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SUMMARY 

Basic p r o p e r t i e s  of t h e  human neck r e l a t e d  t o  l a t e r a l  hyper f l ex ion  

i n j u r y  were measured on a s u b j e c t  pool of 96 persons ,  balanced f o r  sex ,  

age ,  and s t a t u r e ,  according t o  d a t a  from t h e  U.S. Pub l ic  Heal th  Survey 

(1962) .  Sub jec t s  were grouped i n t o  s i x  c a t e g o r i e s  based on s e x  and 

age (18-24 y e a r s ,  35-44 y e a r s ,  and 62-74 Within each su'bject  

group t h e  s t a t u r e  was ba lanced  ( e . g . ,  t h r e e  t a l l ,  t e n  medium, and t h r e e  

s h o r t  pe r sons )  t o  r e p r e s e n t  an average s t a t u r e  f o r  t h a t  s u b j e c t  group. 

Measurements t a k e n  inc iuded :  s i x t y  measures of t r a d i t i o n a l  

anthropometry,  24 anthropometry measures ob ta ined  by photogrammetry t o  

d e s c r i b e  t h e  s e a t e d  occupant,  s t r e t c h  r e f l e x  t imes  of t h e  s ternomastoid  

muscle group r e s u l t i n g  from l a t e r a l  j e r k s  t o  t h e  head,  neck muscle i so -  

m e t r i c  s t r e n g t h  i n  l a t e r a l  f l e x i o n ,  and three-dimensional  range of mo- 

t i o n  from photogrammetry of t h e  s i x  p l a n a r  head motions ( f l e x i o n ,  exten- 

s i o n ,  r i g h t  and l e f t  r o t a t i o n ,  r i g h t  and l e f t  l a t e r a l  bend) and t h r e e  

head movements invo lv ing  combinations of t h e  p l a n a r  motions.  Range of 

motion r e s u l t s  were c a l c u l a t e d  by d i g i t a l  computer programs and a r e  

expressed i n  Euler  a n g l e  n o t a t i o n .  Head a c c e l e r a t i o n  d u r i n g  t h e  r e f l e x  

t e s t s  was measured by two b i a x i a l  p a i r s  of acce le romete rs  and t h e  

r e s u l t s  were used t o  compute head angular  a c c e l e r a t i o n .  Th is  provided 

a b a s i s  f o r  comparison of computer s imula t ions  o f  t h e  r e f l e x  t e s t s  

wi th  a c t u a l  exper imental  r e s u l t s ,  and a de te rmina t ion  of a more a c c u r a t e  

va lue  f o r  t h e  l a t e r a l  s t a t i c  bending s t i f f n e s s  o f  t h e  neck under smal l  

deformat ions .  R e s u l t s  ob ta ined  f o r  s t r e n g t h ,  r e f l e x  t i m e ,  and l a t e r a l  

range of motion were used i n  t h e  MVMA-2D model a d j u s t e d  f o r  s i d e  impact 

t o  s imula te  responses  of t h e  v a r i o u s  s u b j e c t  groups t o  1 0  and 30 mph 

s i d e  impacts.  



While t h e  primary and complete va lue  of t h e  d a t a  from t h i s  s t u d y  

can on ly  be  ob ta ined  from t h e  nunerous t a b l e s  and f i g u r e s  con ta ined  i n  

t h i s  r e p o r t ,  t h e  fo l lowing  p r e s e n t s  some of  t h e  major achievements and 

r e s u l t s  observed:  

1. T r a d i t i o n a l  anthropometry measures i n d i c a t e  e x c e l l e n t  matching 

of  t h i s  s tudy  s u b j e c t  pool t o  t h a t  of bo th  t h e  s a g i t t a l  p lane  

s t u d y  and t h e  Pub l i c  Heal th  S e r v i c e .  

2. Loca t ions  of major body masses f o r  t h e  s i x  s u b j e c t  c a t e g o r i e s  

were ob ta ined  from t r a d i t i o n a l  anthropometry measures. 

3 .  Three-dimensional  photogrammetry t echn iques  were s u c c e s s f u l l y  

used i n  c o n j u n c t i o c  w i t h  t r a d i t i o n a l  anthropometry measures 

t o  d e s c r i b e  t h e  s e a t e d  automobile occupant.  Locat ions  of  

38 measurements f o r  each s u b j e c t  ca tegory  have been determined 

and g r a p h i c a l l y  d i s p l a y e d .  

4. Three-dimensional  o r t t o g o n a l  photogrammetry t echn iques  have 

been used s , n - e s s f a l l y  t o  determine Euler-angle  s t a t i s t i c s  

f o r  range of n o t i o n  of t h e  s i x  s u b j e c t  groups ,  I n  g e n e r a l  

t h e  ranges  of mction were s i m i l a r  f o r  males and females i n  

t h e  t h r e e  p l a n e s  (yaw, & i t c h ,  and r o l l )  and showed a 

cont inuous  dec rease  w i t h  age .  The r a t e  of dec rease  w i t h  age 

was g r e a t e r  f o r  males than  females .  Greates5 range of motion 

was found i n  t h e  r o t a t i o n a l  p lane  (136.5' average f o r  a l l  

s u b ~ e c t s )  whi ie  t h e  s a a l l e s t  was i n  t h e  l a t e r a l  p l a n e  (71.0' 

average f o r  a l l  s u b j e c t s ) .  For t h e  combination movements t h e  

m o u n t  of extension or  f l e x i c n  ackievab;e a f t e r  a f u l l  

r o t a t i o n  was l e s s  than  55% ~f t h a t  a t t a i n e d  wi thout  r o t a t i o n ,  



while  t h e  m o u n t  of l e f t  l a t e r a l  bend a f t e r  fu l l  l e f t  

r o t a t i o n  was unchanged, 

S t r e t c h  r e f l e x  t imes  of t h e  r i g h t  s ternomastoid  muscle group 

range from about 25 t o  75 msec, w i t h  t h e  o v e r a l l  average being 

50.2 msec. Ref lex t imes  f o r  t h e  62-74 year  s u b j e c t  groups were 

about 15-25 percen t  longer  t h a n  t h e  18-24 and 35-44 year  groups.  

Males had s l i g h t l y  longer  r e f l e x  t imes  t h a n  females  on t h e  

average (53.3  msec t o  4 7 . 1  msec) .  Also,  s t r e t c h  r e f l e x  t imes  

f o r  t h e  s t e r n o n a s t o i d  muscle group i n  l a t e r a l  f l e x i o n  appear 

t o  be s h o r t e r  t h a n  f o r  t h e  same muscle group i n  ex tens ion  

ob ta ined  i n  t h e  s a g i t t a l  p lane  s tudy  (50.2  msec compared t o  

71.7 msec, average f o r  a l l  s u b j e c t s ) .  

6. Females show muscle s t r e n g t h s  cons iderab ly  l e s s  t h a n  males .  

The g r e a t e s t  s t r e n g t h s  were found f o r  35-44 year  males and 

were n e a r l y  t h r e e  t imes  g r e a t e r  on t h e  average t h a n  t h e  

s m a l l e s t  s t r e n g t h s  found f o r  t h e  62-74 year  females .  Both 

males and females show s u b s t a n t i a l  dec reases  i n  muscle 

s t r e n g t h  between t h e  35-44 and 62-74 y e a r  groups.  

7. Appropr ia te  v a l u e s  f o r  t h e  l a t e r a l  s t a t i c  bending s t i f f n e s s  

of t h e  neck f o r  smal l  deformations have been determined by 

computer s i m u l a t i o c  of t h e  r e f l e x  t e s t s  t o  be  between 8 and 

16  i n - l b l d e g r e e ,  depending on t h e  popula t ion  segment. 

8. Use of t h e  exper imental  d a t a  of t h i s  s tudy  i n  t h e  MVMA Two- 

Dimensional Crash Victim S imula t ion ,  Vers ion 3 ,  has  r e s u l t e d  

i n  t h e  fo l lowing  f i n d i n g s  on i n j u r y  s u s c e p t i b i l i t y  duri.ng 



a .  Neck muscle c o n t r a c t i o n  may s i g n i f i c a n t l y  l e s s e n  t h e  

l i k e l i h o c d  o f  n a r d - t i s s u e  i n j u r y  r e s u l t i n g  from e x c e s s i v e  

l a t e r a l  f l e x i o n .  For s t r o n g e r  members o f  t h e  popu la t ion  

( e . g . ,  males age 35-44)  it may p reven t  such i n j u r y  even 

f o r  side-impact v e l o c i t i e s  of 30 mph. For weaker members 

of t h e  p o p u l a t i o n  ( e . g . ,  females age 62-74) ,  however, 

muscle s t r e n g t h  i s  i n s u f f i c i e n t  t o  p reven t  p robab le  

i n j u r y  even f o r  10-mph impact.  

b.  Excess ive  l a t e r a l  f l e x i o n  i c j u r y  i s  l e s s  l i k e l y  when t h e  

neck muscu la tu re  i s  v o l u n t a r i l y  o r  i n v o l u n t a r i l y  pre- 

t e n s e d  a s  a  r e s u l t  of  a n t i c i p a t i o n  of  impending impact.  

c .  Excess ive  l a t e r a l  f l e x i o n  i n j u r y  i s  more l i k e l y  i n  o l d e r  

members of t h e  popu la t ion  t h a n  i n  younger because  of  both  

a  more r e s t r i c t e d  v o l u n t a r y  range  of  motion and weaker 

neck musc ies ,  Grea te r  r e f l e x  t i m e  i s  a secondary d i s -  

advantage of o l d e r  pe r sons .  

d ,  There  i s  evidence f o r  an  i n c r e a s e d  l i k e l i h o o d  of  muscle 

t i s s u e  damage when t h e  muscles a r e  c o n t r a c t e d ,  p a r t i c u l a r l y  

a t  h igher  impact speeds .  This  t y p e  of i n j u r y  i s  p r e d i c t e d  

t o  be most l i k e l y  i n  xeaker  members of t h e  p o p u l a t i o n  

Th i s  r e p o r t  has  been compiled w i t h  t h e  i n t e n t  of p rov id ing  r e s e a r c h -  

e r s  w i t h  d a t a  u s e f u l  i n  computer n o d e l i n g  of  c r a s h  impac t s ,  d e s i g n  of 

improved dummies f o r  s l e d  t e s t s ,  and development of s a f e r  passenger  s e a t s  

and head r e s t r a i n t  sys tems ,  as w e l l  a s  i n  o t h e r  p r a c t i c a l  a p p l i c a t i o n s  

i n  t h e  f i e l d  of automot ive  s a f e t y .  
4 



CHAPTER 1 

INTRODUCTION, OBJECTIVES, AND BACKGROUND 

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

The t e rm "whiplash" has  commonly been a p p l i e d  t o  encompass t h e  

complex i n t e r a c t i o n s  which occur when t h e  occupant of a  v e h i c l e  i s  

s t r u c k  from t h e  r e a r ,  r e s u l t i n g  i n  c e r v i c a l  hyperextension-hyperf lexion.  

It i s  a l s o  t h e  c a s e ,  however, t h a t  i n d i v i d u a l s  i n c u r  "whiplash" in -  

j u r i e s  from f o r c e s  r e s u l t i n g  i n  l a t e r a l  f l e x i o n  of  t h e  neck such a s  

would occur on s i d e  impact o r  r e a r  impact w i t h  t h e  head t u r n e d .  

A previous  s tudy  conducted f o r  t h e  Insurance  I n s t i t u t e  f o r  Highway 

S a f e t y  e n t i t l e d  " ~ i o e n ~ i n e e r i n g  Study of Basic  P h y s i c a l  Measurements 

Re la ted  t o  S u s c e p t i b i l i t y  t o  C e r v i c a l  Hyperextension-Hyperflexion 

I n j u r y  , I 1  was des igned t o  s tudy  t h e  i n f l u e n c e  of  such b a s i c  f a c t o r s  a s  

s e x ,  a g e ,  and s t a t u r e  on neck p r o p e r t i e s  i n  t h e  s a g i t t a l  p lane .  Th i s  

r e s e a r c h  ( h e r e a f t e r  r e f  e r r e d  t o  a s  t h e  " s a g i t t a l  p l a n e  study" ) has  

r e s u l t e d  i n  a  m b e r  of s i g n i f i c a n t  f i n d i n g s  r e l a t e d  t o  b a s i c  charac- 

t e r i s t i c s  of t h e  human neck i n  d o r s a l  hyperextension and v e n t r a l  hyper- 

f l e x i o n  motions.  Data from t h e  s tudy  have a l r e a d y  been u t i l i z e d  i n  t h e  

des ign  of t h e  ATD-50 anthropomorphic dummy neck by General  Motors 

Corpora t ion ,  i n  s e a t  des igns  by t h e  Ford Motor Company, and i n  occupant 

p r o t e c t i o n  and dummy sxandards now under development by t h e  Na t iona l  

Highway T r a f f i c  S a f e t y  Admin i s t ra t ion .  P u b l i c a t i o n s  based on t h e  

The r i g h t s ,  w e l f a r e ,  and informed consent  of t h e  v o l u n t e e r  s u b j e c t s  
who p a r t i c i p a t e d  i n  t h i s  s tudy  were under g u i d e l i n e s  e s t a b l i s h e d  by 
t h e  U.S. Department of Hea l th ,  Educat ion,  and Welfare P o l i c y  on 
P r o t e c t i o n  of Human S u b j e c t s  and accomplished under medical  r e s e a r c h  
des ign  p r o t o c o l  s t a n d a r d s  approved by t h e  Human Use Committee, 
School of Medicine,  t h e  U n i v e r s i t y  of Michigan. 



s a g i t t a l  p lane  s t u d y  i n c l u d e  a  b ib l iography  of  whiplash and c e r v i c a l  

k inemat ic  measurement (Van Eck e t  a l . ,  1 9 7 3 ) ;  a  r e p o r t  on t h e  

mathemat ica l  modeling of  r e l a t i o n s h i p s  between p h y s i c a l  c h a r a c t e r i s -  

t i c s  of  t h e  neck and i t s  s u s c e p t i b i l i t y  t o  i n j u r y  (Robbins e t  a l . ,  

1974) ;  a  r e p o r t  on c e r v i c a l  range of motion and t h e  dynamic responses  

and s t r e n g t h  of c e r v i c a l  muscles so oust e t  a l . ,  1 9 7 3 ) ;  and a  r e p o r t  of 

c e r v i c a l  s a g i t t a l  p lane  dimensions ( ~ a t z  e t  a l . ,  1975) .  The s tudy  

d a t a  undoubtedly w i l l  con t inue  t o  be used i n  s e v e r a l  f u t u r e  modeling 

s t u d i e s  and a r e  u s e f u l  f o r  improving head and neck p r o t e c t i o n  i n  

v e h i c u l a r  a c c i d e n t s  invo lv ing  hyperextension-hyperf lexion.  

T h i s  i n i t i a l  s t u d y  was s i g n i f i c a n t  i n  t h a t  a  survey of  t h e  l i t e r -  

a t u r e  had r e v e a l e d  over 2,300 r e f e r e n c e s  r e l a t e d  t o  t h e  whiplash i n j u r y  

(van Eck e t  a l . ,  1 9 7 3 ) ,  y e t  no b a s i c  s t u d y  had been conducted t o  

measure p h y s i c a l  c h a r a c t e r i s t i c s  and v a r i a t i o n s  of  t h e  human neck i n  

a  r e p r e s e n t a t i v e  U.S. popula t ion .  While t h i s  work provided s e v e r a l  

new i n s i g h t s  i n t o  whiplash i n j u r y  sechanisms and e s t a b l i s h e d  workable 

l a b o r a t o r y  t e c h n i q u e s ,  it was recognized t h a t  whiplash i n j u r i e s  o f t e n  

a r e  produced from more complex motions than  t h o s e  measured. R o t a t i o n ,  

e x t e n s i o n ,  f l e x i o n ,  and l a t e r a l  motions a l l  may occur and g r e a t l y  

compl ica te  t h e  measurement, i n t e r p r e t a t i o n ,  and unders tand ing  of  t h e  

i n j u r y  mechanisms involved.  

The p r e s e n t  i n v e s t i g a t i o n ,  conducted from October ,  1973,  through 

December, 1974,  was under taken wi th  t h e  same r e p r e s e n t a t i v e  popu la t ion  

t o  i n v e s t i g a t e  p h y s i c a l  c h a r a c t e r i s t i c s  of  t h e  neck i n  l a t e r a l  f l e x i o n  

and r e p r e s e n t s  t h e  cu lmina t ion  of n e a r l y  t h r e e  y e a r s  of i n t e n s i v e  

r e s e i r c h  i n t o  t h e  b a s i c  mechanisms r e l a t i n g  t o  s u s c e p t i b i l i t y  of  

i n d i v i d u a l s  t o  "whiplash" i n j u r y .  Much cf t h e  work involved 



s o l u t i o n s  of complex problems i n  l a b o r a t o r y  t echn iques ,  e s p e c i a l l y  

t h o s e  r e l a t i n g  t o  t h e  use  of three-dimensional photogrammetry i n  

anthropometric and range-of-motion measurements. Although p o r t i o n s  of 

t h i s  s tudy  w i l l  be independently r e p o r t e d  i n  t h e  l i t e r a t u r e ,  t h e  

o b j e c t i v e  of t h i s  r e p o r t  i s  t o  b r i n g  t o g e t h e r  i n  one p l a c e  t h e  bu lk  

of t h e  d a t a  so  t h a t  i t  can more e a s i l y  be used i n  f u t u r e  r e s e a r c h  and 

a p p l i c a t i o n s .  The a u t h o r s  have attempted t o  compile t h i s  r e p o r t  i n  a  

format u s e f u l  t o  o t h e r  r e s e a r c h e r s  and modelers and hope t h a t  t h e  b a s i c  

d a t a  provided w i l l  be of con t inu ing  use  i n  t h e  s o l u t i o n  of app l ied  

problems. The fol lowing s e c t i o n  o u t l i n e s  more s p e c i f i c a l l y  t h e  

r e s e a r c h  o b j e c t i v e s  of t h i s  s tudy ,  whi le  Sec t ion  C of t h i s  chap te r  i s  

in tended t o  provide a  b r i e f  summary of some of t h e  r e c e n t  l i t e r a t u r e  

r e l e v a n t  t o  "whiplash" i n j u r y .  

B. Research Objec t ives  

The s p e c i f i c  o b j e c t i v e s  of t h i s  s tudy inc lude  t h e  fol lowing:  

1) To determine comprehensive neck and t o r s o  anthropometry 

s u f f i c i e n t  t o :  

a )  compare t h e  s u b j e c t  pool  t o  t h e  g e n e r a l  popu la t ion  

and t o  previous  s a g i t t a l  s tudy  s u b j e c t  poo l s .  

b )  l o c a t e  major body masses. 

c )  d e s c r i j e  t h e  s e a t e d  occupant i n  t h r e e  dimensions. 

2 )  To measure v a r i a t i o n s  i n  neck muscle s t r e n g t h  i n  t h e  l a t e r a l  

d i r e c t i o n .  

3 )  To determine v a r i a t i o n s  i n  vo lun ta ry  range of c e r v i c a l  motion 

i n  t h r e e  dimensions,  wi th  emphasis on motions invo lv ing  l a t e r a l  

f l e x i o n .  

4) To determine v a r i a t i o n  i n  muscle response t ime t o  e x t e r n a l  



s t imulus  ( i  . e . ,  head j e r k )  and t o  measure head a c c e l e r a t i o n  

( a n g u l a r  and l i n e a r )  dur ing  r e f l e x  t e s t i n g .  

5 )  To determine t h e  dynamic response of t h e  human body i n  

t h e  l a t e r a l  d i r e c t i o n  i n  car-to-car impacts u s i n g  mathemati- 

c a l  models of a c r a s h  v i c t i m  and measured va lues  of t h e  

above paramete rs ,  and t o  determine t h e  s e n s i t i v i t y  of t h e s e  

responses  t o  changes i n  t h e  parameters .  

C .  Background 

Rear-end c o l l i s i o n s  commonly r e s u l t  i n  neck i n j u r y  t o  t h e  occupants 

of automobi les .  Jackson (1966)  es t imated  t h a t  85% of neck i n j u r i e s  

from automobile c o l l i s i o n s  a r e  caused by rear-end impacts.  Th i s  inc idence  

was confirmed i n  a ~ 9 6 3  s t u d y ,  by S t a t e s  e t  a l . ,  of  13,800,000 vehicu- 

l a r  c o l l i s i o n s  recorded  i n  t h e  U.S. d u r i n g  t h e  year  1967. Of t h o s e ,  

78% were a t t r i b u t e d  t o  veh ic le - to -veh ic le  impacts ,  and approximately  

62% of t h e s e  ( 6 . 5  m i l l i o n )  were es t imated  t o  be due t o  reax-end 

c o l l i s i o n s  ( ~ u r d j  i a n  and Thomas, 1970) . Data prepared by t h e  Na t iona l  

Highway T r a f f i c  S a f e t y  Admin is t ra t ion  f o r  1968 i n d i c a t e d  t h a t  rear-end 

c o l l i s i o n s  accounted f o r  23.5% of U.S. a c c i d e n t s  and were r e s p o n s i b l e  

f o r  25.5% of t h e  i n j u r i e s  and 4.5% of t h e  f a t a l i t i e s  ( ~ a t i o n a l  Accident 

Summary F a c t s ,  n .d . ,  F i g .  4 ) .  More r e c e n t  d a t a  i n d i c a t e  t h a t  t h e r e  

were some 4,300,000 rear-end c o l l i s i o n s  dur ing  1973 i n  t h e  U.S. 

( ~ a t i o n a l  S a f e t y  Counci l ,  1974, p .  $7), which included 2,300 f a t a l  

impacts . 
R e s u l t i n g  i n j u r i e s  t o  t h e  neck a r e  documented by an  e x t e n s i v e  

c l i n i c a l  l i t e r a t u r e  (van  Eck e t  a l . ,  1 9 7 3 ) .  The c e r v i c a l  hyperextension- 

hyper f l ex ion  ( "whiplash") i n j u r y  is  c h a r a c t e r i z e d  by symptoms r e f e r a b l e  



t o  t h e  neck,  i n c l u d i n g  c e r v i c a l  p a i n ,  t e n d e r n e s s ,  l i g m e n t a l  damage, 

muscle spasm, o c c i p i t a l  headaches,  r e t ropharyngea l  hematoma, dysphagia ,  

and c e r v i c a l  s p i n e  f r a c t u r e ,  Other i n j u r i e s  r e p o r t e d  inc lude  sub- 

arachnoid and subdura l  hemorrhage, v e r t i g o ,  EEG a b n o r m a l i t i e s ,  un- 

consc iousness ,  and i l l - d e f i n e d  mental  changes. Acute o r  chronic  

symptoms of t h e s e  l e s i o n s  may appear immediately and p e r s i s t  f o r  y e a r s ,  

whi le  i n  o t h e r  cases  spnptorns a t t r i b u t e d  t o  t h e  acc iden t  may not  

appear f o r  a  cons iderab le  t ime .  

According t o  Jackson,  t h e  term "whiplash" was i n i t i a l l y  used i n  1944 

by Davis t o  d e s c r i b e  t h e  mechanism of neck i n j u r i e s  which occur i n  head- 

on c o l l i s i o n s  ( i. e . ,  an abrupt  f l e x i o n  of t h e  neck followed by a  r e c o i l  

i n  e x t e n s i o n ) .  While "whiplash" may occur i n  t h i s  manner, t h e  term i s  

most commonly a s s o c i a t e d  w i t h  t h e  rear-end c o l l i s i o n  which r e s u l t s  i n  

t h e  t a r g e t  v e h i c l e  occupants '  necks being a b r u p t l y  hyperextended, 

followed by r a p i d  hyper f l ex ion ,  It may a l s o ,  however, r e f e r  t o  t h e  

l a t e r a l  movement of t h e  head r e s u l t i n g  from s i d e  impact ( c a l l e d  "s ide-  

l a s h "  by Jackson)  o r  r e a r  impact w i t h  t h e  occupan t ' s  head tu rned .  The 
I 

term "whiplash" has been widely misused i n  t h e  l i t e r a t u r e  a s s o c i a t e d  w i t h  

medical  d i a g n o s i s ,  r a t h e r  t h a n  a s  a  d e s c r i p t i v e  term i n d i c a t i n g  a mech- 

anism of i n j u r y  ( ~ r a u n s t e i n  e t  a l .  , 1959; Knepper , 1963) .  The i n j u r y  it 

i s  in tended t o  d e s c r i b e  r e s u l t s  from hyperextension,  hyper f l ex ion  o r  lat-  

e r a l  f l e x i o n  of t h e  neck a s  t h e  head r o t a t e s  dur ing  c o l l i s i o n  impact.  

To d a t e  t h e  b e s t  t r ea tment  of t h e  e t i o l o g y  of c e r v i c a l  i n j u r i e s  

i s  by Jackson ( 1 9 7 1 ) .  I n j u r i e s  i n  head-on c o l l i s i o n s  caus ing  forward 

hyper f l ex ion  of t h e  neck followed by rearward hyperextension have been 

desc r ibed  a s  p r i m a r i l y  p l a c i n g  t r a c t i o n  on t h e  a n t e r i o r  l o n g i t u d i n a l  

l igament ,  t h e  a t tachments  of which may be s t r e t c h e d ,  t o r n ,  o r  avulsed 



a t  t h e  margins of t h e  v e r t e b r a l  bod ies  o r  a t  t h e  annulus f i b r o s i s  of 

t h e  i n t e r v e r t e b r a l  d i s c s .  Other i n j u r i e s  may inc lude  a v u l s i o n  of 

fragments of t h e  v e r t e b r a l  body, t e a r s  o r  r u p t u r e s  of t h e  annulus  

f i b r o s i s ,  d i s c  a v u l s i o n ,  t e a r s  of t h e  longus c o l l i  and i n t e r t r a n s v e r s e  

muscle a t t achments ,  f r a c t u r e s  of t h e  spinous  p r o c e s s e s ,  laminae,  

a r t i c u l a r  f a c e t s ,  o r  t h e  odontoid p r o c e s s ,  o r  a v u l s i o n  of t h e  c a p s u l a r  

l igaments  . 
S i m i l a r l y ,  whiplash i n j u r i e s  caused by rearward hyperextension of 

t h e  head and neck followed by abrup t  forward hyper f l ex ion  may invo lve  

t e a r i n g  o r  s t r e t c h i n g  of t h e  nucha l ,  t h e  p o s t e r i o r  l o n g i t u c i n a l ,  t h e  

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

(wi th  o r  wi thout  cord i n j u r i e s ) ,  v e r t e b r a l  body f r a c t u r e s ,  o r  o t h e r  

i n j u r i e s .  O t o l o g i c a l  a s p e c t s  of "whiplash" i n j u r i e s  have been d i s c u s s e d  

by Pang (1971) .  

Less i s  known of t h e  i n j u r i e s  o c c u r r i n g  due t o  l a t e r a l  f l e x i o n  

a l though  Roaf (1963)  has suggested t h a t  t e a r i n g  of t h e  i n t e r t r a n s v e r s e  

l igaments ,  f r a c t u r e  of t r a n s v e r s e  p r o c e s s e s ,  and l e s i o n s  of t h e  b r a c h i a l  

p lexus  and s p i n a l  cord may be  i n d i c a t i o n s  t h a t  t h i s  was t h e  mechanism 

of i n j u r y .  I f  t h e  head i s  a l s o  r o t a t e d  a t  t h e  same t ime ,  a  broad 

v a r i e t y  of i n j u r i e s  may r e s u l t ,  

While s e v e r a l  s t u d i e s  have j e e n  concerned w i t h  t h e  occurrence of 

c e r e b r a l  i n j u r y  induced by whiplash,  con t roversy  over t h e  mechanisms 

r e s p o n s i b l e  con t inues .  There i s  cow a  divergence of op in ion  concerning 

t h e  r e s p e c t i v e  r o l e s  of t r a n s l a t i o n a l  and r o t a t i o n a l  a c c e l e r a t i o n  i n  

t h e  concuss ive  mechanism of whiplash,  and t h e r e  i s  growing evidence of 

c o r r e l a t i o n s  between i n j u r y  ar,d skch f a c t o r s  a s  head- to - res t ra in t  

d i s t a n c e ,  r o t a t i o n a l  a c c e l e r a t i o n  e f f e c t s  ( ~ o r t n o y  e t  a l . ,  1 9 7 1 ) ,  



mass o f  t h e  head, l o c a t i o n  of t h e  c e n t e r  of g r a v i t y  of t h e  head, and 

o r i e n t a t i o n  of t h e  head a t  i n i t i a t i o n  of impact. 

S t u d i e s  of concussion have o f t e n  r e s u l t e d  a s  an outgrowth of 

"whiplash" experiments . Martinez ( 196 5) , f o r  example, r e p o r t e d  b r a i n  

i n j u r y  a s s o c i a t e d  wi th  whiplash i n  r a b b i t s ,  whi le  Mahone e t  a l .  (1969) 

and Ommaya e t  a l .  (1966, 1970) have u t i l i z e d  sub-human pr imates .  A 

d e t a i l e d  d i s c u s s i o n  of t h e  r e l a t i o n s h i p s  repor ted  i n  t h e  l i t e r a t u r e  

may be found i n  Snyder (1970) .  A j o i n t  Army-Navy-Wayne S t a t e  Univer- 

s i t y  exper imental  program of 236 dynamic human exposures t o  -G impact 
X 

a c c e l e r a t i o n  i n  1967-1969, and continued by t h e  Navy a t  Michoud/NASA, 

r e s u l t e d  i n  independent measurement of t h e  displacement of t h e  head 

r e l a t i v e  t o  t h e  neck i n  t h e  plane of r o t a t i o n  through e l e c t r o n i c  and 

photographic techniques   w wing e t  a l .  , 1968; Ewing e t  a l .  , 1969; Ewing 

and Thomas, 1971; 1972; 1973) ,  a s  w e l l  a s  a  number of o t h e r  parameters 

c r i t i c a l  t o  p r o t e c t i o n  a g a i n s t  c e r v i c a l  i n j u r y .  Clark e t  a l .  (1971) 

determined head l i n e a r  and angular  a c c e l e r a t i o n s  dur ing human exposure 

t o  abrup t  l i n e a r  d e c e l e r a t i o n  whi le  r e s t r a i n e d  by an a i r  bag p l u s  l a p  

b e l t  r e s t r a i n t .  I n  14 t e s t s  wi th  a d u l t  male v o l u n t e e r s  a t  peak s l e d  

v e l o c i t i e s  t o  26.2 f t . / s e c .  and 7 .8  t o  10G, r e s u l t s  i n d i c a t e d  t h a t  

peak head angular  a c c e l e r a t i o n s  and l i n e a r  r e s u l t a n t s  may have l e s s  

t r aumat ic  consequences than  t h e  degree  of head-neck hyperextension,  I n  

s imulated rear-end c o l l i s i o n s  i n  c rashes  wi th  53 human cadavers ,  Clemens 

and Burow (1972) noted t h a t  t h e  most common and s e r i o u s  i n j u r y  was t o  

t h e  sp ine  a t  t h e  l e v e l  of t h e  s i x t h  c e r v i c a l  v e r t e b r a .  Unembalmed 

cadavers  were a l s o  t e s t e d  by Gadd, Nahum, and Culver (1971) who found 

l igamentous i n j u r y  a t  z s i m i l a r  degree of hyperextension,  but  approxi- 

mately  15% g r e a t e r  moment of r e s i s t a n c e  was noted dur ing t h e  t ime i n  



t h e  load ing  c y c l e  when angula r  v e l o c i t y  was g r e a t e s t .  

The inc idence  and s e v e r i t y  of "whiplash" i n j u r y  a p p a r e n t l y  i s  n o t  

always r e l a t e d  t o  t h e  magnitude of t h e  change i n  v e l o c i t y  of t h e  

impacted v e h i c l e ,  s i n c e  many o t h e r  f a c t o r s ,  such a s  e f f e c t  of any head 

r e s t r a i n t ,  head-torso p o s i t i o n  and o r i e n t a t i o n  t o  t h e  f o r c e  a t  t h e  

i n s t a n t  of impact,  e t c . ,  i n f l u e n c e  t h e  r e s u l t s .  For example, one 

m o t o r i s t  who had been rear-ended by ano ther  rece ived  a l i a b i l i t y  

v e r d i c t  f o r  r e s u l t i n g  i n j u r i e s  of $452,000 i n  a  1973 c a s e ,  a l though  

t o t a l  damage t o  t h e  i n j u r e d  p e r s o n ' s  v e h i c l e  was on ly  r e p o r t e d  t o  b e  

$28 ( USAA, 1973) .  On t h e  o t h e r  hand, t h e  p r i n c i p a l  au thor  d r i v i n g  on 

a  free-way a t  55 mph, was rear-ended i n  a  1965 c o l l i s i o n  by a  v e h i c l e  

being chased by t h e  p o l i c e  and c locked at  90 mph a t  impact.  Although 

bo th  c a r s  were demolished,  t h e  au thor  was un in ju red  by t h i s  45 mph change- 

i n - v e l o c i t y  impact.  

D i r e c t l y  r e l a t e d  t o  a  b e t t e r  unders tanding of t h e  mechanisms involved 

i n  and f a c t o r s  caus ing  v a r i o u s  a s p e c t s  of whiplash i n j u r y  i s  a  need t o  

unders tand t h e  r o l e  t h a t  t h e  b a s i c  p r o p e r t i e s  of t h e  human neck ( s u c h  

a s  anthropometry,  range of motion,  s t r e n g t h ,  and r e f l e x  t i m e )  p l a y  i n  

p reven t ing  whiplash i n j u r y  on impact.  P r i o r  t o  t h e  s a g i t t a l  p l a n e  

s t u d y ,  however, v a r i a t i o n s  i n  t h e s e  p h y s i c a l  p r o p e r t i e s  of t h e  neck wi th  

age ,  s e x ,  and s t a t u r e  and consequent changes i n  s u s c e p t i b i l i t y  t o  whip- 

l a s h  i n j u r y  were v i r t u a l l y  unknown, a l though  r e c e n t  s t a t i s t i c s  i n d i c a t e  

t h a t  such f a c t o r s  may have an  important  e f f e c t  on i n j u r y  s u s c e p t i b i l i t y .  

