
vehicle research 
institute report 

VRI 8.2 

V e h i c l e  
Research 
Ins t i tu te  

Human Tolerance Research Program 

S O C I E T Y  O F  A U T O M O T I V E  E N G I N E E R S ,  I N C .  



@ Society  o f  Automotive Engineers, Inc. ,  1974 
A l l  r i g h t s  reserved 



UM-HSRI-BI- 74-3 

HUMAN TOLERANCE RESEARCH PROGRAM 

F i r s t  Year I n t e r i m  Report  

R icha rd  1. Sta lnake r  
John W. M e l v i n  

B iosc iences D i v i s i o n  
Highway Sa fe ty  Research I n s t i t u t e  

The U n i v e r s i t y  o f  Mich igan 
Ann Arbor,  Mich igan 481 05 

Report  To: 

V e h i c l e  Research I n s t i t u t e  
S o c i e t y  o f  Automot ive Engineers 





J . L, i) 
i) J 
L C  re 
0 W +J 

C W  iI 
0 .3 0 

> 
L 0 
m  m  il 

CL c 
X 0 

Y, i) 
w C l  R1 
m r  0 
L a  r 
r 0  L l  
LCU 0 

c 
-a =In u 
> 

0 , :  

w c  r -  0 
c u .? 
( C m  w 
o e  "7 

CI m 
m L  al 

F- .% a 
a.c - 
0  l- 

"7 C 
0 r 0 
n .- 

E u 
E 

.- m 3 
LC0 0- 

C l 2  h 
m z c  
m C x  m 
u  

? L L C  w 
L I Y O  5 

U CJ 
z v m o  s 
d Y +  
3 " 3 - 0  3 
b - O I O  

- 3 U  h . U U 3  
L  C C O  Y. - .- W m u  - 

L  m 
I  Cl 
rJ - .  
& z-2 





. Report No. 1 2. Government Accession No. 1 3 .  Recipient's Catalog No. 1 

I Human Tolerance Research Program 

UM-HSRI-BI-74-3 
1. Title and Subtitle 

F i r s t  Year I n t e r i m  Report  

5. Report Date 1 
4 

6. Performing Organization Code 

14. Sponsoring Agency Code 

r .  Sta lnake r ,  R icha rd  L. 
Me lv in ,  John W .  

1. Performing Organization Name and Address 

Highway Sa fe ty  Research I n s t i t u t e  
The U n i v e r s i t y  o f  Mich igan 
Huron Parkway & Bax te r  Rd. 
Ann Arbor ,  Michigan 48105 

12 .  Sponsoring Agency Nameand Address 

V e h i c l e  Research I n s t i t u t e  

I 

15. Supplementary Notes 

September 1974 
8. Performing Organization Report No. 

UM-HSRI-BI-74- 3 
10. Work Unlt No. 

I I. Contract or Grant NO. 

13. Type of Report and Period Covered 

F i r s t  Year I n t e r i m  
4-15-73 t o  5-15-74 

16. Abstract 
Th is  i n t e r i m  r e p o r t  d iscusses t h e  progress  d u r i n g  the  f i r s t  y e a r  o f  

a  two y e a r  program on advanced research  i n  human t o l e r a n c e  t o  impact .  The areas 
o f  i n t e r e s t  i n  t h e  program are  the  d e t e r m i n a t i o n  o f  t h e  f o l l o w i n g :  

1. R e l a t i o n s h i p s  between l i n e a r  and angu lar  impacts o f  va r ious  i n t e n s i t y  
and d i r e c t i o n  t o  t h e  head and t h e  r e s u l t i n g  i n j u r i e s .  

2 ,  E f f e c t i v e  p r i n c i p a l  moments of  i n e r t i a  of t he  head i n  r o t a t i o n .  
3. To lerance of t h e  femur t o  l o n g i t u d i n a l  and t r a n s v e r s e  impact. 
4. To lerance o f  the  t i b i a  and f i b u l a  t o  t ransve rse  impact .  
The t e s t  s u b j e c t s  used i n  t h i s  program a r e  a l l  unembalmed human cadavers. 

A unique f e a t u r e  o f  t h e  program i s  the  use o f  s u f f i c i e n t  i n s t r u m e n t a t i o n  t o  
determine the  t h r e e  dimensional  mot ion  o f  t h e  head bo th  d u r i n g  impact  and i n  t h e  mo- 
t i o n  t h a t  f o l l o w s .  I n  o r d e r  t o  accompl ish t h i s ,  many s p e c i a l  techniques had t o  be 
developed, and t h e  a p p r o p r i a t e  t e s t  f i x t u r e s  had t o  be designed and b u i l t .  The de- 
t a i l s  o f  these techn iques and f i x t u r e s  a r e  found i n  the  Appendices o f  t h i s  r e p o r t .  
The advantage o f  such complete i n s t r u m e n t a t i o n  i s  t h a t  t h e  data  on head mot ion  
produced i n  each t e s t  can be reduced t o  g i v e  the  l i n e a r  and angu lar  a c c e l e r a t i o n s  
of any p o i n t  w i t h i n  the  head and can be r e c a l c u l a t e d  a t  a  d i f f e r e n t  p o i n t  a t  a  
l a t e r  date i f  so des i red.  Th is  r e p o r t  d iscusses t h e  exper imenta l  techniques de- 
veloped f o r  t he  va r ious  tasks  o f  t h e  program and presents  t h e  r e s u l t s  of  
p r e l i m i n a r y  t e s t s  performed d u r i n g  the  f i r s t  y e a r  o f  t h e  program. 

17 .  Key Words 

I I 1 
orm DOT F 1700.7 (8.69, 

18.  Distribution Statement 

I 

19. Security CIaslf.(of this report) 20. Secur~ty Classif.(of this page) 21. No. of Pages 22. Rice 





TABLE OF CONTENTS 

Page 
1  .0 INTRODUCTION 1 

2.0 METHOD 3  

2.1 Task 1  3 

2.1.1 A-P Impac t s  3 

2.1.2 L-R Impac t s  5 

2 .2  Task 2  D e t e r m i n a t i o n  o f  t h e  E f f e c t i v e  Moment o f  
I n e r t i a  o f  t h e  Head o f  I n t a c t  Cadavers 5 

2.2.1 A n t h r o p o m e t r i  c  Measurements and L o c a t i o n  
o f  C. G. o f  t h e  Head 8 

2.2.2 l o c a t i o n  o f  R o t a t i o n a l  Axes i n  t h e  A - P ,  L-R 
and S - I  D i r e c t i o n s  w i t h  O r i g i n  a t  C.G. 1 0  

2.2.3 D e t e r m i n a t i o n  o f  t h e  E f f e c t i v e  Moment o f  
I n e r t i a  1 0  

2 .3  Task  3  7 3 

2.4 Tasks 4  and 5 1 3  

3.0 RESULTS 

3 .1  Task 1 

3.2 Task 4 

4.0 CONCLUSIONS 

REFERENCE 

APPENDIX A  - Head M o t i o n  D e t e r m i n a t i o n  

1  I n t r o d u c t i o n  

A.2 T h e o r e t i c a l  A n a l y s i s  o f  Head M o t i o n  

A .  3 A c c e l e r o m e t e r  I n s t a l  l a t i o n  F i x t u r e  

A.4 T h r e e  D imens iona l  X-Ray Techn ique  

A.4.1 Method 

A.4.2 D e f i n i t i o n s  

A.4.3 X-Ray Measurements o f  a  S i n g l e  P o i n t  

A. 4 .4  E x p e r i m e n t a l  X-Ray P rocedu re  

A.4.5 Compu ta t i ona l  P r o c e d u r e  



TABLE OF COiiTEIITS (Con t i nued )  

A P P E N D I X  B - Cadaver C h a i r  

A P P E N D I X  C - Anthropomet ry  Data 

Page 

6 5 

7 0 



LIST OF FIGURES 

Page 

F i g u r e  1-a. 

F i g u r e  1-b. 

F i g u r e  2 .  

F i g u r e  3. 

F i g u r e  4. 

F i g u r e  5. 

F i g u r e  6. 

F i g u r e  7 .  

F i g u r e  8. 

F i g u r e  9. 

F i g u r e  10. 

F i g u r e  11. 

F i g u r e  12.  

F i g u r e  13.  

F i g u r e  14.  

F i g u r e  15. 

F i g u r e  16. 

F i g u r e  17. 

F i g u r e  18. 

F i g u r e  19. 

F i g u r e  20. 

F i g u r e  21. 

F i g u r e  A-1. 

F i g u r e  A-2. 

F i g u r e  A-3 

T a r g e t i n g  f o r  F r o n t  and Back Head Impac t s .  6 

T a r g e t i n g  f o r  S i d e  Head Impac ts .  

D e v i c e  f o r  L o c a t i  ng  S p e c i a l  Axes 

Head Moment o f  I n e r t i a  T e s t  Set-Up 

T e s t  Set-Up f o r  Head Impac ts  

Impac t  Fo r ce  vs.  Time f o r  VRIC-1 

R e s u l t a n t  A c c e l e r a t i o n  Body P o i n t  and S e v e r i t y  
I n d e x  1 6  

Res u l  t a n  t Angul  a r  Acce l  e r a t  i on and Vel o c i  t y  17 

Yaw and Yaw Rate  o f  Body P o i n t  f o r  VRIC-01 18 

P i t c h  and P i t c h  Ra te  o f  Body P o i n t  f o r  VRIC-01 19 

R o l l  and R o l l  Ra te  o f  Body P o i n t  f o r  VRIC-01 2  0  

T e s t  Set-Up f o r  Knee Impac t s  

Leg Impac t  f o r  VRIC-1 

Leg Impac t  f o r  VRIC-2 

Leg  Impac t  f o r  VRIC-3 

Leg Impac t  f o r  VRIC-4 

Leg Impac t  f o r  VRIC-5 

L-R X-Ray o f  VRIC-4 Leg  F r a c t u r e  

A-P X-Ray o f  VRIC-4 Leg  F r a c t u r e  

2-2-2 Comb ina t i on  

I n s t r u m e n t a t i o n  C o o r d i n a t e  System and A c c e l e r o -  
m e t e r  O r i e n t a t i o n  42 



LIST OF FIGURES (Con t i nued )  

F i g u r e  A-4. 

F i g u r e  A-5. 

F i  gure  A-6. 

F i g u r e  A-7. 

F i g u r e  A-8. 

F i g u r e  A-9. 

F i g u r e  A-10, 

F i g u r e  A-11. 

F i g u r e  B-1  . 
F i g u r e  8-2.  

Accel  e rometer  I n s t a l  l a t i o n  F i x t u r e  

C o l l  e t ,  Cup, and Acce lerometer  Assembly 

Acce le romete r  L o c a t i o n  Measurement 

I n s t r u m e n t a t i o n  Coord ina te  System f o r  t h e  Head 

Anatomica l  P o i n t s  D e f i n i n g  t h e  F r a n k f o r t  P lane 

S i m p l i f i e d  X-Ray Set-Up f o r  a  S i n g l e  P o i n t  

C a l i b r a t i o n  o f  X-Ray Set-Up 

Lead P l a t e  f o r  Pre-Record ing  o f  O p t i c a l  Center  

Cadaver Seat  

Cadaver Seat  Schematic 

Page 

43 

44 

46 

5 1 

5 2 

5  4  

5  6  

5 8 

6 7 

68 



1.0 INTRODUCTION 

W i t h  t h e  advent  o f  h igh-speed a i r  and l a n d  t r a n s p o r t a t i o n ,  eng inee rs  have 

become i n c r e a s i n g l y  aware o f  t h e  mechan ica l  f r a n g i b i l i t y  o f  t h e  human body. 

