L. Eye 

Reference 
Point 

R. Ear 

L. Ear 

Z-X Distance 
from Table 

KVP MA SEC LABEL 

Z-Y Distance 
from Table 

Z-Y 
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December 9, 1982 

AUTOPSY -- 

(rev. October 26, 1982) 

TASK TI ME COMMENTS 1 
After completion 
of radiographs, 
transport head 
to Anatomy Room 
for commencement 
of Autopsy. 

Autopsy 

**SAVE RIBS RIGHT 
SIDE 4 ,  5, 6** 

Observed Injuries 

1. Head: a, Brain b. Skull 

2. Neck: 

3, Thorax (ribs, heart, lungs, diaphragm, abdomen): 

COMMENTS : 

L SERIES Autopsy - 39 



TEST NO. 

Anterior View 

Right Lateral View 

Posterior View 

Left Lateral View 

Superior View 



TEST NO 

Anterior View 

u 
Right Lateral View 

Infer ior View 

Posterior View 

- 

Left Lateral View 

Superior View 



TEST NO. 









Right Profile  eft Profile ' 



TEST NO. 

VlEW FROM ABOVE VlEW FROM BELOW 



TEST NO. 

Goss Section 



., 

TEST NO. 

THORACIC VERTEBRAE ( T I  - T 4  ) 

r-' 
POSTERIOR 

u 
ANTERIOR 



TEST NO. 

THORACIC VERTEBRAE (TI - T4 ) 

RIGHT PROFILE LEFT PROFILE 



TEST NO. 

CERVlCAL VERTEBRA ( ~ 7 )  
THORACIC VERTEBRAE (TI - T4) 

RlGM PROFRE LEFT PROFILE 





T e s t  No.  



Yest N o .  



December 9, 1982 

L SERIES 

(rev. October 25, 1982) 

APPEND1 CES 

Anatomy Room Setup 
Testing Area Setup 

Cart ;Setup 
Autopsy Setup 

Timer Box Setup 

Appendices - 40 





December 9, 1982 (rev. October 25, 1 9 8 2 )  

ANATOMY ROOM SETUP 

MEASUREMENT 

- Anthropometer 
- Metric measuring tape 

PAPER AND PLASTICS -- 
- Visqueen on autopsy table 
- Blue pads on table 
- Gauze 

TAPES AND STRINGS -- 
- silver tape 
- Masking tape 
- Adhesive tape 
- Fiber tape 
- Flat waxed string 

SCALPELS 

- 2  large (#8) handles 

- 2  medium (#4) handles 

- 2  small (#3) handles 

- 2  #60 blades 

- 5 # 2 2  blades 

- 5 #15 blades 

- 2  # 1 2  blades 

FORCEPS 

- 2  hooked 

- 2 large plain 

- 2  small plain 
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HEMOSTATS 

- needle 
- small straight 
- small curved 
- large straight 
- lar~e curved 

SCISSORS 

- 2 small 

- 2 medium 

- 2 large 

SPREADERS 

- 2 large 
- 2 medium 

NEEDLES 

- 2 double curved 

- Tampons 
- Thermoknit longjohns and top 
- Cotton socks 
- Blue vinyl pants and top 
- Body harnesses 
- Shoulder and pelvis support system 

BOLTS AND SCREWS -- 
- 3 lengths of wood screws 
- 1-72 screws 

- Strain relief bolt 
- Wood and metal self-tapping screw boxes 
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December 9, 1982 ( rev .  October 25, 1982) 

MOUNTS AND ACCESSORIES - 
Spine(3) 

Nine-accelerometer plates (small, and 4 feet) 

Dental acrylic 

Bone wax 

Electric hair clippers 

Electric drill 

Drill bits 

hammer 

large and small screwdrivers 

nut driver (for lag bolts) 

Executive Slinky object space calibrated and nearly 
functional 
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December 9, 1982 (rev. October 26, 1982)  