For example, r e c e n t  c l i n i c a l  examinations of v i c t i m  of whiplash 

i n j u r y  i n d i c a t e d  a  s i g n i f i c a n t  preponderance of whiplash symptoms among 

females . Kihlberg ( 1963) r e p o r t e d  a  s u b s t a n t i a l l y  g r e a t e r  f requency 

among women "up t o  t w i c e  a s  h igh as among men". Gurdj ian has r e p o r t e d  



207 c a s e s  of hyperextension-hyperf lexion i n j u r i e s  seen i n  a  t h r e e -  

year  p e r i o d ,  o f  which 129 were female and 75  were male ( ~ u r d j i a n ,  Cheng, 

and Thomas, 1970) .  F i e l d  i n v e s t i g a t i o n s  appear t o  confirm t h i s  

assessment ( 0 1 ~ e i l l  e t  a l .  , 1972) .  S c h u t t  and Dohan (1968) have found 

d i s a b l i n g  neck i n j u r i e s  t o  women "common" i n  a c c i d e n t s  i n  m e t r o p o l i t a n  

a r e a s ,  ranging from 6.7 t o  14.5/1 ,000/year ,  h a l f  o c c u r r i n g  from r e a r -  

end c o l l i s i o n s .  

Along wi th  t h e s e  s t a t i s t i c s  it i s  i n t e r e s t i n g  t o  n o t e  t h a t  

S i n e l n i k o f f  and G r i s o r v i t s c h  (1931)  found t h a t  females  exceed males i n  

range of motion of a l l  j o i n t s  except t h e  knee,  o f t e n  t o  a  s i g n i f i c a n t  

e x t e n t .  Age-related d i s e a s e s  such a s  a r t h r i t i s  have been found t o  r e s u l t  

i n  a  marked decrease  i n  j o i n t  m o b i l i t y  a f t e r  age 45 ( s m i t h ,  1959) .  A 

decrease  of about 21% i n  "normal" f l ex ion-ex tens ion  motions of s u b j e c t s  

aged 1 5  t o  74 was r e p o r t e d  by F e r l i c  ( 1 9 6 2 ) .  He a l s o  found a  decrease  

of l a t e r a l  bending motions of 35% and a  decrease  i n  r o t a t i o n  w i t h  age 

of about 20% a l though  he took no x-rays of t h e s e  s u b j e c t s .  However, 

L y s e l l  ( 1 9 6 9 ) ,  u s i n g  213 cadaver specimens, has r e p o r t e d  t h a t  de- 

g e n e r a t i v e  changes "had no e f f e c t  on t h e  range of motion i n  any p lanes  

o r  i n  any i n t e r s p a c e s . "  

C e r v i c a l  j o i n t  mo.tion has  been s t u d i e d  by v a r i o u s  t e c h n i q u e s ,  

i n c l u d i n g  multi-exposure f i b s  ( ~ e m p s t e r ,  1955) ,  c y c l o g r m s    rilli is, 

1 9 5 9 ) ,  and photographic t echn iques  devised by Taylor and Blaschke (1951)  

and Eberhar t  and Inman (1951) .  Bha l la  and Simmons (1969) have devised 

a  s imple  appara tus  t o  determine range of motion r a d i o g r a p h i c a l l y ,  and,  

from s t u d i e s  on 20 s t u d e n t  nurses  between ages  19-23, have p o s t u l a t e d  

t h a t  i n  f l e x i o n  t h e  i n j u r y  would most l i k e l y  occur a t  ~ 6 - c ~  o r  C7-T1; 

whi le  i n  e x t e n s i o n ,  i n j u r y  would occur most o f t e n  at  C2-C3, ~ 3 - ~ 4 ,  o r  



~ 5 - ~ 6 .  Mertz and P a t r i c k  (1971)  have r e p o r t e d  t h a t  t h e  b e s t  i n d i c a t o r  

of t h e  degree  of s e v e r i t y  of neck f l e x i o n  i s  t h e  e q u i v a l e n t  moment 

of t h e  neck and c h i n  c o n t a c t  f o r c e s  t a k e n  w i t h  r e s p e c t  t o  t h e  o c c i p i t a l  

condyles .  

The "normal" range of neck f l e x i o n  has been s t u d i e d  i n  male s u b j e c t s  

by G l a n v i l l e  and Kreezer ( 1 9 3 7 ) ,  Defibaugh (1964) ,  and more r e c e n t l y  

summarized by L y s e l l  ( 1969) .  However, d i f f i c u l t i e s  r e p o r t e d  have 

involved r e p r o d u c i b i l i t y ,  i n t r a - i n d i v i d u a l  range o r  v a r i a t i o n ,  and l a c k  

of adequate  landmark s t a n d a r d s .  As a r e s u l t  of t h e  f i r s t  major a t t empt  

t o  o b t a i n  l i n k a g e  d a t a  on t h e  m o b i l i t y  of t h e  human t o r s o ,  i n c l u d i n g  

t h e  neck,  t h e  a u t h o r s  devised t echn iques  which have provided an  im- 

proved b a s i s  f o r  s tudy  of neck motion ( ~ n y d e r ,  Chaf f in ,  and S c h u l t z ,  

1971) . Hadden (1973) has considered head i n j u r y  from an ep idemio log ica l  

p o i n t  of view and has  proposed u s e f u l  b a s i c  p r i n c i p l e s  and c o n s i d e r a t i o n s  

which should be employed. The mechanics of l a t e r a l  bending were s t u d i e d  

i n  1972 by Veleanu anci Klepp, u s i n g  macerated v e r t e b r a e .  i a n g e  (1971)  

has  a l s o  used human cadavers  s u b j e c t e d  t o  s e v e r e  t e s t - s l e d  dece le ra -  

t i o n s  t o  determine g r o s s  i n j u r i e s  t o  t h e  c e r v i c a l  v e r t e b r a e  caused by 

t o r q u e ,  a x i a l ,  and shear  f o r c e s .  Mertz and P a t r i c k  (1967)  s imula ted  

t h e  kinemat ics  of rear-end c o l l i s i o n s  u s i n g  anthropometr ic  dummies, 

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

i s  t h e  major f a c t o r  i n  producing c e r v i c a l  trauma. 

I n  an a t tempt  t o  p r o t e c t  t h e  autmobi le  occupant subJec ted  t o  r e a r -  

end impacts ,  F e d e r a l  Motor Vehicle  S a f e t y  Standard No. 202 (1968)  

r e q u i r e d  a l l  passenger c a r s  manufactured a f t e r  31 December 1968, f o r  

s a l e  i n  t h e  U.S.,  t o  be equipped w i t h  head r e s t r a i n t s  a t  each out-  

board f r o n t  s e a t i n g  p o s i t i o n .  Up t o  t h a t  t ime ,  exper imental  d a t a  were 



l i m i t e d  ( s e v e r y  e t  a l . ,  1968; Mertz and P a t r i c k ,  1967) .  

S t a t e s  e t  a l .  (1969) have r e p o r t e d  6 c a s e s  of i n j u r y  i n c u r r e d  by 

occupants whi le  u t i l i z i n g  h e a d - r e s t r a i n t s ,  and hypothesized t h a t  two 

mechanisms, rebound and t o o  low a  h e a d - r e s t r a i n t  adjus tment  f o r  t h e  

s e a t e d  h e i g h t  of t h e  i n d i v i d u a l ,  were r e s p o n s i b l e .  I n  one c a s e  it was 

found t h a t  a  head r e s t r a i n t  a d j u s t e d  i n  t h e  lowermost p o s i t i o n  (25I t ) ,  

p r o t e c t i n g  occupants who a r e  5 f e e t  s ix  inches  t a l l  o r  s h o r t e r ,  f a i l e d  

t o  prevent  whiplash t o  t h e  6-foot d r i v e r  a s  he ramped up t h e  s e a t  

back and h i s  head hyperextended over  t h e  top .  A r e c e n t  s tudy  by 

O ' N e i l l ,  Hadden, Ke l ley ,  and Sorenson (1972)  found t h a t  80% of a l l  

a d j u s t a b l e  r e s t r a i n t s  surveyed were not  p r o p e r l y  p o s i t i o n e d ,  and con- 

cluded t h a t  "head r e s t r a i n t s  a r e  t h e  f i r s t  damage-reduction measure t o  

be a p p l i e d  t o  t h e  whiplash i n j u r y  p r 0 b l e m " ( ~ . 4 0 5 ) .  G a r r e t t  and Morris  

(1972)  a l s o  eva lua ted  head r e s t r a i n t  performance and r e p o r t e d  approxi-  

mately  73% of  t h e  a d j u s t a b l e  head r e s t r a i n t s  examined were i n  t h e  lowest  

p o s i t i o n ,  i n d i c a t i n g  t h a t  proper  usage f o r  p r o t e c t i o n  may p r e s e n t  t h e  

same problem a s  g e t t i n g  m o t o r i s t s  t o  use  a c t i v e  s e a t  r e s t r a i n t s .  They 

a l s o  found t h a t  c e r v i c a l  i n j u r y  was lower when t h e  amount of s e a t  back 

r o t z t i o n  was l a r g e .  Henderson (1972) eva lua ted  head r e s t r a i n t  i n  

A u s t r a l i a n  v e h i c l e s  and noted t h a t  t o  be e f f e c t i v e  s e a t  b e l t s  a l s o  

should be worn t o  prevent  t h e  body from s l i d i n g  upwards and snapping t h e  

head over t h e  back of s h e  " r e s t r a i n t . "  

The e f f e c t  of sea: des ign  on c e r v i c a l  i n j u r y  has  been examined by 

Ber ton (1968)  who analyzed t h e  e f f e c t  of s e a t  back h e i g h t ,  s e a t  back 

h o r i z o n t a l  d i s t a n c e ,  r o t a t i o n ,  and c o l l i s i o n  speed.  Severy,  Brenko and 

Baird  (1968)  a l s o  s t u d i e d  t h e  e f f e c t  of b a c k r e s t  and head r e s t r a i n t  

des ign .  These t e s t s  sponsored by Ford Motor Company and t h e  Pub l ic  



Heal th  S e r v i c e ,  used a  s e r i e s  of c o l l i s i o n  experiments t o  s tudy  

v a r i o u s  s e a t  des igns  m d e r  c r a s h  c o n d i t i o n s .  An unpubl ished s tudy  

by Hammond (1968)  a t  Ford Motor Company es t imated  c e r v i c a l e  l o c a t i o n ,  

r e fe renced  t o  H-point f o r  d r i v e r s  s i t t i n g  i n  an automotive t y p e  s e a t ,  

a s  19.31 inches  above H-point f o r  males and 19.27 inches  f o r  a combined 

male-female popula t ion .  Th is  e s t i m a t e  was l o c a t e d  a t  t h e  i n t e r s e c t i o n  

of t h e  SAE t o r s o  l i n e  w i t h  a  25' back ang le .  

P r o t e c t i o n  of t h e  occupant from rear-impact c o l l i s i o n  l o a d s  t o  

80 h / h r  through improved des ign  has been r e p o r t e d  i n  exper imental  

t e s t s  by Ford Motor Cgmpany Limited,  England ( ~ u r l a r d ,  1974) by i m -  

proving s t r u c t u r e ,  s t i f f e n i n g  t h e  s e a t ,  and adding a foam padded r o l l  

of s h e e t  meta l  f o r  head r e s t r a i n t .  

Metz and Ruhl (1972)  found t h a t  under c e r t a i n  c o n d i t i o n s  c r a s h  

helmets worn by r a c i n g  d r i v e r s  can a c t u a l l y  c o n t r i b u t e  t o  whiplash 

i n j u r y  r a t h e r  t h a n  reduce it. 

A r e c e n t  p a t e n t  a p p l i c a t i o n  (0mmaya e t  a l , ,  1973) would employ 

an i n f l a t a b l e  c e r v i c a l  c o l l a r ,  worn about t h e  neck of t h e  v e h i c l e  

occupant and i n f l a t e d  wi th  compressed gas dur ing  a  rear-end c o l l i s i o n  

t o  prevent  a  "whiplash- l ike  head o r  neck i n j u r y . "  Thurs ton and Fay 

(1974)  t e s t e d  an i n f l a t a b l e  a i r  bag c o l l a r  t o  l i m i t  head motion,  us ing  

a  single-degree-of-freedom mechanical  system. 

Mathematical  models r e p r e s e n t i n g  t h e  neck and head motion of an 

occupant d u r i n g  r e a r  impacts have been developed by Martinez and 

Garc ia  ( 1 9 6 8 ) ,  H i s c h i ,  Morisawa, and S a t o  ( 1 9 7 0 ) ~  Furusho, Yokoya, 

Nish ino ,  and F u j i k i  ( 1 9 7 1 ) ,  and L i ,  Advani, and Lee ( 1 9 7 1 ) .  Melvin and 

McElhaney (1972)  have considered improving occupant p r o t e c t i o n  i n  

s e v e r e  rear-end c o l l i s i o n s  from t h e  s t a n d p o i n t  of h igh  performance s e a t  
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s t r u c t u r e s  and bo th  f i x e d  and deployable  head r e s t r a i n t s ,  based upon 

two-dimensional computer s i m u l a t i o n s .  Th i s  r e s u l t e d  i n  devlopment of 

p r o t o t y p e  systems which were dynamically t e s t e d .  Bowman and Robbins 

(1972)  r e p o r t e d  a  parameter s tudy  invo lv ing  s e v e r a l  a n a l y t i c a l  v e h i c l e  

occupant models f o r  s i d e ,  o b l i q u e ,  and r e a r  impact s i t u a t i o n s ,  =d having 

concluded t h a t  b e s i d e s  being e x t e n s i b l e  and have a t  l e a s t  two j o i n t s ,  

3-D neck r e p r e s e n t a t i o n s  should account f o r  coupl ing between t h e  

f o r c e s  r e s i s t i n g  r o t a t i o n a l  motions which can occur between t h e  head and 

t o r s o .  

The HSRI (MVMA) Two-Dimensional Crash Victim Simulator  ( ~ o b b i n s  , 

Benne t t ,  and Rober t s ,  1973) was a l s o  u t i l i z e d  t o  show how t h e  b a s i c  

p h y s i c a l  measurements obta ined i n  t h e  e a r l i e r  p o r t i o n  of t h i s  s t u d y  

( c e r v i c a l  motion i n  t h e  s a g i t t a l  p l a n e )  may r e l a t e  t o  s u s c e p t i b i : l i t y  

t o  i n j u r y  i n  a  rear-end c o l l i s i o n  ( ~ o b b i n s ,  Snyder,  Chaf f in ,  and Fous t ,  

1974) . Among conc lus ions  r e p o r t e d  were t h a t  t h e  geometric c o n f i g u r a t i o n  

of a  s e a t  back and headres t  has  a  major i n f l u e n c e  on occupant dynamics, 

t h a t  rubber  neck s t r u c t u r e s  found i n  some c r a s h  t e s t  dummies may be  t o o  

s t i f f  and spr ingy  t o  r e p r e s e n t  human response ,  and t h a t  males and 

females can i n f l u e n c e  t h e i r  dynamic response i n  a  1 5 G  rear-end c o l l i s i o n  

t o  d i f f e r e n t  degrees .  

I n  t h e  p resen t  s tudy  t h e  e f f e c t  of muscle r e f l e x  t ime  w i t h  ~ n u s c l e  

t e n s i o n  bu i ldup  ( s u r p r i s e  c o l l i s i o n )  and vary ing  degrees  of musc:le 

p r e t e n s i o n  on occupant response t o  s i d e  impacts of 1 0  and 30 mph have 

been i n v e s t i g a t e d  us ing  t h e  MVMA 2-D model. I t  i s  concluded t h a t  

neck muscle c o n t r a c t i o n  may s i g n i f i c a n t l y  l e s s e n  t h e  l i k e l i h o o d  of 

h a r d - t i s s u e  i n j u r y  r e s u l t i n g  from excess ive  l a t e r a l  f l e x i o n ,  and t h a t  

t h e  l e s s e r  muscular strengtk.  of female and e l d e r l y  c r a s h  v i c t i m s  

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





CHAPTER 2  

IvETHODS AJID PROCEDURES 

This  Chapter i n c l u d e s  a  d e s c r i p t i o n  of  t h e  p r o t o c o l  and methodo- 

logy used t o  a c q u i r e  s u b j e c t s  and g e n e r a t e  d a t a  f o r  t h e  s tudy .  The 

t echn iques  used t o  r e c r u i t  and medica l ly  s c r e e n  v o l u n t e e r  s u b j e c t s  

a r e  d e s c r i b e d ,  a s  a r e  t h e  methods used t o  conduct t h e  an th ropomet r i c ,  

range of motion,  muscle r e f l e x ,  and muscle s t r e n g t h  t e s t s .  Data, 

r e d u c t i o n  and a n a l y s i s  methods a r e  d i s c u s s e d  i n  t h i s  Chap te r ;  r e s u l t s  

a r e  p resen ted  i n  Chapter 3 .  Throughout t h e  remainder of  t h e  r e p o r t ,  

t h e  phrase  " s a g i t t a l  p l a n e  study" r e f e r s  t o  t h e  "Bioengineer ing Study - 
of Basic  P h y s i c a l  Measurements Re la ted  t o  S u s c e p t i b i l i t y  t o  C e r v i c a l  -- - - 

Hyperextension-Hyperflexion I n j u r y , "  which was conducted f o r  t h e  

Insurance  I n s t i t u t e  f o r  Highway S a f e t y  d a r i n g  1972 and 1973. 

S i m i l a r l y ,  " l a t e r a l  motion study" r e f e r s  t o  " ~ a s i c  Biomechanical. 

P r o p e r t i e s  of t h e  Human Neck Re la ted  t o  L a t e r a l  Hyperf lexion I n j u r y , "  ---- - 
f o r  which t h i s  i s  t h e  f i n a l  r e p o r t .  

A .  Sub jec t  A c q u i s i t i o n  and S c r e e n i n g  

1. S u b j e c t  Pool .  The b a s i c  exper imenta l  d e s i g n  f o r  t h i s  s tudy  

c a l l e d  f o r  a  s u b j e c t  poo l  of 96 p e r s o n s ,  balanced f o r  s e x ,  a g e ,  and 

s t a t u r e .  Th i s  was t h e  same exper imenta l  d e s i g n  concept a s  used i n  t h e  

s a g i t t a l  p lane  s tudy .  However, t h e  r e s u l t s  of t h e  s a g i t t a l  p l a n e  s tudy  

i n d i c a t e d  t h a t  t h e  neck c h a r a c t e r i s t i c s  of i n t e r e s t  were r e l a t i v e l y  

i n s e n s i t i v e  t o  s t a t u r e  whi le  be ing  ve ry  s e n s i t i v e  t o  sex  and age  

d i f f e r e n c e s .  Th i s  d e t e r m i n a t i o n ,  t o g e t h e r  w i t h  t h e  s m a l l e r  t o t a l  

s u b j e c t  pool  d e s i r e d  ( 9 6  i n s t e a d  of 180 s u b j e c t s ) ,  l e d  t o  a  d e c i s i o n  

t o  e l i m i n a t e  s t a t a r e  a s  a  major v a r i a b l e .  Sex and age a r e  t h e r e f o r e  



t h e  major v a r i a b l e s  i n  t h i s  s t u d y ,  whi le  s t a t u r e  i s  cons ide red  a  

minor v a r i a b l e  w i t h i n  each sex and age group. The f i n a l  s t a t i s t i c a l  

d e s i g n  chosen f o r  t h e  s u b j e c t  pool was t h e n  2  x  3 f a c t o r i a l ,  w i th  

c a t e g o r i z a t i o n  by sex  and by t h e  same t h r e e  age groups a s  were des ig-  

na ted  i n  t h e  s a g i t t a l  p lane  s tudy (18-24 y e a r s ,  35-44, and 62-74). 

Each of t h e  s i x  s u b j e c t  c a t e g o r i e s  was in tended t o  c o n t a i n  16 s u b j e c t s ,  

f o r  a  t o t a l  of  96 i n  t h e  s tudy .  S t a t u r e  i s  accounted f o r  w i t h i n  each 

ca tegory  by s e l e c t i n g  t h r e e  s u b j e c t s  each of  s h o r t  and t a l l  s t a t u r e  

and t h e  remaining t e n  of average s t a t a r e .  ( " s h o r t "  was de f ined  a s  

t h e  1-20th p e r c e n t i l e s  of  t h e  a p p r o p r i a t e  sex  and age c a t e g o r y ,  

accord ing  t o  t h e  U.S. Pub l i c  Heal th  Survey ( 1 9 6 2 ) ,  "average" was 

s e l e c t e d  t o  i n c l u d e  s t a t u r e s  i n  t h e  40-60th p e r c e n t i l e s ,  and " t a l l "  

included t h e  80-99th p e r c e n t i l e s .  ) This  method of s t a t u r e  s e l e c t  i o n  

was in tended  t o  b i a s  t h e  r e s u l t s  toward t h e  50th  p e r c e n t i l e  groups 

wi thout  i g n o r i n g  t h e  extremes of t h e  popu la t ion .  Thus, t h e  s u b j e c t  

sample popu la t ion  was s e l e c t e d  t o  be r e p r e s e n t a t i v e  of t h e  e n t i r e  U.S. 

a d u l t  popu la t ion  w i t h  r e s p e c t  t o  t h e  major v a r i a b l e s .  

2 .  S u b j e c t  Recruitment.  S i n c e  t h i s  s tudy  was in tended t o  supple- 

ment and expand t h e  r e s u l t s  of t h e  s a g i t t a l  p l a n e  s t u d y ,  it was d e s i r -  

a b l e  t o  conduct t h e  new t e s t s  wi th  a s  many s u b j e c t s  a s  p o s s i b l e  from 

t h e  p rev ious  s tudy .  A l e t t e r  which summarized t h e  s a g i t t a l  p l a n e  

s tudy  r e s u l t s  and o u t l i n e d  t h e  i n t e n t  of t h e  l a t e r a l  motion s t u d y  was 

s e n t  t o  each of t h e  180 p a r t i c i p a n t s  (see Figure 2 . 1 ) .  Included was 

a  t e a r - o f f  form which was t o  be r e t u r n e d  i f  t h e  s u b j e c t  was i n t e r e s t e d  

i n  p a r t i c i p a t i n g  i n  t h e  new program. The response  was ve ry  good: 

eighty-two s u b j e c t s  r e t u r n e d  t h e  form. Of t h o s e ,  67 f i t  t h e  s u b j e c t  

c a t e g o r i e s  i n  t h e  d e s i r e d  p r o p o r t i o n s  of s h o r t ,  ave rage ,  and t a l l  
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Figure 2.1 Letter to participants in sagittal plane study. 



s t a t u r e ,  Those 67 c o n s t i t u t e d  70% of t h e  96 s u b j e c t s  r e q u i r e d  f o r  t h e  

s t u d y .  A l l  of t h e  needed s u b j e c t s  of s h o r t  and t a l l  s t a t u r e  were 

r e c r u i t e d  i n  t h i s  manner, a s  were 3;  of t h e  60 people  of ave rage  s i z e .  

I n  s e v e r a l  s h o r t  and t a l l  s t a t u r e  groups ,  more r e t u r n i n g  s u b j e c t s  

were a v a i l a b l e  t h a n  were needed i n  t h e  ca tegory .  I n  t h o s e  c a s e s ,  t h e  

combination of t h r e e  s u b j e c t s  was chosen who most c l o s e l y  f i t  ( b y  mean 

and s t a n d a r d  d e v i a t i o n )  t h e  s t a t u r e  r e s u l t s  of t h e  p rev ious  s tudy .  

Th i s  wi th in -ca tegory  matching produced a group of s i x t e e n  s u b j e c t s  

which s t a t i s t i c a l l y  matched t h e  s t a t u r e s  of t h e  t h i r t y  s u b j e c t s  pre-  

v i o u s l y  measured i n  a  comparable sex /age  group.  

The canvass  of p rev ious  s u b j e c t s  produced 67 s u b j e c t s ,  making it 

n e c e s s a r y  t o  l o c a t e  on ly  29 new p a r t i c i p a n t s .  Of t h e s e ,  f i f t e e n  were 

i n  t h e  young age c a t e g o r y ,  s i n c e  many p rev ious  p a r t i c i p a n t s  were 

u n i v e r s i t y  s t u d e n t s  who had subsequen t ly  g radua ted  and moved away. 

The m a j o r i t y  of t h e  new s u b J e c t s  r e q u i r e d  were r e c r u i t e d  from adver-  

t i s e m e n t s  i n  t h e  campus and l o c a l  g e n e r a l  c i r c u l a t i o n  newspapers;  a  

few were o b t a i n e d  on recommendations of f r i e n d s .  

3. Sc reen ing  Procedures  and F i n a l  Approval .  Two methods were 

used f o r  h e a l t h  s c r e e n i n g  and approva l  f o r  p a r t i c i p a t i o n  i n  t h e  s tudy .  

Re tu rn ing  s u b j e c t s  were ques t ioned  a s  t o  t h e i r  h e a l t h  h i s t o r y  s i n c e  

p a r t i c i p a t i n g  i n  t h e  s a g i t t a l  p l a n e  s tudy .  If t h e r e  was no change and 

no i n d i c a t i o n  of i n j u r y  i n  t h e  i n t e r v e n i n g  p e r i o d ,  t h e y  were a l lowed t o  

p a r t i c i p a t e  i n  t h e  l a t e r a l - m o t i o n  s tudy .  No a d d i t i o n a l  neck x-rays 

were o b t a i n e d  from r e t u r n i n g  s u b j e c t s .  

Newly r e c r u i t e d  s u b j e c t s  were sc reened  i n  a  manner s i m i l a r  t o  t h a t  

used f o r  t h e  s a g i t t a l  p l a n e  s t u d y .  Sach p o t e n t i a l  s u b j e c t  completed a 

g e n e r a l  h e a l t h  q u e s t i o n n a i r e  ( ~ i g u r e  2 . 2 ) .  Th i s  was reviewed and 



Date HEALTH QUESTIONNAIRE S u b j e c t  

( P l e a s e  P r i n t )  No. 

NAME PHONE(S) : 
L a s t  F i r s t  Middle 

ADDRESS 
S t r e e t  C i t y  S t a t e  Zip  

Soc.  Sec.  No. B i r t h d a t e  Age 

Height  Weight 

DIRECTIONS: Answer a l l  q u e s t i o n s .  I f  you a r e  u n c e r t a i n  
a s  t o  how t o  b e s t  answer a  q u e s t i o n  p l e a s e  
c i r c l e  Yes o r  No and e x p l a i n  f u r t h e r  e i t h e r  
a t  space  p rov ided  a f t e r  q u e s t i o n  o r  a t  t h e  
end of t h e  q u e s t i o n n a i r e  wi th  t h e  l e t t e r  and 
number marked. 

SECTION I :  
1. Do you have a  d r i v e r ' s  l i c e n s e ?  . . . . . . . . . . . . . . . . . . . . . . . .  Yes No 

a .  Approximately how many m i l e s  do you d r i v e  a  yea r?  

2 .  Has your e y e s i g h t  changed r e c e n t l y ?  . . . . . . . . . . . . . . . . . . .  #Yes No 

3 .  Do you hea r  r i n g i n g  o r  buzzing i n  your e a r s ?  . . . . . . . . . . . ,  Yes No 

4 .  Do you have p a i n s  i n  your c h e s t ?   yes No 

a .  I f  y e s ,  e x p l a i n  

5 .  Do you g e t  s h o r t  of b r e a t h  long b e f o r e  anyone e l s e ? . .  . , Y e s  No 

a .  I f  y e s ,  e x p l a i n  

6 .  Have you l o s t  more than  10 pounds i n  t h e  p a s t  3 months.Yes No 

7 .  Do you have s e v e r e  p a i n s  i n  your abdomen (stomach)? . . . . ,  Yes No 

8 .  Did a  d o c t o r  eve r  s a y  you had d i a b e t e s  ( sugar  i n  t h e  
blood and u r i n e ) ?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Y e s  No 

9 .  Does s e v e r e  rheumatism ( o r  a r t h r i t i s )  i n t e r f e r e  wi th  
your work? ............................................. e s  No 

1 0 .  Are you now under a  d o c t o r ' s  c a r e ? . . . . .  . . . . . . . . . . . . . . .  Y e s  No 

a .  I f  y e s ,  d o c t o r ' s  name and a d d r e s s  

SECTION 11:  
1. Do you need g l a s s e s  f o r  r e a d i n g  o r  o t h e r  c l o s e  work?. . , ,Yes  No 

2 .  Do you need g l a s s e s  f o r  s e e i n g  t h i n g s  a t  a  d i s t a n c e ? .  . .Yes  No 

. . . . . . . .  3 .  Has your e y e s i g h t  eve r  b lacked o u t  complete ly?  .Yes No 

4 .  Do you ever  s e e  t h i n g s  double  o r  b l u r r e d ?  . . . . . . . . . . . . . .  Yes No 

5 .  Do your eyes  c o n t i n u a l l y  b l i n k  o r  w a t e r ? . . . . .  . . . . . . . . . .  Yes No 

6 .  Do you ever  have s e v e r e  p a i n s  i n  o r  behind your e y e s ? . . Y e s  No 

. . . . . . . . . . . . . . .  7 .  Do you o f t e n  s e e  s p o t s  b e f o r e  your eyes?  Yes No 

8.  Are your e y e s  o f t e n  r e d  o r  inf lamed? ................, . ,Yes  No 

9 .  Are you ha rd  of h e a r i n g ?  . . . . . . . . . . . . . . . . , . . . . , . , . . . , . , , Y e s  No 

. . . . . . . . . . . . . . . .  10 .  Have you had f r e q u e n t  s e v e r e  e a r  aches?  Yes No 

11. Have you ever  had a  running e a r ?  . . . . . . . . . . . . . . , , . . , . . . . Y e s  No 

Figure 2 . 2  Health Survey Questionnaire,  



SECTION 111: 
1. Have you e v e r  been h o a r s e  f o r  more t h a n  a  m o n t h ? . . . .  . . .  Yes No 

2 .  Have you e v e r  had  f r e q u e n t  o r  s e v e r e  n o s e  b l e e d s ? . . . . . . Y e s  No 

3 .  Have you had  any x - r a y s ,  e s p e c i a l l y  a  c h e s t  x-ray? . . . . .  Yes No 

4 .  Did your  c h e s t  x-ray show a n y t h i n g  i n  your  c h e s t ? . . . . . . Y e s  No 

5 .  Were you e v e r  i n  an  a u t o m o b i l e  a c c i d e n t  where you migh t  
. . . . . . . . . . . . . . .  have  s u f f e r e d  "whip lash"  o r  neck  i n j u r y ?  Yes No 

SECTION I V :  
1, Has a  d o c t o r  e v e r  s a i d  your  b lood  p r e s s u r e  was t o o  h i g h  

o r  t o o  low?.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Y e s  No 

. . . . . . . . . . . . .  2.  Does your  h e a r t  o f t e n  b e a t  v e r y  r a p i d l y ?  Y e s  No 

a .  I f  y e s ,  e x p l a i n  

3 .  Do you e v e r  have  d i f f i c u l t y  i n  g e t t i n g  your  b r e a t h ? . . . . Y e s  No 

SECTION V:  
. . . . . . . . . . . . . .  1. Do you have  any d i f f i c u l t y  i n  swal lowing?  Yes No 

. . . . . .  2 .  Are you o f t e n  s i c k  t o  you r  s tomach w i t h  vomi t ing?  Yes No 

. . . . . . . . . . . . . . . . . . . . . . . . .  3 .  Do you o f t e n  have  i n d i g e s t i o n ?  Yes No 

a .  I f  y e s ,  e x p l a i n  

SECTION V I  : 
1 Have y o u r  j o i n t s  e v e r  been p a i n f u l l y  s w o l l e n ?  . . . . . . . . . .  Yes No 

a .  I f  y e s ,  e x p l a i n  

. . . . .  2 .  Do your  musc l e s  and  j o i n t s  a lways  f e e l  s t i f f ? . . . . .  Yes No 

a .  I f  y e s ,  e x p l a i n  

3 .  Do you u s u a l l y  have  s e v e r e  p a i n s  i n  t h e  arms o r  l e g s ? . . Y e s  No 

a .  I f  y e s ,  e x p l a i n  

4. Are you c r i p p l e d  w i t h  s e v e r e  rheumat i sm ( o r  a r t h r i t i s ) ? Y e s  No 

a .  I f  y e s ,  e x p l a i n  

. . . . . . . . . . . . . . . . . . . .  5 .  Does rheumat i sm r u n  i n  your  f a m i l y ?  Yes No 

a .  I f  y e s ,  e x p l a i n  

. . . . .  6 .  Do you s u f f e r  f rom weak o r  p a i n f u l  f e e t ? , . . . . . . . . .  Yes No 

7 .  Do you have  p a i n s  i n  t h e  back  o r  neck  t h a t  make it  h a r d  
. . . .  f o r  you t o  keep  up  w i t h  your  d a i l y  a c t i v i t i e s ? . . . . .  Yes No 

8. Are you t r o u b l e d  by a s e r i o u s  b o d i l y  d i s a b i l i t y  o r  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  d e f o r m i t y ?  Yes No 

a .  I f  y e s ,  e x p l a i n  

SECTION V I I :  . . . . . . . . . . . . . .  1. Do you have  f r e q u e n t  s e v e r e  headaches?  ...Yes No 

. . . . . . . . . .  2 .  Do you o f t e n  have  s p e l l s  of  s e v e r e  d i z z i n e s s ?  Yes No 

3 .  Have you f a i n t e d  more t h a n  t w i c e  i n  your  l i f e ? . . . . . . .  . . Y e s  No 

a .  I f  y e s ,  e x p l a i n  

4 .  Are you e v e r  aware  o f  numbness o r  t i n g l i n g  i n  any  p a r t  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  of  your  body? Yes No 

. . . . . . . . . . . . . .  5 .  Was any p a r t  o f  you r  body e v e r  p a r a l y z e d ?  Yes No 

a .  I f  y e s ,  e x p l a i n  

Figure 2.2 Continued. 



. . . . . . . . . . . . . . . . . .  6 .  Were you ever  knocked unconsc ious? . .  Yes No 

a .  I f  y e s ,  e x p l a i n  

7 .  Have you ever  n o t i c e d  a  t w i t c h i n g  of any p a r t  of your 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  body? ( o t h e r  than eyes) Yes No 

a .  I f  y e s ,  e x p l a i n  

8 .  Did you ever  have a  convu l s ion  ( e p i l e p s y ) ?  . . . . . . . . . . . .  Yes No 

9 .  Has anyone i n  your f ami ly  e v e r  had c o n v u l s i o n s  
( e p i l e p s y ) ?  . . . . . . , . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . .  Y e s  No 

SECTION V I I I :  . . . . . . . . . . . . . . . . . . . . . .  1, Are you d e f i n i t e l y  overweight?  ..Yes No 

. . . . . . . . . . . . . . . . . . . .  2 .  Are you d e f i n i t e l y  underweight?  ...Yes No 

3 .  Has t h e r e  been any r e c e n t  change i n  your weight?  . . . . . .  Yes No 

. . . . . . . . . . . . . . . .  4 .  Have you ever  had a s e r i o u s  o p e r a t i o n ?  Yes No 

a .  I f  y e s ,  e x p l a i n  

. . . . . . . . . . . . . . . . .  5 .  Have you e v e r  had a  s e r i o u s  i n j u r y ?  ..Yes No 

a .  I f  y e s ,  e x p l a i n  

6 .  Do you o f t e n  have s m a l l  a c c i d e n t s  o r  i n j u r i e s ?  . . . . . . . .  Yes No 

a .  I f  y e s ,  e x p l a i n  

SECTION IX: . . . . . . . . . . . . . . . . . .  1. Are you c o n s i d e r e d  a  nervous pe r son?  Yes NO 

A d d i t i o n a l  comments: ( P l e a s e  i n c l u d e  d a t e s ,  symptoms, f requency 
of o c c u r r e n c e ,  and any o t h e r  r e l e v a n t  d a t a . )  

Note: T h i s  q u e s t i o n n a i r e  modi f i ed  from t h e  C o r n e l l  Medical 
Index f o r  t h e  R . I . W . U .  m u l t i p h a s i c  t e s t i n g ,  June 1951. 