Thus we have seen t h e  e v o l  u t i o r l  o f  v a r i o u s  i s 0 1  a t i n g  and l o a d - d i  s t r i  b u t i n g  

dev i ces  r a n g i n g  f r o m  s e a t  be1 t s  and padded sun v i s o r s  t o  e j e c t i o n  s e a t s ,  

c rash  he lmets ,  and a c c e l e r a t i o n  couches. Wh i l e  t h e r e  i s  a  l a r g e  amount o f  

i n f o r m a t i o n  a v a i  1  a b l e  r e g a r d i n g  t h e  response o f  i nan ima te  systems t o  v i b r a t i o n  

and impac t ,  t h e r e  i s  a  comparable d e a r t h  o f  knowledge p e r t a i n i n g  t o  t h e  

mechanical  response o f  b i  01 o g i c a l  systems. T h e r e f o r e ,  t h e  des ign  o f  much 

s u p p o r t i n g  and p r o t e c t i v e  equipment  i s  o f t e n  based on i n t u i t i o n  because o f  

t h e  l a c k  o f  a v a i l a b l e  i n f o r m a t i o n  about  t h e  mechanical  b e h a v i o r  o f  t h e  human 

body. I n  a d d i t i o n ,  such knowledge wou ld  be h e l p f u l  i n  t h e  t r e a t m e n t  o f  

i n j u r y  by s e r v i n g  t o  i d e n t i f y  t h e  mechanism o f  trauma. Thus, b o t h  a  r a t i o n a l  

des ign  p rocedu re  f o r  impac t  p r o t e c t i o n  and a  r a t i o n a l  t h e r a p y  f o r  t r e a t m e n t  

o f  t rauma cannot  be deve loped u n t i l  a  q u a n t i t i v e  d e s c r i p t i o n  o f  t h e  mechanical  

responses o f  t h e  human body i s  ob ta ined .  

S i g n i f i c a n t  p rog ress  i n  human t o l e r a n c e  resea rch  i n  t h e  p a s t  has been 

impeded by t h e  l a c k  o f  s u i t a b l e  expe r imen ta l  s u b j e c t s .  Var ious  models o f  

man have been used t o  s t u d y  h i s  response t o  e x t e r n a l  f o r c e s  and t o  document 

h i s  1  i m i t a t i o n s .  These have i n c l  uded v a r i o u s  spec ies  o f  subhuman p r i m a t e s  

r a n g i n g  f r o m  t h e  s q u i r r e l  monkey t o  t h e  chimpanzee, bears ,  embalmed human 

cadavers,  and human v o l u n t e e r s .  The l i m i t a t i o n s  o f  each cho i ce  o f  t e s t  

s u b j e c t  have become apparen t ,  p a r t i c u l a r l y  a f t e r  t h e  r e s u l t i n g  e x p e r i m e n t a l  

d a t a  have been a p p l i e d  t o  t h e  l i v i n g  human i n  a  c rash  env i ronment .  

I n  t h i s  program i t  was proposed t o  use unembalmed human cadavers t o  s t u d y  

head and l e g  t o l e r a n c e  t o  d i r e c t  impac t .  The f o l l o w i n g  s p e c i f i c  t asks  were 

s e t  t o  be accompl ished i n  t h e  program: 



( 1 )  Determine the  r e l a t i o n s h i p  between impacts o f  v a r y i n g  i n t e n s i t y  and 

i n j u r y  f o r  b lows a p p l i e d  t o  t h e  head. Blows w i l l  be d i r e c t e d  a t  t h e  

f r o n t ,  r e a r ,  and o b l i q u e  s i t e s  t o  determine the  dependence o f  i n j u r y  

on impact  d i r e c t i o n ,  

( 2 )  Determine t h e  e f f e c t i v e  dynamic moments o f  i n e r t i a  i n  t o r s i o n  f o r  

t h e  t h r e e  p r i n c i p a l  axes. 

( 3 )  Conduct head impacts i n  a  t o r s i o n - o n l y  mode t o  r e l a t e  head i n j u r y  t o  

impact  i n t e n s i t y .  

( 4 )  Determine the  human t o l e r a n c e  o f  t h e  p a t e l l a  and femur system f o r  

impacts i n  t h e  l o n g  a x i s  o f  t h e  femur, Determine t h e  t o l e r a n c e  o f  

t h e  femur t o  l a t e r a l  impact .  

( 5 )  Determine t h e  t o l e r a n c e  o f  t he  t i b i a  and f i b u l a  t o  impac t  a p p l i e d  

normal t o  t h e  l ower  l e g  f rom the  f r o n t  and s i d e .  

T h i s  i s  a  f i n a l  r e p o r t  on t h e  f i r s t  y e a r  o f  a  two-year p r o j e c t .  The 

t h r u s t  o f  t h e  f i r s t  y e a r  was on the  development o f  t h e  t e s t  procedures t o  be 

used i n  the  comp le t i on  o f  t h e  p r o j e c t  i n  the  second y e a r .  

Due t o  the  l a r g e  number o f  t e s t s  proposed i n  t h i s  s tudy ,  i t  became 

obvious t h a t  a  r e v i s i o n  o f  o l d  t e s t  procedures would have t o  be undertaken.  

I t was dec ided f o r  maximum e f f i c i e n c y  t h a t  as many t e s t s  as p o s s i b l e  shou ld  

be run  on the  same cadaver. To implement t h i s  d e c i s i o n ,  a l l  o f  t h e  t e s t  

procedures and f i  x t u r e s  were redes igned and cons t ruc ted .  T h i s  r e v i s i o n  makes 

i t  p o s s i b l e  t o  b r i n g  i n  a  cadaver and p e r f o r m  tasks  1  th rough 5 i n  a  24-hour 

p e r i o d .  T h i s  means t h a t  b e t t e r  cadaver m a t e r i a l  can be used i n  these t e s t s .  

The f o l l o w i n g  i s  a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  t e s t  f i x t u r e s  and some proce- 

dures t h a t  a re  t o  be used i n  t h e  second y e a r .  



A  un ique  f e a t u r e  o f  t h e  p rogram i s  t h e  use o f  s u f f i c i e n t  i n s t r u m e n t a -  

t i o n  t o  de te rm ine  t h e  t h r e e - d i m e n s i o n a l  m o t i o n  o f  t h e  head b o t h  d u r i n g  impac t  

and i n  t h e  m o t i o n  t h a t  f o l l o w s .  I n  o r d e r  t o  accompl ish  t h i s ,  many s p e c i a l  

t echn iques  had t o  be developed,  and t h e  a p p r o p r i a t e  t e s t  f i x t u r e s  had t o  

be des igned  and b u i l t .  The d e t a i l s  o f  t hese  t echn iques  and f i x t u r e s  a re  

f ound  i n  t h e  Appendices o f  t h i s  r e p o r t .  The advantage o f  such comple te  

i n s t r u m e n t a t i o n  i s  t h a t  t h e  d a t a  on head mo t i on  p roduced i n  each t e s t  can 

be reduced t o  g i v e  t h e  l i n e a r  and a n g u l a r  a c c e l e r a t i o n s  o f  any p o i n t  w i t h i n  

t n e  head and can be r e c a l c u l a t e d  a t  a  d i f f e r e n t  p o i n t  a t  a  l a t e r  d a t e  i f  

so d e s i r e d ,  Thus, t he  d a t a  p roduced i n  t h e  program w i l l  be o f  use t o  f u t u r e  

s t u d i e s  w i t h o u t  t h e  usual  r e s t r i c t i o n  o f  l i m i t e d  d a t a  (such  as t r i a x i a l  

l i n e a r  a c c e l e r a t i o n s  o n l y  a t  a  s p e c i f i c  p o i n t )  t h a t  p a s t  s t u d i e s  have 

produced.  

2.0 METtiOD 

2.1 Task I 

The specimens used i n  t h i s  s t u d y  a r e  f r e s h ,  unembalmed cadavers ob- 

t a i n e d  f r o m  t h e  Anatomy Department o f  t h e  U n i v e r s i t y  o f  M i ch igan  Med ica l  

S c i ~ o o l .  They a r e  s t o r e d  a t  37" F f o r  two o f  t h e  t h r e e  days between t ime  o f  

dea th  and impac t .  Tile cadavers a r e  t r a n s p o r t e d  t o  H S R I  and a l l o w e d  t o  

reach  room tempera tu re  b e f o r e  t e s t i n g .  T h i s  ensures  t h a t  t h e  e f f e c t s  o f  

r i g o r  m o r t i s  have d i sappea red  arid t h e  b l o o d  i s  aga in  f l u i d .  

2.1.1 A-P Impac ts  

Tne a x i s  o f  t h e  i m p a c t o r  i s  i n  t h e  mid-sag i  t t a l  p l a n e  and i s  normal t o  

t h e  s u r f a c e  o f  t h e  s k u l l  a t  t h e  p o i n t  o f  i n i t i a l  impac t .  The cadaver  i s  

p o s i t i o n e d  so t h a t  t h e  i n f e r i o r  aspec t  o f  t h e  s i x - i n c h  d i a m e t e r  i m p a c t o r  

i s  a d j a c e n t  t o  t h e  g l  abe l  l a  and t h e r e f o r e  no p a r t  o f  t h e  i m p a c t o r  comes i n  

c o n t a c t  w i t h  t h e  s u b j e c t ' s  nose. The p o i n t  o f  impac t  i s  l o c a t e d  t h r e e  



i nches s u p e r i o r  t o  t h e  g l a b e l l a  i n  t he  m i d - s a g i t t a l  p l a n e ,  o r  a t  t h e  back 

o f  t he  o c c i p i t a l  bone. T h i s  a l l o w s  t h e  i m p a c t o r  t o  c o n t a c t  t h e  fo rehead  

i r i  such a  way as t o  l o a d  upon as l a r g e  and f l a t  a  s u r f a c e  as p o s s i b l e .  

The t a r g e t s  used f o r  p i l o tog raph ic  a n a l y s i s  a re  i n  a  p l a n e  e x t e n d i n g  

i n  t h e  L-R d i r e c t i o n ,  common t o  t h e  a x i s  o f  impact .  They a r e  l o c a t e d  two 

i nches  a n t e r i o r  and one i n c h  p o s t e r i o r  t o  t h e  i n t e r s e c t i o n  o f  a  l i n e  pe r -  

p e n d i c u l a r  t o  t h e  a x i s  o f  impac t  p a s s i n g  th rough  t h e  e x t e r n a l  a c o u s t i c  

meatus, w i t h  t h e  above d e s c r i b e d  p lane .  A l l  t a r g e t s  a re  mounted on sma l l  

wood screws,  wh ich  are  then d r i v e n  i n t o  t h e  sku1 1  ( F i g u r e  l a ) .  The Class 

1000 frequency response values f o r  f i l t e r i n g  were used f o r  a l l  head acce le ra -  

t i o n ,  as recommended by SAE Standard  5211. 

The acce le romete r  c o n f i g u r a t i o n  a t t a c h e d  t o  t h e  head i s  t h a t  o f  t h r e e  

b i  a x i a l  acce lerometers  l o c a t e d  a c c o r d i n g  t o  t h e  a n a l y s i s  g i v e n  i n  Appendix A 

T h i s  a r r a y  a1 lows t h e  complete d e t e r m i n a t i o n  o f  t h e  t h r e e  d imens iona l  mot ion  

o f  t h e  head as o u t l i n e d  i n  t he  f l o w  c h a r t  shown i n  F i g u r e  2. 

A f t e r  b e i n g  t a r g e t e d ,  x - rayed,  and equ ipped w i t h  acce lerometers  as 

d e t a i l e d  i n  Appendix A,  t h e  cadaver i s  p l a c e d  i n  a  c h a i r  s p e c i a l l y  des igned 

and c o n s t r u c t e d  f o r  t h i s  impact  s tudy  (See Appendix 8). A l l  s u r f a c e s  

a g a i n s t  wh ich  t h e  cadaver  mi g i l t  come i n  c o n t a c t  i n  i t s  p o s t - i m p a c t  

movements a re  t h i c k l y  padded w i t h  s t y r o f o a m  t o  p r e v e n t  damage t o  t h e  cadaver.  

A  s p e c i a l  foam apparatus i s  employed t o  absorb t h e  energy  o f  t h e  head and 

t o  p r o t e c t  t h e  acce lerometers  f rom damage. 

The cadaver i s  c a r e f u l l y  p o s i t i o n e d  so t h a t  i t s  head i s  i n  t h e  c o r r e c t  

p o s i t i o n  r e l a t i v e  t o  t h e  i m p a c t o r  and a t  t he  same t ime t h e  whole cadaver 

a c t s  as a  f r e e  body. 