TESTING AREA SETUP 

APPARATUS 

- hoists 
- backdrops 
- timer box 
- 2 light panels 
- both camera supports 

- strobe 
MATERI ALS 

- rags 
- foam (at least 4 sheets of 3x4 ft 6") 
- A.L. Ensolite 

- Seating foam 
ROPE CUTTERS - 
- thorax, l / 8 "  

- nylon strings (20 18"  1 /8 " )  

TOOLS 

- Allen wrench for load platform 
- Supply of piezoresistive cables 
- low-noise connectors 

MI SCELLANEOUS 

- calculator 
- Strobes 
- foam padding 
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December 9, 1982 (rev. October 26, 1982) 

CART SETUP 

TAPES 

- adhesive 
- fiber 
- silver 
- masking 
- black 
- double stick 

PAPER AND PLASTIC -- 
- blue pads 
- gauze 
- gloves 
- plastic garbage bags 

SCALPELS 

- 1 medium (#4) handle 

- 1 small ( # 3 )  handle 

- 5 #22 blades 

- 2 #15 blades 

- 1 #12 blade 

SURGICAL TOOLS 

- 2 forceps 
- 2 hemostats 

- large scissors 
- 2 double curved needles 

STRING 

- flat waxed string 
- black thread 
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December 9, 1982 

TOOLS - 
- small ( 1-72) screwdriver 

- large screwdriver 
- nut driver 
- ball driver (6-32) 
- 1-72 screws 
- 2-56 screws 

MI SCELLANEOUS 

- ball targets 
- paper targets 
- bone wax 
- alcohol 
- Q-tips 

(rev, October 26, 1982) 
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December 9 ,  1982 (rev. October 25, 1982)  

AUTOPSY SETUP 

PAPER AND PLASTICS -- 
- Visqueen on autopsy table 
- blue pads 
- gauze 

TAPE - 
- silver tape 

masking tape 

- fiber tape 
SCALPELS 

- 2  large (#8) handles 

- 2  medium ( # 4 )  handles 

- 2  small ( # 3 )  handles 

- 2  #60 blades 

- 10 #22 blades 
- 5 #15 blades 
- 2  #12 blades 

FORCEPS 

- 2  hooked 

- 2  large plain 

- 2 small plain 
HEMOSTATS 

- needle 
- small straight 
- small curved 
- large straight 
- large curved 
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SCISSORS 

- 2 small 
- 2 medium 

- 2 large 
SPREADERS 

- 3 medium 
- 3 large 

MISCELLANEOUS 

- Stryker saw and blade 
- bone shears 
- wedge 
- rib cutters 

L SERIES 

(rev. October 25, 1982) 
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December 9,  1982 (rev, October 26, 1982)  

EQUI PMENT 

Impact 

TIMER BOX SETUP -- 

TIMER VALUES 

Delay 

Gate (start) 

Lights (start) 

HyCam (start) 

Thorax rope cutter(3) 

Photosonics I (start) 

Run 

I 

Leg/pelvis rope cutter (3) 

Photosonics I1 (start) 

For impact height of 1.5 meters, contact time is 

0356 

0300 

derived from the formula and calculated to be 

553 ms. For impact height of 1.1 meters, contact time is 

calculated to be 474 ms. The lights require a mininum of 

1500 ms to illuminate the test area. Both photosonics 

require a minimum of 1200 ms to reach full speed of 1000 

FPS, The HyCam requires 800 ms to reach full speed, 
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APPENDIX  C 

COORDINATE SYSTEMS AND TRANSFORMATIONS 





Accurate documentation o f  the three-dimensional  mot ion o f  the  head 

i n  t he  l a b o r a t o r y  re fe rence  f rame requi  res t h a t  a c c e l e r a t i o n  data ob- 

t a i ned  i n  t h e  a r b i t r a r y  i ns t r umen ta t i on  frame be f i r s t  desc r ibed  i n  terms 

o f  t he  s tandard anatomical  system, and f i n a l l y  t ransformed t o  t he  labora-  

t o r y  re fe rence  system such t h a t  k inemat i c  responses between sub jec t s  may 

be compared. The a l g o r i t h m  f o r  t r ans fo rma t i on  from t h e  i ns t r umen ta t i on  

frame t o  the  anatomical  frame i s  es tab l i shed  f o r  any sub jec t  .l How- 

ever ,  as the l a b o r a t o r y  re fe rence  frame used and sub jec t  c o n f i g u r a t i o n  

a re  unique t o  t h i s  s tudy ,  the  t r ans fo rma t i on  between t he  anatomical  frame 

and the  l a b o r a t o r y  frame must be formulated.  