F i g u r e  2 .2  C o n t i n u e d .  



approved, i f  a c c e p t a b l e ,  by D r .  J a n e t  Baum, t h e  r a d i o l o g i s t  consul-  

t a n t  t o  t h e  s tudy .  The s u b j e c t  was t h e n  scheduled f o r  a s e r i e s  of 

r ad iographs  of t h e  neck which were t aken  i n  t h e  rad io logy  l a b o r a t o r y  

a t  HSRI ( ~ i ~ u r e  2 . 3 ) .  Three views were ob ta ined  f o r  each new s u b j e c t  

--a l a t e r a l  "dropped shoulders"  view i n  n e u t r a l  p o s i t i o n ,  an a n t e r i o r -  

p o s t e r i o r  view i n  n e u t r a l  p o s i t i o n ,  and an a n t e r i o r - p o s t e r i o r  view 

w i t h  t h e  neck i n  r i g h t  l a t e r a l  bend p o s i t i o n .  These two l a t t e r  views 

f o r  one s u b j e c t  a r e  shown i n  F igure  2 .4 .  The x-rays were t h e n  sub- 

m i t t e d  t o  D r .  Barn f o r  review. Ypon her  approva l ,  t h e  new s u b j e c t s  were 

al lowed t o  p a r t i c i p a t e  i n  t h e  remainder of t h e  t e s t  program. 

Each s u b j e c t ,  new o r  r e t u r n i n g ,  was thoroughly b r i e f e d  on t h e  

n a t u r e  of t h e  t e s t s  be ing  conducted and t h e  amount of p h y s i c a l  a c t i v i t y  

r e q u i r e d .  I f  t h e  s u b j e c t  agreed t o  p a r t i c i p a t e ,  he o r  s h e  was asked 

t o  s i g n  a s u b j e c t  consent  form ( ~ i ~ u r e  2 . 5 ) .  A t  t h i s  p o i n t ,  t h e  

s u b j e c t  was considered t o  be p a r t  of t h e  f i n a l  s u b j e c t  poo l .  

A l l  s u b j e c t s  were scheduled f o r  t e s t i n g  i n  two s e s s i o n s .  Th is  

r e q u i r e d  d i f f e r e n t  t e s t i n g  sequences ,  s i n c e  it was necessa ry  f o r  a l l  

medical  sc reen ing  t o  be completed b e f o r e  new s u b j e c t s  could  perform t h e  

r e l a t i v e l y  s t renuous  range-of-motion, r e f l e x  t i m e ,  and s t r e n g t h  t e s t s .  

The fo l lowing  t e s t  sequences were used:  

Returning S u b j e c t s  New S u b j e c t s  

S e s s i o n  1 :  Sess ion  1 

Anthropometry X-rays 
( ~ r a d i t  ional) 

Anthropometry 
Anthropometry ( ~ r a d i t i o n a l  ) 

(from ~ h o t o g r m e t r y )  

Range-of-Mot ion  
(from P h o t o g r m e t r y )  



F i g u r e  2 . 3  L a t e r a l  Bend X-ray b e i n g  o b t a i n e d  from p o t e n t i a l  
s u b j e c t .  X-rays were t a k e n  i n  HSRI Radio1 ogy L a b o r a t o r y .  



Figure 2-4a. 

Figure 2-4b. 

Neutral Position View. 

Right Lateral Bend Position. 

Figure 2-4. Anterior-Posterior radiographs of potential subject. 
Note: the difficulty in del ineating individual vertebrae in the 
cervical spine; the lead markers a t  C-7, suprasternale, and the 
two tragions; and the pendulum marker which indicates verticali ty.  
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Subject  # 

Date 

SUBJECT CONSEKT FORM 

I ,  t h e  undersigned,  understand t h a t  t h e  purpose of 

t h i s  s tudy is t o  determine b a s i c  information on t h e  human 

neck necessary f o r  improved p r o t e c t i o n  of t h e  occupant i n  

automotive acc iden t s .  S p e c i f i c  t e s t s  i n  which I w i l l  be 

asked t o  be a  s u b j e c t  include anthropometric measurements, 

neck muscle s t r e n g t h ,  voluntary  range of motion, and var- 

i a t i o n  i n  muscle response time. I acknowledge t h a t  I have 

rece ived  a  complete b r i e f i n g  of t h e s e  t e s t s  and am s a t i s f i e d  

t h a t  I understand what is involved.  

I have completed t h e  h e a l t h  q u e s t i o n n a i r e ,  and am 

aware t h a t  my p a r t i c i p a t i o n  w i l l  be s u b j e c t  t o  medical 

screening both a s  t o  any h i s t o r y  o r  f i n d i n g s  which might 

make it inadv i sab le  f o r  me t o  cont inue.  I r e a l i z e  t h a t  some 

discomfort  o r  muscle s t r a i n s  could r e s u l t  from my p a r t i c i -  

p a t i o n ,  al though t h e  experimental  procedures and apparatus  

have been designed t o  minimize t h e s e  hazards.  

I a l s o  understand t h a t  I w i l l  be allowed, a t  any t ime, 

t o  s t o p  f o r  r e s t  o r  t o  d i scon t inue  my p a r t i c i p a t i o n  i n  t h i s  

s tudy without p re jud ice  o r  change i n  t h e  r a t e  of my pay. 

I f u r t h e r  acknowledge t h a t  a l l  t h e  d a t a  a r e  c o n f i d e n t i a l  

and I agree  t o  al low pub l i ca t ion  of any o r  a l l  of t h e  d a t a  

c o l l e c t e d  i f  presented i n  a  coded form not i d e n t i f y i n g  me. 

s i g n a t u r e  o r  Subject  

S i g n a t u r e  of Witness 

F igure  2 .5  Subject  Consent Form. 
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S e s s i o n  2 :  

Ref lex Time 

S t r e n g t h  

Anthropometry 
(from ~hotogrammet ry  ) 

Range-of-Motion 
( f rom ~hotogrammet ry)  

Anthropometry 

Sess ion  2 :  

Ref lex Time 

S t r e n g t h  

A s  procedures  f o r  t h e  o r thogona l  photogrammetry system (de- 

s c r i b e d  i n  t h e  nex t  s e c t i o n )  were being fo rmula ted ,  it was suggested 

t h a t  s i g n i f i c a n t  new anthropometr ic  d a t a  f o r  a  s e a t e d  person could  

become a v a i l a b l e  by u s i n g  t h a t  t echn ique .  Consequently,  it was 

decided t o  modify and expand t h e  anthropometry i n  t h i s  p r o j e c t  t o  

inc lude  measurements ob ta ined  by bo th  t r a d i t i o n a l  and photogrammetric 

methods. The age and sex s t r a t i f i c a t i o n  of t h e  s u b j e c t  p o o l ,  t h e  

numbers of persons  invo lved ,  and t h e  exper ienced n a t u r e  of t h e  s u b j e c t  

group (most had p a r t i c i p a t e d  i n  t h e  p rev ious  s t u d y  and were b a s i c a l l y  

f a m i l i a r  w i t h  anthropometry ~ r o c e d u r e s )  prompted u s  t o  o b t a i n  a com- 

p l e t e l y  new s e t  of measurements from each of t h e  s u b j e c t s .  

1. O b j e c t i v e s .  Four o b j e c t i v e s  were i d e n t i f i e d  f o r  t h e  anthro-  

pometry p o r t i o n  of t h e  s tudy :  

a .  Recheck body dimensional  d a t a  from p r e v i o u s l y  measured 

s u b j e c t s .  C e r t a i n  bony-landmark measurements, such a s  s t a t u r e ,  e r e c t  

s i t t i n g  h e i g h t ,  and b i a c r o m i a l  b r e a d t h ,  were used a s  a  check of 

measurement-method r e p e a t a b i l i t y  w i t h  t h e  p rev ious  s tudy.  O t h e r s ,  such 

a s  weight ,  c i rcumferences ,  and s k i n f o l d s ,  were used t o  a s s e s s  changes 

i n  s o f t - t i s s u e  dimensions .  



b.  Obtain population-comparison d a t a .  C e r t a i n  of t h e  anthro-  

pometry d a t a  were used t o  compare t h i s  s t u d y  popula t ion  w i t h  bo th  t h e  

s a g i t t a l  p lane  s tudy r e s u l t s  and t h e  U.S. popu la t ion  ( s e e  Chapter 3 ,  

S e c t i o n  A ) .  The same s e l e c t i o n  c r i t e r i a  f o r  age and s t a t u r e  a s  were 

used i n  t h e  s a g i t t a l  p lane  s tudy  were used f o r  t h i s  s tudy .  

c .  Obtain anti recheck head and neck dimensional  d a t a .  Some 

measures were repea ted  f o r  comparison w i t h  p rev ious  r e s u l t s  ( e e g . ,  

b i t r a g i o n  d iamete r ,  s a g i t t a l  a r c  l e n g t h ,  head b r e a d t h )  . C e r t a i n  o t h e r s  

were added ( e . g . ,  f a c i a l  h e i g h t ,  g l a b e l l a  a r c ,  menton a r c )  t o  o b t a i n  

s u f f i c i e n t  d a t a  t o  d e s c r i b e  t h e  shape and major landmarks of t h e  head 

i n  t h r e e  dimensions.  

d .  Obtain d a t a  t o  d e s c r i b e  t h e  s e a t e d  person i n  t h r e e  dimen- 

s i o n s .  Three-dinensional  d a t a  on t h e  m o b i l i t y  of t h e  t o r s o ,  neck and 

lower back were a v a i l a b l e  f r o n  a l i m i t e d  number of young male su 'b jects  

( s n y d e r ,  C h a f f i n ,  and Schu tz ,  1 9 7 2 ) .  Also,  t h e  automotive i n d u s t r y  and 

t h e  SAE had a t tempted t o  e s t a b l i s h  eye l o c a t i o n s  i n  r e l a t i o n  t o  a s e t  

s u r f a c e   eldr drum, 1965; SAE J g Y l C ,  1 9 7 2 ) .  However, p r i o r  t o  t h i s  

s t u d y ,  t h e r e  was no cohesive  s e t  of measurements t h a t  could be  used i n  

biomechanical  models t o  e s t a b l i s h  t h e  s i z e  and p o s i t i o n  i n  a s e a t  of a 

s imulated c r a s h  v i c t i m .  A major o b j e c t i v e  of t h i s  s t u d y ,  t h e n ,  was t o  

use  a combination of t h e  phctogrammetry t echn ique ,  computerized d a t a  

r e d u c t i o n ,  and t r a d i t i o n a l  anthropometry t o  o b t a i n  a unique s e t  of 

dimensions.  These d a t a  were t o  be s u f f i c i e n t  t o  d e f i n e  body segnent  

s i z e  and d e s c r i b e  t h e  c imensional  r e l a t i o n s h i p s  of t h e  head,  neck,  

t o r s o ,  l imbs and,  t o  a l i m i t e d  degree ,  t h e  p e l v i s ,  i n  a s imula ted  auto- 

motive s e a t e d  p o s i t i o n .  This  i n f o r n a t i o n  was in tended t o  be  d i r e c t l y  



a p p l i c a b l e  t o  b iomechanical  models and t o  i c c l u d e ,  f o r  t h e  f i r s t  t i m e ,  

sex and age v a r i a t i o n s .  

2 .  The Measurements. The anthropometry d a t a  c o l l e c t e d  d u r i n g  

t h i s  s t u d y  c o n s i s t e d  of a  t o t a l  of 84 s e p a r a t e  measurements pe r  s u b j e c t .  

Of t h e s e ,  s i x t y  were t a k e n  by t r a d i t i o n a l  means, u s i n g  a  v a r i e t y  of 

hand-held i n s t r u m e n t s .  The remaining 24 were ob ta ined  by computerized 

d a t a  a n a l y s i s  of  photographs ,  t h e  d e t a i l s  of which a r e  i l l u s t r a t e d  and 

d i s c u s s e d  i n  Appendices D and E ,  

The 84 measurements, grouped i n t o  s i x  g e n e r a l  c a t e g o r i e s ,  a r e  

l i s t e d  i n  F i g u r e  2 .6 .  D e t a i l e d  d e f i n i t i o n s ,  bo th  w r i t t e n  and i l l u s -  

t r a t e d ,  have been compiled f o r  a l l  of t h e  measures and a r e  inc luded  a s  

Appendix A t o  t h i s  r e p o r t .  These a r e  included s o  t h a t  i n t e r e s t e d  

p a r t i e s  may u s e  t h e  d a t a  a p p r o p r i a t e l y  and compare it w i t h  t h e  r e s u l t s  

of o t h e r  s t u d i e s ,  

The g e n e r a l  body measurements ( ~ r o u p  I )  a r e  t h e  t h r e e  which a r e  

used t o  compare p o p u l a t i o n s  -- weigh t ,  e r e c t  s t a t u r e ,  and e r e c t  s i t t i n g  

h e i g h t .  They were ob ta ined  u s i n g  s t a n d a r d  anthropometr ic  t echn iques .  

A s e t  of e l e v e c  head measurements was ob ta ined  (Group 11). These 

may be  used t o  r e c o n s t r u c t  t h e  b a s i c  three-dimensional  con tours  of t h e  

head,  u s i n g  t h e  landmarks a t  g l a b e l l a ,  t r a g i o n ,  i n i o n ,  and menton a s  

primary l o c a t o r s .  Standard anthropometry ins t ruments  and t e c h n i q u e s  

were used.  

The dimensional  c h a r a c t e r i s t i c s  o f  t h e  neck a r e  d e s c r i b e d  w i t h  

f i v e  measures (Group 111). Two b r e a d t h s  and two c i rcumferences  d e p i c t  

t h e  b a s i c a l l y  c y l i n d r i c a l  shape of t h e  neck. The l a t e r a l  ceck b r e a d t h  

and s u p e r i o r  neck c i rcumference measurements a r e  i l l u s t r a t e d  i n  

F i g u r e s  2.7a and 2 .7b,  r e s p e c t i v e l y .  The f i f t h  measure was c o n t r i v e d  



I. GENEFUL BODY MEASUREMENTS 

1. Weight 
2 ,  S t a t u r e  
3 .  E r e c t  S i t t i n g  Height 

11. HEAD MEASUREMENTS 

4. Head Circumference 
5 .  Bennett  E l l i p s e  Circumference 
6 .  B i t r a g i o n  Diameter 
7 .  Head Breadth 
8 ,  Head Length 
9 .  S a g i t t a l  Arc Length 

1 0 .  Coronal Arc Length 
11. B i t r a g i o n  - G l a b e l l a  Arc Length 
1 2  B i t r a g i o n  - Menton Arc Length 
13. B i t r a g i o n  - I n i o n  Arc Length 
14. F a c i a l  Height 

111. NECK MEASUREMENTS 

1 5 .  L a t e r a l  Neck Breadth 
16. Anter io r  - P o s t e r i o r  Neck Breadth 
1 7 .  Super io r  Neck Circumference 
18 .  I n f e r i o r  Neck Circumference 
19 .  P o s t e r i o r  Nec:k Length 

I V .  MEASUREMENTS TO DETERMINE SIZE AND LOCATION OF MAJOR BODY MASSES 

Biacromial  Breadth 
Shoulder Breadth  idel el to id) 
Chest Height 
Chest Breadth 
Chest Circumference 
Waist Height 
Waist Breadth 
Waist Circumference 
Hip Height 
Hip Breadth ( s t a n d i n g  E r e c t  ) 
Hip Circumference 
Acromion - Radia le  Length 
Upper Arm Circumference ( a t  ~ x i l l a )  
Upper Arm Circumference (above ~ l b o w )  
Biceps Flexed Circumference 
Rad ia le  - S t y l i o n  Length 
Forearm Circumference 

F igure  2-6. L i s t  of Arlthropometric Yleasurements 



Wrist Circumference 
Hand Length 
Trochan te r  - Femoral Condyle Length 
Upper Thigh Circumference 
Lower Thigh Circumference 
F i b u l a  Length 
F i b u l a  Height 
Calf  Circumference 
Ankle Circumference 
Foot Length 
B a l l  o f  Foot Breadth 

V .  MEASUREMENTS RELATED TO SOMATOTYPES 

48. Humeral Biepicondylar  Diameter 
49. Femoral Biepicondylar  Diameter 
50. T r i c e p s  S k i n f o l d  
51 .  Subscapular Sk info ld  
52. S u p r a i l i a c  Sk info ld  

V I .  BODY ELESIENT LOCATIONS FOR THE SEATED OCCUPANT 

Normal S i t t i n g  Height  e el at i v e  t o  S e a t  Reference p o i n t  ) 
Tragion Height (Re1 SRP) 
Tragion Depth (Re1 SRP) 
G l a b e l l a  Height  el SRP) 
G l a b e l l a  Depth (Re1 SRP) 
Eye E l l i p s e  P o i n t  Height  e el SRP) 
Eye E l l i p s e  P o i n t  Depth (Re1 SW) 
Eye E l l i p s e  P o i n t  Width  el G l a b e l l a )  
Cerv ica le  Height (Fie1 SRP) 
C e r v i c a l e  Depth  e el SRP) 
S u p r a s t e r n a l e  Height (Re1 SRP) 
S u p r a s t e r n a l e  Depth (Re1 SRP) 
Shoulder Height (Re1 SR?) 
Shoulder Depth (Re1 SRP) 
Shoulder Breadth 
A n t e r i o r  Super io r  I l i a c  Spine Height  e el SRP) 
A n t e r i o r  Super io r  I l i a c  Spine Depth (Re1 sRP) 
Bispinous  Breadth 
Trochan te r ion  Height (Re1 SRP) 
Trochanter ion Depth (Re1 SRP) 
B i t r o c h a n t e r i o n  Diameter 
Hip Breadth ( s e a t e d )  
I n f r a o r b i t a l e  Height  el   rag ion) 
I n f r a o r b i t a l e  Depth  el   rag ion) 
Tragion Height su el ~ e r v i c a l e )  
Tragion Depth  e el ~ e r v i c a l e )  
G l a b e l l a  Height  el   rag ion) 
G l a b e l l a  Depth  el   rag ion) 

F igure  2-6 Continued 



81. Eye E l l i p s e  Point  Height (Re1 ° rag ion) 
82. Eye E l l i p s e  Point  Depth °  el ° rag ion) 
83. Ectocanthus Height  e el   rag ion) 
84. Ectocanthus Depth  e el   rag ion) 

Figure 2-6 Continued 



2.7a Lateral Neck Breadth. 2.7b Superior Neck Circumference. 

Figure 2 . 7 ~  Posterior Neck Length (Cervicale t o  Inion). 

Figure 2.7 Representative neck measurements. 
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f o r  t h i s  s tudy.  Ca l led  p o s t e r i o r  neck l e n g t h ,  it was t aken  as shown 

i n  F igure  2 . 7 c ,  w i t h  t h e  head and neck f u l l y  f l e x e d .  It was ob ta ined  

t o  t e s t  t h e  hypothesis  t h a t  neck l e n g t h  may be c o r r e l a t e d  wi th  neck 

range-of-motion r e s u l t s .  If s o ,  it would provide a  convenient method 

f o r  es t imat ing  t h e  p o t e n t i a l  range of motion of a  p e r s o n ' s  neck. 

A group of 28 measurements (Group I V )  was ob ta ined  t o  d e s c r i b e ,  

i n  dimensions u s e f u l  i n  biomechanical  models, t h e  major body masses of 

t h e  t o r s o  and l imbs.  The technique used was t o  d e f i n e ,  wi th  t h r e e  

measurements, t h e  s i z e  and e x t e n t  of t h e  v a r i o u s  body reg ions .  The 

r e g i o n s  de f ined  inc lude  c h e s t ,  w a i s t ,  h i p s ,  upper and lower arms, hands, 

upper and lower l e g s ,  and f e e t .  Torso segments were desc r ibed  by a  

b r e a d t h  and circumference and l o c a t e d  by r e p o r t i n g  t h e  he igh t  ( w i t h  

s u b j e c t  e r e c t )  a t  which t h e  b read th  and circumference were measured. 

Limb segments a r e  desc r ibed  by proximal and d i s t a l  circumferences and 

a  segment l e n g t h .  The c h e s t  measurement sequence i s  dep ic ted  i n  

F igure  2.8. I f  an e l l i p t i c a l  h o r i z o n t a l  c ross - sec t ion  of t h e  body 

i s  assumed f o r  a biomechanical model, t h e  c h e s t  circumference becomes 

t h e  c h e s t  mass e l l i p s e ,  t h e  c h e s t  width becomes t h e  long a x i s  of t h e  

e l l i p s e ,  and t h e  ches t  he igh t  s p e c i f i e s  where t o  l o c a t e  t h e  c h e s t  mass 

element on t h e  body. 

Five  measurements of a  s p e c i a l i z e d  n a t u r e  (Group V )  were t aken  s o  

t h a t  body b u i l d  could be es t imated by t h e  Heath-Carter Somatotype 

t echn ique  ( ~ e a t h  and C a r t e r ,  1967) .  

F i n a l l y ,  32 measurements ( ~ r o u p  V I )  were obta ined wi th  t h e  objec- 

t i v e  of d e s c r i b i n g  t h e  l o c a t i o n  of a  number of important body landmarks 

i n  t h e  re laxed  s e a t e d  p o s i t i o n .  A combination of t r a d i t i o n a l  and photo- 

grammetric techniques  were used t o  o b t a i n  t h e s e  measurements. 



Figure 2.8a Chest Height measurement. A wall -mounted anthro- 
pometer i s  used, 

Figure 2.8 Method of specifying location and size of major 
body masses. The chest measurement sequence i s  i l l  ustrated, 
and the same three measures were repeated a t  the waist and hips. 
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Figure 2.8b Chest Breadth measurement. 

Figure 2 . 8 ~  Chest Circumference. 

Figure 2.8 Continued. 



A v e r y  c a r e f u l  procedure  was followed t o  a s s u r e  t h a t  t h e  sea ted-  

p o s i t i o n  d a t a  remained c o h e r e n t ;  t h a t  i s ,  t h a t  t h e  s u b j e c t  d i d  no t  move 

any of t h e  body segments of i n t e r e s t  whi le  measurements were be ing  

t aken .  The s u b j e c t  was p o s i t i o n e d  on an unpadded s imula ted  a u t o  s e a t  

( s e a t  pan a n g l e  6' below h o r i z o n t a i ,  s e a t  back 103' t o  s e a t  pan)  w i t h  

t h e  b u t t o c k s  f i r m l y  a g a i n s t  t h e  s e a t  back,  t h e  s u b j e c t ' s  back r e s t i n g  

comfor tably  a g a i n s t  t h e  s e a t  back,  and t h e  m i d - s a g i t t a l  p lane  of  

t h e  s u b j e c t  i n  t h e  middle of t h e  s e a t .  The s u b j e c t  was i n s t r u c t e d  not  

t o  move t h e  p e l v i c  a r e a  o r  l e g s .  Measurement r e f e r e n c e  marks and high- 

c o n t r a s t  markers were then  p laced  a t  v a r i o u s  l o c a t i o n s  on t h e  head and 

t o r s o .  P e l v i c  measurements were t h e n  t aken  immediately,  u s i n g  hand- 

held  ins t ruments  s i n c e  t h e  p e l v i s  was o u t s i d e  t h e  f ie ld-of-view of  

t h e  photogrammetry c m e r a s .  S p e c i a l l y  modif ied  ins t ruments  were t h e n  

used t o  p l a c e  t h e  s u b i e c t ' s  head i n  t h e  F r a n k f o r t  P lane  n e u t r a l  pos i -  

t i o n ,  a f t e r  which t h e  normal s i t t i n g  he igh t  dimension was t a k e n .  

Immediately t h e r e a f t e r ,  t h e  anthropometry photograph was t a k e n  w i t h  t h e  

t h r e e  or thogonal ly-placed cameras. F igure  2.9 i s  an  example of t h e  

photographs ob ta ined  from a s u b j e c t  i n  t h i s  p o s i t i o n .  Ana lys i s  of 

t h e  photographs provided 24 measures ,  a l l  of which were ob ta ined  w i t h  

t h e  s u b j e c t  i n  a  c o n s i s t e n t l y  immobile p o s i t i o n .  

The t r a d i t i o n a l  anthropometry measurements were recorded  on a 

prepared form and t h e n  keypunched f o r  s t a t i s t i c a l  a n a l y s i s  u s i n g  t h e  

U n i v e r s i t y  of  Michigan 's  S t a t i s t i c a l  Research Laboratory  MIDAS programs. 

The computer o u t p u t  from t h e  photographic  a n a l y s i s  was s i m i l a r l y  key- 

punched f o r  s t a t i s t i c a l  a n a l y s i s .  

I t  should  be noted from F igure  2 . 6  t h a t  many of t h e  h e i g h t  and 

dep th  dimensions f o r  t h e  s e a t e d  perscr, were c a l c u l a t e d  w i t h  r e s p e c t  t o  



Y 

X-camera view. 

Y-camera view. 

Z-camera view. 

Figure 2 . 9  The Anthropometry Neutral posi t ion.  The subject  
i s  seated in a simulated auto s e a t ,  with h is  head in the  Frank- 
f o r t  Plane neutral posi t ion.  Reference marks on the  face and 
upper torso a re  analyzed by computer t o  provide 24 anthropometric 
measures which ' locate the body landmarks with respect  t o  the  
sea t  and each o ther ,  



a n  i n e r t i a l  c o o r d i n a t e  system w i t h  o r i g i n  a t  a  S e a t  Reference  P o i n t  

(SRP) .  This  i s  a  c o n s i s t e n t  e x t e r n a l  r e f e r e n c e  p o i n t ,  de f ined  a s  t h e  

p o i n t  of  i n t e r s e c t i o n  of t h e  s e a t  back,  s e a t  pan,  and c e n t e r  of  t h e  

s e a t .  A l l  head,  t o r s o ,  and p e l v i s  landmarks a r e  r e p o r t e d  r e l a t i v e  

t o  t h e  S e a t  Reference  P o i n t .  I n  a d d i t i o n ,  s e v e r a l  head and eye 

dimensions a r e  l o c a t e d  w i t h  r e s p e c t  t o  o t h e r  p o i n t s  on t h e  body. 

F i n a l l y ,  i n  o r d e r  t o  make t h e  s e a t e d - p o s i t i o n  d a t a  a s  g e n e r a l l y  use- 

f u l  a s  p o s s i b l e ,  Appendix B i n c l u d e s  t h e  X ,  Y ,  and Z l o c a t i o n s  of 

each o f  t h e  body landmarks r e l a t i v e  t o  t h e  SRP. 

As s t a t e d  above,  one of t h e  o b j e c t i v e s  of t h e  anthropometry is  

t h e  d i r e c t  a p p l i c a b i l i t y  of t h e  d a t a  t o  three-dimensional  modeling of 

t h e  human body i n  t h e  s e a t e d  p o s i t i o n .  To t e s t  t h e  completeness of 

t h e  d imensions ,  t h e  d a t a  from one s u b j e c t  were p l o t t e d  on i s o m e t r i c  

(3-D) graph paper ,  The body c o n f i g u r a t i o n  t h u s  ob ta ined  i s  shown i n  

F i g u r e  2 .10,  It i i l u s t r a t e s  t h a t  t h e  d a t a  genera ted  i n  t h i s  s t u d y  a r e  

adequate  t o  d e p i c t  t h e  s e a t e d  p o s i t i o n  of a  person.  S i m i l a r  s i d e  and 

f r o n t  v iews,  based on t h e  d a t a  c o l l e c t e d  i n  t h e  s t u d y ,  a r e  p resen ted  

i n  Chapter 3 f o r  each of t h e  sex and age c a t e g o r i e s .  

Voluntary  Range of Motion 

1. Genera l .  I n  any biomechanical  model of a  human occupant which 

a t t e m p t s  t o  p r e d i c t  t h e  dynamic response  dur ing  impact ,  a  knowledge of 

t h e  l i m i t s  of head and neck range of motion i s  e s s e n t i a l .  S i n c e  t h i s  

s tudy  was p r i m a r i l y  concerned w i t h  p r o p e r t i e s  of t h e  human neck i n  

l a t e r a l  bending,  t h e  o r l g i n a i  i n t e n t  of t h i s  p o r t i o n  of t h e  s t u d y  was 

t o  determine range of motion f o r  l a t e r a l  f l e x i o n  on ly .  I n  t h e  c o n t e x t  

of a n  automobile side-impact c o l l i s i o n ,  however, l a t e r a l  hyper f l ex ion  



Figure 2.10 Three-dimensional representation of a seated subject, 
from anthropometry data. The Seat Reference Point (SRP) i s  the 
origin of the coordinate system. Numbers correspond t o  the anthro- 
pometry measurements 1 isted in Figure 2.6 and described in Appendix A .  



i s  o f t e n  a  complex mot ion,  w i t h  elements of l a t e r a l  bending,  r o t a t i o n ,  

and f l e x i o n  o r  e x t e n s i o n .  Voluntary l a t e r a l  f l e x i o n  i s  l i k e w i s e  

d i f f i c u l t  t o  c o n t r o l ,  s i n c e  t h e  muscles t h a t  l a t e r a l l y  f l e x  t h e  head 

and c e r v i c a l  s p i n e  a l s o  t end  t o  r o t a t e  t h e  head.  As a  r e s u l t  of  t h e s e  

c o n s i d e r a t i o n s ,  it was decided t h a t  a  three-dimensional  a n a l y s i s  of 

range of motion was necessa ry .  An expansion t o  a three-camera orthog- 

o n a l  photogrammetry system from t h e  two-camera system used i n  t h e  

s a g i t t a l  p lane  s t u d y  was t h e r e f o r e  made. 

Having made t h e  d e c i s i o n  t o  u s e  o r thogona l  photogrammetry, it 

was a l s o  decided t o  expand t h e  scope of t h e  s t u d y  wi th  r e g a r d  t o  

range-of-motion d a t a  c o l l e c t i o n  ( a s  w e l l  a s  t o  i n c l u d e  photogrammetric 

an th ropone t ry  - s e e  p r e v i o u s  s e c t i o n ) .  I n  a d d i t i o n  t o  having s u b j e c t s  

perform p l a n a r  movements of l e f t  and r i g h t  r o t a t i o n  (yaw) ,  f l e x i o n  

and e x t e n s i o n  ( p i t c h ) ,  and l e f t  and r i g h t  l a t e r a l  bend ( r o l l ) ,  it was 

decided t o  i n c l u d e  t h r e e  combination-type movements, a s  f o l l o w s :  

(1) f u l l  l e f t  r o t a t i o n  followed by maximum f l e x i o n  toward t h e  l e f t  

shou lde r ;  ( 2 )  f u l l  l e f t  r o t a t i o n  followed by maximum bending toward 

t h e  r e a r ;  and ( 3 )  f u l l  r i g h t  r o t a t i o n  fol lowed by maximum e x t e n s i o n  

toward t h e  l e f t  shou lde r .  These t h r e e  movements were s e l e c t e d  a s  

having some p r a c t i c a l  r e l e v a n c e  t o ,  r e s p e c t i v e l y :  (1) l e f t - s i d e  

impact w i t h  occupan t ' s  head t u r n e d  toward t h e  l e f t ;  ( 2 )  r e a r  impact 

w i t h  o c c u p a n t ' s  head t u r n e d  toward t h e  l e f t ;  and ( 3 )  l e f t - s i d e  impact 

w i t h  o c c u p a n t ' s  head t u r n e d  toward t h e  r i g h t .  P r i o r  t o  performing t h e  

range-of-motion sequence of 9 p o s i t i o n s ,  t h e  s u b j e c t  was p o s i t i o n e d  

f i r s t  w i t h  t h e  head i n  t h e  F r a n k f o r t  P lane  n e u t r a l  p o s i t i o n  ( i .  e .  , 

look ing  s t r a i g h t  ahead w i t h  t h e  p lane  formed by l e f t  and r i g h t  t r a g i o n s  

and i n f r a o r b i t a l e s  h o r i z o n t a l ) ,  and then  i n  t h e  normal s i t t i n g  o r  



n e u t r a l  p o s i t i o n .  The complete t e s t  sequence f o r  range of motion,  

t h e r e f o r e ,  involved 11 d i f f e r e n t  p o s i t i o n s  i n  t h e  o rde r  shown i n  

F i g u r e  2 - 1 1 .  A f i n a l  o r  t w e l f t h  p o s i t i o n  i n  which t h e  head was 

r o t a t e d  about 45' t o  t h e  r i g h t  was used on ly  f o r  anthropometry of 

t r a g i o n .  

2.  Laboratory  Arrangement and Equipment. A p r i n c i p a l  r e q u i r e -  

ment of an o r thogona l  photogrammetry system i s  t h a t  t h e  cameras be 

i n  a  f i x e d  r e l a t i o n s h i p ,  90 degrees  t o  one a n o t h e r ,  and t h a t  they  b e  

l o c a t e d  a t  known d i s t a n c e s  from a  f i x e d  "o r ig in"  which i s  t h e  p o i n t  i n  

space a t  which t h e  o p t i c a l  axes  of t h e  t h r e e  cameras i n t e r s e c t .  I n  

t h e  l a b o r a t o r y  used f o r  t h i s  s t u d y ,  t h e  photogrammetry appara tus  was 

ar ranged a s  shown i n  F igure  2.12.  The t h r e e  camera axes  form t h e  X-, 

Y-,  and Z-axes of an i n e r t i a l  r e f e r e n c e  frame wi th  o r i g i n  a t  t h e  " t r u e  

o r i g i n . "  S ince  t h e  t r u e  o r i g i n  l a y  somewhere i n s i d e  t h e  s u b j e c t  dur ing  

a  t e s t ,  a  second o r  I tvi .s ible o r i g i n "  was r i g i d l y  a t t a c h e d  t o  t h e  t e s t  

f i x t u r e ,  s o  t h a t  it could be photographed by a l l  t h r e e  cameras and was 

a t  a  known d i s t a n c e  from t h e  t r u e  o r i g i n .  Th i s  p o i n t  was used dur ing  

d a t a  a n a l y s i s  t o  t r a n s l a t e  coord ina te  p o i n t s  i n t o  t h e  proper  i n e r t i a l  

r e f e r e n c e  frame ( s e e  Appendix E ,  S e c t i o n  11). 