The head i s  suspended and h e l d  i n  p l a c e  by f o u r  s t r a n d s  o f  000 t h i c k n e s s  

s u r g i c a l  t h r e a d .  T h i s  t h r e a d  suppor t s  o n l y  t h e  w e i g h t  o f  t h e  head, and 



b reaks  e a s i l y  on impac t .  The impac t s  were c a r r i e d  o u t  i n  t h e  HSRI Impac t  

Fac i  1 i t y .  

Two k i n d s  o f  i m p a c t i n g  s u r f a c e s  a r e  used. The f i r s t  s u r f a c e  i s  a  s i x -  

i n c h  d i a m e t e r  r i g i d  me ta l  d i s c .  The second s u r f a c e  c o n s i s t s  o f  t h e  same 

m e t a l  d i s c  w i t h  t h r e e  i n c h e s  o f  p o l y s t y r e n e  foam ( d e n s i t y  = 1 . 78  l b / f t " ,  

f i x e d  t o  t h e  c o n t a c t i n g  s u r f a c e  o f  t h e  d i s c  t o  pad  t h e  impac t .  

P r e - i m p a c t  t r a v e l  o f  t h e  i m p a c t  p i s t o n  i s  1.5 i n c h e s  f o r  b o t h  padded 

and unpadded i m p a c t o r s .  The p o s t - i m p a c t  t r a v e l  i s  f i v e  i n c h e s  f o r  t h e  

padded i m p a c t o r s  and t h r e e  i n c h e s  f o r  t h e  unpadded i m p a c t o r s .  A t  t h e  end  o f  

t h i s  t r a v e l ,  i t s  m o t i o n  i s  a r r e s t e d  m e c h a n i c a l l y  and t h e  cadave r  head and 

t o r s o  c o n t i n u e  t h e i r  m o t i o n  unimpeded. 

2.1.2 L-R Impac ts  

The p o i n t  o f  i m p a c t  i s  t h e  l e f t  t empo ra l  r e g i o n ,  two i n c h e s  s u p e r i o r  

t o  t h e  e x t e r n a l  a c o u s t i c  meatus. The p h o t o g r a p h i c  t a r g e t s  f o r  L-R head 

impac t s  a r e  l o c a t e d  on t h e  s u p r a - o r b i  t a l  r i d g e ,  two i n c h e s  on e i t h e r  s i d e  

o f  t h e  g l a b e l l a  ( i . e . ,  two i nches  e i t h e r  s i d e  o f  t h e  m i d - s a g i t t a l  p l a n e ) .  

The l o c a t i o n  o f  t h e  t a r g e t i n g  f o r  s i d e  impac t s  i s  shown i n  F i g u r e  l b .  

A l l  o t h e r  c o n d i t i o n s  f o r  s i d e  i m p a c t  a r e  t h e  same as i n d i c a t e d  i n  S e c t i o n  

2.1.1. 

2.2 Task 2  - D e t e r m i n a t i o n  o f  t h e  E f f e c t i v e  Moment o f  I n e r t i a  o f  t h e  Head 

o f  I n t a c t  Cadavers 

The f o l l o w i n g  t e s t  p rocedu re  has been deve loped  f o r  t h e  e s t i m a t i o n  o f  

t h e  e f f e c t i v e  moment o f  i n e r t i a  o f  t h e  head o f  i n t a c t  cadavers .  S i n c e  

i n t a c t  cadavers  w i l l  be used, t h e  e f f e c t i v e  moment o f  i n e r t i a  w i l l  be 

measured a l o r i g  an a x i s  p a s s i n g  t h r o u g h  t h e  c e n t e r  o f  g r a v i t y  o f  t h e  head. The 

t e r m  " e f f e c t i v e "  i s  used s i n c e  t h e  measurements w i l l  be i n f l u e n c e d  by  t h e  head 

t o r s o  1  i nkage .  







2.2.1 An th ropomet r i c  Measurements and L o c a t i o n  o f  C.G.  o f  t he  Head 

Fresh unembalmed cadavers o b t a i n e d  f r o m  the  Anatomy Department o f  

The U n i v e r s i t y  o f  Mich igan Medical  School w i l l  be used i n  t h e  s tudy .  

U s u a l l y  t h e  cadavers a r e  s t o r e d  a t  37" F f r om one t o  seven days before  the  

t e s t  i s  c a r r i e d  o u t .  The specimens w i l l  be a l l o w e d  t o  reach room tempera ture  

b e f o r e  any t e s t s  a re  c a r r i e d  o u t ,  

The c o o r d i n a t e  system t o  be used i s  i n d i c a t e d  i n  F i g u r e  3. The o r i g i n  

i s  a t  t h e  m id  p o i n t  o f  a  l i n e  connec t i ng  the  s u p e r i o r  edges o f  t h e  r i g h t  and 

l e f t  a u d i t o r y  mea t i  ( 1 )  .* The + X  a x i s  i s  f r om t h e  o r i g i n  t o  t h e  m i d p o i n t  

o f  a  l i n e  connec t i ng  t h e  i n f r a o r b i t a l  no tches i n  t h e  anatomica l  p lane .  The 

f o l l o w i n g  an th ropomet r i c  measurements w i l l  be made o f  each specimen (See 

F igu re  4 ) .  

1.  Head Length:  Maximum l e n g t h  o f  t h e  head between t h e  g l a b e l  l a  

landmark and t h e  o c c i p u t  (m id -sag i  t t a l  p lane ) .  

2. Head Breadth :  Maximum h o r i z o n t a l  b read th  above t h e  l e v e l  of 

t h e  ea rs .  

3. T rag ion  t o  Ve r tex  He igh t .  

4. Circumference:  Above t h e  brow r i d g e s  and para1 l e l  t o  t h e  Frank- 

f o r t  p lane .  

5. E f f e c t i v e  Weight. 

When t h e  c e n t e r  o f  g r a v i t y  l o c a t i o n s  a re  expressed i n  t he  head anatomica l  

c o o r d i n a t e  system, i t  i s  seen t h a t  t hey  do n o t  vary  a  g r e a t  dea l  ( 1 ) .  For  

purposes o f  s t a n d a r d i z a t i o n ,  we w i l l  assume the  l o c a t i o n  o f  C.G. t o  be as 

f o l l  ows : 
- 
X = + 1.1 cm 
- 
Z = + 2.1 cm 

* Numbers i n  parentheses denote re fe rences  a t  t h e  end o f  t h e  t e x t .  



H = Head anatomical co-ordinate system 

C.G.= Center of gravity of head 
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2 . 2 . 2  L o c a t i o n  o f  R o t a t i o n a l  Axes i n  t h e  A-P ,  L-R, and S - I  D i r e c t i o n s  

w i t h  O r i g i n  a t  C.G. 

A s p e c i a l  a x i s - l o c a t i o n  dev i ce  ( F i g u r e  5 )  has been des igned wh ich  w i l l  

be used t o  l o c a t e  p o i n t s  on t h e  s u r f a c e  o f  t h e  head th rough  wh ich  t h e  axes 

o f  r o t a t i o n  w i l l  pass i f  t h e  head i s  r o t a t e d  i n  t h e  X Y ,  XZ, and YZ p lanes  

w i t h  t h e  C.G. as t h e  o r i g i n .  T h i s  dev i ce  w i l l  be p l a c e d  so  t h a t  t h e  h o l e  

0 i s  o v e r  t h e  s u p e r i o r  edges o f  t h e  a u d i t o r y  meat i  and EF a l o n g  t h e  i n f r a -  

o r b i t a l  no tches.  The p o i n t  G i s  1.1 cm and 2.1 cm f r o m  0 i n  t h e  +X and 

+Y d i r e c t i o n s .  T h i s  p o i n t  w i l l  be marked on t h e  head a t  b o t h  s i d e s  o f  t he  

head. M i d - p o i n t s  o f  AB,  CD, and E F  w i l l  g i v e  t h e  o t h e r  p o i n t s  wh ich  w i l l  

be s i m i l a r l y  marked on t h e  s k u l l .  

2 . 2 . 3  D e t e r m i n a t i o n  o f  t h e  E f f e c t i v e  Moment o f  I n e r t i a  

An MTS Systems T o r s i o n a l  Shaker w i l l  be used t o  shake t h e  head. 

The shaker  w i l l  be c a l i b r a t e d  d y n a m i c a l l y  by mount ing  an aluminum c y l i n d e r  

o f  known moment o f  i n e r t i a  (250000 gm-cm2, app rox ima te l y  t h e  same as t h a t  o f  

t h e  head about  t h e  y a x i s ) .  By shak ing  t h e  c y l i n d e r  a t  a  known f requency and 

p u l s e  shape ( s i t l u s o i d a l ) ,  t h e  to rques can be c a l c u l a t e d  a t  d i f f e r e n t  f r equenc ies :  

where T i s  t h e  t o r q u e ,  I t h e  moment o f  i n e r t i a ,  and e t h e  a n g u l a r  acce le ra -  

t i o n .  

The cadaver body w i l l  be p l a c e d  on a  s p e c i a l  t a b l e  wh ich  can be r a i s e d  

o r  l o w e r e d  so as t o  p o s i t i o n  t h e  head i n  t h e  d e s i r e d  p l a c e  o v e r  t h e  shake r  

head. The head w i l l  then be a1 i gned  i n  t h e  f i x t u r e  ( F i g u r e  6 )  which  has 

been s p e c i a l l y  des igned f o r  t h i s  purpose,  so t h a t  t h e  a x i s  o f  r o t a t i o n  passes 

th rough  t h e  assumed c e n t e r  o f  g r a v i t y .  T h i s  w i l l  be done w i t h  t h e  h e l p  o f  

t he  s u r f a c e  landmarks a l r e a d y  determined.  Then t h e  t h r e e  screws A ,  B, and 
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C w i l l  be screwed i n t o  t h e  s k u l l  t o  h o l d  i t  i n  p lace .  To reduce t h e  l o a d  

on t h e  screws,  t h i n  a1 uminum p l a t e s  w i l l  be screwed i n t o  the  f i x t u r e  and 

then q u i c k - s e t t i n g  r i g i d  foam i n j e c t e d  i n  t h e  c a v i t y  so formed. Once t h e  

foam hardens,  t h e  head w i  11 be secured i n  p lace .  

The head w i l l  then be v i b r a t e d  on t h e  t o r s i o n a l  shaker  and t h e  f requency,  

p u l s e  shape, and t o r q u e  va l  ues recorded.  W i th  t h i s  i n f o r m a t i o n ,  t h e  e f f e c t i v e  

moment o f  i n e r t i a  f o r  t h e  head system f i x t u r e  can be c a l c u l a t e d .  The head 

w i l l  then be removed and a  s i m i l a r  t e s t  r u n  f o r  t h e  f i x t u r e  w i t h  t h e  foam, 

W i t h  these va lues  known, t h e  e f f e c t i v e  moment o f  i n e r t i a  o f  t h e  head can 

then be ob ta ined .  The moment o f  i n e r t i a  i n  t h e  o t h e r  two d i r e c t i o n s  w i l l  

then be determined by r e o r i e n t i n g  t h e  head i n  t h e  d e s i r e d  d i r e c t i o n .  S ince 

t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  head i s  n o t  v i o l a t e d  i n  t he  t e s t  p rocedure ,  

i t  i s  p o s s i b l e  t o  conduct  many t e s t s  on t h e  same head i n  t h i s  manner. The 

moment o f  i n e r t i a  about  any o t h e r  a x i s  can then  be determined.  

2.3 Task 3 

I n  t h i s  t a s k ,  a  s i n g l e - s h o t  t r i a n g u l a r  d i sp lacemen t  p u l s e  a t  v a r y i n g  

amp l i t udes  and t ime  d u r a t i o n s  w i l l  be used as i n p u t  t o  t h e  head. I n  t h i s  

s e r i e s  o f  t e s t s  t h e  head w i l l  be f a s t e n e d  t o  t h e  h y d r a u l i c  t o r s i o n a l  shaker  

i n  t h e  e x a c t  manner as d e s c r i b e d  i n  Task 2. 