One method f o r  d e s c r i b i n g  data obtlained i n  one re fe rence  system i n  

terms o f  another  ( a r b i t r a r y )  system i s  t h a t  o f  Eu le r  Angle Transformat ion.  

Three success ive r o t a t i o n s  o f  t h e  f i r s t  system a re  r equ i r ed  t o  a1 ign  i t s  

axes w i t h  those o f  any a r b i t r a r y  system. 

In  t h i s  s tudy ,  we wish t o  descr ibe  the anatomical  re fe rence  frame 

i n  terms o f  t h e  l a b o r a t o r y  re fe rence  frame. To accompl i s h  t h i s ,  t h r e e  

angles d e s c r i b i n g  the  r o t a t i o n  o f  the  anatomical  system axes w i t h  respec t  

t o  t h e  re ference system axes a re  measured f o r  each sub jec t  when i n  pos i -  

t i o n  f o r  a  t e s t  ( F i g .  1 ) .  I t  i s  then necessary t o  r o t a t e  the  anatomical  

system through these angles t o  a1 i g n  i t , s  axes w i t h  t h e  l a b o r a t o r y  system 

axes. Th is  invo lves  two i n t e rmed ia te  o r i e n t a t i o n s  o f  the  anatomical  sys- 

tem. F i gu re  2  i l l u s t r a t e s  t h i s  t r ans fo rma t i on .  

The assoc ia ted  d i  r e c t i o n  cos ine  m a t r i x  t rans fo rmat ions ,  the  Eu le r  

m a t r i x ,  and the equat ions d e s c r i b i n g  one system i n  terms o f  the  o t h e r  

a re  presented i n  Sec t ion  1 .  

S i m i  l a r  t rans fo rmat ions  may be performed on the neck and thorax  co- 

o r d i n a t e  systems (Sect ions 2 ,3) .  These a re  much s imp le r  because o n l y  

one and two angles,  r e s p e c t i v e l y  , a re  requi  red t o  a l  i gn  these systems 

w i t h  t h e  l a b o r a t o r y  re ference con f i gu ra t i on .  By t h i s  ana l ys i s ,  the  

i n i t i a l  cond i t i ons  f o r  a1 1 sub jec ts  a re  s t a t e d  i n  common terms. 

~ G . s .  Nushol tz,  J.W. Me lv in ,  and N.M. Alem. "Head Impact Response 
Comparisons o f  Human Surrogates,"  23rd Stapp Car Crash Conference 
Proceedings. Warrendale, Pa.: Soc ie ty  o f  Automotive Engineers,  1979, 
pp. 497-541. SAE Paper No. 791020. 



ANGLE DEFINITIONS 

HEAD - Three angles ($,8,9) corresponding t o  r o t a t i o n s  o f  the head 
coord ina te  system about t he  1,2, and 3 axes, respec t i ve l y ,  
a re  measured: 

NECK - One angle (a) corresponding t o  r o t a t i o n  about the  2 a x i s  o f  
the  neck coord ina te  system i s  measured: 

THORAX - Two angles (f3,y) corresponding t o  r o t a t i o n s  o f  the  thorax  
coord ina te  system about the  2 and 3 axes, respec t i ve l y ,  a re  
measured : 

Appendix I l l ,  F igure 1 :  Head Angle D e f i n i t i o n s  



Appendix I l l ,  F i gu re  2:  Transformat ion t o  Laboratory  Reference 
System From Anatomical Reference System 
