The hardware arrangement i s  shown i n  F igure  2.13. Camera mounts 

f o r  t h e  X and Y cameras were b o l t e d  t o  t h e  f l o o r ,  a s  was t h e  t e s t  

f i x t u r e  wi th  t h e  s u b j e c t  s e a t .  The Z camera was mounted on a  s l i d e  

t r a c k  a t t a c h e d  t o  t h e  c e i l i n g  and w a l l  and was held  i n  al ignment by a  

magnet, The t r a c k  mounting of t h i s  camera al lowed it t o  be  brought 

t o  a  convenient  l e v e l  f o r  f i l m  changing and r e t u r n e d  t o  p r e c i s e l y  t h e  

proper  l o c a t i o n  f o r  t e s t i n g .  The s u b j e c t ,  when s e a t e d  i n  t h e  t e s t  

s e a t ,  faced t h e  X camera. The Y camera photographed t h e  s u b j e c t ' s  



Figure  2.11 

Sequence of Range-of-Motion P o s i t i o n s  

F r a n k f o r t  o r  anthropometr ic  n e u t r a l  

Normal o r  n e u t r a l  

Extension 

F lex ion  

Right  r o t a t  ion 

L e f t  r o t a t i o n  

Flight l a t e r a l  bend 

L e f t  l a t e r a l  bend 

L e f t  r o t a t i o n  p l u s  bend toward l e f t  

L e f t  r o t a t i o n  p l u s  bend toward r e a r  

R igh t  r o t a t i o n  p l u s  bend toward l e f t  
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Figure 2.12 Laboratory arrangement for photogrammetric analysis 
o f  seated anthropometry and range of motion. 





l e f t  s i d e  and t h e  Z c a a e r a  photographed from above. A l l  cameras were 

Honeywell Pentax 35mm cameras, and b l a c k  and whi te  f i l m  was used t o  

r ecord  t h e  d a t a .  The X and Y cameras were equipped wi th  105mm te lepho-  

t o  l e n s e s  t o  l i m i t  f i e l d  of  view and reduce p a r a l l a x .  The Z camera 

had a  55mm l e n s  and was equipped wi th  a  motor d r i v e  u n i t  which 

r e l e a s e s  t h e  s h u t t e r  and advances t h e  f i l m  a f t e r  each photograph. 

A remote swi tch  r e l e a s e d  t h e  s h u t t e r s  of a l l  t h r e e  cameras simultane- 

o u s l y ,  t h u s  a s s u r i n g  a  c o n s i s t e n t  s u b j e c t  p o s i t i o n  f o r  a n a l y s i s .  

3. T e s t  Procedures and P r o t o c o l .  I n  p r e p a r a t i o n  f o r  t h e  photo- 

grammetry sequence,  t h e  s u b j e c t  d ressed  i n  s h o r t s  and a  s l e e v e l e s s  

s h i r t .  R e f l e c t o r i z e d  dowels were taped t o  t h e  s k i n  t o  i d e n t i f y  t h e  

t o r s o  p o i n t s  of c e r v i c a l e ,  s u p r a s t e r n a l e ,  and r i g h t  and l e f t  acromion 

(Schanne, 1 9 7 2 ) .  I n  a d d i t i o n  t o  t h e i r  u s e  i n  anthropometry,  t h e s e  

markers provided a  means f o r  determining t h e  m o u n t  of t o r s o  movement 

involved when t h e  s u b j e c t  performed t h e  reques ted  movements of t h e  

head and neck. High-contrast  markers were a l s o  placed a t  t r a g i o n ,  

n a s i o n ,  and i n f r a o r b i t a l e  landmarks f o r  anthropometry measurements. 

The photogrammetry headpiece  shown i n  F igure  2.14 was t h e n  f i t t e d  snugly  

t o  t h e  s u b j e c t ' s  head and t h e  s u b j e c t  was p o s i t i o n e d  i n  t h e  c e n t e r  of 

t h e  t e s t  s e a t .  Th i s  headpiece  c o n s i s t e d  of a n  o r thogona l  c o o r d i n a t e  

a x i s  system made of aluminum and f i x e d  t o  a  modified l i n e r  of a  

w e l d e r ' s  hood. The end p o i n t s  of t h e  axes  were marked by smal l  ' b a l l  

b e a r i n g s  f o r  e a s i e r  v i s u a l i z a t i o n .  

Upon completion of t h e  t r a d i t i o n a l  s e a t e d  anthropometry ( s e e  

S e c t i o n  B . 2 ) ,  t h e  s u b j e c t ' s  head was p o s i t i o n e d  i n  t h e  Frankfor t  

p l a n e ,  t h e  s i t t i n g  he igh t  measured, and t h e  photogrammetry sequence 

begun. S u b j e c t s  were i n s t r u c t e d  t o  keep t h e i r  shou lde rs  and t o r s o  
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from moving whi le  t u r n i n g  t h e  head and neck s lowly and a s  f a r  a s  

p o s s i b l e  i n  t h e  reques ted  d i r e c t i o n s .  A f t e r  completing a  movement t h e  

s u b j e c t  r e t u r n e d  t o  t h e  n e u t r a l  p o s i t i o n ,  a t  which t ime  t h e  next  move- 

ment was d e s c r i b e d .  I f  a  movement was performed i n c o r r e c t l y  o r  

poor ly  ( e  .g,  , t h e  shou lde rs  moved whi le  performing a movement), t h e  

s u b j e c t  was asked t o  r e t u r n  t o  t h e  n e u t r a l  p o s i t i o n  and begin  aga in .  

When t h e  s u b j e c t  reached t h e  limits of range of motion a t  each p o s i t i o n  

( i n d i c a t e d  by no f u r t h e r  movement) t h e  s h u t t e r  r e l e a s e  swi tch  was 

depressed ,  r e s u l t i n g  i n  s imul taneous  r e c o r d i n g  of t h e  p o s i t i o n  by a l l  

t h r e e  cameras. 

F igures  2.15,  2.16, and 2.17 show o b l i q u e  views of a  s u b j e c t  a t  

each of t h e  p o s i t i o n s  invo lv ing  a  combination of movements. A 

d e s c r i p t i o n  of a l l  p o s i t i o n s  i n  t h e  o rde r  performed by s u b j e c t s  i s  

con ta ined  i n  t h e  fo l lowing  l i s t :  

1. Anthropometric Neu t ra l   r rank fort) . The s u b j e c t  i s  s e a t e d  

i n  t h e  t e s t  c h a i r ,  r e l a x e d ,  look ing  s t r a i g h t  ahead,  and t h e  head i s  

placed i n  t h e  F r a n k f o r t  P lane .  Th i s  p o s i t i o n  i s  used t o  o b t a i n  t h e  

anthropometr ic  dimensions desc r ibed  p rev ious ly .  The s t andard ized  

Frankfor t  P lane  head o r i e n t a t i o n  i s  used because it removes t h e  

v a r i a b l e  of random head p o s i t i o n  and a l lows  sub jec t - to - sub jec t  

comparison of  head t o  s e a t  r e f e r e n c e  p o i n t  dimensions and p rov ides  

a  s t andard  r e f e r e n c e  f o r  Euler  a n g l e  c a l c u l a t i o n s .  

2.  Neu t ra l  Seated P o s i t i o n .  The s u b j e c t  i s  al lowed t o  resume 

a  normal r e l a x e d  s i t t i n g  p o s i t i o n ,  wi th  t h e  head i n  whatever o r i en -  

t a t i o n  i s  comfor table  t o  t h e  s u b j e c t .  P r i o r  t o  t h i s  p o s i t i o n  t h e  

s u b j e c t  i s  asked t o  move h i s  head and neck s o  t h a t  he i s  not  
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F i g u r e  2.16 S u b j e c t  a t  left r o t a t i o n  p l u s  bend toward t h e  r e a r .  





in f luenced  by t h e  Frankfor t  p o s i t i o n .  

3. Maximum Voluntary Extension.  The s u b j e c t  i s  i n s t r u c t e d  t o  

a l low t h e  head t o  r o t a t e  s t r a i g h t  back a s  f a r  a s  p o s s i b l e .  This  

p o s i t i o n  i s  photographed w i t h  t h e  jaw open and r e l a x e d  t o  s i m u l a t e  

a  rear-end c o l l i s i o n  wi th  complete s u r p r i s e ,  and t o  o b t a i n  a  maxi- 

mum amount of ex tens ion .  This  p o s i t i o n  i s  r e f e r r e d  t o  i n  t h e  

a n a l y s i s  a s  " p o s i t i v e  p i t c h "  of t h e  head. 

4. Maximum Voluntary F lex ion .  The s u b j e c t  i s  i n s t r u c t e d  t o  

t h r u s t  t h e  jaw s t r a i g h t  forward,  then  t u c k  t h e  c h i n  under and 

a t tempt  t o  touch  t h e  c h e s t  w i t h  t h e  ch in .  This  p o s i t i o n  s i m u l a t e s  

a  f ront-end c o l l i s i o n  i n  which an upper t o r s o  r e s t r a i n t  i s  i n  use .  

5 .  Maxirnum Voluntary Right Ro ta t ion .  The s u b j e c t  i s  i n s t r u c t -  

ed t o  t u r n  t h e  head t o  t h e  r i g h t  a s  f a r  a s  p o s s i b l e  wi thout  

t i l t i n g  t h e  head o r  l i f t i n g  t h e  shoulder  b lades  from t h e  s e a t  back. 

6. Maximum Vclluntary L e f t  Ro ta t ion .  The s u b j e c t  i s  i n s t r u c t -  

ed t o  t u r n  t h e  head t o  t h e  l e f t  a s  f a r  a s  p o s s i b l e  wi thout  t i l t i n g  

t h e  head o r  moving shou lde rs .  

7 .  Maximum Voluntary Right L a t e r a l  Bend. The s u b j e c t  i s  in-  

s t r u c t e d  t o  tilt t h e  head t o  t h e  r i g h t  a s  f a r  a s  p o s s i b l e  wi thout  

t u r n i n g  t h e  head o r  t i l t i n g  t h e  shou lde rs .  

8 .  Maximum Voluntary L e f t  L a t e r a l  Bend. The s u b j e c t  i s  in -  

s t r u c t e d  t o  t i l t  t h e  head t o  t h e  l e f t  a s  f a r  a s  p o s s i b l e  wi thout  

t u r n i n g  t h e  head o r  moving t h e  shou lde rs .  



9. L e f t  R o t a t i o n  combined w i t h  F lex ion .  The s u b j e c t  i s  in-  

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

then  t o  " t r y  t o  pu t  t h e  l e f t  eye on t h e  l e f t  shoulder . ' '  

1 0 .  L e f t  Ro ta t ion  combined w i t h  Bend toward back w a l l .  The 

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

p o s s i b l e ,  then  l e t  t h e  jaw r e l a x  and move t h e  head s t r a i g h t  back 

toward t h e  w a l l .  

11. Right  Ro ta t ion  combined w i t h  Extension toward l e f t  

shou lde r .  The s u b j e c t  i s  i n s t r u c t e d  t o  t u r n  t h e  head t o  t h e  r i g h t  

a s  f a r  a s  p o s s i b l e ,  t h e n ,  wi thou t  any r o t a t i o n ,  t o  t i l t  t h e  head 

back toward t h e  l e f t  s h o u l d e r .  

4. Computation of  E u l e r  Angles 

a )  General .  When computing o r  u s i n g  Eu le r  ang les  t o  d e s c r i b e  

t h e  movement of  a  body i n  s p a c e ,  two f a c t o r s  must be  known: (1) 

t h e  o r d e r  i n  which t h e  ang les  a r e  t z k e n ,  and ( 2 )  t h e  axes  about which 

t h e y  a r e  d e f i n e d .  I n  t h i s  s tudy  t h e  o rde r  of E u l e r  ang les  i s  yaw 

( o r  r o t a t i o n ) ,  p i t c h  ( o r  f l e x i o n / e x t e n s i o n )  , and r o l l  ( l a t e r a l  b e n d ) .  

The axes  about which t h e s e  a n g l e s  have meaning a r e  t h o s e  ana tomica l  

axes  i n  t h e  head r e l a t e d  t o  t h e  F r a n k f o r t  P lane .  That  i s ,  yaw i s  

r o t a t i o n  about an  a x i s  p e r t e n d i c u l a r  t o  t h e  F r a n k f o r t  P l a n e ,  p i t c h  i s  

r o t a t i o n  about an  a x i s  p a r a l l e l  t c  a  l i n e  through l e f t  ar.6 r i g h t  

t r a g i o n ,  and r o l l  i s  r o t a t i o n  about an a x i s  p a r a l l e l  t o  t h e  l i n e  

formed by t h e  i n t e r s e c t i o n  of t h e  F r a n ~ f o r t  snd s a g i t t a l  p l a n e s .  I t  

i s  important  t o  n o t e  t h a t  t h i s  Zu le r  ang le  a x i s  system i s  f i x e d  t o  

t h e  head and t h e r e f o r e  i t s  axes  a r e  p a r a i l e l  t o  t h e  i n e r t i a l  o r  camera 



axes  only  when t h e  s u b j e c t  i s  s e a t e d  i n  t h e  Frankfor t  p o s i t i o n .  When 

t h e  head moves, t h e  Eu le r  ang le  r e f e r e n c e  system a l s o  moves and t h e  

axes  of r o t a t i o n  f o r  t h e  Eu le r  ang les  change r e l a t i v e  t o  t h e  t o r s o .  

Using t h i s  scheme, it can be r e a l i z e d  t h a t  l e f t  r o l l  o r  l e f t  

l a t e r a l  bend would be  bending t h e  head toward t h e  l e f t  shoulder  i f  t h e  

head were i n  t h e  n e u t r a l  p o s i t i o n ,  and bending t h e  head toward t h e  r e a r  

i f  t h e  head i s  f i r s t  r o t a t e d  90' t o  t h e  l e f t .  S ince  t h e  p o s i t i o n s  

invo lv ing  a  combination of movements i n  t h e  t e s t  sequence f i r s t  in-  

vo lve  a  f u l l  r o t a t i o n  of t h e  head t o  t h e  l e f t  o r  r i g h t  and t h i s  

r o t a t i o n  i s  u s u a l l y  g r e a t e r  t h a n  60° ,  t h e s e  t h r e e  p o s i t i o n s  i n  o rde r  

of performance may a l s o  be r e f e r r e d  t o  a s  (1) l e f t  r o t a t i o n  p l u s  

f l e x i o n ;  ( 2 )  l e f t  r o t a t i o n  p l u s  l e f t  l a t e r a l  bend; and ( 3 )  r i g h t  

r o t a t i o n  p l u s  e x t e n s i m .  It i s  unders tood,  however, t h a t  t h e  second 

p a r t  of  t h e  d e s c r i p t i c n  r e f e r s  t o  t h e  predominant motion occur r ing  

and t h a t  t h e  second movement i s  u s u a l l y  more complex. 

The E u l e r  ang les  were computed by u s i n g  t h e  v i s i b l e  o r thogona l  

c o o r d i n a t e  system a t t a c h e d  t o  t h e  s u b j e c t ' s  head. The change i n  o r i en-  

t a t i o n  of t h i s  system from t h e  Frankfor t  p o s i t i o n  t o  t h e  new p o s i t i o n  

provided t h e  needed informat ion t o  compute t h e  Euler  ang les .  S i n c e  

t h e  Eu le r  ang les  a r e  de f ined  about anatomical  axes  i n  t h e  head,  it i s  

important  t h a t  t h e  headpiece coord ina te  system e i t h e r  be  a l igned  w i t h  

t h e s e  axes ,  o r  t h a t  a  c o r r e c t i c n  t r ans fo rmat ion  be a p p l i e d  t o  t h e  

o r i e n t a t i o n  o r  t h e  headpiece  coord ina te  system p r i o r  t o  computing t h e  

Euler  a n g l e s .  The l a t t e r  procedure was chosen i n  t h i s  s tudy  and i s  

d e s c r i b e d  i n  g r e a t e r  d e t a i l  i n  Appendix E .  

b )  Data Reduction and Ana lys i s .  The t echn ique  of  orthog- 

o n a l  photogrammetry was used f i r s t  t o  determine t h e  p o s i t i o n  i n  space 



( x Y y , z  c o o r d i n a t e s )  of t h e  5 p o i n t s  of  t h e  headpiece  c o o r d i n a t e  

system i n  each of t h e  11 p o s i t i o n s .  A d e t a i l e d  p r e s e n t a t i o n  of t h i s  

t echn ique  i s  g iven  i n  Appendix E and i s  adopted from Chaffee  ( 1 9 6 1 ) .  

I n  a c t u a l  p r a c t i c e  it i s  on ly  necessa ry  t o  "see"  a t  l e a s t  4 p o i n t s ,  

one of which must be t h e  t o p  of t h e  v e r t i c a l  a x i s ,  i n  two of t h e  

t h r e e  cameras. Using t h e  convent ion shown i n  F i g u r e  2.14 f o r  num- 

b e r i n g  t h e  headpiece  p o i n t s ,  t h e  v e c t o r s  corresponding t o  t h e s e  axes  
A 

can t h e n  b e  computed. If we l a b e l  t h e  v e c t o r  5'4 a s  I ,  7+6 a s  J ,  and 
A 

@8 a s  K ,  f o r  t h e  F r a n k f o r t  p o s i t i o n ,  and u s e  v e c t o r s  $ and 6 
1' 2 '  3 

t o  r e p r e s e n t  t h e s e  axes  i n  t h e  f i n a l  r o t a t e d  p o s i t i o n s ,  t h e n  t h e  

E u l e r  a n g l e s  a r e  g iven  by: 

el. K 
P i t c h  = = -tan-1[ el .  : J ) s in$  

6 

- 1 
R o l l  = Y - t a n  

A d e t a i l e d  development of  t h e s e  equa t ions  i s  p r e s e n t e d  i n  Appendix E.  

The minus s i g n s  i n  t h e  e q u a t i o n s  f o r  yaw and p i t c h  a r e  inc luded  s o  t h a t  

t h e  E u l e r  a n g l e s  a r e  d e s c r i b e d  i n  terms of a n  a x i s  system where 
0 A 

p o s i t i v e  K i s  down and p o s i t i v e  J i s  ou t  of t h e  r i g h t  e a r ,  a s  i s  con- 

v e n t i o n a l  i n  most computer models. 

I n  o r d e r  t o  t r a n s f e r  t h e  photogrammetric d a t a  i n t o  a form s u i t a b l e  

f o r  computa t ions ,  t h e  d b t a  p o i n t s  on f i l m  were d i g i t i z e d  by p r o j e c t i n g  

each p i c t u r e  o n t o  t h e  s u r f a c e  of  a " s - m o g r a p h i c  ~ a b l e t "  d i g i t i z e r .  

The complete s e t u p  f o r  d i g i t i z i n g  i n c l u d i n g  p r o J e c t c r ,  t a b l e t  



d i g i t i z e r ,  h igh speed paper t a p e  punch (FACIT 4070) and r e l a t e d  

e l e c t r o n i c  equipment ( s c r i p t o g r a p h i c s  Model HW 2-11 readout  and A l t e k  

Corporat ion i n t e r f a c e  u n i t )  i s  shown i n  F igure  2.18. By moving a 

c u r s o r  over each p o i n t  of i n t e r e s t  and pushing a b u t t o n ,  t h e  x ,  y 

c o o r d i n a t e s  of t h a t  p o i n t  were punched on to  paper t a p e  and d i s p l a y e d  

on t h e  readout  u n i t .  The complete d i g i t i z a t i o n  p rocess  f o r  each 

s u b j e c t  involved coding 376 d a t a  p o i n t s ,  inc lud ing  p o i n t s  which code 

t h e  s u b j e c t  number. S p e c i a l  codes were used t o  denote  "unseen" p o i n t s  

i n  each pho to ,  a s  were p o i n t s  t o  denote  "between-picture" r e f e r e n c e  

p o i n t s .  On each p i c t u r e ,  t h e  v i s i b l e  o r i g i n ,  headpiece ,  and t o r s o  

anthropometry p o i n t s  were coded. A t  t h e  beginning of each camera 

sequence,  two p o i n t s  were coded t o  c o r r e c t  f o r  camera o r  p ro jec t ,o r  

r o l l .  F igures  D.1-D.3 i n  Appendix D i l l u s t r a t e  t h e  o r d e r  of coding of 

p o i n t s  f o r  t h e  36 p i c t u r e s  t aken  of each s u b j e c t .  

Two computer programs, included a s  Appendix F ,  were w r i t t e n  f o r  

ana lyz ing  t h e  photogrammetric d a t a .  One program c a l c u l a t e s  t h e  

s e e t e d  anthropometr ic  measurements, t h e  o t h e r  computes range of motion 

a t  each p o s i t i o n  i n  Euler  a n g l e s .  Th i s  l a t t e r  program makes c o r r e c t i o n s  

f o r  camera r o l l  and c o r r e c t s  f o r  headpiece tilt r e l a t i v e  t o  t h e  ana- 

tomica l  Eu le r  a n g l e  axes  of t h e  head. The output  i s  a s e t  of 33 Eu le r  

ang les  which d e s c r i b e  t h e  r e l a t i o n  of p o s i t i o n s  2 through 11 t o  t h e  

Frankfor t  p o s i t i o n .  These d a t a  were t h e n  keypunched and inpu t  t o  

computer f i l e s  on t h e  Michigan Terminal  System (MTS) f o r  s t a t i s t i c a l  

a n a l y s i s  and c o r r e l a t i o n  computat ions .  

D .  Ac t ive  T e s t s  

1. General .  A q u e s t i o n  of c o n s i d e r a b l e  importance t o  under-  
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s t a n d i n g  and modeling t h e  response  of t h e  head and neck d u r i n g  im- 

pac t  i s  t h i s :  To what e x t e n t  do t h e  neck muscles p reven t  head move- 

ment and t h e r e f o r e  ~ r h i p l a s h  i n j u r y ?  Or, converse ly ,  a t  what impact 

l e v e l s  do t h e  neck muscles become i n e f f e c t i v e  i n  p r e v e n t i n g  i n j u r y ?  

While t h e  answer i s  by no means s imple ,  two f a c t o r s  have a  d i r e c t  

i n f l u e n c e  on t h e  answer. One i s  t h e  f o r c e  o r  s t r e n g t h  which t h e  

neck muscles can e x e r t  t o  r e s t r a i n  t h e  movement of t h e  head. The 

second f a c t o r ,  which i s  p r i m a r i l y  important  d u r i n g  a  s u r p r i s e  impact ,  

i s  t h e  r e a c t i o n  t ime  of t h e  neck muscles ,  o r  t h e  t ime  it t a k e s  t h e  

muscles t o  r e a c h  t h e i r  maximum f o r c e .  Th i s  t ime  can be  d i v i d e d  i n t o  

two p a r t s :  (1) t h e  t ime  it t a k e s  f o r  muscle a c t i v i t y  t o  beg in  a f t e r  

head movement ( r e f l e x  t i m e ) ;  and ( 2 )  t h e  t ime  from beginning of muscle 

a c t i v i t y  t o  maximum c o n t r a c t i o n  f o r c e  ( c o n t r a c t i o n  t i m e ) .  The a c t i v e  

t e s t  p o r t i o n  of t h i s  s t u d y  was des igned t o  measure bo th  t h e  m ~ s c l e  

s t r e n g t h  and r e f l e x  t imes  of t h e  sample p o p u l a t i o n  d e s c r i b e d  i n  

S e c t i o n  2 . A ,  and t h e r e b y  t o  determine how t h e s e  f a c t o r s  v a r y  v i t h  age 

and s e x ,  and u l t i m a t e l y  tow t h e y  a f f e c t  r e sponse  t o  impact.  Two 

t e s t s  were run  on s u b j e c t s  t o  a c q u i r e  t h e s e  d a t a .  The f i r s t  t e s t ,  

r e f e r r e d  t o  a s  t h e  head j e r k  o r  r e f l e x  t e s t ,  r ecorded  t h e  s u b j e c t s '  

heaa a c c e l e r a t i o n  and muscle a c t i v i t y  i n  r esponse  t o  a  known and 

sudden f o r c e  applied.  t o  t h e  head i n  t h e  l a t e r a l  d i r e c t i o n .  The second 

t e s t ,  r e f e r r e d  t o  a s  t h e  s t r e n g t h  t e s t ,  measured t h e  maximum v o l u n t a r y  

i s o m e t r i c  p u l l  t h a t  t h e  s u b j e c t s  could e x e r t  by u s i n g  t h e i r  neck muscles 

and p u l l i n g  i n  t h e  l a t e r a l  d i r e c t i o n .  

2 Experimenta.1 Setup and Procedures  

a )  3 l e c t r o m i c  Equipment. F i g u r e  2.19 shows t h e  ex- 



Figure 2.19 Experimental setup f o r  ac t ive  t e s t ing  of subjec ts  
showing e lec t ron ic  equipment, subject  i n  t e s t  s e a t ,  and research 
as s i s t an t .  



per imenta l  s e t u p  f o r  a c t i v e  t e s t i n g  of s u b j e c t s ,  inc lud ing  t h e  

ampl i fying,  r ecord ing ,  and moni tor ing equipment. Complete c o n t r o l  of 

t h e  experiment was provided by t h e  c o n t r o l  conso le  shown i n  f r o n t  of 

t h e  r e s e a r c h e r .  A l l  s i g n a l s  passed through 6 channels  on t h i s  u n i t  and 

could be f u r t h e r  ampl i f i ed  o r  f i l t e r e d  p r i o r  t o  record ing  on magnetic 

t a p e .  A meter a t  each channel  provided f o r  moni tor ing of t h e  s i g n a l s  

t o  ensure  t h a t  a l l  ins t rumenta t ion  was working p roper ly .  A 7 t h  

channel  provided l o g i c  l e v e l  and s t r o b e  p u l s e s  f o r  l a b e l i n g  t e s t s  and 

marking even t s  on t h e  magnetic t a p e .  Control  of t h e  r e f l e x  t e s t  

weight drop and s t a r t i n g  and s topp ing  of t h e  t a p e  r e c o r d e r  were a l s o  

provided f o r  by switches  on t h i s  console .  

The t a p e  r e c o r d e r  i s  a  7-channel Arnpex Model PR-500 w i t h  7 

channels  of FM record  and reproduce and a  v o i c e  channel.  Tape speed 

was s e t  a t  1-7/8 inches  per  second f o r  t h i s  s tudy ,  and a l l  channels  

were c a l i b r a t e d  and a d j u s t e d  f o r  minimum d i s t o r t i o n  and an  inpu t - to  

ou tpu t  g a i n  r a t i o  of 5 : l .  During a  t e s t  s e s s i o n ,  t h e  o u t p u t s  of two 

channels  of t h e  t a p e  r e c o r d e r  were d i sp layed  on t h e  two channel 3 rush  

r e c o r d e r  ( ~ o d e l  220) shown a t  t h e  r e s e a r c h e r  ' s r i g h t  hand. Addi t iona l  

s i g n a l  moni tor ing c a p a b i l i t y  was provided by t h e  Model 564 Tek t ron ix  

o s c i l l o s c o p e  (behind t h e  r e s e a r c h e r ) .  The smal l  box t o  t h e  lower l e f t  

of t h e  conso le  provided f o r  p r e a m p l i f i c a t i o n  of t h e  accelerometer  and 

smal l  s t r a i n  r i n g  s i g n a l s ,  and included analog c i r c u i t r y  f o r  computa- 

t i o n  of angu la r  head a c c e l e r a t i o n s .  

b )  Ref lex T e s t .  F igure  2 .20  shows a  s u b j e c t  s e a t e d  f o r  

r e f l e x  t e s t i n g  wi th  t h e  l e f t  shoulder  a g a i n s t  a b r a c e  t o  prevent  t o r s o  

movement. A pulsed f o r c e  was a p p l i e d  near  t h e  c e n t e r  of g r a v i t y  of t h e  

head by means of a  band placed t i g h t l y  around t h e  s u b j e c t ' s  head j u s t  
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over t h e  e a r s .  Attached t o  t h i s  band i s  a nylon l i n e  which was draped 

over a p u l l e y ,  th readed  through a one-pound weight ,  and connected t o  a 

smal l  "stop" weight a t  t h e  o ther  end. The one-pound weight was h e l d  i n  

p l a c e  by an  electromagnet and r e l e a s e d  by t h e  r e s e a r c h e r  a t  t h e  c o n t r o l  

console .  A smal l  s t r a i n  r i n g  i n  t h e  nylon l i n e  measured t h e  t e n s i o n  

o r  f o r c e  a p p l i e d  t o  t h e  head by t h e  weight drop.  Drop d i s t a n c e s  of 

f o u r  inches  were used i n  most cases  but were inc reased  t o  6 o r  8 

inches  i f  necessary .  A t y p i c a l  inpu t  f o r c e  p r o f i l e  i s  shown i n  

F igure  2.21. 

Muscle a c t i v i t y  of t h e  s ternomastoid  muscle group on t h e  s u b j e c t ' s  

r i g h t  s i d e  was measured dur ing t h e  t e s t  by two s u r f a c e  e l e c t r o d e s  placed 

a s  shown i n  F igures  2.22 and 2.23.  A t h i r d  ground e l e c t r o d e  was placed 

over C7 a s  shown. EMG a c t i v i t y  was monitored on t h e  o s c i l l o s c o p e  dur- 

i n g  t e s t i n g  so t h a t  t h e  weight cou la  be dropped when t h e  s u b j e c t  was 

re laxed .  

Head movement was d e t e c t e d  and measured by four  accelerometers  

conta ined i n  two b i a x i a l  u n i t s  made by Entran Devices,  I n c .  ( ~ o d e l  

E G A L ~ - 1 2 5 ~ - 1 0 ~ ) .  These accelerometer  u n i t s  were fas tened  t o  t h e  

s t r u c t u r e  a s  shown and f i x e d  t o  t h e  s u b j e c t ' s  head by means of a b i t e  

p l a t e  which t h e  s u b j e c t  he ld  i n  h i s  mouth. This  c o n s i s t e d  of an  

aluminum p l a t e  t o  which was molded a d e n t a l  impression compound i n  

which t h e  s u b j e c t  had made a c a s t  of h i s  t e e t h .  The accelerometer  

axes were o r i e n t e d  a s  shown i n  F igure  2.24, and,  assuming p lanar  move- 

ment of t h e  head dur ing  t h e  j e r k ,  angu la r  and l i n e a r  a c c e l e r a t i o n  of 

t h e  c e n t e r  of g r a v i t y  of  t h e  head were c a l c u l a t e d  by t h e  equa t ions  

p resen ted  i n  t h e  d a t a  a n a l y s i s  s e c t i o n  of t h i s  c h a p t e r .  

Accelerometer output  s i g n a l s  and t h e  f o r c e  t r a n s d u c e r  s ignal .  





Figure 2.22 Photograph of subject's neck showing placement of 
EMG e l  ectrodes. 



Figure 2.23 Cut-away drawing i 1 lus t ra t ing placement of EMG 
electrodes re1 a t ive  to  head and neck muscles. 



Figure 2.24 Drawing o f  subject with accelerometer piece in 
mouth illustrating critical dimensions and directions of 
accel erometer axes. 



were p reampl i f i ed  and inpu t  through console  channels  2 ,  3 ,  4, 5 ,  and 

6 t o  corresponding channels  of t h e  t a p e  r e c o r d e r .  EMG s i g n a l s  were 

inpu t  through channel  1 on t h e  console  t o  channel  1 of t h e  r e c o r d e r .  

P r i o r  t o  r e f l e x  t e s t i n g ,  each s u b j e c t  was given i n s t r u c t i o n s  t o  

f a c e  s t r a i g h t  ahead,  c l o s e  h i s  eyes ,  and r e l a x ,  but  t o  a t tempt  t o  

keep h i s  head u p r i g h t  when he f e l t  t h e  j e r k .  A second r e s e a r c h e r  ob- 

served t h e  s u b j e c t  dur ing  t h e  t e s t s  t o  ensure  t h a t  t h e  head d i d  no t  

r o t a t e .  I f  necessa ry ,  a p p r o p r i a t e  adjus tments  were made i n  t h e  head- 

band p o s i t i o n  t o  ach ieve  p lanar  motion.  A s e r i e s  of s e v e r a l  t e s t s  

was run  on each s u b j e c t  t o  o b t a i n  an average measure of r e f l e x  t i m e .  

c )  S t r e n g t h  Tes t .  F igure  2.25 shows a  s u b j e c t  performing 

t h e  s t r e n g t h  t e s t  u s i n g  t h e  r i g h t  neck l a t e r a l  f l e x o r  muscles.  The 

head s t r a p  was placed around t h e  head above t h e  e a r s  and i somet r i c  

t e n s i o n  measured by t h e  l a r g e  s t r a i n  r i n g  near  t h e  r e s t r a i n i n g  

f i x t u r e .  S u b j e c t s  were t e s t e d  from both  s i d e s ,  a l though M G  a c t i v i t y  

was recorded from on ly  t h e  r i g h t  s ternomastoid  muscles.  A f t e r  an 

i n i t i a l  t r a i n i n g  p u l l  t o  check equipment and have t h e  s u b j e c t  "ge t  

t h e  f e e l " ,  t e s t i n g  was begun. S u b j e c t s  were asked t o  b u i l d  t o  a 

maximum f o r c e  i n  1 o r  2 seconds and t o  hold t h i s  l e v e l  f o r  a  count of 

4 seconds.  Three t r i a l s  were run from each s i d e  wi th  one-minute r e s t s  

between each t r i a l .  The ampl i f i ed  s t r a i n  r i n g  ou tpu t  was d i sp layed  on 

one channel  of t h e  Brush r e c o r d e r  i n  a d d i t i o n  t o  be ing  i n p u t  t o  channel  

6 of t h e  t a p e  r e c o r d e r ,  so  t h a t  t h e  r e s u l t s  could  be  examined imme- 

d i a t e l y .  If t h e r e  was a  s i g n i f i c a n t  d i f f e r e n c e  between t r i a l s ,  s u b j e c t s  

were asked t o  perform a d d i t i o n a l  runs  u n t i l  cons i s t ency  was achieved.  