2.4 Tasks 4 and 5 

The cadaver f o r  t hese  t e s t s  w i  11 be p l a c e d  i n  t h e  c h a i r  as d e s c r i b e d  

i n  Task 1. Impacts t o  t h e  p a t e l l a  and femur system a long  t h e  l o n g  a x i s  

o f  t h e  femur w i l l  be made w i t h  a  f i v e - i n c h - d i a m e t e r  padded impac to r .  Im- 

pac ts  t o  t h e  s i d e  o f  t h e  femur w i l l  be d e l i v e r e d  by a  s i x - i n c h - d i a m e t e r  c y l i n -  

der .  I n  b o t h  o f  t hese  t e s t s ,  impacts  w i l l  be repea ted  u n t i l  f r a c t u r e  i s  

ob ta ined .  

I n  Task 5 t h e  impacts t o  t h e  t i b i a  and f i b u l a  w i l l  be conducted u s i n g  

t h e  s i x  i n c h  c y l i n d e r  as d e s c r i b e d  in t h e  above paragraph.  
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3.0 RESULTS 

3.1 Task 1  

Two cadavers  were impac ted  i n  t h e  head as d e s c r i b e d  i n  S e c t i o n  2.1.1. 

O f  t h e  two a  comp le te  d a t a  s e t  was o n l y  o b t a i n e d  f r o m  VRIC-1. I n  t h e  

o t h e r  case, l o s s  o f  one o r  more a c c e l e r o m e t e r  channe ls  r e n d e r e d  t h e  

a n a l y s i s  i m p o s s i b l e .  Redundant a c c e l e r o m e t e r s  a r e  now b e i n g  used t o  i n s u r e  

a n a l y s i s  as we1 1  as a c t i n g  as a  check  on t h e  i n t e g r a t i o n  r o u t i n e  o f  t h e  mo- 

t i o n  a n a l y s i s .  

The t e s t  se t - up  f o r  VRIC-1 i s  shown i n  F i g u r e  7. The r e s u l t s  o f  t h i s  

i m p a c t  a r e  p r e s e n t e d  i n  F i g u r e s  8-13. These cu r ves  r e p r e s e n t  t h e  i n p u t  f o r c e  

as w e l l  as t h e  r e s u l t a n t  head m o t i o n  w i t h  r e s p e c t  t o  t h e  axes d e s c r i b e d  i n  

2.2. 

The head s e v e r i t y  i n d e x  i s  a l s o  p r e s e n t e d .  There  was no  e x t e r n a l  damage 

t o  t h e  c a d a v e r ' s  head and no s k u l l  f r a c t u r e  was obse rved  a t  au topsy .  The 

b r a i n  was examined e x t e r n a l l y  as w e l l  as i n t e r n a l l y  w i t h  o n l y  s l i g h t  con- 

g e s t i o n  observed ,  The o v e r a l l  i n j u r y  l e v e l  based  on t h i s  i n f o r m a t i o n  w o u l d  

be c o n s i d e r e d  m i l d ,  b u t  i t  s h o u l d  be p o i n t e d  o u t  t h a t  cadavers  g e n e r a l l y  g i v e  

l o w e r  i n j u r y  l e v e l s  t h a n  a r e  obse rved  i n  l i v i n g  humans'. 

More impac t s  a r e  b e i n g  c a r r i e d  o u t  unde r  t h e  second  y e a r  s t u d y  o f  t h i s  

p rogram w h i c h  i s  b e i n g  sponso red  by t h e  M o t o r  V e h i c l e  M a n u f a c t u r e r s  Assoc i a -  

t i o n .  

3.2 Task 4 

F i v e  cadavers  were impac ted  on t h e  knees f o r  a  t o t a l  o f  seven  impac t s  

under  Task 5. The i m p a c t  s t r o k e ,  i m p a c t o r  s u r f a c e ,  and i m p a c t o r  v e l o c i t y  

were a l l  v a r i e d  i n  t hese  f i r s t  seven impac t s .  S u r p r i s i n g l y  l a r g e  f o r c e s  

w i t h o u t  f r a c t u r e  were obse rved  and t h i s  was t h e  reason  f o r  v a r y i n g  t h e s e  

pa rame te r s .  F r a c t u r e  was f i n a l l y  o b t a i n e d  i n  one case .  



The t e s t  se t -up  f o r  a  knee impact  i s  shown i n  F igu re  14. The r e s u l t s  

o f  t h e  seven l e g  impacts a re  shown i n  F igu res  15-19. The v e l o c i t y  o f  

impact ,  l e g  impacted,  avai  1  ab le  p i s t o n  k i n e t i c  energy,  and impac to r  s t r o k e  

are  a l l  l i s t e d  on t h e  f i g u r e s .  

No i n j u r i e s  were observed by X-ray o f  any of t h e  l e g s  except  VRIC-4. 

F igu res  20 and 21 show x-rays o f  t h e  f r a c t u r e  t o  t h e  r i g h t  l e g  o f  VRIC-4. 

The f r a c t u r e  l o a d  was recorded t o  be 4,400 I b s .  A  d e t a i l e d  examinat ion  o f  

t h e  l e g s  w i l l  be conducted i n  t h e  F a l l  o f  1974, and r e p o r t e d  i n  t h e  MVMA 

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

A summary o f  a l l  o f  t h e  V R I C  cadaver t e s t s  i s  shown i n  Tab le  1  and 

t h e  anthropometry da ta  i s  g i ven  f o r  a l l  cadavers i n  Appendix C.  Tasks 2, 

3, and 5 a re  b e i n g  conducted under t he  new sponsorsh ip  o f  MVMA w i t h  t h e  

f i n a l  r e p o r t  due i n  June 1975. 

4.0 CONCLUSIONS 

The purpose o f  t he  f i r s t  y e a r  of t h i s  p r o j e c t  was t o  s e t  up t h e  e x p e r i -  

mental  procedures t o  c a r r y  o u t  Tasks 1  th rough 5 as g i v e n  i n  Sec t i on  1.  A l l  

o f  t h e  t e s t  procedures were developed d u r i n g  t h i s  phase o f  t h e  s tudy .  

Some p r e l i m i n a r y  exper iments were r u n  a t  t h e  end o f  t h e  p r o j e c t  t o  

check o u t  t h e  systems and procedures f o r  t he  i n d i v i d u a l  tasks .  The r e s u l t s  

o f  these t e s t s  i n d i c a t e  t h a t  head mo t ion  can be determined f r o m  acce lerometers  

mounted t o  the  head, and t h a t  some i n j u r i e s  t o  t h e  b r a i n  can be observed. 

Cons iderab ly  h i g h e r  f o rces  than have been p r e v i o u s l y  p u b l i s h e d  were 

observed w i t h  no l e g  f r a c t u r e  o f  any k i n d .  The e x a c t  mechanisms .as w e l l  

as impact  c o n d i t i o n s  f o r  l e g  f r a c t u r e  have n o t  been determined.  A d d i t i o n a l  

exper iments have been added t o  t h i s  s tudy  t o  a l l o w  f o r  f u r t h e r  examina t i on  

o f  t he  c o n d i t i o n s  and mechanisms f o r  f r a c t u r e .  These a d d i t i o n s  w i l l  be c a r -  

r i e d  o u t  under t h e  MVMA s tudy .  



FIGURE 14. T E S T  SET-UP FOR KNEE IMPACTS 



FIG. 15 : LEG IMPACT FOR VRIC-I 

No f r ac tu re  

I I I RIGHT I I LEF 

IMPACT VELOCITY FT/SEC. 2 3 3 0  22.62 
ENERGY AVAILABLE FT-LR 388 365 +-- 

1 IMPACTOR STROKE IN. 1 2.5 12.5 1 

TIME mSEC 



FIG. 16 : LEG IMPACT FOR VRIC-2 

No f r a c t u r e  

I IMPACT VELOCITY FT/SEC. 1 120.70 1 
ENERGY AVAILABLE FT--LB 306 

IMPACTOR STROKE IN. 2.5 

TIME mSEC 



FIG. 17 : LEG IMPACT FOR VRIC-3 

No f r a c t u r e  

RIGHT LEFT 

IMPACT VELOCITY FT/SEC. 3584 21.96 
ENERGY AVAILABLE FT-LR 917 344 

IMPACTOR STROKE IN. 

TIME mSEC 



FIG. 18 : LEG IMPACT FOR VRIC- 4 

Fracture 

I RIGHT 1 LEF 
I I 

ENERGY AVAILABLE FT-LB 1034 

IMPACTOR STROKE IN. 4.25 





FIGURE 20. L-Jl X-RAY OF VRIC-4 LEG FRACTURE 



FIGURE 21. A-P X-RAY OF V R I C - 4  LEG FRACTURE 





REFERENCE 

1. Ewing, Channing I. and Thomas, D a n i e l  J., "Human Head and Neck Response t o  
Impac t  A c c e l e r a t i o n  ," NAMRL Monograph 21 , Naval  Aerospace Med ica l  
Research L a b o r a t o r y ,  U.S. Army Aeromedical  Research L a b o r a t o r y ,  
1972. 



A P P E N D I X  A  

HEAD MOTION D E T E R M I N A T I O N  



APPENDIX A  HEAD MOTION DETERMIPIATION 

A. 1 I n t r o d u c t i o n  

The expe r imen ta l  d e t e r m i n a t i o n  o f  t h e  th ree -d imens iona l  r i g i d  body 

mot ion  o f  t h e  head r e q u i r e d  t h e  development o f  t h r e e  b a s i c  t echn iques :  

1. An a p p r o p r i a t e  t h e o r e t i c a l  a n a l y s i s  techn ique t o  c a l c u l a t e  t h e  

o v e r a l l  mo t i on  based on acce lerometer  i n f o r m a t i o n .  

2. An a p p r o p r i a t e  method f o r  i n s t a l  1  i n g  and l o c a t i n g  t h e  acce lerometers  

on t h e  head. 

3. An a p p r o p r i a t e  r a d i o g r a p h i c  t echn ique  f o r  l o c a t i n g  t h e  acce lerometers  

w i t h  respec t  t o  anatomica l  landmarks. 

These t h r e e  techn iques are  d e t a i l e d  i n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  appendix. 

A.2 T h e o r e t i c a l  Ana1,ysis o f  Head Mo t ion  

A number o f  acce lerometers  a t tached  t o  a  r i g i d  body can p r o v i d e  enough 

i n f o r m a t i o n  t o  comp le te l y  de termine i t s  mot ion  w i t h  r e s p e c t  t o  an i n e r t i a l  

r e f e r e n c e  frame p r o v i d i n g  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  met: 

( 1 )  A minimum o f  6 acce lerometers  a re  used. 

( 2 )  They a r e  d i s t r i b u t e d  ove r  a t  l e a s t  3 d i f f e r e n t  n o n - c o l l i n e a r  l o -  

c a t i o n s .  

( 3 )  T h e i r  r e s p e c t i v e  d i r e c t i o n s  must be such t h a t  t h e  axes o f  a t  l e a s t  

one p a i r  o f  acce lerometers  be p a r a l l e l  t o  t he  axes o f  an a r b i t r a r i l y  

chosen o r thogona l  c o o r d i n a t e  system on t h a t  body. (An o r thogona l  

c o o r d i n a t e  system i s  chosen f o r  convenience o n l y .  ) 

F o r  t h e  minimum 3 l o c a t i o n s ,  Q,, Q2, Q3 on a  r i g i d  body, n i n e  s c a l a r  

equa t i ons  can be used t o  d e s c r i b e  t h e  mo t ion  o f  t h e  r i g i d  body w i t h  r e s p e c t  

t o  an i n e r t i a l  frame. 

For  t he  r i g i d  body shown i n  F igu re  A l .  