During t h e  t e s t s  a  second r e s e a r c h e r  observed t h e  s u b j e c t  t o  ensure  

t h a t  on ly  t h e  neck muscles were being used ( i . e . ,  t h e  s u b j e c t  d i d  not  



Figure  2.25 Subject performing l a t e r a l  neck s t r e n g t h  test .  



l if t  off  t h e  s e a t )  and t h a t  t h e  e f f o r t  was i n  t h e  l a t e r a l  d i r e c t i o n .  

A s i d e  b r a c e  was a v a i l a b l e  f o r  t h e  s u b j e c t  t o  r e a c t  a g a i n s t .  

3. Data Ana lys i s  

a )  Ref lex Time. Ref lex t ime i s  de f ined  a s  t h e  t ime from 

onse t  of head a c c e l e r a t i o n  t o  t h e  t ime  a t  which EMG s i g n a l s  show a n  

i n c r e a s e  i n  muscle a c t i v i t y .  During t e s t i n g  t h e  a c c e l e r a t i o n  s i g n a l ,  

aly, and t h e  EMG s i g n a l  were ou tpu t  from t h e  t a p e  r e c o r d e r  t o  t h e  

2-channel Brush r e c o r d e r .  Because of t h e  t ime  d e l a y  caused by t h e  

d i s t a n c e  between r e c o r d i n g  and playback heads on t h e  t a p e  r e c o r d e r ,  it 

was p o s s i b l e  t o  s t a r t  t h e  Brush r e c o r d e r  a f t e r  t h e  t e s t  and the reby  

d i s p l a y  t h e s e  two s i g n a l s  dur ing  t h e  t e s t i n g  wi thout  a f f e c t i n g  t h e  

s u b j e c t ' s  response t ime ( i .  e .  , without  cueing t h e  s u b j e c t ) .  F i g u r e  

2 .26 shows a  t y p i c a l  a c c e l e r a t i o n  and M G  response t o  a  weight drop 

of 4 inches .  The onse t  of head a c c e l e r a t i o n  i s  c l e a r l y  i n d i c a t e d  by 

t h e  r a p i d  r i s e  i n  t h e  a c c e l e r a t i o n  s i g n a l .  S i m i l a r l y ,  t h e  i n c r e a s e  i n  

EMG a c t i v i t y  i s  noted by an  i n i t i a l  s p i k e  of a c t i v i t y ,  followed by 

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

r e f l e x  t ime.  While it would t h e o r e t i c a l l y  be p o s s i b l e  t o  determine 

t h i s  t ime  by computer a n a l y s i s ,  i n  p r a c t i c e  t h e  EMG s i g n a l  was n o t  

always a s  c l e a r  a s  t h e  one shown, and a  v i s u a l  de te rmina t ion  of t h i s  

p o i n t  was found t o  be more dependable.  Ref lex  t imes  were t h e r e f o r e  

determined by marking and measuring d i s t a n c e s  manually on t h e s e  s t r i p  

c h a r t s .  Where i n c r e a s e d  EMG s i g n a l s  were q u e s t i o n a b l e  and no t  obvious ,  

a  check of t h e  r e f l e x  t ime  was made by a second person.  If t h e r e  was 

poor agreement on t h e  r e s u l t ,  t h e  d a t a  were d i s c a r d e d .  S ince  t h e  

s t r i p  c h a r t s  were produced fo l lowing  each t e s t ,  it was p o s s i b l e  t o  





check t h e  response immediately and r e p e a t  t h e  t e s t s  u n t i l  a  s e t  of 

5 o r  6 "good" responses  were o b t a i n e d .  Often a  poor response  could  be 

improved by i n c r e a s i n g  t h e  weight drop d i s t a n c e  o r  by moving t h e  

e l e c t r o d e s .  The r e f l e x  t imes  observed f o r  t h e  s e v e r a l  t e s t s  on each 

s u b j e c t  were t h e n  averaged and t h e  r e s u l t s  keypunched f o r  i n p u t  t o  

f i l e  s t o r a g e  on t h e  U n i v e r s i t y  of Michigan IBM 370 computer system 

(MTS). 

b )  S t r e n g t h  T e s t .  F igure  2.27 i l l u s t r a t e s  a  t y p i c a l  s e r i e s  

of f o r c e  curves  and EMG a c t i v i t y  ob ta ined  dur ing  s t r e n g t h  t e s t i n g .  A s  

with  t h e  r e f l e x  t ime  d a t a ,  t h e s e  r e s u l t s  were produced a t  t h e  t ime  of 

t e s t i n g  and t h e  d a t a  analyzed manually. The average of t h e  t h r e e  

r u n s  from each s i d e  was keypunched and inpu t  t o  f i l e s  on MTS f o r  

s t a t i s t i c a l  and c o r r e l a t i o n  a n a l y s i s .  

c )  Head A c c e l e r a t i o n .  The primary v a l u e  c f  t h e  a c c e l e r a -  

t i o n  s i g n a l s ,  o t h e r  t h a n  f o r  determining r e f l e x  t i m e ,  i s  t h a t  t h e y  

provided t h e  b a s i c  c r i t e r i o n  f o r  comparing computer s i m u l a t i o n  r e s u l t s  

of t h e  head j e r k  t e s t  wi th  a c t u a l  exper imental  r e s u l t s .  For example, 

t h e  angu la r  a c c e l e r a t i o n  p r o f i l e  produced by a  computer model, g iven  t h e  

exper imenta l  f o r c e  p r o f i l e  and p o i n t  of a p p l i c a t i o n  t o  t h e  head,  could  

be compared w i t h  t h e  exper imenta l  angu la r  a c c e l e r a t i o n  curve .  Th is  

e x e r c i s e  was performed f o r  4 s u b j e c t s  at t h e  anthropometr ic  extremes 

of t h e  sample; t h e  r e s u l t s  a r e  p resen ted  i n  Chapter 3 ,  S e c t i o n  F. The 

f o r c e  p r o f i l e  and a c c e l e r a t i o n  s i g n a l s  were d i g i t i z e d  by hand and 

a n g u l a r  a c c e l e r a t i o n  computed by a  d i g i t a l  computer program. Com- 

p a r i s o n  of t h e  computer r e s u l t s  wi th  exper imental  r e s u l t s  al lowed f o r  

de te rmin ing  an a p p r o p r i a t e  v a l u e  f o r  a neck s t i f f n e s s  c o n s t a n t ,  K ,  f o r  





t h e  MVMA 2-D model, which had p rev ious ly  had l i t t l e  exper imental  b a s i s  

f o r  t h i s  v a l u e .  

R e f e r r i n g  a g a i n  t o  F igure  2.24, t h e  equa t ions  f o r  c a l c u l a t i n g  t h e  

a c c e l e r a t i o n s  a t  t h e  c e n t e r  o f  g r a v i t y  of t h e  head ( ~ a b e e ,  A .  HSRI 

p e r s o n a l  communication) a r e  given by: 

( Y 4  - y1)(a2z - a3z)  - ( z 2  - 2 ) ( a y  - a 4 y )  
3 1 (1) ang. a c c e l .  (a) = 

( y 4  - y1)Fy2 - y3) - ( z 2  - z 3 ) ( z 4  - zl)  

( y 2  - y3)(a1y - 8 4 ~ )  - ( 2 4  - z1)(a2z - a3z) 
( 2 )  ang. v e l a 2  ( w e )  = 

( y 4  - y1)(y2 - y3) - ( z 2  - z 3 ) ( z 4  - zl) 

( 3 )  l i n e a r  a c c e l .  i n  = a  = a 2 z + a 3 z - ( y 2  + y3) ( z 2 +  z3) 2 

2 
a + 

2 2 
W 

z d i r e c t i o n  c z 

( 4 )  l i n e a r  a c c e l .  i n  , a - aly + aby ( z l  + 2 4 )  ( Y ~  + ~ 4 )  2 
- + 

2 2 
a +  

2 
W 

y d i r e c t i o n  CY 

(5) magnitude of l i n e a r  a c c e l e r a t i o n  ~ A I  = 4 acy2 + acz2  

where a y ,  a2z ,  a3z. and a y a r e  t h e  s i g n a l s  from t h e  4 acce le romete rs  
1 4 

and yl ,  y2,  y 3 ¶  y 4 ,  zl ,  z2 ,  z3,  and z4 a r e  t h e  d i s t a n c e s  from t h e  head 

c e n t e r  of g r a v i t y  t o  t h e  acce le romete rs .  Ewing and Thomas (1972) 

have r e p o r t e d  t h e  average z d i s t a n c e  of t h e  head c .g .  from t r a g i o n  t o  

be 2.13 cm. A v a l u e  of 2 . 1  cm was t h e r e f o r e  used i n  t h i s  s tudy .  

For t h e  geometry and dimensions shown i n  F i g u r e  2 .24,  t h e  

e q u a t i o n s  reduce t o :  







CHAPTER 3  

RESULTS 

A s u b s t a n t i a l  q u a n t i t y  of d a t a  was produced dur ing  t h i s  s tudy.  

Some of  t h e  d a t a  r e l a t e  only  t o  s p e c i f i c  c h a r a c t e r i s t i c s  of neck motion 

i n  t h e  l a t e r a l  d i r e c t i o n ,  However, many of t h e  d a t a  a r e  r e l a t e d  t o  

broader a s p e c t s  of occupant p r o t e c t i o n ,  such a s  p r a c t i c a l  limits t o  - 

range of neck motion and t h e  l o c a t i o n  of body landmarks f o r  a  

s e a t e d  person.  Since  much of t h e  emphasis i n  t h i s  s tudy  was t o  

g a t h e r  d a t a  which can be used i n  biomechanical  models, t h e  r e s u l t s  a r e  

p resen ted  i n  a  manner u s e f u l  t o  t h a t  t y p e  of a c t i v i t y .  Tabular and 

s t a t i s t i c a l  summaries, based on t h e  primary v a r i a b l e s  of t h e  s t u d y ,  

a r e  p resen ted  i n  t h i s  chap te r  f o r  c e r t a i n  anthropometric and range- 

of-motion measures and f o r  t h e  muscle r e f l e x  t ime and s t r e n g t h  t e s t s ,  

Complete s t a t i s t i c a l  summaries of a l l  r e s u l t s ,  by s u b j e c t  ca tegory ,  may 

be found i n  Appendices B and C .  

A.  Sub jec t  Pool 

1. F i n a l  Composition of Sub jec t  Pool.  As i n d i c a t e d  p r e v i o u s l y ,  

t h e  m a j o r i t y  of s u b j e c t s  f o r  t h e  l a t e r a l  motion s tudy  were obta ined from 

t h e  s a g i t t a l  p lane  s tudy  s u b j e c t  pool .  The f i n a l  s u b j e c t  pool  c o n s i s t e d  

of 96 a d u l t s  (48 females and 48 m a l e s ) ,  of whom 67 (35 females ,  32 

males)  r e t u r n e d  from t h e  previous  s tudy.  As i n d i c a t e d  i n  Table 3 .1 ,  

t h e  f i n a l  s u b j e c t  c a t e g o r i e s  c l o s e l y  matched t h e  o r i g i n a l  s t a t i s t i c a l  

des ign .  I n  two c a t e g o r i e s  (62-74 y r .  females and 35-44 yr. m a l e s ) ,  

it was not  p o s s i b l e  t o  l o c a t e  enough s u b j e c t s  of average s t a t u r e .  I n  

t h o s e  c a s e s ,  a d d i t i o n a l  s h o r t  and t a l l  s u b j e c t s  were used t o  ba lance  

t h e  s t a t u r e  c a t e g o r i e s .  Table  3 . 1  a l s o  shows t h a t  t h e  l a r g e  m a j o r i t y  
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of s u b j e c t s  needed i n  t h e  35-44 and 62-74 age groups were r e c r u i t e d  

from p a r t i c i p a n t s  i n  t h e  s a g i t t a l  p lane  s tudy .  R e l a t i v e l y  few (fewer  

t h a n  50%) of t h e  young s u b j e c t  group r e t u r n e d ,  r e f l e c t i n g  t h e  pre-  

ponderance of t r a n s i e n t  u n i v e r s i t y  s t u d e n t s  i n  t h a t  group. I n  a l l ,  

70% of t h e  needed s u b j e c t s  came from t h e  s a g i t t a l  p lane  s tudy  s u b j e c t  

pool .  Th i s  l a r g e  percentage made it p o s s i b l e  t o  ach ieve  t h e  i n t e n t  

of t h e  l a t e r a l  motion s t u d y ,  which was t o  be  a b l e  t o  combine t h e  d a t a  

from bo th  neck motion s t u d i e s  a s  i f  a l l  d a t a  had been ob ta ined  from 

t h e  sane s u b j e c t s .  

2 .  Comparison of Key Anthropometric Measurements. One method 

used t o  check t h e  assumption of s i m i l a r  s u b j e c t  poo l s  involved com- 

par ing  t h r e e  measurements o f t e n  used t o  d e s c r i b e  a popula t ion :  

we igh t ,  s t a t u r e ,  and e r e c t  s i t t i n g  h e i g h t .  Table  3.2 shows a  com- 
e 

p a r i s o n  of t h e  l a t e r a l  motion s tudy  r e s u l t s  w i t h  t h o s e  of two prev ious  

s tud ies - - the  s a g i t t a l  p lane  s tudy  and t h e  U.S. Pub l ic  Heal th  Survey 

r e p o r t  c i t e d  p r e v i o u s l y .  For t h e  l a t e r a l  motion s tudy ,  it was in tended 

t h a t  t h e  s u b j e c t  pool :  (1) be r e p r e s e n t a t i v e ,  i n  age and s t a t u r e  

d i s t r i b u t i o n ,  of t h e  a d u l t  popu la t ion  of t h e  United S t a t e s ,  and ( 2 )  

d u p l i c a t e ,  i n s o f a r  a s  p o s s i b l e  w i t h  96 s u b j e c t s ,  t h e  dimensional 

c h a r a c t e r i s t i c s  of t h e  180 s u b j e c t s  of t h e  s a g i t t a l  p lane  s tudy .  

Table 3 .2  shows t h a t ,  i n  most c a t e g o r i e s ,  s t a t u r e  and e r e c t  s i t t i n g  

he igh t  matched very  c l o s e l y .  Although s u b j e c t s  were not  s e l e c t e d  on 

t h e  b a s i s  of we igh t ,  weights a l s o  matched w e l l .  When t h e  d a t a  from a l l  

s u b j e c t s  a r e  combined, it i s  ev iden t  t h a t  t h e  96 l a t e r a l  motion s tudy  

s u b j e c t s  r e p r e s e n t  ve ry  a c c u r a t e l y  t h e  179 s u b j e c t s  of t h e  s a g i t t a l  

p lane  s t u d y  and t h e  6672 PHs s u b j e c t s .  Table  3.3 shows t h e  average 

d i f f e r e n c e  between t h e  means of t h e  s i x  s u b j e c t  c a t e g o r i e s  f o r  each of 
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t h e  t h r e e  measures. I n  a l l  c a s e s  of s t a t u r e  and s i t t i n g  h e i g h t s ,  t h e  

average d i f f e r e n c e  was l e s s  than  one cen t imete r .  No s t a t i s t i c a l l y  

s i g n i f i c a n t  d i f f e r e n c e s  were found between t h e  means. 

TABLE 3.3 

Average Di f fe rence  of Means i n  S i x  Sub jec t  Ca tegor ies  by Sex and Age: 

Weight S t a t u r e  E r e c t  S i t t i n g  Height 
(kg)  0 ( cm) 

1) Between Lat Mot & US PHs 1 . 4  0.33 0 .73 

2 )  Between Sag Plane & US PHs 2 . 3  0.88 0.58 

3 )  Between Lat Mot & Sag Plane 1 .6  0.95 0.38 

Anthropometry 

The anthropometry d a t a  f o r  t h i s  s tudy  were c o l l e c t e d  i n  a  manner 

compatible wi th  t h e  four  o b j e c t i v e s  o u t l i n e d  i n  Chapter 2. The 

measures a r e  in tended t o  d e s c r i b e  t h e  person s u f f i c i e n t l y  t o  a l low 

comparisons wi th  o t h e r  s tudy  r e s u l t s ,  t o  determine t h e  l o c a t i o n  of 

major body masses,  and t o  l o c a t e  important landmarks f o r  t h e  s e a t e d  

occupant.  The r e s u l t s  summarized i n  t h i s  s e c t i o n  a r e  p resen ted  i n  

t h a t  o r d e r .  

A t o t a l  of 84 neasures  were obta ined from each of 96 s u b j e c t s .  

C e r t a i n  of t h e s e  were used t o  d e r i v e  an a d d i t i o n a l  27 measures. I n  

a d d i t i o n ,  t h e  d a t a  were s t a t i s t i c a l l y  analyzed wi th  r e s p e c t  t o  v a r i o u s  

c a t e g o r i z a t i o n s  of s u b j e c t s .  It would be i m p r a c t i c a l  t o  p resen t  a l l  of 

t h e  d a t a  summaries f o r  a l l  of t h e  measurements i n  t h e  t e x t  of t h i s  

r e p o r t ;  t h e s e  may be found i n  Appendix B. However, s e l e c t e d  mea- 

surements a r e  presented i n  Tables 3.5 through 3 .9 ,  t o  i l l u s t r a t e  t h e  

n a t u r e  and u s e f u l n e s s  of t h e  r e s u l t s .  



1. Basic  R e s u l t s .  The b a s i c  r e s u l t s  o f  t h e  anthropometr ic  

s tudy  a r e  con ta ined  i n  Appendix B. Each t a b l e  i n  Appendix B i s  a  

l i s t  of  84 measured and 27 der ived  v a r i a b l e s  f o r  a  s p e c i f i c  group of 

s u b j e c t s ,  a s  f o l l o w s :  

Table  B . 1  

Table  B .2 

Table  B .  3 

Table  ~ . 4  

Table B. 5 

Table B .  6 

Table  B .7 

Table B.8 

Table  B.9 

A l l  S u b j e c t s  Combined 

A l l  Female Sub jec t s  ( ~ g e s  combined) 

A l l  Male S u b j e c t s  ( ~ g e s  combined) 

Females, Age 18-24 

Females, Age 35-44 

Females, Age 62-74 

Males, Age 18-24 

Males, Age 35-44 

Males, Age 62-74 

For each measurement v a r i a b l e ,  t h e  fo l lowing  s t a t i s t i c a l  summary 

i s  g i v e n :  

Number of S u b j e c t s  

Mean ( ~ v e r a g e )  

Standard Devia t ion  

Standard E r r o r  of Mean 

Range ( ~ i n i m u m  and ~ax imum)  

C o e f f i c i e n t  of V a r i a t i o n  ( ~ t d .  Dev. / ~ e a n )  

5 t h ,  50th and 95th  P e r c e n t i l e s  ( c a l c u l a t e d )  

Of s p e c i a l  i n t e r e s t  t o  t h o s e  concerned w i t h  s e a t e d - p o s i t i o n  d a t a  

i s  a  summary of 24 d e r i v e d  measures which c o n s t i t u t e  t h e  l a s t  24 

measurements r e p o r t e d  i n  each t a b l e .  These a r e  t h e  average X ,  Y ,  and 

Z p o s i t i o n s  of e i g h t  body landmarks w i t h  r e s p e c t  t o  t h e  S e a t  Reference 

8 4 



P o i n t .  Using t h i s  in fo rmat ion ,  t h e  p o s i t i o n ,  i n  space ,  of any land- 

mark may be  c a l c u l a t e d  w i t h  r e s p e c t  t o  any o t h e r  landmark ( f o r  example, 

t h e  l o c a t i o n  of  t h e  p u p i l  of t h e  eye wi th  r e s p e c t  t o  t h e  t r o c h a n t e r  

[ h i p ] ) .  

I t  should  be  noted t h a t  t h e  same an th ropomet r i s t  measured t h e  

s u b j e c t s  i n  bo th  t h e  s a g i t t a l  p lane  and l a t e r a l  motion s t u d i e s .  Th i s  

p r e c a u t i o n  was t aken  t o  reduce t h e  minor and u s u a l l y  c o n s i s t e n t  

"measurer e r r o r "  t h a t  can occur because d i f f e r e n t  an th ropomet r i s t s  t a k e  

t h e  same measurement i n  a  s l i g h t l y  d i f f e r e n t  manner. 

To check t h e  accuracy and r e p e a t a b i l i t y  of  t h e  measurements t aken  

by t h e  a n t h r o p o m e t r i s t ,  a  d e t a i l e d  comparison was made w i t h  t h e  25 

head,  neck,  and body measurements t h a t  were d u p l i c a t e d  i n  t h e  s a g i t t a l  

p lane  and l a t e r a l  motion s t u d i e s .  F i f t e e n  female and s i x  male s u b j e c t s  

who p a r t i c i p a t e d  i n  both  s t u d i e s  were s e l e c t e d  f o r  t h e  d e t a i l e d  com- 

p a r i s o n .  Eight  bony-landmark measures and 1 6  s o f t - t i s s u e  measures 

were compared on a  subject -by-subject ,  measurement-by-measurement b a s i s .  

The average a b s o l u t e  d i f f e r e n c e  f o r  t h e  504 measurements t h u s  repre-  

sen ted  was 7 . 5  m i l l i m e t e r s .  Only a b s o l u t e  d i f f e r e n c e s  were used i n  

t h e  comparison t o  make it a s  c o n s e r v a t i v e  a s  p o s s i b l e  ( t h a t  i s ,  no 

s i g n  convention was ass igned such t h a t  a  measurement t h a t  was l a r g e r  

i n  one s tudy  would be  balanced by a  measurement l a r g e r  i n  t h e  o t h e r  

s t u d y ) .  The average d i f f e r e n c e  f o r  a l l  bony-landmark measurements 

(which n i g h t  be expected t o  change l e s s  wi th  t ime  than  s o f t - t i s s u e  

r e s u l t s )  was s l i g h t l y  l e s s  t h a n  6 , 1  mm. This  i s  considered good r e p e a t -  

a b i l i t y ,  e s p e c i a l l y  s i n c e  t h r e e  of t h e  bony-landmark measures ( s t a t u r e ,  

e r e c t  s i t t i n g  h e i g h t ,  b iac romia l  b r e a d t h )  a r e  t aken  a c r o s s  many 

a r t i c u l a t i o n s ,  each of which can cause  v a r i a t i o n .  When no a r t i c u l a -  



t i o n s  a r e  invo lved ,  r e p e a t a b i l i t y  improves ( f o r  example, t h e  average 

d i f f e r e n c e  i n  b i t r a g i o n  diameter  was 2.3 mm). Table  3 .4  i s  a  b r i e f  

summary of t h e  r e p e a t a b i l i t y  check. 

Table  3.4 

R e p e a t a b i l i t y  of Dupl icated Measures on t h e  
Same Subjec t  

Average Absolute D i f f e r e n c e ,  mm. 

B i t r a g i o n  8 Bony 8 Bony t 
Diameter Landmarks 16 Sof t -Tissue 

1 5  Females 2.0 6.5 8 . 3  

6 Males 3 .2  5.2 5.7 

21 S u b j e c t s  2.3 6 . 1  7.5 

2  Comparisons wi th  S a g i t t a l  P lane  Study,  The t h r e e  mea- 

surements ( w e i g h t ,  s t a t u r e ,  s i t t i n g  h e i g h t )  used t o  e s t a b l i s h  t h e  

comparab i l i ty  of our s u b j e c t  pool  w i t h  t h e  U.S. a d u l t  popu la t ion  a r e  

conta ined i n  Table  3 .2  and w i l l  not  be r e i t e r a t e d  here .  However, 22 

o t h e r  measurements t h a t  were t aken  were d u p l i c a t e s  of measures ob- 

t a i n e d  i n  t h e  s a g i t t a l  p lane  s t u d y .  Most of t h e s e  were head and neck 

measurements. Twelve of t h e  22 ( f o u r  each of head,  neck and body 

dimensions)  were analyzed and compared t o  t h e  r e s u l t s  of t h e  s a g i t t a l  

p lane  s tudy .  The r e s u l t s  ob ta ined  i n  t h e  l a t e r a l  motion s t u d y ,  and 

t h e  comparable d a t a  from t h e  s a g i t t a l  p lane  s tudy ,  a r e  p resen ted  i n  

Tables  3 . 5 ,  3 .6 ,  and 3.7.  

Table 3 .5  compares f o u r  head measurements. B i t r a g i o n  diameter  

and head l e n g t h  a r e  measured between bony landmarks;  head circwn- 

f e r e n c e  and s a g i t t a l  a r c  l e n g t h  a r e  measured over h a i r  and s k i n  

s u r f a c e .  I n s p e c t i o n  of t h e  r e s u l t s  r e v e a l s  g r e a t  s i n i l a r i t y  between 
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t h e  s u b j e c t  groups i n  bo th  s t u d i e s ,  s i n c e  means (and s t andard  devia-  

t i o n s )  a r e  v i r t u a l l y  i d e n t i c a l .  A S t u d e n t ' s  t - t e s t  of t h e  means 

r e v e a l s  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  s u b j e c t  poo l s  f o r  any 

group . 
Table 3 .6  s i m i l a r l y  compares four  neck dimensions.  A l l  f o u r  a r e  

s o f t - t i s s u e  measures and,  a s  i n d i c a t e d  by obse rva t ion  of s u b j e c t s ,  a r e  

q u i t e  dependent on weight and g e n e r a l  body t o n e .  Reference t o  t h e  

t a b l e  r e v e a l s  s e v e r a l  s i g n i f i c a n t  d i f f e r e n c e s  between s u b j e c t  groups.  

This  i s  p a r t i c u l a r l y  t r u e  among 35-44 y e a r  males ,  but  may be e a s i l y  

expla ined by t h e  cornposit ion  of t h e  ca tegory .  Maies ( e s p e c i a l l y  s h o r t  

ma les )  i n  t h i s  group i n  t h e  s a g i t t a l  p lane  s tudy  tended t o  be over-  

weight and "bull-necked." Most of  t h o s e  s u b j e c t s  d i d  no t  p a r t i c i p a t e  

i n  t h e  l a t e r a l  motion s t u d y ,  and t h e  average neck dimensions r e f l e c t  

t h a t .  For t h e s e  neasurements ,  t h e  s a g i t t a l  p lane  s t u d y  r e s u l t s  a r e  

much l a r g e r  on t h e  average ,  though s t andard  d e v i a t i o n s  remain s i m i l a r .  

Table 3 . 7  compares v a r i o u s  body dimensions.  Biacromial  b read th  

and humeral b i e p i  condylar  d i m e t  e r  a r e  bony-landmark measures ; t h e  

b i c e p s  c i rcumference and s u p r a i l i a c  s k i n f o l d  a r e  s o f t - t i s s u e  measures.  

Again, very  s i n i l a r  r e s u l t s  a r e  noted between t h e  two s t u d i e s .  However, 

s i g n i f i c a n t  d i f f e r e n c e s  a t  t h e  5% l e v e l  occurred i n  s e v e r a l  ca te -  

g o r i e s .  I n  t h e  c a s e  of b iac romia l  b r e a d t h ,  t h e  d i f f e r e n c e s  may be  due 

t o  body b u i l d  o r  t h e  d i f f i c u l t y  t h a t  many e l d e r l y  s u b j e c t s  had i n  

main ta in ing  t h e  cecessa ry  e r e c t  p o s t u r e .  The hurneral b iep icondy la r  

d iameter  may d i f f e r  because of t echn ique ,  s i n c e  a  d i f f e r e n t  ins t rument  

was used f o r  t h i s  measure i n  t h e  two s t u d i e s .  The g r e a t e s t  d i f f e r e n c e s  

between t h e  s u b j e c t  groups occur i n  t h e  s k i n f o l d  measure. Most of t h e s e  

d i f f e r e n c e s  a r e  not  found t o  be s i g n i f i c a n t  because of t h e  l a r g e  



Table  3.6 

COMPARISO?i OF ANTHROPOMETRY RESULTS - MEAi4 VALUES OF SELECTED NECK MEASUXEMENTS 

t 

Fellldl es  . 

P'ld 1 es 

A1 1 
Subjects 
Combined 

N= 
L a t  neck 

br .=  
Ant -post  

neck b r  = 
Super io r  

neck c i r . =  
I n f e r i o r  
neck c i r . =  

N= 
L a t  neck 

b r a =  
Ant-post  

neck br .=  
S u ~ e r i o r  

neck c i r . =  
I n f e r i o r  
neck c i r . =  
i\l = 

L a t  neck 
br .=  

Ant -post  
neck b r .  = 

Super io r  
neck c i r . =  

I n f e r i o r  
neck c i r . = ,  

7 

La t .  

16 

9.3*' 

9.0 

32.8 

36.2 

17 

11.0 

10.6 

37.2 

40.6 

A l l  dimensions a r e  i n  cm. 
Note: ** denotes s i g n i f i c a n t  d i f f e r e n c e  between 

means @ 1% l e v e l  
* denotes s i g n i f i c a n t  d i f f e r e n c e  between 
means B 5% l e v e l  

i n  Years Age Groups 
18-24 

Sag. 

3 1 

9.8 

9.3 

32.2 

35.8 

30 

11.4 

10.9 

36.9 

40.8 

L a t .  

16 

9.5* 

13.3 

35.9 

38.0 

16 

10.5 
* 

11.8 

41.4 

40.2 

35-44 

L a t .  

16 

9.3** 

9.4 

33.1 

35.4 

15 

10.8** 

1 l . l f *  

40.3 

41.5* 

Ages C 

L a t .  

48 

9.4** 

9.6 

33.9 

36.5 

4 8 
** 

10.8 
** 

11.1 

39.6 

40.7 
9 6 

62-74 

Sag. 

3 1 

10.0 

10.6 

35.6 

37.1 

2 7 

11.1 

12.6 

41.4 

41.1 

Sag. 

30 

9.8 

9.7 

32.6 

35.8 

3 0 

11.7 

12.2 

41.2 

43.2 

n ~ d  

Sag. 

92 

9.9 

9.9 

33.5 

36.3 

8 7 

11.4 

11 - 9  

39.8 

41 - 7  
179 

lo.?* 

10.4** 

36.8 

38.6 

10.6 

10.9 

36.5 

38.9 - 
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v a r i a n c e  between s u b j e c t s .  This  dimension i s  p a r t i c u l a r l y  s e n s i t i v e  t o  

measurement t echn ique  and s l i g h t  d i f f e r e n c e s  i n  weight o r  p h y s i c a l  

c o n d i t i o n i n g ,  

3 .  Locat ion of Body Masses. Twenty-eight dimensions r e l s t e d  t o  

body mass were obta ined from each s u b j e c t .  A l l  of t h e  r e s u l t s  a r e  

conta ined i n  Appendix B, and two s e t s  of measures a r e  summarized h e r e  

f o r  i l l u s t r a t i v e  purposes .  

Table  3.8 summarizes t h e  d a t a  obta ined f o r  t h e  upper t o r s o  and 

upper l e g  segments. The upper t o r s o  i s  r ep resen ted  by c h e s t  h e i g h t ,  

b r e a d t h ,  acd c i rcumference.  The c h e s t  he igh t  dimensions t end  t o  dup l i -  

c a t e  s t a t u r e  t r e n d s  f o r  t h e  va r ious  s u b j e c t  g roups ,  and,  i n  f a c t ,  

c h e s t  he igh t  averages  75% of s t a t u r e  f o r  each s u b j e c t  group. 1Jpper 

t o r s o  mass ( a s  r e p r e s e n t e d  by c h e s t  b read th  and c i rcumference)  remains 

r e l a t i v e l y  cons tan t  throughout l i f e  f o r  males ,  but  t ends  t o  i n c r e a s e  

wi th  age i n  females.  On t h e  average,  males a r e  l a r g e r  t h a n  females i n  

bo th  dimensions.  

The upper l e g  i s  r ep resen ted  by t h e  t rochanter ion-femoral  condyle 

l e n g t h  and t h e  upper and lower t h i g h  c i rcumferences .  Table 3.8 shows 

t h a t  t h e  average t rochanter ion-femora1 condyle l e n g t h  i s  approximately 

42 cen t ime te r s  f o r  a l l  s u b j e c t  groups ,  even though o v e r a l l  body s t a t u r e  

t ends  t o  dec rease  wi th  age .  Although males a r e  much t a l l e r ,  on t h e  

average,  than  females ,  male upper l e g  l e n g t h  averages  on ly  one c e n t i -  

meter g r e a t e r  t h a n  females .  Appendix B r e p o r t s  a  12-cm range of  l e n g t h s  

throughout t h e  sample, but  t h e  averages  f o r  each group a r e  s u r p r i s i n g l y  

s i m i l a r .  Upper and lower t h i g h  c i rcumferences  a r e  s i m i l a r  f o r  sexes  of 

t h e  same age,  except t h a t  e l d e r l y  females a r e  much l a r g e r  i n  t h e  upper 





t h i g h  r e g i o n  t h a n  e l d e r l y  males.  

4. D e s c r i p t i o n  of t h e  Sea ted  Occupant. Thirty-two measurements 

were used t o  d e s c r i b e  t h e  s e a t e d  occupant w i t h  r e f e r e n c e  t o  a  t h r e e -  

d imensional  c o o r d i n a t e  system. Twenty-one measures were t aken  t o  

l o c a t e  c e r t a i n  landmarks on t h e  head,  upper t o r s o ,  and p e l v i s ;  e l even  

a r e  r e p o r t e d  which l o c a t e  c e r t a i n  landmarks w i t h  r e s p e c t  t o  c e r t a i n  

o t h e r  landmarks,  p a r t i c u l a r l y  on t h e  head. D e s c r i p t i v e  s t a t i s t i c s  f o r  

t h e s e  measures a r e  r e p o r t e d  i n  Appendix B ,  t o g e t h e r  wi th  s t a t i s t i c s  

f o r  24 o t h e r s  which s p e c i f y  head and upper t o r s o  l o c a t i o n s  w i t h  

r e s p e c t  t o  t h e  SRP on ly  and permit  c a l c u l a t i o n s  r e l a t i n g  one landmark 

t o  a n o t h e r .  

Using t h e   result,^ t a b u l a t e d  i n  Appendix B ,  s i x  i l l u s t r a t i o n s  were 

p repared ,  one f o r  each of t h e  s i x  combinations of sex  and age.  The 

i l l u s t r a t i o n s  d e p i c t  t h e  "average" person i n  each s u b j e c t  c a t e g o r y ,  

p o s i t i o n e d  i n  t h e  unpadded s imula ted  a u t o  s e a t .  Front  and s i d e  views 

a r e  used t o  show t h e  occupant i n  t h r e e  dimensions.  The mean v a l u e  of  

each measurement was p l o t t e d  t o  make t h e  i l l u s t r a t i o n ,  

These s i x  i l l u s t r a t i o n s  of s e a t e d  occupants a r e  a s  fo l lows :  

F igure  3.1--Average Female, 18-24 y e a r s  

F igure  3  -2--Average Female, 35-44 y e a r s  

F igure  3.3--Average Female, 62-74 y e a r s  

F igure  3 . 4 - - ~ v e r a g e  Male, 18-24 y e a r s  

F igure  3.5--Average Male, 35-44 y e a r s  

F igure  3.6--Average Male, 62-74 y e a r s .  

A t o t a l  of 38 measurements i n  each ca tegory  were p l o t t e d  f o r  t h e  

i l l u s t r a t i o n ,  a s  i n d i c a t e d  below. 



Normal s i t t i n g  h e i g h t .  

Head: Tragion h e i g h t  and d e p t h ,  b i t r a g i o n  d i a m e t e r ,  g l a b e l l a  

h e i g h t  and dep th  (assumed t o  be  on m i d - s a g i t t a l  p l a n e ) ,  

e y e l l i p s e  p o i n t  h e i g h t ,  dep th  and wid th ,  head b r e a d t h  

and l e n g t h ,  s a g i t t a l  and corona l  a r c s ,  f a c i a l  h e i g h t .  

Also  i n d i c a t e d  a r e  b i t r a g i o n - g l a b e l l a ,  b i t ragion-menton,  

and b i t r a g i o n - i n i o n  a r c  l e n g t h s .  

Torso and P e l v i s :  C e r v i c a l e  h e i g h t  and d e p t h ,  s u p r a s t e r n a l e  

h e i g h t  and dep th  ( c e r v i c a l e  and s u p r a s t e r n a l e  assumed 

t o  be i n  m i d - s a g i t t a l  p l a n e ) ,  shoulder  h e i g h t ,  d e p t h  

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

dep th ,  b i s p i n o u s  b r e a d t h .  

E x t r e m i t i e s :  Acromion-radiale l e n g t h ,  r a d i a l e - s t y l i o n  l e n g t h ,  

hand l e n g t h ;  t r o c h a n t e r i o n  h e i g h t  and d e p t h ,  b i t r o c h a n t e r i o n  

d i a m e t e r ,  t r o c h a n t e r i o n - f  emoral condyle l e n g t h ,  f i b u l a  

l e n g t h ,  f i b u l a  h e i g h t ,  f o o t  l e n g t h  and b r e a d t h .  

Note t h a t  arms and l e g s  a r e  p o s i t i o n e d  a r b i t r a r i l y  f o r  i l l u s -  

t r a t i v e  purposes .  The arms a r e  shown w i t h  upper arms v e r t i c a l  and w i t h  

t h e  elbow f l e x e d  90'. The femur segment i s  drawn p a r a l l e l  t o  t h e  s e a t  

pan s u r f a c e  wi th  t h e  lower l e g s  v e r t i c a l ;  t h e  c h a i r  h e i g h t  and f l o o r  

a r e  n o t  d e p i c t e d .  Note a l s o ,  i n  t h e  f r o n t  view, t h a t  t h e  most l a t e r a l  

s u r f a c e  of t h e  arms and l e g s  i s  shown, r a t h e r  t h a n  t h e  c e n t e r l i n e .  The 

measurements were ob ta ined  i n  t h i s  manner and no c o r r e c t i o n  f a c t o r  t o  

l o c a t e  t h e  c e n t e r l i n e  of  t h e  l imb has been assumed. 

While F igures  3 .1  through 3 . 6  a r e  i l l u s t r a t i v e  of t h e  s i x  s u b j e c t  

c a t e g o r i e s ,  it i s  d i f f i c u l t  t o  make comparisons of  landmark l o c a t i o n s  
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f o r  d i f f e r e n t  s u b j e c t  groups wi thout  p l a c i n g  one f i g u r e  over ano the r .  

For t h a t  r eason ,  F igure  3.7 was compiled. F igure  3.7 i s  a  p l o t  of t h e  

mean v a l u e  of each of t h e  des igna ted  body landmarks f o r  each of t h e  

s u b j e c t  c a t e g o r i e s .  These p o i n t s  were obta ined d i r e c t l y  from F igures  

3 . 1  through 3 .6 ,  but  no a t tempt  i s  made t o  d i f f e r e n t i a t e  between 

s u b j e c t  c a t e g o r i e s .  F igure  3.7 p o i n t s  up t h e  r a t h e r  l a r g e  v a r i a t i o n  i n  

t o r s o  and head landmarks t o  be found i n  t h e  popu la t ion ,  even when on ly  

average v a l u e s  a r e  compared. I t  a l s o  i l l u s t r a t e s  t h e  narrow range of 

v a r i a t i o n  i n  t h e  lower body, s i n c e  t r o c h a n t e r i o n ,  a n t e r i o r  s u p e r i o r  i l i a c  

s p i n e  (ASIS), and ferr-oral condyle l o c a t i o n s  a r e  a l l  c l o s e l y  grouped. 

It was mentioned i n  Chapter 2  t h a t  s e a t e d  p o s i t i o n  l o c a t i o n s  f o r  

t h e  eye have been desc r ibed  f o r  automotive des ign  purposes .  The 

most-recently-published r e s u l t s  from an a u t o  i n d u s t r y  source  were 

consu l t ed  i n  an e f f o r t  t o  compare them t o  t h e  r e s u l t s  from t h i s  s tudy.  

Roe (1975)  has publ ished eye and top-of-head l o c a t i o n s  ob ta ined  from 

120 male and female s u b j e c t s  s i t t i n g  i n  automobile s e a t s  i n  t h r e e  

s t andard  SAE s e a t i n g  f i x t u r e s .  Head and eye l o c a t i o n s  were s p e c i f i e d  

r e l a t i v e  t o  t h e  "H-point",  a  s t andard  SAE sea t ing-des ign  r e f e r e n c e  t h a t  

i s  in tended t o  be  r e p r e s e n t a t i v e  of t h e  h i p  j o i n t  c e n t e r ,  I n  o r d e r  t o  

compare t h e  SAE r e s u l t s  wi th  t h o s e  of t h e  l a t e r a l  motion s t u d y ,  i t  was 

necessa ry  t o  l o c a t e  t h e  H-Point wi th  r e s p e c t  t o  t h e  S e a t  Reference  P o i n t  

of t h e  unpadded c h a i r .  Robbins and Reynolds (1975) r e c e n t l y  r e p o r t e d  

t h e  H-Point l o c a t i o n ,  f o r  t h e  same t y p e  of s e a t  a s  t h a t  used i n  t h e  

l a t e r a l  motion s t u d y ,  t o  be 9.75 cm above t h e  SRP. Th i s  dimension was 

s u b t r a c t e d  from t h e  average va lues  of  normal s i t t i n g  h e i g h t  and. 

e y e l l i p s e  h e i g h t .  The r e s u l t i n g  v a l u e s  a r e  compared t o  t h e  SAE d a t a  

i n  Table  3.9.  The SAE F i x t u r e  I1 ( s e a t  back ang;e 23.5') and SAE 





Tab le  3.9 

HEAD AND EYE LOCATIONS FOR THE SEATED OCCUPANT - COMPARISONS WITH 

AUTO INDUSTRY STUDIES ( I  ) 

~ - ~ o i n t ( ~ )  t o  Top H-Po in t  t o  Ey 
o f  Head, cm. e l l i p s e  ~ o i n t ~ ~ ) , c m .  

LATERAL MOTION  STUDY'^) 72.4 77.8 75.0 61.9 66.8 64.4' 

SAE- FIXTURE I ( ~ )  71.6 73.8 72.7 57.7 62.1 59.9 

SAE- FIXTURE I 1  75.1 76.3 75.7 60.7 64.2 62.4 

SAE- FIXTURE I 1 1  76.2 77.5 77.0 61.4 65.1 63.3 

SAE-  COMPOSITE(^) N.D. N.D. 74.4 N.D. N.D. 61.7 

Notes:  ( 1 )  SAE r e s u l t s  as p u b l i s h e d  by  Roe (1975) .  

( 2 )  SAE s tandard  H-Po in t  l o c a t i o n  determined f o r  
L a t e r a l  Mo t ion  Study SRP as desc r ibed  by Robbins 
and Reynolds ( 1  975).  H-Poi n t  i s  0.85 cm. above 
average t r o c a n t e r  h e i g h t .  

( 3 )  Eye1 1 i p s e .  p o i n t  i s  mean o f  z - d i s t a n c e  f o r  l a t e r a l  
s tudy ,  c e n t r o i d  o f  c o n s t r u c t e d  "eye11 i p s e "  f o r  SAE. 

( 4 )  S u b j e c t  poo l  s i z e s :  
L a t e r a l  Mo t ion  Study - 96 (48 females, 48 males)  

SAE Study - 120 ( 6 0  females, 60 males) 

Each s u b j e c t  poo l  s t r a t i f i e d  by sex, age, and s t a t u r e .  

( 5 )  Seat used was unpadded, s i m u l a t e d  a u t o  s e a t  w i t h  
s e a t  back ang le  of 25 degrees. 

(6 )  SAE F i x t u r e s  have padded au to  sea ts :  
F i x t u r e  I ( s p o r t s  c a r ) ,  s e a t  back ang le  o f  29.5' 
F i x t u r e  I 1  ( l i g h t  t r u c k ) ,  s e a t  back ang le  of  23.5', 
F i x t u r e  I 1 1  (heavy t r u c k ) ,  s e a t  back ang le  of 15.7 

( 7 )  Composite i s  combined r e s u l t s  f rom s e a t i n g  s t u d i e s  
w i t h  3 SAE F i x t u r e s ,  3  s t a n d a r d - s i z e  automobi lps ,  
and van t r u c k s .  A l l  d a t a  were a d j u s t e d  t o  a  25 
sea t  back ang le .  



composite ( d a t a  ad jus ted  t o  s e a t  back angle of 25') should be t h e  most 

comparable t o  l a t e r a l  motion study r e s u l t s  ( s e a t  back angle 25'). The 

H-Point t o  top-of-head r e s u l t s  a r e  comparable f o r  men and women com- 

bined, but t he  l a t e r a l  motion study r e s u l t s  a r e  i n  marked disagreement 

with t h e  SAE r e s u l t s  f o r  eye loca t ion .  The probable source of d i f f e r ence  

i s  i n  t h e  method by which t h e  SAE "eye l l ipse"  i s  constructed.  It i s  a  

so-called "tangent cutoff  e l l i p se , ' '  and has t h e  e f f e c t  of l o c a t i n g  t h e  

cent ro id  of t h e  e l l i p s e  some d is tance  below t h e  a c t u a l  mean Z-distance 

of t h e  subjec t  da t a .  It is  not poss ib le  t o  compare t h e  SAE and l a t e r a l  

da t a  d i r e c t l y ,  s ince  t h e  SAE raw da ta  a r e  not ava i l ab l e .  Other d i f f e r -  

ences which tend t o  produce unknown v a r i a b i l i t y  include s e a t  compression 

e f f e c t s  from s o f t  s e a t s  t h a t  may not appear i n  hard s e a t  d a t a ,  and head 

pos i t i on  e f f e c t s  ( l a t e r a l  motion sub jec t s  a r e  posi t ioned with head i n  

Frankfort  Plane n e u t r a l  pos i t i on ,  SAE sub jec t s  a r e  n o t ) .  

5 .  Anthropometry Corre la t ions .  An i n t e r c o r r e l a t i o n  matr ix 

was prepared so t h a t  co r r e l a t ions  between various anthropometric mea- 

sures  could be inves t iga ted .  High co r re l a t ions  between measures provide 

some degree of confidence t h a t  one measurement can be predic ted  based 

on another and perhaps easier-to-obtain measure. Some of t h e  most 

s i g n i f i c a n t  co r r e l a t ions  t h a t  were found a r e  summarized i n  Table 3.10. 

Only c o r r e l a t i o n  c o e f f i c i e n t s  g rea t e r  than ,707 a r e  reported ( r  = 

,707 i nd i ca t e s  t h a t  50% of t h e  variance between t h e  two measures i s  

explained by t h e i r  i n t e r - r e l a t i onsh ip )  . Table 3.10 i s  a  p a r t i a l  

matr ix  of r ep re sen ta t ive  measures; s eve ra l  o thers  (such a s  foot  length ,  

b ide l to id  breadth,  e t c . )  a l s o  had high co r re l a t ions  with o ther  mea- 

su re s .  They a r e  not contained i n  t h e  t a b l e  because they tended t o  





dupl ica te  t h e  co r r e l a t ion  p a t t e r n  of measures t h a t  a r e  included. 

Examination of Table 3.10 shows t h a t  t he  most co r r e l a t ions ,  and 

of ten  t h e  h ighes t ,  occurred with measurements t h a t  a r e  most rou t ine ly  

obtained: weight, s t a t u r e ,  e r e c t  and normal s i t t i n g  height .  Two 

other  s ta ture- re la ted  dimensions--chest height ( standing)  and t r ag ion  

height ( s i t t i n g  ) --were co r r e l a t ed  with many other  dimensions, Neck 

breadths and circumferences were of ten  co r r e l a t ed  with breadths and 

circumferences elsewhere on t h e  body. In  general ,  body element he ights  

and lengths  a r e  highly cor re la ted  with s t a t u r e .  Body element breadths 

and circumferences a r e  s imi l a r ly  co r r e l a t ed  with weight. These re-  

s u l t s  support t h e  general ly  accepted hypothesis t h a t  lengths a r e  

s t a tu re - r e l a t ed  and circumferences a r e  weight-related and the re fo re  

should be considered separa te ly .  Weight and s t a t u r e  a r e  not co r r e l a t ed  

( r  = . 5 6 ) .  

6 ,  Summary, The basic  r e s u l t s  of t h e  anthropometric study have 

been reported i n  t h i s  chapter and i n  Appendix B. Many more r e s u l t s  a r e  

ava i l ab l e  by combinations of t he  reported da ta :  Heath-Carter somato- 

types,  i n t e r r e l a t i o n s h i p s  of var ious body landmarks, body proport ions,  

mass loca t ions  of s tanding persons, e t c . ,  may a l l  be derived from these  

da ta .  Limited space i n  t h i s  repor t  does not allow f u r t h e r  development 

of r e s u l t s ,  but it i s  hoped t h a t  other  i nves t iga to r s  may f ind  t h e  

published t abu la r  da t a  usefu l  i n  developing t h e i r  own appl ica t ions .  

C .  Range of Motion 

Appendix C gives t h e  complete l i s t  of Euler angle s t a t i s t i c s  

obtained from photogrammetry ana lys is  of voluntary head movements f o r  

t h e  various groups of subjec ts .  Tables 3.11 through 3.21 and Figures  



3.8 through 3 .11  have been e x t r a c t e d  from t h e s e  d a t a  t o  p r e s e n t  t h e  

primary r e s u l t s  i n  a more readab le  form. It should  be  remembered t h a t  

t h e  s i g n  convention f o r  t h e  Eu le r  ang les  i s  f o r  a r ight-handed coordi-  

n a t e  system wi th  t h e  p o s i t i v e  z-axis down and t h e  p o s i t i v e  y-axis  

p o i n t i n g  t o  t h e  s u b j e c t ' s  r i g h t  s i d e .  Th i s  i s  d i f f e r e n t  from t h e  a x i s  

system shown i n  F igure  2 .24  which was used i n  t h e  p h o t o g r m e t r s y  

c a l c u l a t i o n s  f o r  an th ropone t ry .  The r e s u l t  i s  t o  r e v e r s e  t h e  s i g n  of 

t h e  p i t c h  and r o l l  Euler  ang les .  This  was done t o  make t h e  Euler  

ang les  correspond t o  t h e  u s u a l  convent ions  used i n  computer moiel ing.  

For t h i s  sys tem,  t h e n ,  r i g h t  r o t a t i o n ,  e x t e n s i o n ,  and r i g h t  l a t e r a l  bend 

a r e  p o s i t i v e ,  whi le  l e f t  r o t a t i o n ,  f l e x i o n ,  and l e f t  l a t e r a l  bend a r e  

n e g a t i v e .  

Table  3 .11 p r e s e n t s  t h e  t o t a l  p l a n a r  ranges  of motion i n  t 'he 

s a g i t t a l ,  r o t a t i o n a l ,  and l a t e r a l  p l a n e s  f o r  t h e  v a r i o u s  s u b j e c t  groups 

and f o r  a l l  ma les ,  a l l  f emales ,  and a l l  s u b j e c t s .  For each pla,ne, t h e  

ranges  of motion f o r  males and females a r e  n e a r l y  t h e  same but  dec rease  

wi th  age ,  a s  i s  more c l e a r l y  i l l u s t r a t e d  by F igures  3 . 8  through 3 .10 .  

F igure  3 .11  i l l u s t r a t e s  t h i s  dec rease  w i t h  age f o r  males and females 

combined. The larges:  range of motion i s  i n  r o t a t i o n ,  whi le  t h e  

s m a l l e s t  i s  ir.  1a tera . l  Lend f o r  a l l  age groups ,  and t h e  r a t e  of dec rease  

wi th  age appears  t o  be s i m i l a r  f o r  each.  As F igures  3.8 through 3.10 

show, however, males t end  t o  show a s l i g h t l y  sha rper  d e c r e a s e  wi th  age  

t h a n  females .  Table  3.12 shows t h e  pe rcen tage  dec rease  from young t o  

e l d e r l y  age groups ,  f o r  range of motion i n  t h e  t h r e e  p i a n e s ,  f o r  

males and females s e p a r a t e l y .  



Tab le  3.11 

TOTAL PLANAR RANGE OF 
MOTION B Y  S U B J E C T  G R O U P  
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F i g u r e  3.8 Range o f  p o t i o n  i n  r o t a t i o n a l  p lane  versus mean age o f  
s u b j e c t  group. Brackets  i n d i c a t e  t h e  s tandard  d e v i a t i o n  o f  t h e  
sampl e. 
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F i g u r e  3.9 Range o f  mot ion i n  s a g i t t a l  p lane  versus mean age of 
s u b j e c t  group. Brackets  i n d i c a t e  t h e  s tandard d e v i a t i o n  o f  t h e  
sample. 
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Table 3.12 

Percentage Decrease i n  T o t a l  Range of Motion between 
Young and E l d e r l y  Age Groups 

S a g i t t a l  R o t a t i o n a l  Lat  e r a 1  

Females 32.1  17.9 34.5 

Tables 3.13, 3.14, and 3.15 show t h e  average Euler  ang les  a t  each 

of t h e  t e s t  p o s i t i o n s  f o r  a l l  s u b j e c t s ,  females and males ,  r e s p e c t i v e l y .  

Again it i s  seen t h a t  t h e r e  i s  l i t t l e  o v e r a l l  d i f f e r e n c e  i n  r e s u l t s  

between males and females.  Severa l  o t h e r  obse rva t ions  which can be 

made by s imple  i n s p e c t i o n  of t h e s e  t a b l e s  and t a b l e s  3.16 through 3 . 2 1  

f o r  a l l  o t h e r  s u b j e c t  groups a r e :  

1) The amount of f l e x i o n  p o s s i b l e  a f t e r  r o t a t i o n  i s  about h a l f  

t h a t  p o s s i b l e  frcm t h e  Frankfor t  P lane  p o s i t i o n .  

2)  The amount of l a t e r a l  bend p o s s i b l e  a f t e r  f u l l  r o t a t i o n  

i s  n e a r l y  t h e  same a s  t h a t  p o s s i b l e  from t h e  Frankfor t  Plane 

p o s i t i o n .  

3 )  The amount cf  ex tens ion  p o s s i b l e  a f t e r  f u l l  r o t a t i o n  was about 

one- thi rd  t h a t  p o s s i b l e  from t h e  Frankfor t  P lane  p o s i t i o n ,  

was r e l a t i v e l y  independent of a g e ,  and was u s u a l l y  acc!ompanied 

by some r i g h t  l a t e r a l  bend. 

4) F u l l  r i g h t  r o t a t i o n  was u s u a l l y  accompanied by a  s l i g h t  r i g h t  

l a t e r a l  bend, whi le  f u l l  l e f t  r o t a t i o n  was u s u a l l y  accoapanied 



Tab le  3.13 

EULER ANGLES FOR ALL SUBJECTS 

POSITION 

NEUTRAL 

EXTENSION 

FLEX Ior! 

EULER ANGLES RE 
FRARKFORT POSIT1 '2ri 

YAIJ 

- - 4  

.6  

1.9 

RROT. 1 1  6 7 9 5  I -1.1 / 4.3 

P ITCH 

-1.3 

54.2 

-49.5 

-9.8 

32.5 

-38.3 

-14.1 

-37.8 

7.0 

LROT. 

RLB 

LLR 

LROT+FLX 

LROT+LLB 

RROT+EXT 

ROLL 

-1.1 

- .8 

-4.5 

-69.0 

2.9 

-6.1 

-67 - 2  

-68.1 

64.5 

-2.1 

1 .8  

2.2 

-24.6 

7.9 

18.4 



Table  3.14 

EULER ANGLES FOR ALL FEMALES 

t 

I NEUTRAL 1 1  *73 1 -.5 

EULER ANSLES R E  
FRANKFO3T POSITI?>I 

1 1 

I L R O T .  

POSITION 
I 

PITCH YAlJ ROLL 

, I 

RROT+ EXT 66.4 19.0  9.2 

R L B  

L L R  

1 .7  

-40.3 
1. 

-5.0 

2.5 

2.2 

31.7 



Table  3.15 

EULER ANGLES FOR ALL MALES 

I 

POSITION 

NEUTRAL 

EXTENSION 

FLEX IOPI 

RROT. 

LROT. 

RLB 

LLR 

LROTtFLX 

LROTtLLB 

RROTtEXT 

EULER ANGLES R E  
FRANKFORT POSITIO?I 

YAIJ 

- .2 

1.1  

2 .8  

66.4 

-67.3 

4.1 

-6 .2  

-66.5 

-66.5 

PITCH 

-2.2 

54.7 

-48.6 

-2.7 

-2 .3  

1 .2  

2.2  

-24.0 

ROLL 

- .8 

- . 5  

-4 .0  

3 . 4  

-7 .0  

33 .3  

-36.3 

-11.8 



T a b l e  3.16 

EULER ANGLES FOR FEMALES, 18-24 YRS 

7 #- 

POSITION - 
NEUTRAL 

EXTEIISION 

FLEXIOPl 

RROT. 

LROT. 

RLB 

LLR 

LROTtFLX 

LROTtLLB 

RROTtEXT 

EULER ANGLES RE 
FRANKFORT 

Y A \ I  

.4  

. 5  

.8 

74.1 

-76.5 

1 . I  

-5.1 

-74.7 

-73.7 

70.1 

P3SITI33 

PITCH 

.2 

64.7 

-59.3 

- .5 

-1.9 

- .8  

. 9  

-30.3  

4 . 0  

22.0  

ROLL 

-1 - 0  

- . 5  

-3.7 

5.1 

-9.1 

40.4 

-45.6 

-13.6 

-40.0 

7 . 3  
4 



Table  3.17 

EULER ANGLES FOR FEMALES, 35-44 YRS 



Table  3.18 

EULER ANGLES FOR FEMALES, 62-74 YRS 

f 

POSITIOIJ 

NEUTRAL 

EXTEPISION 

FLEX ION 

RROT. 

LROT. 

RLB 

L L B  

LROT+FLX 

LROT+LLB 

RROT+EXT 

EULER ANGLES RE 
FRANKFORT P3SIT I9Y l  

YA\I P ITCH ROLL 

-1.9 

-2.4 

-5.6 

6.9 

-16.0 

23.1 

-33.1 

-1 8 . 2  

- . 3  1 .4 

- . 6  

- .8 

59.7, 

-63.8 

2.8 

-8 .9  

-59.5 

-62.6 

43.5 

-40.7 

. 5  

- .4 

5.6 

2.4 

-20.5 



Tab le  3.19 

EULER ANGLES FOR MALES, 18-24 YRS 

f 

POSITION 

NEUTRAL 

EXTENSION 

FLEX I O F l  

RROT, 

LROT. 

RL B 

LLB 

LROT+FLX 

LROTtLLB 

EULER ANGLES RE 
FRANFORT POSITIO?I 

Y AIJ 

-.5 

-.5 

-41.4 

4.9 RROT+EXT 

PITCH 

-1.7 

72.8 

ROLL 

-.5 

-2.3 

1 - 7 4 * 5  

68.7 

-3.4 ' 

4.2 

-6.4 

41.7 

-44.6 

-9.6 

9.8 

17.4 

3.3 -16.2 

73.2 

-76.2 

1.3 

-4.3 

-73.2 

' -2.4 

-3.2 

-28  

3.4 

-26.7 



T a b l e  3.20 

EULER ANGLES FOR MALES,  35-44 YRS 

* 

P O S I T I O N  

NEUTRAL 

EULER ANGLES R E  
F R A M F O R T  

Y A N  

.1 

EXTEI!SION 1 3.1 

P O S I T I ? N  

P I T C H  / ROLL 

52.2 

-50.5 

-2.5 

-2.9 

- .4 

.2 

-24.3 

9.3 

19.1 

FLEXIOII 

RROT .. - 
LROT * 

R L B  

LLR 

LROT+ FLX 

LROT+LLB 

RROT+EXT 

-- 
-2.1 

- .6 

-3.0 

3.3 

-7.7 

34.8 

-38.2 

-13.6 

-37.0 

4.5 
1 

2.3 

68.5 

-68.6 

6.9 

-8.3 

-68.4 

-65.7 

64.3 

- . 8  



Table  3.21 

EULER ANGLES FOR MALES, 62-74 Y RS 



by a  s l ig? . t  l e f t  l a t e r a l  bend. 

5) The average s u b j e c t  n e u t r a l  p o s i t i o n  was n e a r l y  i d e n t i c a l  t o  

t h a t  of t h e  Frankfor t  P l a ~ e  p o s i t i o n .  

6) The amount of ex tens ion  p o s s i b l e  from t h e  F r a n k f o r t  Plane  

p o s i t i o n  was u s u a l l y  g r e a t e r  than  t h e  m o u n t  of f l e x i o n ,  

e s p e c i a l l y  i n  t h e  18 t o  24-year-old groups .  

7) The m o u n t  of l e f t  l a t e r a l  bend was u s u a l l y  g r e a t e r  t h a n  t,he 

m o u n t  of r i g h t  l a t e r s l  bend, a l though it was a c c o m ~ a n i e d  by 

a  g r e a t e r  amount of head r o t s t i o n .  

Ref lex  Time 

Table  3.22 and F igure  3.12 p r e s e n t  t h e  r e s u l t s  of t h e  r e f l e x  t ime 

a n a l y s i s  f o r  t h e  r l g h t  s ternomastoid  muscle group r e s , l t i n g  from l a t e r a l  

head j e r k s  t o  t h e  l e f t .  For f emales ,  t h e  r e f l e x  t ime  i s  n e a r l y  t h e  same 

f o r  t h e  y0ur.g and xid51e aged groups ( 4 5 . 1  msec . and 43 .6  nsec  . , 
r e ~ ~ e c t l v e l y ) ,  bu t  snows a  s i g n i f i c a n t  i n c r e a s e  t o  53 msec, f o r  el-- 

d e r l y  females .  Fcr t h e  P-ales,  t h e  r e f i e x  t ime  shows s s teady  i n c r e a s e  

wi th  age  an6 f o r  esch grcup i s  g r e a t e r  t h a n  t h e  average r e f l e x  t ime  

f o r  t h e  r e s p e c t i v e  female group.  This d i f f e r e n c e  i n  r e f l e x  t lmes  Setween 

t h e  sexes  i s  most pronounced f o r  t h e  middle age groups ,  where t h e  average 

f o r  females  -das 43 .6  msec. compared t o  t h a t  f o r  t h e  rides of 52.8 

msec. The average r e f l e x  t ime f o r  a l l  males was 53.3 msec. ,  compared 

t o  47.1 me:. f w  a l l  females ,  and t h e  o v e r a l l  average f o r  a l l  s u b j e c t s  

(~=94) wzs 5 2  - 2  r.cec. 

Table 3.23 shows a  compzrisos of r e f l e x  t i n e s  c k a i n e d  i n  t h e  
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Figure 3.12 Mean reflex time versus mean age o f  subject group. 



-- Table 3.23 

COMPARISON OF STERNOMASTOID STRETCH REFLEX TIMES FOR LATERAL VS.  SAGITTAL PLANE STUDY 

t r 

18 - 24 
AGE GROUP I N  YEARS 

SAG. 

3 0 

62.3 

9.6 

30 

68.2 

11 - 9  

LAT . LAT . 

16 

43.6 

12.7 

14 

52.8 

9.1 

FEMALES 

MALES 

ALL 
SUBJECTS 
COMBINED 

62 

LAT . 

15 

53.0 

11 -2 

16 

58.3 

14.9 

94 

50.2 

11 -9 

- 

SAG. 

3 1 

62.0 

13.4 

29 

77.1 

13.6 

- 74 
SAG. 

3 1 

74.7 

17.0 

27 

88.1 

16.7 

178 

71.7 

16.4 

- 

AGES 

LAT . 

4 7 

47.1 

11.8 

47 

53.3 

11 - 2  

X * = = 1 
S.D. = 

N = 

X = 

S.D. = 

I 
N = 

x = 

S.D. = 

COMBINED 

SAG. 

9 2 

66.4 

14.8 

86 

77.4 

16.1 

I:., 
10.0 

17 

48.9 

6.3 

all times are in milliseconds 



l a t e r a l  study with r e spec t ive  groupings i n  t h e  previous s a g i t t a l  plane 

study. I n  both s tud ie s  t h e  e lec t rodes  were placed over t h e  r i g h t  

sternomastoid muscle group and a  l a r g e  percentage (70%) of t h e  sub jec t s  

i n  t h e  l a t e r a l  study were a l s o  sub jec t s  f o r  t h e  s a g i t t a l  study. It i s  

seen, however, t h a t  i n  every subjec t  category t h e  average r e f l e x  time 

from t h e  s a g i t t a l  plane study i s  s i g n i f i c a n t l y  g r e a t e r  than  t h a t  from 

t h e  l a t e r a l  s tudy.  The o v e r a l l  average r e f l e x  time f o r  t h e  s a g i t t a l  

study was 71.7 msec., compared t o  50.2 msec. f o r  t h e  l a t e r a l  s tudy,  

and i n  f a c t  t h e  average r e f l e x  time f o r  young females i n  t h e  s a g i t t a l  

study was g r e a t e r  than  t h a t  f o r  e l d e r l y  males i n  t h e  l a t e r a l  study 

(62.3 msec. t o  58.3 msec.) .  It  thus  appears t h a t  t h e  r e f l e x  t ime f o r  

t h e  sternomastoid muscle group i s  g r e a t e r  f o r  movements involving 

extension than  f o r  movements involving l a t e r a l  bending. Poss ib le  

reasons f o r  t h i s  d i f f e r ence  a r e  discussed i n  Chapter 5 ,  I n  o ther  

r e s p e c t s ,  however, t h e  r e s u l t s  from t h e  two s tud ie s  a r e  s imi l a r .  That 

i s ,  r e f l e x  times f o r  males a r e  g r e a t e r  than f o r  females,  and r e f l e x  

times f o r  males show a s teady increase  with age, while f o r  females 

t h e  r e f l e x  time shows a  s i g n i f i c a n t  increase  only from t h e  middle t o  

t h e  e l d e r l y  age groups. 

E ,  S t rength  

1. General. Table 3.24 and Figure 3.13 show t h e  average r e s u l t s  

by subjec t  group of t h e  s t r eng th  t e s t i n g  i n  l a t e r a l  f l ex ion .  Tes t ing  

was performed on both s i d e s  and it i s  seen t h a t  t h e  average r e s u l t s  

from r i g h t  and l e f t  t e s t i n g  a r e  i n  exce l len t  agreement. There i s  only 

a  small  change i n  s t r eng th  from t h e  young t o  middle age group (males 

showing an increase  and females a  decrease)  bu t  t h e r e  i s  a  considerable  
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F i g u r e  3.13 Average i s o m e t r i c  p u l l  f o r c e  versus mean age 
o f  s u b j e c t  group.  B racke ts  i n d i c a t e  the s tandard  d e v i a t i o n  
o f  t h e  sample. 



decrease i n  s t r eng th  f o r  both males and females from t h e  middle age t o  

t h e  e l d e r l y  subjec t  groups. There i s  a l s o  a  considerable  d i f f e r ence  

i n  s t r eng th  between males and females, males being 1-112 t o  2 times 

s t ronger  on t h e  average. 

Table 3.25 shows a  comparison of t h e  neck s t r eng th  r e s u l t s  i n  

l a t e r a l  bending with neck s t r eng th  r e s u l t s  i n  f l ex ion  and extension 

obtained i n  t h e  s a g i t t a l  plane study. La te ra l  neck s t r e n g t h  i s  seen 

t o  be considerably l e s s  than  s t r eng th  i n  extension and j u s t  s l i g h t l y  

l e s s  than  or  equal t o  s t r eng th  i n  f lex ion .  It i s  i n t e r e s t i n g  t h a t  

i n  a l l  cases  t h e  g r e a t e s t  s t rengths  a r e  f o r  middle age males. 

2. Calculat ion of Muscle Tensions. The values of neck s t r eng th  

presented i n  t h e  preceding t a b l e s  a r e  t h e  fo rce  values o r  tens ions  

developed i n  a  l i n e  at tached about t h e  head when t h e  subjec t  exerted 

a  maximum p u l l  with h i s  l a t e r a l  f l exo r s .  From these  fo rce  values it 

is  poss ib le  t o  c a l c u l a t e  approximations of t h e  a c t u a l  muscle t ens ion  

developed i n  t h e  neck muscles. I n  a  very s impl i f ied  way, Figure 3.14 

represents  a  f r e e  body diagram of t h e  head and neck. F  i s  t h e  fo rce  
Y 

developed by t h e  subjec t  pu l l i ng  on t h e  cord and T i s  t h e  tens ion  i n  
S 

t he  sternomastoid muscle groups. As shown i n  Figure 2.23, t hese  a r e  

t h e  primary muscles which a t t a c h  between t h e  head and to r so .  The 

t ens ion ,  T  can the re fo re  be est imate by summing moments about t h e  
s  ' 

o c c i p i t a l  condyles: 

= 0 = T s l l  - F 1 '*candy l e s  Y 2 





Figure 3.14 Simp1 ified free-body diagram of head and neck 
showing approximate relations between measured force, Fy,  
and muscle tensions in sternomastoid ( T S )  and scalenus plus 
sternomastoid ( T t )  muscl e groups. 
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From anatomical observat ions  rant, 1962) it can be shown t h a t  one 

centimeter i s  a good measure f o r  t h e  d i s t ance  between t h e  outs ide  of 

t h e  neck and t h e  l i n e  of ac t ion  of t he  sternomastoid muscle group. 