FIGURE A1  

A A A  

where 0 ( 1  J K ) :  i ne r t i a l  point a n d  frame 
A A A  

P(e l ,  e,, e 3 )  : part icular  point and moving frame on the r igid body 

Q : general point on the r igid body 
+ 
u : absolute average velocity of r igid body ( re la t ive  t o  i n e r t i a l )  
+ 
u : absolute average acceleration of r igid body 

od = a : vector position point P (absolute) 

, = : position of Q relat ive t o  e l  e,, e , )  
4 -+ 
OQl  = 5 :  position of Q, absolute 

The nine scalar  equations fo r  points Q, ,  Q 2 ,  Q3 are: 

For P & Q, : 

r (g,-b,,)+ (42931 - A, 921) + U, (az g,, +a3 , , , ~ -e l l c~ ;+wi )=~  



For  P  & Q2: 

1 
( q , - b J + ( d L  p l l - d 3 @ z )  + L J , ( W ~ ~ C L + W S  f l ~ ) * f ' i ~ ( @ : + ~ : ) ' ~  

set I1 ( % ~ - b ~ ~ )  +(  A3 ~ 1 1 -  dl B ~ z )  + ul( WI + ~3 ell.) - q, (u? + w:) = O 

b )  - ) + W ~ ( L J I  % + w L P ~ ~ ) -  g 1 L ( ~ ~ + w 2 )  = O  

And f o r  P & Q3: 

The 6 acce lerometers  may be d i s t r i b u t e d  o v e r  3 p o i n t s  i n  e i t h e r  o f  

2 c o r b i  na ti ons : 

Combinat ion A 

Combi n a t i o n  B I 
Depending upon t h e  p a r t i c u l a r  comb ina t i on  and acce le romete r  o r i e n t a t i o n  

used ( i n  accordance t o  t h e  a forement ioned r u l e s ) ,  6 o f  t h e  9 va lues ,  bll, 

b21, b31, b12, b22, b32,  b13 ,  bZ3 ,  b 3 3 ,  w i l l  be known, as w e l l  as t h e  
* * a  

components o f  f i r  P 2 3  y3- 

A f t e r  some m a n i p u l a t i o n s ,  3  o f  t h e  9 equa t i ons  above can be used t o  

f i n d  and u,,,,~. P a r t  B desc r i bes  t h i s  p rocess  i n  f u r t h e r  d e t a i l  

f o r  Combinat ion B (2 -2 -2 ) .  



Then, E u l e r  Angles 0 ,  +, + can be d e f i n e d  a t  p o i n t  P  g i v i n g  the 

f o l l o w i n g  r e l a t i o n .  

where 

Numer ical  i n t e g r a t i o n  o f  t h i s  s e t  o f  equa t i ons  would g i v e  5 ,  q ,  & 

$, t h e  E u l e r  angles f o r  t h e  r i g i d  body. 
A h a  

Next ,  by  u s i n g  6 ,  +, and $ t he  E u l e r  T rans fo rma t ion  f rom el e2  e 3  
A A h  

t o  f j K can be c a l c u l a t e d .  Then, u s i n g  t h i s  t r a n s f o r m a t i o n ,  express ions  
0 .  ,, 6. 

f o r  x, y ,  z can be w r i t t e n  f o r  any p o i n t  on t h e  r i g i d  body i n  terms o f  
A h A  

t he  known a c c e l e r a t i o n  components a t  t h a t  p o i n t  r e l a t i v e  t o  el e2 e3.  

I n  p a r t i c u l a r ,  f o r  p o i n t  P, 
.*. 
x  = g i ( c o s ~ c o s ~  - coses in+s in+ )  + g2 ( -s in+cosg  - s inos in+cos+)  + g 3 ( s i n e c o s $ )  

y = g l (cosqs ing  + coseeos+s in+)  + g 2 ( - s i n v s i n g  + c o s ~ c o s ~ c o s ~ )  + g,(-sinecos4) 

z = g l ( s i n q s i n s )  + g2 (cos+s ino )  + g3(cose)  

Two s i n g l e  numer ica l  i n t e g r a t i o n s  o f  these equa t i ons  w i l l  t hen  g i v e  

l i n e a r  a b s o l u t e  v e l o c i t i e s  and a c c e l e r a t i o n s  as w e l l  as t h e  x ,  y ,  z ,  

a b s o l u t e  p o s i  t o n  o f  t h a t  p o i n t .  

Hence, t h e  o r i e n t a t i o n  o f  t h e  head ( t r e a t e d  as a  r i g i d  body),  i t s  

a n g u l a r  v e l o c i t y  and a n g u l a r  a c c e l e r a t i o n ,  and t h e  l i n e a r  a b s o l u t e  

v e l o c i t i e s  and a c c e l e r a t i o n s  o f  t h e  3 p o i n t s  on t h e  head may be determined 

f rom a  minimum o f  6 acce lerometers  l o c a t e d  on t h e  head. 



B- 2-2-2 Combination 

Figure A-2. 2-2-2 Combination 

For th i s  arrangement, 

and fo r  Y = 45') 
$it = EzT- 
- 

Dropping terms n o t  containing p l l ,  p z 2 ,  0 3 3  in the original 9 sca la r  

equations re la t ive  to  point P and subtracting the result ing equations 

(by s e t s )  in the manner ( I I , I ) ,  111-11), & (1-11) gives nine equations 

which do not contain g,, g 2 ,  g3; 





These, then,  can be numerically i n t e g r a t e d  given the  values 

Ini  ti a1 Conditions Geometry Accelerat ion Values 

~ l ( 0 )  d 1 (a5-a4) 

~ 2 ( 0 )  d2  (al 'a6) 

~ 3 ( 0 )  Cl 3 (a3'a2) 

t o  give w l ,  u2 & u 3 .  

Next, the  abso lu te  a cce l e r a t i on  components, g, , g 2 ,  g 3  t r ans format ion  

can be ca l cu l a t ed  from known q u a n t i t i e s .  

and x, y ,  z can be determined. 



A.3. Acce lerometer  I n s t a l l a t i o n  F i x t u r e  

An i n s t a l l a t i o n  f i x t u r e  i s  r e q u i r e d  f o r  accu ra te  placement o f  t he  

head acce lerometers .  Th i s  f i x t u r e  shou ld  meet t h e  f o l l o w i n g  c o n d i t i o n s :  

1. Be a d j u s t a b l e  t o  d i f f e r e n t  head s i z e s .  

2 .  Be i n s e n s i t i v e  t o  s k u l l  i r r e g u l a r i t i e s .  

3. Be capable o f  mount ing acce lerometers  i n  an unsymmetr ical  p a t t e r n  

on head t o  a l l o w  c learance f o r  impact  dev ice .  

4. Ensure t h a t  acce lerometers  are  mounted i n  an o r thogona l  r e 1  a t i o n s h i p  

as d e p l c t e d  i n  F i g u r e  A-3. 

5. A l l o w  p o s i t i o n  vec to rs  p l y  p 2  and p g ,  t h e  d i s t a n c e  f rom the  i n s t r u -  

men ta t i on  c o o r d i n a t e  system o r i g i n  t o  t h e  r e s p e c t i v e  acce lerometer  p a i r s ,  t o  

be obta ined,  (See F igu re  A-3). 

6. Accelerometers shou ld  remain r i g i d l y  a t t ached  t o  head i n  t h e  c o r r e c t  

o r i e n t a t i o n  when f i x t u r e  i s  removed. 

The H S R I  acce lerometer  i n s t a l l a t i o n  f i x t u r e ,  shown i n  F igu re  A-4, c o n s i s t s  o f  

a  base and t h r e e  arms whose upper edge s u r f a c e s  a re  p a r a l l e l  t o  t h e  t h e o r e t i c a l  

i n s t r u m e n t a t i o n  c o ~ r d i n a t e  system. A  s l  i d i n g  b l o c k  on each arm p rov ides  t h e  

ad jus tment  f o r  d i f f e r e n t  head s i z e s  ahd v a r i o u s  acce lerometer  g roup ings ,  

and each b l o c k  l o c k s  i n t o  p o s i t i o n  w i t h  a  s i n g l e  b o l t .  

The a c t u a l  at tachment t o  the  head i s  by means o f  t h r e e  f l a n g e d  c o l l e t  

and th readed cup assembl ies.  Each assembly clamps f rom b o t h  s i d e s  o f  t h e  

sku1 1  th rough  a  6 mm d r i l l e d  h o l e  and p rov ides  a  very  r i g i d  p l a t f o r m  upon 

wh ich  t o  mount acce lerometers .  An acce lerometer  mount i s  p o t t e d  i n  p o s i t i o n  

i n  t h e  open face o f  each cup, and two B l i l coxon Research acce lerometers  t h r e a d  

i n t o  each mount i n  a  b i a x i a l  c o n f i g u r a t i o n .  A  drawing o f  a  t y p i c a l  i n s t a l l e d  

assembly i s  shown i n  F igu re  A-5. The c o r r e c t  a l ignment  o f  t h e  acce lerometer  
r 

mounts i s  p r o v i d e d  by t h e  s l i d i n g  b l o c k s  on t h e  f i x t u r e ,  which h o l d  t h e  



RIGID 
BODY 

A 4 4  

( I J K 1 : INERTIAL COORDINATE SYSTEM, ORIGIN 0 

(Q,,Q,,Q,): CENTER OF MASSES OF 3 PAIRS OF ACCELEROMETERS 

FIGURE A3: INSTRUMENTATION COORDINATE SYSTEM 

AND ACCELEROMETER ORIENTATION. 



Figure A-4 Accelerometer Instal lat ion Fixture 
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COLLET 
SPLIT - 
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WILCOXON 
ACCELEROMETERS 

FIGURE A-5: COLLET, CUP, AND ACCELEROMETER ASSEMBLY 



mounts i n  t h e  d e s i r e d  o r thogona l  r e l a t i o n s h i p  w h i l e  t h e  p o t t i n g  m a t e r i a l  

hardens. T h i s  use o f  p o t t i n g  techn ique  a l l o w s  a  ve ry  h i g h  degree o f  p r e -  

c i s i o n  i n  acce le romete r  p lacement s i n c e  t h e  a l i gnmen t  o f  t h e  acce le romete r  

mounts becomes dependent o n l y  on t h e  mach in ing  t o l e r a n c e s  o f  t h e  i n s t a l l a t i o n  

f i x t u r e .  The f i x t u r e  and acce le romete r  mount assembly f l o a t s  w i t h  r e s p e c t  

t o  t h e  cup and c o l l e t  assembl ies ,  and p o t t i n g  t h e  acce le romete r  mount i n t o  t h e  

cup p e r m i t s  c o n s i d e r a b l e  a n g u l a r  m isa l i gnmen t  o f  t h e  cups f r o m  sku1 1  i r r e g u l  a r j -  

t i e s .  Be fo re  t h e  f i x t u r e  i s  removed f rom t h e  head, t h e  d i s t a n c e s  f r o m  t h e  

end o f  each f i x t u r e  arm t o  t h e  end o f  i t s  s l i d i n g  b l o c k  a r e  measured (See 

F i g u r e  A - 6 )  and these d imensions a r e  used t o  c a l c u l a t e  t h e  p o s i t i o n  v e c t o r s  

pl, i ) 2  and p g  f r o m  t h e  known geometry o f  t h e  f i x t u r e .  

The i n s t a l  1  a t i o n  procedure  i s  as f o l l o w s :  

1. I n s t a l l  acce le romete r  mounts i n t o  s l i d i n g  b l o c k s .  Thread a  

t a p e r e d  p o i n t e r  i n t o  base o f  each mount. The t i p s  o f  t h e  p o i n t e r s  a p p r o x i -  

mate t h e  p o s i t i o n s  o f  t h e  cup bases and a re  used t o  l o c a t e  t h e  h o l e s  

i n  t h e  s k u l l .  

2. A d j u s t  t h e  s l i d i n g  b l o c k s  a l o n g  t h e  arms o f  t h e  f i x t u r e  u n t i l  

t i l e  p o i n t e r s  are  a t  t h e  most f avo rab le  p o s i t i o n  on t h e  head f o r  mount ing  t h e  

acce lerometers .  Lock t h e  s l i d i n g  b l o c k s  i n  t h i s  p o s i t i o n .  Mark t h e  s c a l p  

where t h e  p o i n t e r s  touch.  

3. Cut a  co re  o f  a t  l e a s t  3/8" d iamete r  from t h e  s c a l p  c o n c e n t r i c  w i t h  

each marked p o i n t .  

4. Us ing  t h e  f i x t u r e ,  p l a c e  t h e  p o i n t e r s  a g a i n s t  t h e  s k u l l  and mark t h e  

p o i n t s  aga in .  R e p o s i t i o n  t h e  s l i d i n g  b l o c k s  i f  necessary t o  c e n t e r  t h e  

p o i n t e r s  w i t h i n  t he  co red  h o l e  i n  t h e  sca lp .  

5 .  Label  t h e  f i x t u r e  arms Q,, q p ,  and Q 3  a c c o r d i n g  t o  t h e  conven t i on  

shown i n  F i g u r e  A-3. 

6. D r i l l  t h e  t h r e e  h o l e s  i n  t h e  s k u l l .  



Figure A-6 Accelerometer Location Measurement 
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I n s e r t  t h e  c o l l e t s ,  t h r e a d  on and t i g h t e n  t h e  cups. 

Remove t h e  p o i n t e r s  f rom t h e  acce le romete r .  

W i t h  t h e  acce le romete r  mounts s t i l l  a t t a c h e d  t o  t h e  f i x t u r e ,  i n -  

s e r t  each mount i n t o  i t s  co r respond ing  cup t o  ensure  they  f it, 

I t  i s  u s u a l l y  necessary  t o  loosen one o f  t h e  s l i d i n g  b l o c k s  s l i g h t l y  

t o  accompl ish t h i s .  

Remove t h e  f i x t u r e  assembly. F i l l  a l l  t h e  cups w i t h  p o t t i n g  m a t e r i a l  

and r e p l a c e  t h e  mounts i n t o  t h e  cups as i n  t h e  p r e v i o u s  s t e p .  Lock 

a l l  s1 i d i n g  b l o c k s  s e c u r e l y .  

Measure t h e  d i s t a n c e s  f rom the  end o f  each f i x t u r e  arm t o  t h e  end 

o f  i t s  s l i d i n g  b l o c k  and r e c o r d  on t h e  da ta  shee t .  See F i g u r e  A-6, 

When t h e  p o t t i n g  m a t e r i a l  has hardened, remove t h e  screws h o l d i n g  

t h e  acce le romete r  mounts t o  t h e  s l i d i n g  b l o c k s ,  and l oosen  a t  l e a s t  

one o f  t h e  s l i d i n g  b l o c k s .  Remove t h e  f i x t u r e  f rom t h e  head. 

I n s t a l l  t h e  dummy b l o c k s  on t h e  acce le romete r  mounts. These b l o c k s  

have a  l e a d  p e l l e t  a t  t he  e f f e c t i v e  c e n t e r  o f  mass o f  each acce le ro -  

me te r  p a i r  and a r e  used i n  t he  x - ray  a n a l y s i s  o f  acce le romete r  o r i e n -  

t a t i  on. 

A f t e r  x-rays have been taken,  remove dummy b l o c k s  and i n s t a l l  acce le ro -  

meters .  Complete da ta  shee t  i d e n t i f y i n g  each acce le romete r  and i t s  

p o s i t i o n  a c c o r d i n g  t o  F i g u r e  4-3, 

For  movie a n a l y s i s  o f  acce le romete r  mo t ion ,  s p h e r i c a l  t a r g e t s  may 

be p r o v i d e d  around each acce le romete r  p a i r  by a t t a c h i n g  a  h o l l o w e d  

o u t  s t y r o f o a m  b a l l  and p a i n t i n g  i t  t o  c o n t r a s t  w i t h  t h e  immediate 

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

o f  mass o f  t h e  acce le romete r  p a i r .  



16. A f t e r  t e s t i n g ,  p o t t i n g  m a t e r i a l  may be ch ipped  f r o m  cup and acce le ro -  

meter  mount and a l l  t h e  p ieces  reused.  

A.4 Three Dimensional  X-Ray Technique 

I n  measur ing  a c c e l e r a t i o n s  o f  p o i n t s  on t h e  head, i t  i s  d i f f i c u l t  t o  

1 oca te  and o r i e n t  t h e  acce lerometers  i n  s t a n d a r d  ana tomica l  l o c a t i o n s  and 

d i  r e c t i o n s  . It i s  t h e r e f o r e  more conven ien t  t o  r e s o l v e  q u a n t i t i e s  

measured i n  an a r b i t r a r y  c o o r d i n a t e  system i n  t o  components i n  t h e  s t a n d a r d  

anatomica l  d i r e c t i o n s .  A l l  t h a t  i s  needed i s  an accu ra te  d e s c r i p t i o n  o f  

t h e  mathemat ica l  t r a n s f o r m a t i o n  between t h e  two c o o r d i n a t e  systems. 
A h  A  

L e t  ( e l ,  e2 ,  e 3 )  be an a r b i t r a r y  c o o r d i n a t e  system used i n  i n s t r u m e n t i n g  
A h h  

t h e  head, and l e t  ( i  , j, k )  be t h e  s t a n d a r d  anatomica l  c o o r d i n a t e  system, 

commonly r e f e r r e d  t o  as t h e  ( A - P I ,  (L-R) and ( S - I )  axes. Both systems may 

be termed body-axes t r i a d s ,  wh ich  a r e  f i x e d  one r e l a t i v e  t o  t h e  o t h e r ,  
A h A  

b u t  moving w i t h  t h e  head. An i n e r t i a l  frame (I, J, K) i s  used as a  r e f e r e n c e  

t o  b o t h  moving frames. Then 

and 

where [El and [ A ]  are t h e  d i r e c t i o n  cos ines  m a t r i x  r e l a t i v e  t o  t h e  i n e r t i a l  

frame o f  t h e  i n s t r u m e n t a t i o n  and t h e  anatomica l  c o o r d i n a t e  sys terns, r e s p e c t i v e l y .  
h h h  

The o b j e c t i v e  i s  t o  o b t a i n  a  t r a n s f o r m a t i o n  m a t r i x  between (e,, e,, e,) 
h h h  

and (i, j, k ) :  



A A A  

From ( 2 ) ,  an e x p r e s s i o n  f o r  ( I ,  J, K )  i s  o b t a i n e d :  

Equa t i on  ( 4 )  i s  t hen  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 1 )  

By compar ing e q u a t i o n s  ( 3 )  and ( 5 ) :  

A. 4.1 Method 

To o b t a i n  [ R ] ,  one must  o b t a i n  [ E l  and [A] wh i ch  i n v o l v e  t h e  f o l l o w i n g  
' 

s teps  : 
* A *  

a. d e f i n e  (e l ,  e2,  e 3 )  
A h  

b. d e f i n e  ( i ,  j, k )  
c .  d e v i s e  a  method t o  compute t h e  d i r e c t i o n  c o s i n e  m a t r i x  [El o f  

h A A  

( e l ,  e,, e 3 )  r e l a t i v e  t o  an a r b i t r a r y  i n e r t i a l  f rame. 

d. d e v i s e  a  method t o  compute t h e  d i r e c t i o n  c o s i n e  m a t r i x  [A ]  o f  

( ? ,  3,  k )  r e l a t i v e  t o  t h e  - same a r b i t r a r y  i n e r t i a l  f rame. 

e. compute t h e  m a t r i x  p r o d u c t  [ E l  [A]" t o  o b t a i n  t h e  d i r e c t i o n  cos ines  
h A A  A A A  

m a t r i x  [ R ]  o f  (e,, e,, e,) r e l a t i v e  t o  (i, j ,  k ) .  



A.4.2 D e f i n i t i o n s  

I n s t r u m e n t a t i o n  D e f i n i  t i o n s  - The c o n f i  g u r a t i o n  o f  t h e  6 acce lerometers  

necessary  t o  measure t h e  head mo t ion  was chosen so t h a t  t hey  l i e  on t h e  3 

axes o f  t i l e  i n s t r u m e n t a t i o n  c o o r d i n a t e  system. Each p a i r  i s  l o c a t e d  a t  

a  known d i s t a n c e  f r o m  t h e  o r i g i n  P  o f  t h i s  system as i n  F i g u r e  A-7. Thus: 

Anatomical  D e f i n i t i o n s  - The s t a n d a r d  d e f i n i t i o n  o f  t h e  ( A - P ) ,  (L -R)  and 
A A h  

( S - I )  axes, o r  a1 t e r n a t e l y  t he  ( i  , j , k )  system i s  based on t h e  F r a n k f o r t  

p lane .  T h i s  p l a n e  i s  d e f i n e d  by t h e  f o u r  p o i n t s  (see F i g u r e  A-8). 

PI : s u p e r i o r  edge o f  t h e  r i g h t  a u d i t o r y  meatus, 

P2 : s u p e r i o r  edge o f  t h e  l e f t  a u d i t o r y  meatus, 

P j  : r i g h t  i n f r a o r b i t a l  n o t c h ,  and 

P 4  : l e f t  i n f r a o r b i t a l  no tch .  

L e t  C be t h e  m i d p o i n t  between P1 and P p ,  and M t h e  m i d - p o i n t  between P3  

and P4,  t hen  

a. t h e  anatomica l  c e n t e r  i s  d e f i n e d  as p o i n t  C 

b. t h e  A-P  a x i s  i s  d e f i n e d  as: 

c. t h e  L-R a x i s  i s  d e f i n e d  as:  



A 
K 

INERTIAL FRAME 

A 
J 

FIGURE A-7: INSTRUMENTATION COORDINATE 
SYSTEM FOR THE HEAD. 
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FIGURE A-8: ANATOMICAL POINTS DEFINING THE 
FRANKFORT PLANE. 



d. t h e  S - I  a x i s  i s  d e f i n e d  by t h e  c ross  p r o d u c t  
h h h  

k = i x j  

A.4.3 X-Ray Measurements o f  a  S i n g l e  P o i n t  

Two-dimensional coo rd ina tes  - The x - ray  photograph o f  an o b j e c t  i s  sim- 

p l y  t h e  shadow o f  t h a t  o b j e c t  cap tu red  on a  p h o t o - s e n s i t i v e  f i l m  and generated 

by a  n e a r - p o i n t  source o f  x-rays.  

It i s  proposed t o  o b t a i n  t h e  t r u e  coo rd ina tes  (x ,z )  o f  an o b j e c t  (see 

F i g u r e  A-9) g i ven  t h e  x - ray  photo  i t s e l f ,  and r e l e v a n t  c h a r a c t e r i s t i c s  o f  t h e  

x - ray  se t -up  which produced i t .  

A  t y p i c a l  x - ray  se t -up  i s  s i m p l i f i e d  i n  t h e  d iagram o f  f i g u r e  A-9. The 

x - ray  t a b l e  i s  v e r t i c a l  i n  t h i s  case, and t h e  f i l m  c a s s e t t e  i s  l o c a t e d  beh ind 

t h e  t a b l e  a t  a  d i s t a n c e  G. The d i s t a n c e  between t h e  t a b l e  and t h e  x - ray  

source i s  A, and between t h e  t a b l e  and t h e  o b j e c t  i s  0. A f t e r  t h e  f i l m  

has been developed, t h e  t r a c e  0 of  t h e  o p t i c a l  a x i s  i s  p h y s i c a l l y  l o c a t e d  

on t h e  f i l m  and t h e  d i s tances  X and z a re  measured. 

Given t h e  measured X and Z, t h e  r a d i a l  d i s t a n c e  R and t h e  ang le  e 

may be computed: 

8 = t a n  [a] 
Now t h e  t r u e  r a d i a l  d i s t a n c e  r may be o b t a i n e d  f rom t h e  geomet r i ca l  

p r o p e r t y  : 

The cons tan ts  a and 8 depend s o l e l y  on t h e  x - ray  se t -up  and are the 

same f o r  any o b j e c t  a t  any d i s t a n c e  D f rom t h e  x - r a y  t a b l e .  



FIGURE A-9: SIMPLIFIED X-RAY SET-UP FOR 
A SINGLE POINT 



The r e l a t i o n s h i p  o f  e q u a t i o n  ( 1  6 )  was e x p e r i m e n t a l  l y  de te rm ined  and 

i s  shown i n  f i g u r e  A-10. Note t h a t  t h i s  p a r a m e t r i c  c a l i b r a t i o n  c u r v e  i s  

v a l i d  f o r  t h e  x - r a y  s e t - u p  a t  tiSRI and w i l l  v a r y  depend ing  on t h e  A and B 

d i s t a n c e s .  