Accordingly, l1 i s  equal t o  one-half t he  measured neck breadth minus 

one cent imeter .  The d i s t ance  l2 i s  determined by measuring t h e  d i s t ance  

from t h e  o c c i p i t a l  condyles t o  t r a g i o n  from x-rays and adding t h i s  t o  

t h e  d i s t ance  from t r a g i o n  t o  F which was measured during t e s t i n g .  
Y '  

As seen i n  Figure 2.23, t he  scalenus muscles a r e  a l s o  involved 

i n  keeping t h e  head and neck e rec t  but a t t a c h  from t h e  t o r s o  along t h e  

e n t i r e  length  of t he  neck. Therefore,  t o  include t h e i r  input  i n t o  

the  model, moments can be summed about a point  a t  t h e  base of t h e  neck, 

say C 7  - T1. I n  so doing, t h e  tens ion  developed i n  a l l  t h e  neck 

muscles, sternomastoid plus  scalenus,  i s  estimated by: 

In  t h i s  way muscle tens ion  was computed from t h e  measured p u l l  

fo rce  f o r  use i n  t h e  computer modeling of c rash  impact using t h e  

MVMA Two-Dimensional Crash Victim Simulat ion,  Version 3  owma man e t  

a l . ,  1974, Robbins e t  a l . ,  1974) and reported i n  Chapter 4. It must 

be considered,  however, t h a t  while sub jec t s  were asked t o  p u l l  with a 

maximum e f f o r t ,  t h e  r e s u l t i n g  tens ions  a r e  probably somewhat l e s s  

than would be developed i n  a "panic" o r  emergency s i t u a t i o n .  There- 

f o r e ,  muscle tens ions  up t o  130% of t h e  experimental r e s u l t s  were 

used i n  t h i s  computer .modeling. 

F .  Head Accelerat ion and Computer Simulation of Head J e r k  Tes ts .  

As mentioned i n  Chapter 2 ,  one of t h e  primary uses  of t h e  acce l e ra t ion  



d a t a ,  other  than  f o r  r e f l e x  t ime ca l cu la t ions ,  was t o  provide a  c r i -  

t e r i o n  f o r  comparing experimental responses with each o ther  and f o r  

v a l i d a t i n g  computer models which may be used t o  s imulate  t h e  experiment. 

Figure 3.15 shows a  t y p i c a l  s e t  of acce l e ra t ion  s i g n a l s  ob- 

ta ined  during a  r e f l e x  t e s t .  The acce l e ra t ion  p r o f i l e s  f o r  a l l  sub jec t s  

were s imi l a r  t o  t hese ;  a l l  showed, t o  some degree, t he  unexpected spike 

a t  about 10 msec. I n i t i a l l y  it was f e l t  t h a t  t h i s  sp ike  must be an 

a r t i f a c t ,  and every e f f o r t  was made t o  remove it. It i s ,  however, a t  

a  much lower frequency than  t h e  r ing ing  or  n a t u r a l  frequency of t h e  

accelerometer b i t e  bar s t r u c t u r e ,  and it i s  now considered t o  be a  

r e a l  pa r t  of t h e  acce l e ra t ion  response. I t s  o r i g i n  i s ,  however, unex- 

p la ined ,  although it was observed on seve ra l  occasions t o  be decreased 

when the  head band was posi t ioned t o  cause a  r o t a t i o n a l  component 

during t h e  head je rk .  I n  t h i s  regard it should be mentioned t h a t  t h e  

head band was always adjusted t o  obta in  near ly  pure l a t e r a l  bend 

during t h e  head je rk  t e s t .  Confirmation of planar  movement was made 

i n  two cases  by tak ing  high speed movies of t h e  r e f l e x  t e s t  from both 

t h e  f r o n t  and l a t e r a l  d i r e c t i o n s .  

Using t h e  force  p r o f i l e  s i g n a l s ,  var ious subjec t  measurements 

a s  i l l u s t r a t e d  i n  Figure 2.24,  head and neck mass d a t a  from Walker 

(1973),  and measures f o r  neck length  and d is tances  from t r ag ion  t o  t h e  

o c c i p i t a l  condyles from x-ray d a t a ,  computer s imulat ions of four  

ind iv idua l  subjec ts  were obtained using t h e  MVMA Two-Dinensional Crash 

Victim Simulation Model. Subjects  used f o r  s imulat ion were chosen 

according t o  s t a t u r e  t o  represent  5th pe rcen t i l e  females ( F B S O ~  and 

FBSO~) and 95th p e r c e n t i l e  males   MA TO^ and M B T O ~ )  of t h e  subjec t  pool.  

The angular acce l e ra t ions  of t h e  head obtained from t h e  computer 



Figure 3.15 Typical acce lera t ion  s igna l s  from the  four  acceleromters 
mounted on m o u t h  b i t e  piece. 



simulat ions were campared with head angular acce l e ra t ions  ca lcu la ted  

by equation ( 6 )  i n  Chapter 2 ,  using the  experimental acce l e ra t ion  sig- 

na l s .  Figures  3.16 through 3.19 show t h e  comparisons of t hese  r e s u l t s  

f o r  t h e  four sub jec t s .  A parameter, K ,  which represents  t h e  l a t e r a l  

s t a t i c  bending s t i f f n e s s  of t h e  neck f o r  small  deformztions, was 

adjusted t o  obta in ,  by observat ion,  a "best  f i t t '  match between the  

experimental and simulated r e s u l t s .  P r io r  t o  t h i s  exe rc i se ,  an 

appropr ia te  va lue  f o r  t h i s  parameter had been unknown, but estimated 

a t  70 in- lbldegree.  As t h e  Figures  i l l u s t r a t e ,  more appropr ia te  values 

a r e  8 in-lbldegree t o  16 in-lb/degree, depending on population segment. 

The "best  f i t "  t o  each of t h e  experimental curves was defined a s  t h e  

s imulat ion curve f o r  which the  fundamental f requencies  f o r  angular 

head motion a r e  i n  bes t  agreement. For t h e  male sub jec t s ,  t h e  ampli- 

tudes of t h e  s igna l s  a r e  a l s o  i n  good agreement, e spec i a l ly  f o r  subjec t  

MBTO1. For t h e  females t h e  experimental response i s  considerably 

l a r g e r  than t h e  simulated response. This discrepancy may be due t o  

t h e  f a c t  t h a t  t h e  head and neck mass (head = 4376 gms., neck = 1625 

gms. ) used i n  a l l  s imulat ions was an est imate based on d a t a  obtained 

from 20 male cadavers (walker,  1973). Use of a smaller head mass f o r  

females would r e s u l t  i n  a l a r g e r  angular acce l e ra t ion  amplitude which 

would agree more c lose ly  with t h e  experimental f ind ings .  



Experimental Response 
95th Percentile Male, MAT04 k=  I 0  

Computer Simulation k- 15 
--- - 1 k= 2 0  

Best Fit: k= 16 in- lb/deg 

I I I I I I I 

0 2 0  40 6 0  8 0  100 120 140 160 

Time (msec) 

Figure  3.1 6 Comparison o f  experimental  and computer s i m u l a t i o n  head 
angul a r  acce l  e r a t i  on curves  f o r  r e f 1  ex  tes t .  



Time ( msec ) 

Figure  3.1 7 Comparison o f  experimental  and computer simul a t i o n  head 
angu la r  a c c e l e r a t i o n  curves  f o r  r e f 1  ex test .  
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CHAPTER 4 

BIOMECHANICAL MODELING USING TEST RESULTS 

A. Objec t ive  

Much of t h e  d a t a  from t h e  IIHS Neck L a t e r a l  Response Study t e s t i n g  

program i s  of c o n s i d e r a b l e  v a l u e  t o  biomechanical  modeling i n v e s t i g a -  

t i o n s .  The t e s t  r e s u l t s  make it p o s s i b l e  t o  d e f i n e  p e r t i n e n t  bio- 

mechanical  c h a r a c t e r i s t i c s  of d i f f e r e n t  populat ion segments so  t h a t  

mathematical  models f o r  c r a s h  s imula t ions  can be  used wi th  conf idence 

of o b t a i n i n g  meaningful dynamic response d a t a .  

A s e r i e s  of mathematical  model c r a s h  s imula t ions  was conducted 

a s  p a r t  of t h i s  s tudy.  The model used was t h e  MVMA Two-Dimensional 

Crash Victim S imula t ion ,  Vers ion 3  o ow man e t  a l . ,  1974, Robbins e t  a l . ,  

1 9 7 4 ) .  This  two-dimensional model i s  normally used f o r  i n v e s t i g a t i o n  

of f ront-end and rear-end impact s i t u a t i o n s ,  bu t  wi th  r e d e f i n i t i o n  of 

v a r i o u s  inpu t  d a t a ,  it i s  s u i t a b l e  f o r  s i m u l a t i o n  of l a t e r a l  impact 

s i t u a t i o n s  a s  w e l l .  The obvious assumption i s  t h a t  motion must be  

conta ined i n  a  l a t e r a l  p lane .  Accordingly,  it was p o s s i b l e  t o  make 

u s e  o f  much of t h e  neck l a t e r a l - r e s p o n s e  d a t a  t o  s i m u l a t e  automobile 

occupants involved i n  side-impact i n t e r s e c t i o n  c o l l i s i o n s .  P e r t i n e n t  

d a t a  used from t h e  t e s t i n g  program were l a t e r a l  bend range of motion,  

s ternomastoid  muscle-group s t r e n g t h ,  r e f l e x  t ime ,  and anthropometry. 

The computer s imula t ion  r e s u l t s  p resen ted  h e r e  a r e  analyzed wi th  

an emphasis on t h e i r  q u a l i t a t i v e  c h a r a c t e r i s t i c s .  That i s ,  parameter 

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

t o  i n j u r y  p o t e n t i a l ,  but  no human-tolerance d a t a  f o r  p r e d i c t i n g  a  

q u a n t i t a t i v e  p r o b a b i l i t y  o r  degree  of i n j u r y  f o r  any p a r t i c u l a r  c r a s h  

s i m u l a t i o n  a r e  included.  



B .  D e s c r i p t i o n  of Crash S imula t ions  

1. Popula t ion  Segments. The s u b j e c t  pool  of t h e  IIHS s t u d y  was 

s e l e c t e d  t o  d e f i n e  s i x  popula t ion  segments of average s t a t u r e .  Th i s  i s  

d i scussed  i n  Chapter 2. The s i x  groups a r e  females  and males ,  age  18- 

24, 35-44, and 62-74. The groups a r e  i d e n t i f i e d  by t h e  code designa- 

t i o n s  shown i n  Table  4 . 1 .  

Table  4 . 1  

Popula t ion  Segment Code Des igna t ions  

Female FA FB FC 

Ma1 e  MA MB MC 

2 T e s t  Run Mat r ix .  The c r a s h  s imula t ion  t e s t  m a t r i x  i s  shown i n  

Table  4 .2 .  It i s  p a r t i t i o n e d  on t h e  s i x  popula t ion  segments and has  

two c l a s s e s  of sub-elements: ( a )  impact v e l o c i t y  of t h e  s t r i k i n g  

v e h i c l e ,  and ( b )  degree  of neck muscle c o n t r a c t i o n .  S i n c e  a  primary 

parameter of t h i s  s e r i e s  of c r a s h  s i m u l a t i o n s  i s  muscular s t r e n g t h ,  t h e  

t e s t  m a t r i x  i s  most d e t a i l e d  f o r  i n v e s t i g a t i o n  of t h e  s t r o n g e s t  and 

weakest of t h e  s i x  popula t ion  segments, males age 3 5 4 4  (MB) and fe -  

males age 62-74 ( F C ) .  Seven c r a s h  s imula t ions  invo lv ing  t h e  s t r o n g e s t  

group were conducted,  and s i x  were conducted f o r  t h e  weakest group,  

whi le  on ly  t h r e e  c r a s h  s i m u l a t i o n s  were conducted f o r  each of t h e  o t h e r  

popula t ion  segments. Each of t h e  twenty-f ive  t e s t  runs  i n  t h e  m a t r i x  i s  

i d e n t i f i e d  by a  number a f f i x e d  t o  t h e  popula t ion  segment code d e s i g n a t i o n .  



TABLE 4.2. CRASH SIMULATION (EST RUN MATRIX 

Popu la t ion  
Segment 

Females 
18-24 

Females 
35- 44 

Females 
62- 74 

Ma1 es 
18-24 

- 

Ma1 es 
35- 44 

Males 
62- 74 

i 
Neck Muscle C o n t r a c t i o n  Run 

Code 

- FA1 
FA2 -- 
FA 3 

FB 1 
FB 2 -- -- 
FB 3 

FC 1 ---- --- . 
FC 2 -- -- . 

FC 3 
FC 4 

--FE- - 
FC 6 

MA1 - -- 
_ MA2 

MA 3 

MB 1 
MB2 
MB 3 

- MB4 
MI3 5 - - - - 

. MB6 
MB 7 

MC 1 - 
MC 2 -- -- 
MC 3 

. 

n 

Pre r tensed  t o  
130% o f  M L ~ X  I IIIUIII 

Yo1 u n t a r y  I s o m e t r i c  1 
Tension 

- -- ---- 
X 

. . - - 

- _ - - _ 
X 

- 
- 

- -- - - 

.. 

X - - - -- 
X 

. . - - - - - - - - - 

X 

- -- -- - 

- 

- 
--PA- 

X 
-I 

X 
I 

-- 

- -- 

X - I 

Muscle R e f l e x  and 
Force Bui  1 dup 

X 

X_ 

X -- - - - - - - -- - - - - -,  

X . . -- .- - -- - - -. 
.. -- -.. - - - - - - - - 

X 

- 
X 
X 

- - - - - - - 

- - - - -  -- -- -- - 
-- - - - - 

X - .- - - 
- - - - -- 

V e l o c i t y  o f  
S t r i k i n g  Veh ic le  

Pre- tensed t o  
100% o f  Maxi mum 
Vo lun ta ry  I so -  
m e t r i  c  Tension 

- 

X 

- - - - -- - 
x _ _ -- - -. 

. - - - - - -- 
- 

X -- -- - - - 

X - 

- -- - - - 

X 

- 
- - -- 

X . - - - -- - -- 

X 
.. -- - ----- - 

-- - . - -- 
X . -- -- -- - -- 

a t  Impact  

10mph  

X 
X 
X 

X 
X . . - -- - - - - 
X 

X -- 

. - - -- 

X - - - - 
- 

X 

x . 

X 
X 

X 
X 

X - - - - 

X 

X 
X -- - - 
X 

30mph 

-- -- - 

_ X -. 

-- 
X 

X 

- 

X - 
-- - 

X - 
- - 

X 

- -~ 



For example, MC2 d e s i g n a t e s  s i m u l a t i o n  number 2 f o r  male c r a s h  v i c t i m s  

i n  t h e  62 t o  74-year-old group.  

Impacts a t  1 0  2nd 30 nph a r e  i n v e s t i g a t e d .  Impact v e l o c i t y  of 

1 0  mph was chosen because HSRI c r a s h  l L T f e s t i g a t i o n s  i n d i c a t e  t h i s  i s  

t h e  most common impact v e l o c i t y  f o r  i n t e r s e c t i o n  c o i l i s i o n s .  More t h a n  

95% of  l n t e r s e c t i o r i  c o l l i s i o n s  a r e  a t  33 mph o r  l e s s ,  ar.d a  30 mph 

impact r e p r e s e n t s  a  s e v e r e  environment ( ~ c o t t ,  1 9 7 4 ) .  rvluscle con t rac -  

t i o n s  were v a r i e d  from a  c o n d i t i o n  of r e f l e x  and f o r c e  bui ldup (un- 

a n t i c i p a t e d  i m p a c t ) ,  through p r e t e n s i o n  a t  100% of maxirr.um v o l u n t a r y  

e f f o r t  (pre-warned s f  t h e  impending c o l l i s i o n ) ,  t o  muscles p r e t e n s e d  

a t  130% of maximum v o l u n t a r y  e f f o r t  ( a  c o n t r a c t  i o n  s i m u l a t i n g  "panic  

s t r e n g t h , "  a s  e s t i n a t e d  by Chaf f in  and Baker [1970] ) . 

3. S i d e  Impact C o l l i s i o n s .  A l l  s imula t ions  i n  t h e  t e s t  s e r i e s  

examined t h e  d y n m i c  response  of a  r i g h t - f r o n t - s e a t  passenger  through 

t h e  f i r s t  20Gmsec of t h e  c o l l i s i o n .  The c r a s h  v i c t i m  i s  s e a t e d  i n  a  

s t a t l o n a r y  i n t e r r n e i i a t e - s i z e  American automobile t h a t  i s  s t r u c k  a t  

r i g h t  a n g l e s  a t  the  c e n t e r  of t h e  r i g h t  s i d e  of t h e  v e h i c l e .  The 

occupant i s  u n r e s t r a i n e d  so  that, except  f o r  g r a v i t y ,  s e a t  cushion 

normal f o r c e ,  and . e a t  f r i c t i o n ,  no f o r c e s  a c t  on him ~ n t i l  he i s  s t r u c k  

by t h e  door .  F i g w e  L , l  i s  a  schematic of t h e  i n i t i a l  occupant conf ig-  

u r a t i o n ,  showing t r ~ e  fo rce -genera t ing  c o n t a c t  e l l i p s e s  and v e h i c l e -  

i n t e r i o r  c o n t a c t  s ~ ~ r f a c e s .  The s t r2ck-veh ic le  occupant compartment 

a c c e l e r a t i o n  p r o f i - e s  a r e  f o r  s t r i k i n g - v e h i c l e  impact v e i o c i t i e s  of  10 

and 30 mph. These p r o f i l e s  a r e  shown i n  F igure  4.2.  'he 30 mph 

p r o f i l e  r e s u l t s  f r ) m  side-imcact  c o l l i s i o n  s t u d i e s  don€ -9y Severy 

(1959) .  As noted j r ev ious ly ,  t h e  preponderance c f  i n t e r s e c t i o n - t y p e  

c o l l i s i o n s  a r e  a t  - m ~ a c t  v e l o c i t i e s  n e a r e r  1 0  r.pn t h a n  30 mph, so  it 
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Figure  4.1 Rear p r o f i l e  o f  t y p i c a l  c r a s h  v ic t im.  
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was thought p a r t i c u l a r l y  u se fu l  t o  i nves t iga t e  t hese  lower-speed 

impacts. Unfortunately,  no occupant-compartment acce l e ra t ion  p r o f i l e s  

a r e  ava i l ab l e  i n  t h e  l i t e r a t u r e  f o r  c o l l i s i o n s  of t h i s  desc r ip t ion .  It 

was necessary,  t h e r e f o r e ,  t o  s c a l e  t h e  30-mph p r o f i l e  t o  what i s  thought 

t o  be a  reasonable approximation of a  10-mph p r o f i l e ,  

4. Muscle Contract ion.  The MVMA Two-Dimensional Crash Victim 

Simulator represents  muscle groups i n  t h e  body by Maxwell elements,  

spr ings  and dampers i n  s e r i e s ,  as  i l l u s t r a t e d  i n  Figure 4.3. Both t h e  

s t i f f n e s s  and t h e  damping coe f f i c i en t  a r e  funct ions of t h e  degree of 

muscle a c t i v a t i o n ,  ~ ( t ) .  M i s  a  funct ion of t ime, and i t s  form 

depends i n  general  on r e f l e x  time and muscle cont rac t ion  time. It; 

reaches a  maximum value corresponding t o  maximum voluntary isometr ic  

muscle s t rength .  Three s t a t e s  of neck muscle a c t i v a t i o n  a t  impact; a r e  

considered i n  t h i s  s e r i e s  of s imulat ions.  The funct ions ~ ( t )  a r e  

i l l u s t r a t e d  i n  Figure 4.4. The l a s t  two of t hese  funct ions represent  

pre-tension of t h e  muscles a t  100% and 130% of voluntary maximum iso- 

metr ic  tens ion .  These represent  s i t u a t i o n s  i n  which t h e  crash v ic t im 

has an t i c ipa t ed  t h e  impact. The f i r s t  funct ion assumes t h a t  t h e  c rash  

v ic t im was not aware of impending impact and t h a t  h i s  muscles a c t i v a t e  

t o  100% of voluntary maximum only a f t e r  a  r e f l e x  t ime,  tR (from 42.8 

t o  58.3 msec f o r  t h e  popula t ion) ,  and a  cont rac t ion  t ime,  tc ,  taken a s  

120 msec.8 The crash  v ic t im i n  t h e  MVMA model has a  two-joint neck. 

For s i d e  impact, t h e  sternomastoid muscle group i s  represented t o  

r e s t r i c t  angulat ion a t  t h e  o c c i p i t a l  condyles ( o r  upper neck) ,  while t he  

scalenus group r e s t r i c t s  angulat ion a t  t h e  seventh-cerv ica l / f i r s t -  

* This t y p i c a l  value of cont rac t ion  time was determined from t e s t s  on 
two male sub jec t s ,  both age 32. 

- 



Figure 4.3. Muscle element. 
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Figure 4.4 Neck muscle contraction prof i les  fo r  muscle reflex and force 
buildup, and pretensions a t  100% and 130% maximum muscle strength.  



t ho rac i c  a r t i c u l a t i o n  ( o r  lower neck) .  ( s ee  Figures  2.23 and 4 . 1 )  

C .  Computer Simulation Resul ts  

Figures  4 . 5  and 4.28 show r e s u l t s  from t h e  s e r i e s  of computer 

s imulat ions.  Although t h e  numerical i n t eg ra t ion  time s t e p  was one 

msec, t h e  p l o t  increment f o r  t h e  f igu res  i s  5 msec. No attempt was 

made t o  join p lo t t ed  poin ts  by smooth curves.  ( ~ h e s e  Figures  a r e  

grouped toge ther  a t  t h e  end of t h e  chapter . )  

1. ~ e a d / ~ e c k  La te ra l  Bend Motion. Figures  4 .5  and 4.10 show 

l a t e r a l  bend motion of .the head with respec t  t o  t h e  t o r s o  r e s u l t i n g  

from 10- and 30-mph s i d e  impacts. The only c rash  s imulat ion of t h e  

twenty-five i n  t h e  t e s t  matrix f o r  which t h e  crash v i c t i m ' s  neck muscles 

a r e  relaxed f o r  t h e  durat ion of t h e  impact i s  MB1, a 10-mph impact 

involving a male from t h e  35-to-44-year-old age group. It may be seen 

from Figure 4.9 t h a t  even f o r  t h i s  low-velocity impact, r e l a t i v e  head 

r o l l  exceeds t h e  average voluntary l a t e r a l  bend range of motion f o r  

t h i s  populat ion segment. 

Of t h e  s i x  population segments defined f o r  t h i s  s tudy,  males 35-44 

a r e  t h e  s t ronges t .  Figure 4.9 shows a marked reduct ion i n  head angula- 

t i o n  f o r  t h e  cases  i n  which t h e  neck muscles a r e  contracted ( M B ~  t o  + 

M B ~ ) ,  as  compared with t h e  relaxed neck s imulat ion,  MB1. I n  f a c t ,  even 

f o r  30-mph impacts,  t h e  muscle s t r eng th  of t h i s  group i s  s u f f i c i e n t  t o  

11 l i m i t  head angulat ion t o  l e s s  than t h e  range-of-motion stop" when- 

ever t h e  muscles a r e  pre-tensed, and it i s  nearly s u f f i c i e n t  even f o r  

t h e  case  of muscle r e f l e x  and force  buildup. The e f f e c t  of muscle 

cont rac t ion  seen here c o n t r a s t s  sharply with t h a t  f o r  t h e  weakest of 

t h e  s i x  populat ion segments, females age 62-74 ( F C ) .  Figure 4.7 



shows t h a t  f o r  t h i s  group neck muscle s t r e n g t h  i s  i n s u f f i c i e n t  t o  pre- 

vent  head a n g u l a t i o n s  exceeding t h e  v o l u n t a r y  motion l i m i t  even f o r  1 0  

mph impact ,  

F i g u r e s  4.5 and 4.8 a l s o  provide an i n t e r e s t i n g  comparison o f  t h e  

e f f e c t  of muscle c o n t r a c t i o n  f o r  d i f f e r e n t  popu la t ion  segments. These 

f i g u r e s  show r e s u l t s  f o r  t h e  two groups w i t h  t h e  l a r g e s t  v o l u n t a r y  

l a t e r a l  bend range of motion -- females  and males age 18-24. While 

t h e  range-of-motion limits a r e  n e a r l y  t h e  same, and a l though  simula- 

t i o n s  f o r  n e i t h e r  group show a n g u l a t i o n  exceeding t h e  v o l u n t a r y  l imits ,  

t h e  g r e a t e r  neck s t r e n g t h  of t h e  males i s  s u f f i c i e n t  t o  p rov ide  a 

cons iderab ly  l a r g e r  s a f e t y  margin. 

A l l  of t h e  F igures  4.5 t o  4.10 show t h a t  motion i s  most l i m i t e d  

f o r  pre-tensed muscle c o n t r a c t i o n  t o  130% of v o l u n t a r y  i s o m e t r i c  

s t r e n g t h  and t h a t  it i s  l e a s t  f o r  f o r c e  bu i ldup  d u r i n g  muscle con t rac -  

t i o n  beginning a f t e r  a r e f l e x  t ime  t y p i c a l  f o r  t h e  popula t ion  segment. 

F igures  4.7 and 4.9 demonstra te  c l e a r l y  t h a t  t h e  d i f f e r e n c e  between 

t h e  c a s e s  o f  f o r c e  b u i l d u p ,  100% pre - tens ion ,  and 130% pre - tens ion  i s  

l e a s t  f o r  t h e  weaker members of t h e  populat ion and g r e a t e s t  f o r  t h e  

s t r o n g e r  members. Also,  it i s  i n t e r e s t i n g  t o  no te  from Figure  4.9 

t h a t  a n t i c i p a t i n g  impact  r re-tension) has  more e f f e c t  i n  l i m i t i n g  

a n g u l a t i o n  ( r e l a t i v e  t o  angu la t ion  f o r  re f l ex- t ime  and fo rce -bu i ldup)  

f o r  low-veloci ty  impacts t h a n  f o r  h igh-ve loc i ty  impacts .  That i s ,  

t h e  d i f f e r e n c e  i n  maximum angula t ion  f o r  t h e  MB3 and MB5 curves  i s  

g r e a t e r  t h a n  f o r  MB2 and M B ~ .  The reason  f o r  t h i s  i s  simply t h a t  

occupant i n t e r a c t i o n  w i t h  t h e  v e h i c l e  i n t e r i o r  occurs  sooner f o r  high- 

v e l o c i t y  impacts ,  and t h u s  s i g n i f i c a n t  r e l a t i v e  a n g u l a t i o n  of body 

segments beg ins  n e a r e r  t o  t h e  beginning of muscle c o n t r a c t i o n .  

F igures  4 .11  and 4 -12  show t h e  r e l a t i v e  head ang le  performance 



envelopes f o r  t h e  e n t i r e  popula t ion  of t h i s  s t u d y  f o r  b o t h  10- and 30- 

mph s i d e  impacts .  These envelopes i n c l u d e  t h e  maximum and minimum 

v a l u e s  from t h e  combination of F i g u r e s  4.5 through 4.10. 

2. Head R e s u l t a n t  A c c e l e r a t i o n s .  F igures  4.13 t o  4.24 c o n t r a s t  

a  v a r i e t y  o f  response q u a n t i t i e s  f o r  groups FC ( f e m a l e s ,  62-74) and 

MB (males ,  35-44) f o r  both  10- and 30-mph impacts.  It may be  a n t i c i -  

pa ted  from t h e  near  co inc idence  of head-angle curves  i n  F igure  4 .7  

t h a t  o t h e r  q u a n t i t i e s  f o r  FC ( s u c h  a s  r e s u l t a n t  head a c c e l e r a t i o n ,  neck 

shear  f o r c e s ,  e t c . )  d i f f e r  l i t t l e  f o r  t h e  c a s e s  of muscle f o r c e  bu i ld -  

up,  100% pre - tens ion ,  and 130% pre- tension.  Accordingly ,  on ly  100% 

pre - tens ion  r e s u l t s  a r e  shown f o r  FC i n  F i g u r e s  4.13 t o  4.28. There 

i s  cons iderab ly  more d i f f e r e n c e  between t h e  head a n g l e  curves  f o r  MB 

i n  F igure  4 .9 ,  There fore ,  MB r e s u l t s  a r e  g iven  f o r  a l l  cases  of 

muscle c o n t r a c t i o n .  R e s u l t s  i n  F igures  4.13 t o  4.28 a r e  shown only  f o r  

100 t o  200 msec, s i n c e  no th ing  of i n t e r e s t  happens i n  t h e s e  s i m u l a t i o n s  

whi le  t h e  c r a s h  v i c t i m  i s  s l i d i n g  a c r o s s  t h e  s e a t  toward c o n t a c t  w i t h  

t h e  door.  

F igures  4.13 t o  4.16 show t h a t  peak head center-of-mass r e s u l t a n t  

l i n e a r  a c c e l e r a t i o n s  can be  cons iderab ly  h igher  f o r  a  30-mph i n t e r s e c -  

t i o n  c o l l i s i o n  t h a n  f o r  a  similar 10-mph s i d e  impact.  F u r t h e r ,  f o r  t h e  

30-mph impact,  r e s u l t a n t  head a c c e l e r a t i o n s  a r e  somewhat l a r g e r  f o r  MB 

t h a n  f o r  FC. The s t r o n g e r  neck muscles of t h e  MB group cause  a  t r a d e -  

o f f  i n  r e l a t i v e  magnitude of motion i n  t h e  angu la r  and l i n e a r  modes. 

I n  terms of i n j u r y  p o t e n t i a l ,  however, s t r o n g e r  neck muscles cause  a  

decrease  i n  magnitude of angu la r  motions t h a t  i s  much more s i g n i f i c a n t  

t h a n  t h e  concomitant i n c r e a s e  i n  l i n e a r  motion. Even f o r  MB3, which 

has t h e  l a r g e s t  l i n e a r  head a c c e l e r a t i o n ,  t h e  S e v e r i t y  Index (SI)  i s  



only 630, whi le  t h e  Head I n j u r y  C r i t e r i o n  ( H I C )  i s  489  add, 1966; 

DOT~~CFR P a r t  571) .  Both a r e  w e l l  w i t h i n  s p e c i f i e d  " s a f e "  limits. 

F igures  4.7 and 4.9 i n d i c a t e  t h a t  t h e  s t r o n g e r  neck muscles i n  t h e  MB 

group l i m i t  angu la r  motion t o  s a f e  extremes f o r  a 30-mph impact.  

Angulation f o r  t h e  FC group exceeds t h e  v o l u n t a r y  range of motion and 

r e s u l t s ,  it may be hypothesized,  i n  a  h igher  p r o b a b i l i t y  o f  neurologi-  

c a l  d e f i c i t  and o f  damage t o  l i g a m e n t s ,  i n t e r v e r t e b r a l  d i s c s ,  and 

v e r t e b r a e  i n  t h e  neck. The neck-moment s p i k e s  r e s u l t i n g  from head 

angu la t ion  exceeding v o l u n t a r y  range-of-motion limits i n  t h e  FC group 

a r e  seen i n  F igures  4.21 and 4.23. 

3.  Neck Moments and Shear and Axial  Forces .  Excess ive  shear  and 

a x i a l  f o r c e s  a t  t h e  o c c i p i t a l  condyles have been hypothesized t o  be 

agen t s  of i n j u r y .  F igures  4.17 t o  4.20 show them t o  be cons iderab ly  

l a r g e r  f o r  a  30-mph impact t h a n  f o r  a 10-mph impact.  ( ~ x i a i  f o r c e s  

of n e a r l y  700 l b s ,  a r e  seen i n  F igure  4.20. Th is  i s  much s m a l l e r  t h a n  

11 t h e  f o r c e  r e q u i r e d  t o  produce t h e  hangman's f r a c t u r e "  of t h e  second 

c e r v i c a l  v e r t e b r a ,  about 2000 l b s .  ( ~ o r t h  h e r .  A v i a t i o n ,  1965; 

Portnoy e t  a l . ,  1971) . )  Also,  peak v a l u e s  a r e  seen t o  be  somewhat 

l a r g e r  f o r  c a s e s  of s t r o n g e r  muscle s t r e n g t h  o r  g r e a t e r  degree  of muscle 

a c t i v a t i o n .  This  i s  an expected e f f e c t  o f  t h e  r e d u c t i o n  of angu la r  

mot ion .  

F igures  4.21 t o  4.24 show neck moments a t  t h e  o c c i p i t a l  condyles 

and a t  t h e  seven th-ce rv ica l /  f  i r s t - t h o r a c i c  ( ~ 7 - T l )  a r t i c u l a t i o n .  The 

r e s u l t a n t  moment i s  i n  each c a s e  a  sum of c o n t r i b u t i o n s  from biodynamic 

muscle c o n t r a c t i o n  and l i n e a r  ( s o f t )  and non l inear  ( h a r d )  r e s i s t a n c e  

t o  l a t e r a l  bending.  The non l inear  c o n t r i b u t i o n  r e s u l t s  from a n g u l a t i o n  

beyond t h e  v o l u n t a r y  range-of-motion l i m i t s ,  and it accounts  f o r  a l l  of 



t h e  spikes on these  curves.  The nonl inear  r e s i s t a n c e  represents ,  

i n i t i a l l y ,  s t r e t ch ing  of l igamental  t i s s u e ,  and, with f u r t h e r  angula- 

t i o n ,  ver tebra-against-vertebra contac t .  