Now t h a t  t h e  t r u e  r a d i a l  d i s t a n c e  i s  known, t h e  t r u e  c o o r d i n a t e s  a r e :  

x = r cose (17 )  

z = r s i n e  ( 1  8)  

Th ree -d imens iona l  c o o r d i  n a t e s  - To o b t a i n  comple te  3-D c o o r d i n a t e s  o f  

an o b j e c t  p o i n t ,  t h e  p r o c e d u r e  f o l l o w e d  i n  t h e  p r e v i o u s  s e c t i o n  may be r e -  

pea ted  f o r  t h e  (Y-Z)  p l a n e .  T h i s  can be done s i m u l t a n e o u s l y  w i t h  t h e  ( x - Z )  

measurement wh i ch  r e q u i r e s  two s e p a r a t e  x - r a y  sources  and two s e p a r a t e  f i l m  

p l a n e s ,  w h i c h  a r e  m u t u a l l y  p e r p e n d i c u l a r .  A s i m p l e r  method i s  t o  x - r a y  t h e  

(X-Z)  p l a n e  f i r s t ,  t h e n  r o t a t e  t h e  o b j e c t  90' and o b t a i n  a  new x - r a y  w h i c h  

wou ld  be o f  t h e  (Y-Z) p l a n e .  The a n a l y s i s  o f  t h e  two x - r a y s  wou ld  y i e l d  

t r u e  ( x , z )  and ( y , z )  c o o r d i n a t e s .  The z - c o o r d i n a t e  wou ld  be t h e  average o f  

t h e  two va lues  o b t a i n e d ,  s i n c e  e x p e r i m e n t a l  e r r o r s  wou ld  n o r m a l l y  r e s u l t  i n  

s l i g h t l y  d i f f e r e n t  va lues .  

The i n e r t i a l  c o o r d i n a t e  r e f e r e n c e  sys tem i s  formed by t h e  o p t i c a l  ax i s .  

g o i n g  once t h r o u g h  t h e  ( x , z )  p l a n e ,  t hen  g o i n g  aga in  t h r o u g h  t h e  ( y , z )  p l a n e  

o f  t h e  head. T h e r e f o r e ,  ca re  must  be t a k e n  as t o  keep t h e  head a t  t h e  same 

e l e v a t i o n  w i t h  r e s p e c t  t o  t h e  o p t i c a l  a x i s  when i t  i s  b e i n g  r o t a t e d .  T h i s  

e l e v a t i o n  may, however, be a r b i t r a r y .  

A .  4.4 Expe r imen ta l  X-Ray Procedure  

The e x p e r i m e n t a l  p rocedu re  i n  x - r a y i n g  t h e  head must  be o r i e n t e d  t oward  

an a c c u r a t e  measurement o f  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 ns t rumen-  

t a t i o n  and t h e  ana tom ica l  c o o r d i n a t e  system. T h i s  p rocedu re  i s  d e s c r i b e d  

and j u s t i f i e d  i n  t h e  f o l l o v ~ i n g  paragraphs .  





On each x - ray ,  t h e  o p t i c a l  ( i n e r t i a l )  r e f e r e n c e  f rame must  be de f i ned .  

r o r  t,ti.is purpot;o, ( I  : , p c c i ~ l  1[!(1d pl<~tc!, f l ( j u r u  A-11 , w;ls ~n,ic:t~ined t o  f l  t 

p r e c i s e l y  o v e r  t h e  window o f  t h e  x - r a y  source .  T h i s  p l a t e  wi  11 a l l o w  a  t h i n  

c i r c u l a r  r i n g  o f  x - rays  t o  pass t h rough  and be reco rded  on t h e  f i l m ,  p r i o r  

t o  t a k i n g  t h e  x - r a y  o f  t h e  head. C a r e f u l  mach in ing  i n s u r e s  t h a t  t h e  o p t i c a l  

c e n t e r  i s  t h e  same as t h e  c e n t e r  o f  t h e  r i n g .  A v e r t i c a l  a x i s  was o b t a i n e d  

on t h e  f i l m  by hang ing  a  w e i g h t  f r om a  l o n g  l e a d  w i r e  and t a p i n g  t h e  t o p  end 

o f  t h e  w i r e  on to  t h e  x - r a y  t a b l e ,  Thus, t h e  o p t i c a l  c e n t e r ,  as w e l l  as 

t h e  v e r t i c a l  and h o r i z o n t a l  o p t i c a l  axes may a c c u r a t e l y  be drawn on t h e  f i l m  

and used t o  measure t h e  ( X ,  Y ,  Z )  c o o r d i n a t e s  o f  any g i v e n  p o i n t .  

In o r d e r  t o  i d e n t i f y  t h e  4 ana tomica l  p o i n t s  o f  t h e  F r a n k f o r t  p l ane ,  

l e a d  p e l l e t s  w i t h  d i s t i n c t i v e  t abs  a r e  used as f o l l o w s .  The l o w e s t  p o i n t s  

on t h e  two o r b i t a l  c a v i t i e s  a r e  exposed by  sma l l  i n c i s i o n s  and, u s i n g  Eas t -  

man-910 cement, two p e l l e t s  a r e  cemented d i r e c t l y  on t h e  bone a t  t h e  l o w e s t  

p o i n t  o f  each o r b i t a l  c a v i t y .  T h i s  i s  t h e  c l o s e s t  a p p r o x i m a t i o n  t o  t h e  two 

i n f r a o r b i t a l  no tches  P 3  and P4 used i n  d e f i n i n g  t h e  F r a n k f o r t  p l ane .  To 

approx imate  t h e  o t h e r  two p o i n t s  o f  t h i s  p l ane ,  P1 and P2, two wooden p l u g s  

( s h o r t  c y l i n d e r s )  a r e  used t o  c a r r y  l e a d  p e l l e t s  so t h a t ,  when these  p l u g s  

a r e  i n s e r t e d  i n  t h e  a u d i t o r y  mea t i  , the  l e a d  p e l  l e t s  wou ld  approx imate  t h e  

s u p e r i o r  edges o f  t h e  two m e a t i .  

F i n a l l y ,  t o  i d e n t i f y  t h e  3 p o i n t s  Q1, Q2, Q3 wh ich  r e p r e s e n t  t h e  c e n t e r s  

o f  mass o f  t h e  3 p a i r s  o f  acce le rome te rs ,  3 aluminum d u m y  b l o c k s  a r e  machined 

t o  r e p l a c e  t h e  3 p a i r s  o f  acce le rome te rs  d u r i n g  t h e  x - r a y i n g .  Each dummy 

b l o c k  c o n t a i n s  a p e l l e t ,  so  l o c a t e d  as t o  p r e c i s e l y  f a l l  on t h e  cam. o f  t h e  

a c c e l e r o m e t e r - p a i r  wh i ch  i s  b e i n g  rep laced .  

Once t h e  seven p e l l e t s  a r e  p r o p e r l y  mounted on t h e  head, t h e  s u b j e c t  

whose head i s  b e i n g  x - rayed  i s  t hen  p l a c e d  ( o r  sea ted )  on a  r o l l i n g  c h a i r  





o r  p l a t f o r m  and t h e  f o l l o w i n g  s t e p s  a r e  t aken :  

S tep  1. W i t h  t h e  s u b j e c t  o u t s i d e  t h e  x - r a y  f i e l d ,  expose t h e  f i l m  w i t h  

t h e  c i r c u l a r  r i n g .  

S tep  2. P l ace  t h e  s u b j e c t  i n  t h e  x - r a y  f i e l d ,  and o b t a i n  and r e c o r d  

t h e  d i s t a n c e s  o f  seven p e l  l e t s  f r o m  t h e  x - r a y  t a b l e .  

Step 3. Expose t h e  f i l m  t o  o b t a i n  t h e  x - r a y  o f  t h e  head s t r u c t u r e  

and t h e  v e r t i c a l  l e a d  w i r e .  T h i s  g i v e s  t h e  x - r ay  o f  t h e  (J^-L) 
p l a n e .  

S tep  4. Remove t h e  s u b j e c t  f r o m  t h e  x - r a y  f i e l d ,  and change t h e  f i l m  

c a s s e t t e .  

S tep  5. Expose t h e  f i l m  t o  o b t a i n  t h e  c i r c u l a r  r i n g .  

S tep  6, Replace t h e  s u b j e c t  t o  e x a c t l y  t h e  same p r e v i o u s  e l e v a t i o n  

and i n  t h e  x - r a y  f i e l d .  

S tep  7 .  R o t a t e  t h e  p l a t f o r m  c a r r y i n g  t h e  s u b j e c t  t h r o u g h  +90° about  t h e  
,. 
K-ax i  s  . 

Step  8. O b t a i n  and r e c o r d  t h e  seven d i s t a n c e s  between t h e  x - r a y  t a b l e  

and t h e  i n d i v i d u a l  p e l  l e t s .  

S t e p  9.  Expose t h e  head and t h e  v e r t i c a l  l e a d  w i r e  t o  o b t a i n  an x - r ay  

o f  t h e  ( i , k )  p l ane .  

Once t h e  two  o r t h o g o n a l  x - r ays  have been developed,  t h e  o p t i c a l  c e n t e r  

and axes a r e  drawn and t h e  seven p e l l e t s  l a b e l e d  on each x - r a y ,  t h e n  f o r  

each  p e l l e t ,  (X,Z) and (Y ,Z )  p a i r s  a r e  measured d i r e c t l y  f r o m  t h e  x - r ays .  

These p a i r s  a r e  supplemented w i t h  t h e  c o r r e s p o n d i n g  d i s t a n c e s  f r o m  t h e  x - r ay  

t a b l e  o b t a i n e d  e a r l i e r  d u r i n g  s t e p s  2 and 8 o f  t h e  x - r a y i n g  p rocedure .  Each 

p e l l e t  w i l l  t hen  have (X, Z, Dx,) and (Y,Z,D ) wh i ch  can be used t o  o b t a i n  
Y z 

t r u e  ( X,Y ,z) c o o r d i n a t e s  w i t h  r e s p e c t  t o  an a r b i t r a r y  r e f e r e n c e  f rame,  g i v e n  

t h e  c a l i b r a t i o n  c o n s t a n t s  a and 6 o f  t h e  x - r ay  se t -up .  



A.4.5 Computational Procedure 

A computer program, XRAY, was wri t ten t o  carry the necessary s teps  

toward the evaluation of the transformation matrix [ R ]  between the instrumen- 

ta t ion  and the anatomical coordinate systems. 

Instrumentation Frame - The i n e r t i a l  vector position of the 3 accelero- 

meter p e l l e t s  may be obtained: 

and 

B u t  

$, = b + fl, 

where 
n 

Wl  = P ,  e l  
h 

7 0 2  = P 2  e r  (21) 

W3 = P 3  e 3  

The f i r s t  s t ep  in solving the problem i s  t o  obtain the  i n e r t i a l  coor- 

dinates of point P ,  o r ig in  of the instrumentation t r i a d .  Solving f o r  R,, Pa, 
and R3 from equation ( 2 0 )  and subs t i tu t ing  the values in equation ( 2 1 )  y i e lds :  



Equa t i ons  ( 2 2 )  may be w r i t t e n  i n  s c a l a r  f o r m  by  d o t  m u l t i p l y i n g  each  

e q u a t i o n  by i t s e l f :  

Equa t i ons  (23 )  may be m a n i p u l a t e d  t o  o b t a i n  t h e  f o l l o w i n g  1  i n e a r  

s imu l t aneous  e q u a t i o n s  : 

F i n a l l y  t h i s  s e t  o f  e q u a t i o n s  i s  s o l v e d  by s u b r o u t i n e  LOCOR t o  y i e l d  ( x  ,y z ) .  
P  P P  

The n e x t  s t e p  i s  s i m p l e  and i n v o l v e s  comput ing  t h e  d i r e c t i o n  cos ines  

o f  each o f  t h e  v e c t o r s  fl,, , f13 w h i c h  a r e  i d e n t i c a l  w i t h  t hose  o f  t h e  
A A A 

u n i t  v e c t o r s  el, e 2 ,  e 3 .  Thus: 

o r  s i m p l y  



Anatomica l  Frame -- - Us ing  t h e  same n o t a t i o n  f o r  t h e  ana tomica l  p e l l e t s ,  

t h e  i n e r t i a l  p o s i t i o n  v e c t o r s  o f  t h e  f o u r  anatomica l  p e l l e t s  a r e :  

$, = x 3 i  t y,  j t L 3  K 
$, = x,i t y, i' + 2 ,  i'i 
F i r s t  d e f i n e  t h e  d i r e c t i o n  cos ines  o f  j - a x i s  o r  t h e  L-R a x i s .  T h i s  

may be done by one o f  two methods: 

The two methods a r e  e q u i v a l e n t  w i t h i n  some expe r imen ta l  e r r o r .  To 

m in im ize  t h i s  e r r o r ,  t h e  average i s  t aken  as t h e  f i n a l  d i r e c t i o n  cos ines  o f  
A 

u n i t  v e c t o r  j ,  i .e. :  

A 

Nex t ,  d e f i n e  t h e  S - I  o r  k - a x i s .  T h i s  a x i s  i s  p e r p e n d i c u l a r  t o  t h e  

F r a n k f o r t  p lane  d e f i n e d  by t h e  4 anatomica l  p e l l e t s .  The u n i t  v e c t o r  

must be a l o n g  t h e  c ross  p r o d u c t  o f  t h e  v e c t o r  j and any v e c t o r  P l y i n g  

i n  t h e  F r a n k f o r t  p lane.  Thus: 



The average i s  t h e n  : 

F i n a l l y ,  t he  d i r e c t i o n  cos ines  o f  t h e  A-P o r  ? -ax is  a re  o b t a i n e d  by 

t h e  c ross  p r o d u c t :  

h h h  

i = k x j  (30)  

Equat ions  ( 2 8 ) ,  (29 )  and ( 3 0 )  may be w r i t t e n  compact ly  as: 

T rans fo rma t ion  m a t r i x  [ R ]  - Since the  t r a n s f o r m a t i o n  m a t r i x  [R] ,  d e f i n e d  

i s  t h e  d e s i r e d  r e s u l t ,  i t  i s  s i m p l y  o b t a i n e d  by: 

The m a t r i x  [A] i s  an o r thogona l  t r a n s f o r m a t i o n ,  t h e r e f o r e ,  i t s  i n v e r s e  

i s  equal  t o  i t s  t ranspose.  

Thus, 
[ R l  = [ E l  [ A I T  

The m a t r i x  mu1 t i p l i c a t i o n  i n  Equat ion  (31 )  i s  s t r a i g h t f o r w a r d .  



T r a n s l a t i o n  o f  t h e  two o r i g i n s  - I n  a d d i t i o n  t o  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  and t h e  anatomica l  c o o r d i n a t e  systems, t h e  l oca -  

t i o n  o f  t h e  i n s t r u m e n t a t i o n  o r i g i n  P must be known r e l a t i v e  t o  t h e  anatomica l  

c o o r d i n a t e  system, i .e. 

T h i s  v e c t o r  can be computed f r o m  

$=@-3 
t hen  expressed i n  t h e  anatomica l  system. F i r s t ,  t h e  v e c t o r  bE i s  by  

d e f i n i t i o n  ( s e c t i o n  A. 4.2) 

and 

t h e r e f o r e  @ = ( x  x  ) i + (y -y ) + ( z  - z  ) k 
P c P  c P c 

i c i  o b t a i n  (dl, d2, d 3 ) ,  t h e  anatomica l  Components o f  fl, we express  fl i n  t h e  

anatomi c a l  system: 

A A A 

U s i n g  e q u a t i o n  ( Z ) ,  ( I , J , K )  i s  s u b s t i t u t e d  t o  o b t a i n :  



A P P E N D I X  B 

CADAVER C H A I R  



APPENDIX B CADAVER CHAIR 

Problem: Design an apparatus t o  a c c u r a t e l y  p o s i t i o n  a  cadave r ' s  head 

o r  l e g  i n  f r o n t  o f  an i m p a c t i n g  ram used t o  s t u d y  human head and l e g  impac t  

c h a r a c t e r i s t i c s .  Such a  "cadaver s e a t "  wou ld  a l s o  p r o v i d e  a  degree o f  

u n i f v r m i  t y  i n  t e s t s  o f  d i f f e r e n t  specimens. 

The s e a t  s h o u l d  a l l o w  t h e  c a d a v e r ' s  head o r  l e g  t o  r e c o i l  n a t r u a l l y  

f r om t h e  i m p a c t i n g  blow and n o t  r e s t r a i n  t h e  r e a c t i o n .  Impacts t o  be con- 

s i d e r e d  are  ( 1 )  head f r o n t a l ,  ( 2 )  head s i d e ,  and ( 3 )  l e g  f r o n t a l .  

Design:  A pho to  o f  t h e  b a s i c  s e a t  i s  shown i n  F i g u r e  B1. The o u t e r  

b o x - l i k e  framework s i t s  on the  l a b o r a t o r y  f l o o r  i n  f r o n t  o f  t h e  impactor .  

I t s  upper framework s t r u c t u r e  i s  used f o r  mount ing  pho tog raph ic  equipment 

and o t h e r  i n s t r u m e n t a t i o n .  The s e a t  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  B-2. 

Two s e t s  o f  r a i l s  s u p p o r t  t h e  s e a t  w i t h i n  t h i s  framework and a re  

ar ranged s o  as t o  p r o v i d e  i n i t i a l  p o s i t i o n i n g  o f  t h e  s e a t  w i t h i n  t h e  s t r u c -  

t u r e  i n  b o t h  t h e  v e r t i c a l  and a n t e r i o r - p o s t e r i  o r  d i r e c t i o n s .  The s e a t  bo t tom 

i s  mounted t o  one r a i l  s e t  v i a  f o u r  au tomot i ve - t ype  power s e a t  t r a c k s  ( n o t  

shown i n  F i g u r e  B1). They a re  ar ranged so  as t o  remo te l y  c o n t r o l  t h e  f i n e  

p o s i t i o n i n g  o f  t h e  s e a t  w i t h  r e s p e c t  t o  t h e  o u t e r  frame and t o  p r o v i d e  f i v e  

a d d i t i o n a l  ad jus tments  : 

( 1 )  6"  t o t a l  a n t e r i o r - p o s t e r i o r  t r a n s l a t i o n  

( 2 )  6"  t o t a l  l e f t - r i g h t  t r a n s l a t i o n  

( 3 )  6" t o t a l  s u p e r i o r - i n f e r i o r  t r a n s l a t i o n  

( 4 )  :6 112" a n t e r i o r - p o s t e r i o r  t i  1  t 

( 5 )  ?6  l / Z O  l e f t - r i g h t  t i l t .  

The cadaver i s  s t r a p p e d  i n t o  t h e  s e a t  a t  t h e  t h i g h s  and upper arms 

and t h e  head i s  h e l d  o f f  t h e  shou lders  by s t r i n g s  t i e d  f rom t h e  ea rs  t o  a  

s e a t  member above. Upon f r o n t a l l s i d e  impact ,  t h e  s t r i n g  breaks  and a l l o w s  

t h e  head t o  r e c o i l  q u i t e  n a t u r a l l y .  The upper arms a re  f a s t e n e d  s e c u r e l y  



F i g u r e  B-1 . Cadaver Seat  



Figure 6 - 2. Cadaver Seat Schematic 
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enough t o  h o l d  the torso upright and  yet will n o t  significantly restrict 

posterior chest movement upon frontal chest impact. 



A P P E N D I X  C 

ANTHROPOMETRY DATA 



DATE SUBJECT so. V R I C - 0 3  - 
CADAVER NO. 

. . . . . . . . . . . . . . . .  CA 1. Head b r e a d t h  ' ' , 1 4 . 7  
..a- 

. . . . . . . . . . . . . . . . .  CA 2 .  Read l e n g t h  1 9 . 0  

RA 3 .  Head h e i g h t  . . . . . . . . . . . . . . . . .  1 3 . 5  - 
. . . . . . . . . . . . .  ST 4 .  S a g i t t z l  a r c  l e c g t h  3 6 . 8  

. . . . . . . . . . . . .  ST 5 .  Corona l  a r c  l e n g t h  35 .0  - 

R e v .  5/8/74 



SUBJECT NO. VRIC-04 

CADAVER NO, 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C.4 1. IIenc! b r e a d t h  1 5 . 4  

C k  2. Head l e n g t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 . 0  

1 .  3 .  Hcnd h e i g h t . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 . 6  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57' 4 .  3 n g i l - t n l  arc  l e n g t h  3 7 . 0  

S'r 5 .  Co~,onal .  a r c  l e n g t h .  . . . .  

lii? 6 .  E'(-'i.iu~ l e n g - t h  - R (uppcr  l e g )  . . . . . . . . . . . . . . . . . . . . . . . . . .  - 

Rev.  5/8/74 



DATE A p r i l  2 4 ,  1971 SUBJECT NO. VRIC-04  - 
CADAVER NO. 

VRIC ANTIIROPOIIETRY SHEET 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  CA 1. I l e n d  b r e a d t h  1 5 . 4  

CA 2 .  Head l e n g t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . , . .  18.0  

RA 3 .  Head h e i g h t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 . 6  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ST 4 .  S a g i t t a l  a r c  l e n g t h  37 .0  

ST 5 .  Corolla1 a r c  l e n g t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . .  3 5 . 8  

. . . . . . . . . . . . . . . . . . . . . . . . .  R A  6 ,  Femul- 1 e ~ t . i - h  - R (upper  l e g ) .  

RA 7 ,  Fcinnr l e n g t l ~  - L (upper  l e g ) .  . . . . . . . . . . . . . . . . . . . . . . . .  
KA S .  F i b u l a  l e n g t h  - R ( lower  l e g )  . . . . . . . . . . . . . . . . . . . . . . . .  43.5 

I I . CIRCun!Fj':I:E:~CE 

ST 1. Xeck ( a t  r , i i d - l i n e ) .  . . . . . . . . . . . . . . . . . . . . . . . . . . , .  ,, . . . . .  3 2 . 5  

ST - S t e e l  t a p e  

R e v .  5/8/74 



SUBJECT NO. V R I C - 0 5  

CAD.AVER NO. 19940 

VR I C  ANTlIILOP03IETRY SHEET 

CA 1 .  Head b r e a d t h  . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . .  1 5 . 0  

CA 2 .  Head l e n g t h  . . . . . . . . . . . . , . . . . . . . . . . . . . . . , . . . . . . . . . . . . .  21:O 

RA 3 .  Head h e i g h t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 3 . 6  

ST 4 .  Sagittal a r c  l c n g t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 6 . 4  

ST 5 .  Corona l  a r c  lc i lg th  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . .  3 6 . 0  

RA 6 .  Femur l eng th  - K ( u p p e r  l e g )  . . . . . . . . . . . . . . . . . . . . . . . . .  31.8 

Re4 8. Y'j.b;~ln l e n g t h  - R (1oll:cs l e g ) .  . . . . . . . . . . . . . . . . . . . . . . .  4 0 . 1  

El? 9 . Y i l j ~ : '  :, ? ?~:l;I,!i - 1; ( ~ Q ~ , : v c J ~  I C E )  . . . . . . . . . . . . . . . . . . . . . . . .  3 7 . 8  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ST 1. Xecli ( a t  m i d - l i n c )  3 8 . 7  

Rev.  5/8/74 



DATE - Jlay 7 ,  1971  - SUBJECT XO. vi21 c:-05 

CADAVER NO. 199.40 - 

CA 1. Head b r c a d i h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5 . 0  

CA 2. Head l e t 1 , n t h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21:O --- 
Ril 3 .  Head h e i g h t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 3 . 6  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ST 4 .  S a g i t t a l  a r c  l e n g t h  3 6 . 4  

ST 5 ,  C o r o n a l  a r c  1-eilgth . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . .  3 6 . 0  

RA 6 .  Feniur l e n g t h  - R (i lpper leg) . . . . . . . . . . . . . . . . . . . . . . . . .  31.8 

IlA 7 .  E'e~~iui- 1ci:gJ~;l - L ( u p p e r  l e g ) .  . . . . . . . . . . . . . . . . . . . . . . . .  3 2 . 4  --- 
R A  S .  Fi .bu l a  l e n x t h  - R (lo11:cr leg). . . . . . . . . . . . . . . . . . . . . . . .  40.1 --- - 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ST 1. Sccl-; (at m i d - l i a e )  3 8 . 7  

ST 2 .  Head . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 7 . 9  

R e v .  5/8/74 