4. Biodynamic Muscle Tension. Although t h e  l ike l ihood of i n ju ry  

r e s u l t i n g  from angulat ion beyond the  voluntary l i m i t s  i s  lessened by 

cont rac t ion  of t h e  neck musculature,  t h e r e  i s  an increased probabi l i -  

t y  of damage t o  muscle t i s s u e  i t s e l f .  I n  a dynamic s i t u a t i o n ,  tens ion  

i n  t h e  contracted muscles may reach considerably l a r g e r  values than t h e  

maximum tens ion  t h a t  t he  crash vict im could vo lun ta r i l y  exer t  iso- 

me t r i ca l ly .  The reason fo r  t h i s  i s  t h a t  t h e  r a t e  of dynamically 

forced lengthening of t h e  muscle may be too  l a r g e  f o r  t he  muscle t o  

accomodate by r e l axa t ion  of i t s  length.  Excessive tens ions  may thus  

be reached even though t h e  muscle length  i s  never g rea t e r  than i t s  

re laxed ,  unstretched length .  Such tens ions  may r e s u l t  i n  t e a r i n g  of 

ind iv idua l  muscle f i b e r s ,  

The sternomastoid and scalenus muscle groups a r e  t h e  ones of 

g r e a t e s t  importance i n  l i m i t i n g  t h e  l a t e r a l  f l ex ion  which r e s u l t s  from 

a s i d e  impact. Predicted biodynamic tens ion  i n  these  muscle groups i s  

shown i n  Figures 4.25 t o  4.28. Negative fo rce  values i n d i c a t e  tens ion  

i n  t h e  l e f t - s i d e  muscle group; p o s i t i v e  values a r e  f o r  r i gh t - s ide  

tens ion .  ( ~ l l  of t h e  i n t e r s e c t i o n  c o l l i s i o n s  simulated f o r  t h i s  :in- 

ves t iga t ion  a r e  f o r  passenger-side impact. ) Maximum sternomastoid 

tens ion  f o r  females i s  389% of maximum vo lun ta r i l y  developed tens ion;  

f o r  males it i s  221%. Corresponding f igu res  f o r  t h e  scalenus group a r e  

317% f o r  females and 223% f o r  males.* Hence it might be expected t h a t  

* Maximum voluntary tens ions  f o r  t h e  sternomastoid and scalenus muscle 
groups were determined experimentally f o r  t h i s  s tudy,  a s  described i n  
Chapter 3 ,  Sect ion E .  2. 



muscle damage w i l l  be more l i k e l y  i n  weaker segments of t h e  popula t ion ,  

even though t h e  biodynanic muscle t e n s i o n s  developed i n  a c r a s h  s i t u a -  

t i o n  a r e  s m a l l e r  t h a n  f o r  t h e  s t r o n g e r  popula t ion  groups and even 

though muscle c o n t r a c t i o n  i s  l e s s  e f f e c t i v e  i n  l i m i t i n g  i n j u r y  r e -  

s u l t i n g  from excess ive  a n g u l a t i o n .  

D .  Summary of R e s u l t s  and Conclusions 

1. Neck muscle c o n t r a c t i o n  may s i g n i f i c a n t l y  l e s s e n  t h e  l i k e l i -  

hood of h a r d - t i s s u e  i n j u r y  r e s u l t i n g  from excess ive  l a t e r a l  f l e x i o n .  

For s t r o n g e r  members of t h e  popula t ion  ( e . g . ,  males age 35-44) it 

may prevent  such i n j u r y  even f o r  side-impact v e l o c i t i e s  of 30 mph. 

For weaker members of t h e  popula t ion  ( e . g . ,  females age 62-74), 

however, muscle s t r e n g t h  i s  i n s u f f i c i e n t  t o  prevent  probable  i n j u r y  

even f o r  10-mph impact. 

2. Excess ive  l a t e r a l  f l e x i o n  i n j u r y  i s  l e s s  l i k e l y  when t h e  neck 

muscula ture  i s  v o l u n t a r i l y  o r  i n v o l u n t a r i l y  pre- tensed a s  a r e s u l t  of 

a n t i c i p a t i o n  of impending impact.  

3. Excess ive  l a t e r a l  f l e x i o n  i n j u r y  i s  more l i k e l y  i n  o l d e r  

members of t h e  popula t ion  t h a n  i n  younger because of both  a more 

r e s t r i c t e d  v o l u n t a r y  range  of motion and weaker neck muscles.  

Grea te r  r e f l e x  t ime  i s  a secondary disadvantage of o l d e r  persons .  

Also,  t o  t h e  e x t e n t  t h a t  an o l d e r  person i s  l e s s  l i k e l y  t o  be  aware 

of impending impact (pe rhaps  because of e i t h e r  being a passenger in -  

s t e a d  of t h e  d r i v e r  o r  because of hear ing  impairment) ,  he  i s  a t  

f u r t h e r  secondary disadvantage.  

4. There i s  evidence f o r  an inc reased  l i k e l i h o o d  of muscle t i s s u e  



damage when muscles a r e  c o n t r a c t e d ,  p a r t i c u l a r l y  a t  h igher  impact 

speeds .  Th is  t y p e  of i n j u r y  i s  p r e d i c t e d  t o  be  most l i k e l y  i n  weaker 

members of t h e  p o ~ u l a t i ~ o n .  

5. R e s u l t s  presented here  a r e  i n  g e n e r a l  agreement w i t h  r e s u l t s  

of an e a r l i e r  s tudy ,  a l s o  sponsored by t h e  Insurance  I n s t i t u t e  f o r  

Highway S a f e t y  ( ~ o b b i n s  e t  a l . ,  1 9 7 4 ) .  That s tudy  was of rear-end 

c o l l i s i o n s  and t h e r e f o r e  i n v e s t i g a t e d  only  m i d - s a g i t t a l  p lane  f l e x i o n  

and ex tens ion  of t h e  c e r v i c a l  sp ine .  Both i n v e s t i g a t i o n s ,  however, 

p r e d i c t  t h a t  weaker and o l d e r  segments of t h e  populat ion have 

g r e a t e s t  s u s c e p t i b i l i t y  t o  hyper f l ex ion- re la ted  i n j u r y .  
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Figure 4.18 Shear f o r c e  a t  o c c i p i t a l  condyles f o r  males,  35-44 years .  
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CHAPTER 5 

DISCUSSIONS ELND SUGGESTIONS 

A .  O v e r a l l  Success of S t u d x  

The acconplishments of t h i s  s tudy  have gone f a r  beyond t h e  i n i t i a l  

o b j e c t i v e s .  A t  t h e  o u t s e t ,  it was 'proposed t o  e s s e n t i a l l y  reproduce 

t h e  s a g i t t a l  p lane  s tudy  i n  t h e  l a t e r a l  motion plane.  That i s ,  t h e  

g o a l s  were t o  determine r e f l e x  t i m e s ,  s t r e n g t h s ,  and p lanar  range of 

motion i c  t h e  l a t e r a l  p lane  f o r  s u b j e c t s  grouped by age ,  s e x ,  and s t a t -  

u r e ;  and t o  o b t a i n  neasures  of t r a d i t i o n a l  anthropometry of s u b j e c t s  

i n  o r d e r  t o  d e s c r i b e  t h e  s u b j e c t  popu la t ion ,  match it t o  t h o s e  of: 

previous  s t u d i e s ,  and t o  o b t a i n  v a r i o u s  neck measurements which may 

c o r r e l a t e  wi th  t h e  phys ica l  p r o p e r t i e s  measured. Largely because of 

t h e  adapt  a t  i o n  of 3-dimensional or thogonal  photogrammetry t o  t h i s  

s tudy ,  t h e s e  i n i t i a l  g o a l s  were expanded t o :  

1) Obtain 3-dimensional range of motion desc r ibed  i n  Eu le r  

ang le  n o t a t  ion f o r  a l l  p lanar  and t h r e e  compound movements. 

2) Obtein anthroponetry  from photogranmetry which would d e s c r i b e  

t h e  s e a t e d  automobile occupant. 

I n  a d d i t i o n ,  t h e  d e c i s i o n  t o  a c c u r a t e l y  measure t h e  angular  and 

l i n e a r  a c c e l e r a t i o n  of t h e  head us ing  an  arrangement  of 4 acce le romete rs  

provided t h e  a b i l i t y  t o  compare t h e  neck j e r k  t e s t  r e s u l t s  w i t h  :impact 

t e s t s  of o t h e r  i n v e s t i g a t o r s .  Th i s  a l s o  allowed f o r  comparisons w i t h  

and improvements t o  t h e  MVMA-2D computer s imula t ion  model i n  s ide -  

impact a n a l y s e s .  



Anthropometry 

A l a r g e  q u a n t i t y  of s i g n i f i c a n t  new anthropometr ic  d a t a  has  been 

produced a s  a r e s u l t  of t h i s  s tudy.  The sample s i z e  of 96 persons ,  

subdivided i n t o  s i x  c a t e g o r i e s  of 16 each,  p rov ides  enough d a t a  p e r  

ca tegory  t o  perform reasonably  powerful  s t a t i s t i c a l  ana lyses .  I n  

p a r t i c u l a r ,  t h e  d a t a  from e l d e r l y  s u b j e c t s  have no t  been a v a i l a b l e  

p r i o r  t o  t h e  p r e s e n t  work. 

The t echn ique  of o r thogona l  photogrammetry has proven t o  be  use- 

f u l  i n  o b t a i n i n g  s p e c i a l i z e d  anthropometry.  The l o c a t i o n  o f  t h e  body 

landmarks of i n t e r e s t  and t h e  d i f f i c u l t y  of a s u b j e c t ' s  main ta in ing  

t h e  "normal" s e a t e d  p o s t u r e  would have made t h e  s e a t  ed-pos i t ion  d a t a  

v i r t u a l l y  impossible  t o  o b t a i n  wi th  t r a d i t i o n a l  methods. However, t h e  

t echn ique  a s  a p p l i e d  t o  anthropometry does have some l i m i t a t i o n s .  

F i r s t ,  t h e  con tours  of t h e  body a r e  s o  complex t h a t  no t  a l l  landmarks 

can be  seen w i t h  t h r e e  cameras placed a t  r i g h t  ang les  t o  each o t h e r .  

The u s e  of f i v e  cameras ( f r o n t ,  back,  bo th  s i d e s ,  and overhead) would 

s t i l l  no t  complete ly  e l i m i n a t e  t h e  problem, s i n c e  some important  

landmarks,  such a s  t r a g i o n ,  a r e  l o c a t e d  i n  depress ions  of t h e  body. 

(1n t h e  p r e s e n t  s t u d y ,  t h i s  problem wi th  t r a g i o n  n e c e s s i t a t e d  t h e  t a k i n g  

of an a d d i t i o n a l  photograph, w i t h  t h e  head r o t a t e d  45 d e g r e e s ,  s o  t h a t  

t r a g i o n  could  be l o c a t e d  wi th  r e s p e c t  t o  t h e  headpiece and t r a n s l a t e d  

back t o  n e u t r a l  p o s i t i o n , )  Second, g r e a t  c a r e  must be t aken  t o  a l i g n  

t h e  cameras so  t h a t  t h e y  a r e  e x a c t l y  90 degrees  t o  one ano ther  and 

a l l  camera axes i n t e r s e c t  a t  a common o r i g i n  i n  space .  Th i rd ,  t h e  f i e l d  

of view tended t o  be somewhat r e s t r i c t e d ,  s i n c e  t e l e p h o t o  l e n s e s  were 

necessa ry  t o  o b t a i n  s u f f i c i e n t  magni f i ca t ion  of t h e  head t o  d i f f e r e n -  



t i a t e  between t h e  many d e s i r e d  landmarks. Th is  prevented photographing 

t h e  p e l v i c  a r e a .  The use  of ano ther  t echn ique  c a l l e d  s te reophoto-  

grammetry, which uses  c l o s e l y  spaced cameras r i g i d l y  mounted t o  t h e  

same f i x t u r e  t o  t a k e  s t e r e o s c o p i c  pho tos ,  minimizes t h e  f i r s t  two 

problems. The equipment, however, i s  extremely expensive--many t imes  

t h e  c o s t  of an or thogonal  system. 

This  s tudy  has  a l s o  demonstrated t h a t  photogrammetric and 

t r a d i t i o n a l  anthropometry t echn iques  a r e  no t  mutua l ly  e x c l u s i v e  bu t  

may be s u c c e s s f u l l y  blended t o  produce complementary d a t a .  F i g u r e s  3 .1  

through 3.6 were compiled from both  t y p e s  of measurements, and,  even 

though mean v a l u e s  were used f o r  each landmark l o c a t i o n ,  t h e  f i g u r e s  

look reasonab ly  l i k e  s e a t e d  persons .  

The anthropometry r e s u l t s  i n  Appendix B have many po ten t ia l .  

a p p l i c a t i o n s .  The s e a t e d - p o s i t i o n  d a t a  would be h e l p f u l  t o  desi.gners 

of human analog dev ices  (conpute r ized  models and t e s t  dummies) a s  

i n i t i a l  p o s i t i o n  g u i d e l i n e s  f o r  body landmarks. The method of d a t a  

p r e s e n t a t i o n  a l lows average dimensions t o  be ob ta ined  t o  compare a wide 

v a r i e t y  of body landmarks f o r  t h e i r  dimensional r e l a t i o n s h i p s  t o  one 

ano ther .  The c o r r e l a t i o n  t a b l e s ,  combined wi th  t h e  Appendix B d a t a ,  

would permit  body p r o p o r t i o n a l i t y  s t u d i e s  t o  i n d i c a t e  how r e l i a b l y  

one body dimension may be used t o  p r e d i c t  ano ther  dimension. Also ,  

t h e s e  d a t a  ( ~ a r t i c u l a r l y  f o r  young s u b j e c t s )  may be compared t o  o t h e r  

comprehensive s t u d i e s  of anthropometry t h a t  have been conducted w i t h  

m i l i t a r y  p e r s o n ~ e l .  Anthropometry of A i r  Force Women   lau user ~ : t  a l .  , 

1972) i s  an example of a s t 3 ~ d y  from which many comparisons could  be  made. 

Es t imat ion  of body mass and i n e r t i a l  p r o p e r t i e s  f o r  a g e n e r a l i z e d  

p o p u l a t i o n  may be p o s s i b l e  w i t h  t h e s e  d a t e .  No a t t e n p t  was made t o  



t a k e  enough measurements t o  p r e c i s e l y  l o c a t e  t h e  p o s i t i o n  on a l i n k  

a t  which t h e  circumference was taken ( f o r  example, t h e  p o i n t  a long t h e  

l e n g t h  of t h e  humerus a t  which upper arm circumference was t a k e n ) .  

However, F igure  2.10 demonstrates t h a t  it i s  not d i f f i c u i t  t o  make 

e s t i m a t e s  of t h e s e  l o c a t i o n s  which produce a reasonab le  f a c s i m i l e  of 

a human. It remains t o  perform a s e n s i t i v i t y  s tudy ,  us ing  t h e s e  d a t a  

i n  a whole-body mathematical  model, t o  determine how c r i t i c a l l y  place-  

ment of body masses a f f e c t s  p r e d i c t e d  response.  

The anthropometr ic  d a t a  r e l a t e d  t o  mass and i n e r t i a l  p r o p e r t i e s  

were t aken  so they  could be used i n  o r  adapted t o  s e v e r a l  modeling 

t echn iques .  The limb l e n g t h s  were t aken  a s  e x t e r n a l  dimensions compat- 

i b l e  wi th  measurements r e q u i r e d  f o r  Dempster's ( ~ e m p s t e r  e t  a l . ,  1964)  

r e g r e s s i o n  equa t ions  t o  e s t i m a t e  l ink- to - l ink  l e n g t h s .  Also,  t h e  

circumferences were t aken  i n  t h e  s t and ing  p o s i t i o n  t o  be compatible 

wi th  t h e  requirements  of three-dimensional lumped-mass models, such a s  

t h o s e  desc r ibed  by Bar tz  (1973) and Hanavan ( 1 9 6 4 ) .  The f e a s i b i l i t y  

and methods of adap t ing  s tand ing-pos i t ion  d a t a  t o  t h e  s e a t e d  p o s i t i o n  

f o r  c r a s h  v i c t i m  s imula t ions  have no t  been adequate ly  determined. This  

remains an a r e a  f o r  p o s s i b l e  f u t u r e  r e s e a r c h  t h a t  could make a d d i t i o n a l  

use  of t h e s e  d a t a .  

C .  Range of Motion 

By us ing  t h e  technique of three-dimensional photogrammetry t o  

compute Euler  ang les  of range of motion,  not only t h e  p lanar  ranges  of 

motion bu t  t h e  d e v i a t i o n s  from t h e s e  p lanar  movements a r e  obta ined.  I n  

t h e  p resen t  s t u d y ,  f o r  example, i t  was found t h a t  most s u b j e c t s  performea 

some head r o t a t i o n  whi le  a t t empt ing  t o  perform a l a t e r a l  bend and t h a t  



t h i s  r o t a t i o n  wss u s u a l l y  t o  t h e  r i g h t  f o r  r i g h t  l a t e r a l  bend and t o  

t h e  l e f t  f o r  l e f t  l a t e r a l  bend, For some i n d i v i d u a l s ,  e s p e c i a l l y  i n  

t h e  e l d e r l y  groups,  it was even d i f f i c u l t  t o  perform a  pure  f l e x i o n  o r  

ex tens ion  wi thout  some s u b s t a n t i a l  m o u n t  of head r o t a t i o n  (even when 

asked t o  r e p e a t  t h e  movement) and t h i s  was apparent i n  t h e  yaw angle  

f o r  t h e s e  s u b j e c t s  dur ing  f l e x i o n  o r  ex tens ion .  

I n  a d d i t i o n ,  t h i s  technique provides  t h e  a b i l i t y  t o  d e s c r i b e  t h e  

t o t a l  range of motion f o r  t h e  combination movements c o n s i s t i n g  f i r s t  

of r o t a t i o n  and t h e n  bending i n  some o t h e r  d i r e c t i o n .  The t h r e e  

compound movements analyzed i n  t h i s  s tudy  a r e  but  a  s t a r t  i n  t h e  t a s k  

of d e s c r i b i n g  t h e  complete range of no t ion  of t h e  head and neck. For 

t h e s e  and o t n e r  complex movements, it must be noted t h a t  t h e  va lues  of 

t h e  Eu le r  ang les  a r e  based on an assumption about t h e  o rder  i n  which 

they  occurred.  Thus, dur ing l e f t  r o t a t i o n  p l u s  bending toward t h e  l e f t  

shou lder ,  it i s  assumed t h a t  t h e  order  of t h e  movements i s  yaw, p i t c h ,  

and r o l l .  T s i s ,  of course ,  i s  a  l i m i t a t i o n  t o  t h e  use  of Euler  a n g l e s ,  

s i n c e  t h e  second movement (bend toward t h e  l e f t )  may be a  r o t a t i o n  

about some a x i s  o t h e r  t h a n  t h e  p i t c h  o r  r o l l  axes ( i . e . ,  p i t c h  and r o l l  

occur s imul taneous ly ) ,  whi le  i n  f a c t  t h e  va lues  of t h e  Eu le r  ang les  

assume t h a t  p i t c h  occurred p r i o r  t o  r o l l .  While t h e  computation of 

Edler  angles  from or thogonal  photogrammetry provides  a  means of 

d e s c r i b i n g  head movement i n  space dur ing a c t u a l  impact t e s t i n g ,  t h e  

n e c e s s i t y  t o  s p e c i f y  an order  t o  t h e  Euler ang les  i s  again  a  l i m i t a t i o n  

t o  t h e  technique,  s i n c e  it i s  very u n l i k e l y  t h a t  t h e  movements w i l l  be  

pure ly  p lanar  i n  a  r e a l  s i t u a t i o n .  

Tables 5 . 1  and 5 .2  show comparison of  t h e  mean p lanar  ranges  of 

motion of t h i s  s tudy wi th  t h o s e  of F e r l i c  (1962)  f o r  s i m i l a r  age groups 



T a b l e  5.1 

T a b l e  5.2 

Comparison o f  Range o f  Motion 
R e s u l t s  w i t h  Data from Fe r l  i c  (1 962 ) MALES 

Age 

Note: Upper h a l f =  1 a t e r a l  neck s t u d y  
Lower ha1 f =  Fe r l  i c  s t u d y  
A1 1 measures  i n  d e g r e e s  

Comparison o f  Range o f  Motion 
R e s u l t s  with Data from Fe r l  i c  (1962)  FEMALES - 

Age 

r o t a t i o n a l  s a g i t t a l  1 a t e r a l  

s a g i t t a l  1 a t e r a l  r o t a t i o n a l  



and males and females ,  r e s p e c t i v e l y .  For many groups t h e r e  i s  e x c e l l e n t  

agreement between t h e  two s t u d i e s ,  whi le  f o r  o t h e r s  t h e  d i f f e r e n c e s  

a r e  s u b s t a n t i a l .  The g r e a t e s t  d isagreements  a r e  found f o r  t h e  s a g i t -  

t a l  p lane  and f o r  t h e  e l d e r l y  s u b j e c t  groups .  The l a t t e r  may be due 

t o  smal l  sample s i z e s  ( e . g . ,  F e r l i z l s  d a t a  a r e  f o r  3 males and 3 

females ,  age 62-74). The reasons  f o r  d i f f e r e n c e s  i n  t h e  s a g i t t a l  

p lane  r e s u l t s  a r e  n o t  s o  a p p a r e n t ,  but  two p o s s i b i l i t i e s  should be  

mentioned . 
The f i r s t  i s  a  consequence of t h e  f a c t  t h a t  t h e  "s tops"  f o r  range 

of motion a r e  not  s o l i d  l i m i t s ,  and,  t h e r e f o r e ,  s u b j e c t  mot iva t ion  i s  

an important  f a c t o r  i n  determining how f a r  t h e  s u b t e c t  w i l l  v o l u n t a r i l y  

move. A s u b J e c t ,  when h i g h l y  mot iva ted ,  w i l l  t r y  harder  and achieve a  

g r e a t e r  ex tens ion  t h a n  when poor ly  mot ivated.  While sub j  e c t s  were 

reques ted  t o  nove a s  f a r  a s  t h e y  were a b l e ,  it i s  d i f f i c u l t  t o  measure 

or  change t h e i r  mot iva t ion  t o  do t h i s .  I n  p a r t i c u l a r ,  f o r  ex tens ion ,  

t h e  f e a r  of p o s s i b l e  neck s t r a i n  o r  i n j u r y  may reduce t h e  vo lun ta ry  

e f f o r t .  

The second f a c t o r  which must be considered is  t h e  amount of  t o r s o  

movement. As n e n t i o n e i  i n  Chapter 2 ,  s u b j e c t s  were asked t o  perform 

a l l  head and neck novements wi thout  moving t h e  shou lde rs  and t o r s o .  

S u b j e c t s  were watched c a r e f u l l y  and when any t o r s o  movement d i d  occur 

t h e  s u b j e c t  was asked t o  r e p e a t  t h e  movement. Thus t o r s o  movement was 

minimized i n  t h e  p r e s e n t  s tudy and t h i s  could  a l s o  account f o r  t h e  

lower va lues  o f  range of motion. Furthermore,  it i s  p o s s i b l e  t h a t  t h e  

r e s t r i c t i o n  of s u b j e c t  t o r s o  movement caused s u b j e c t s  t o  be more cau t ious  

and l e s s  a b l e  t o  push a g a i n s t  t h e  " s t o p s , "  the reby  r e s u l t i n g  i n  smal le r  

ranges  of motion,  



D. Ref lex  T e s t s  

Perhaps t h e  most unexpected f i n d i n g  from t h e  r e f l e x  t i m e  t e s t s  

was t h a t  t h e  t imes  f o r  t h e  s ternomastoid  muscles were s i g n i f i c a n t l y  

smal le r  f o r  l a t e r a l  head j e r k s  t h a n  f o r  t h e  s a g i t t a l  p lane  j e r k s  

( e x t e n s i o n )  of t h e  previous  s tudy  ( l a t e r a l  s tudy  average = 50.2 msec., 

s a g i t t a l  s tudy  average = 71.7 msec. ,  s e e  Table 3 .23) .  The reason  f o r  

t h i s  d i f f e r e n c e  may be a  d i f f e r e n c e  i n  r a t e  of muscle s t r e t c h  f o r  t h e  

head j e r k s  i n  t h e  two d i r e c t i o n s .  I f ,  f o r  example, t h e  s t e rnomas to id  

muscle i s  o r i e n t e d  such t h a t  it  i s  s t r e t c h e d  a t  a  g r e a t e r  r a t e  ( i . e . ,  

it r e c e i v e s  a  g r e a t e r  percentage of s t r e t c h  i n  t h e  same p e r i o d  of t i m e )  

dur ing  l a t e r a l  benC t h a n  dur ing  e x t e n s i o n ,  then  t h e  i n i t i a t i o n  o f  i m -  

p u l s e s  from a  s u f f i c i e n t  number of muscle s p i n d l e s  t o  cause  a  

I I measurable" EMG s i g n a l  w i l l  occur sooner f o r  l a t e r a l  bend t h a n  f o r  

ex tens ion .  

While t h e  r e s l l t s  of Chapter 4 i n d i c a t e  t h a t  even t h e  s h o r t e r  

r e f l e x  t imes  f o r  l a t e r a l  bend may be  t o o  long t o  p reven t  neck i n j u r y  

dur ing  s u r p r i s e  impacts ,  it i s  i n t e r e s t i n g  t h a t  t h e  r e f l e x  t imes  f o r  

l a t e r a l  bend a r e  s n o r t e r  t h a n  f c r  ex tens ion ,  and t h e  range o f  motion i s  

l e s s .  I n  f a c t ,  t h e  average l a t e r a l  r e f l e x  t ime i s  70 percen t  of  t h e  

average ex tens ion  r e f l e x  t ime  ( 5 0 . 2  msec. 171.7 msec. ) , and t h e  average 

l a t e r a l  range of motion i s  66 percent  of t h e  average ex tens ion  range 

of motion (35.6*/54.2O).  Thus, t h e r e  may be  some f u n c t i o n a l  s i g n i f i -  

cance t o  t h e s e  s h o r t e r  l a t e r a l  bend r e f l e x  t imes .  

E .  C o r r e l a t i o n s  

I n  a d d i t i o n  t o  t h e  c o r r e l a t i o n s  of  anthropometry r e s u l t s  r e p o r t e d  

on i n  Chapter 3 ,  an e x t e n s i v e  c o r r e l a t i o n  a n a i y s i s  was run on a l l  the 



r e s u l t s  t o  determine i f  any s i g n i f i c a n t  r e l a t i o n s  e x i s t  between 

anthropometry measures,  ranges  of motion,  r e f l e x  t i m e s ,  and muscle 

s t r e n g t h s .  While it might be suspected and has been suggested by 

F e r l i c  (1962)  t h a t  c e r t a i n  c o r r e l a t i o n s  e x i s t ,  no s i g n i f i c a n t  

(R> ,707) c o r r e l a t i o n s  were observed i n  t h e  p r e s e n t  s tudy.  There 

was, f o r  exanp le ,  no c o r r e l a t i o n  between range of motion i n  any p lane  

and s t a t u r e ,  t h e  c o n t r i v e d  measure of  p o s t e r i o r  neck l e n g t h ,  o r  

any o t h e r  anthropometr ic  measurement and no s i g n i f i c a n t  c o r r e l a t i o n  

between s t r e n g t h  and s t a t u r e  o r  weight .  I n  t h e  previous  s a g i t t a l  

p lane  s tudy  t h e r e  was a l s o  no c o r r e l a t i o n  between s t a t u r e  and any 

p h y s i c a l  p r o p e r t y  of t h e  neck. Th i s  r e s u l t e d  i n  t h e  d e c i s i o n  t o  

cons ide r  s t a t u r e  a s  a  secondary v a r i a b l e  and t h e r e b y  reduce t h e  

needed sample s i z e .  That  d e c i s i o n  i s  f u r t h e r  j u s t i f i e d  by t h e  

r e s u l t s  of t h i s  s tudy .  

F. Sugges t i cns  f o r  Fu tu re  Work 

From an eng ineer ing  p o i n t  of view, t h e  human neck and c e r v i c a l  

v e r t e b r a e  form a  f a s c i n a t i n g  and complex s t r u c t u r e  which p r o v i d e s ,  i n  

normal pe r sons ,  both  extreme f l e x i b i l i t y  and r i g i d  s u p p o r t ,  whi le  a t  

t h e  same t ime p r o t e c t i n g  t h e  v i t a l  bu t  v u l n e r a b l e  s p i n a l  cord  a t  a  

most c r i t i c a l  l e v e l .  While t h e  p r e s e n t  s t u d i e s  have had a  s i g n i f i c a n t  

c o n t r i b u t i o n  t o  our unders tanding of some of t h e  p h y s i c a l  p r o p e r t i e s  

of t h e  neck r e l a t e d  t o  age ,  s e x ,  and s t a t u r e  of t h e  i n d i v i d u a l ,  t h e r e  

i s  xucn work t o  be done. 

I n  t h e  r e f l e x  t e s t s  of t h e  p r e s e n t  s t u d i e s ,  t h e  head was j e rked  

by a  f o r c e  a p p l i e d  nea r  t h e  head c e n t e r  of g r a v i t y ,  A s i m i l a r  t y p e  of 

experiment where t h e  j e r k  o r  f o r c e  i s  s p p l i e d  t o  t h e  t o r s o  would be  



b e n e f i c i a l  i n  f u r t h e r  v a l i d a t i n g  models and would be  a  more " r e a l i s t i c "  

t e c h n i q u e  f o r  determining r e f l e x  t imes  r e l a t i v e  t o  impact .  I n  t h i s  

r egard  t h e  r e l a t i v e l y  high-G s l e d  t e s t s  of  human v o l u n t e e r s  ( e S g , ,  

Ehing and Thomas, 1971,  1972,  1973 ; P a t r i c k  e t  a 1  . , 1970) p rov ide  t h e  

means f o r  improving our  unders tand ing  o f  t h e  human neck and i t s  

s u s c e p t i b i l i t y  t o  i n j u r y .  These t e s t s ,  however, a r e  n e c e s s a r i l y  

performed on a  s e l e c t  popu la t ion  (young m i l i t a r y  v o l u n t e e r s ) .  By 

combining d a t a  from t h e  p r e s e n t  s t u d i e s  wi th  d a t a  from t h e s e  s l e d  

t e s t s ,  an e x t r a p o l a t i o n  of  high-G s l e d  t e s t  r e s u l t s  t o  t h e  g e n e r a l  

popu la t ion  may b e  r o s s i b l e .  

The p r e s e n t  s t u d y  has  shown ( a s  have o t h e r s )  t h a t  range of motion 

becomes more l i m i t e d  w i t h  age ,  A consequence of  t h i s  i s  g r e a t e r  

s u s c e p t i b i l i t y  t o  t i s s u e  i n j u r y  dur ing  whiplash.  Quest ions  remain,  

however, concerning what t i s s u e s  a r e  l i m i t i n g  t h e  range of motion 

and a r e  t h e r e f o r e  more s u s c e p t i b l e  t o  i n j u r y ,  and a s  t o  what methods 

might be used t o  d e t e c t  h i g h l y  s u s c e p t i b l e  persons  o r  even p reven t  

i n j u r i e s  t o  i n d i v i B u a l s  w i t h  p a r t i c u l a r l y  h igh s u s c e p t i b i l i t y  r a t i n g s .  

As po in ted  out  i n  S e c t i o n  C of t h i s  c h a p t e r ,  t h e r e  a r e  l i m i t a t i o n s  

t o  t h e  use  of Eu le r  a n g l e s  f o r  d e s c r i b i n g  range of motion.  The 

development of a  3-dimensional range-of-motion scheme which would be  

independent o f  t h e  o r d e r  of r o t a t i o n s  would be  ext remely u s e f u l  f o r  

computer modeling 2nC f o r  s t a n d a r d i z i n g  range of motion r e p o r t i n g  

p rocedures .  S , ~ c h  E. scheme i s  e s s e n t i a l ,  i t  seems, f o r  a  comprehensive 

a n a l y s i s  of head and neck range of  motion t o  be  performed and t h e  d a t a  

used i n  three-dimensional  c r a s h  s i m u l a t i o n  models. 

F i n a l l y ,  t h e  a a t a  r e p o r t e d  on i n  t h i s  r e p o r t  l e a d  t o  a  need f o r  

more p r e c i s e  and e x t e n s i v e  c o r r e l a t i o n s  of i n j u r y  s t a t i s t i c s  w i t h  t h e  



age,  s e x ,  and anthropometry of i n d i v i d u a l s .  These s t a t i s t i c s  would be  

most i n t e r e s t i n g  i n  l i g h t  of  t h e  p r e s e n t  r e s u l t s  and would b e  usef'ul 

i n  v a l i d a t i n g  t h e  p r e d i c t i o n s  of e x i s t i n g  computer models. 
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APPENDIX A 

D E S C R I P T I O N  OF ANTHROPOJIETRIC hlEASUREhlENTS 

I .  G e n e r a l  Body A~easurements 

1. Weight - Taken on s t auua ic i  i t iedical - type s c a l e  

1;o n e a r e s t  one-ha l f  pound. St i l ) , j ec t  c l o t h e d  i n  

s h o r t s  and s l e e v e l e s s  t o p ,  llle v e i g h t  of mhicil i s  

d e d u c t e d  from weight  01 s u b j e c t  . 

. S t a t u r e  - The s ~ l h j e c l  ma i . i+a i : , s  an e r e c t  

[ s t and ing  p o s t u r e ,  I e e t  t o g e l  h i  , arms hanging a t  

s l d e ,  l o o k l n g  s t r a i g h t  ahead 111th head h e l d  i n  

F r a n k f o r t  P l a n e f  tvhich i s  a c l i ~ ~ ~ n z l i i e d  bv  l l n i n g  up 

t h e  l n f r a o r b i t a l  marg ins  n i t ! ~  Ll'aglon 111 t h e  sailie 

h o r i z o n t a l  p l a n e .  The v e r t l c a l  d i s t a n c e  1s measured 

w l t h  t h e  wall-mounted an th ropomete r  from t h e  i l o o r  

t o  v e r t e x  ( t h e  h i g h e s t  p o i n t  on t h e  s u b j e c t ' s  head)  

w i t h  t h e  an th ropomete r  b l a d e  f i r m l y  c o n t a c t i n g  t h e  s c a l p ;  

3 .  E r e c t  S i t t i n g  H e i g h t  - J n c l  s ~ I ) , ] e c t  s i t s  e r e c t  
0 

w i t h  arms hanging a t  s i d e <  anil  f o r e a r m s  a t  a  90 

a n g l e  t o  upper  a rms ,  h a n d s  c x l c n d e d .  l o o k i n g  s t r a i g h t  

ahead w i t h  head h e l d  i n  F r a ~ ~ k l o ~ ~ t  P l a n e ,  which i s  --  
d e t e r m i n e d  by l i n i n g  u p  t h e  ~ n P r a o r b i t a 1  marg ins  ~ i i t h  

t r a g i o n  i n  t h e  same h o r i z o n t a l  p l a n e .  Lower l e g s  a r e  

a t  r i g h t  a n g l e  t o  u p p e r  l e g s .  The v e r t i c a l  d i s t a n c e  

i s  measured w i t h  an  an th ropomete r  from t h e  s i t t i n g  

s u r f a c e  t o  ver-rex.  wit11 t h e  a n t h r o p o n l ~ t e r  arm f i r m l y  

t o u c h i n g  s c a l p .  

*See a t t a c h e d  g l o s s a r y  ( S - c L i o n  J l Z )  f o r  a l l  t e c h n i c a l  t e r m s  
u n d e r l i n e d  i z  t h e  neasur'ement d e s c r i p t i o n s .  



11. Head hleasurements 

4 .  Head c i r c u m f e r e n c e  - The s u b j e c t  is s e a t e d  i n  a  

r e l a x e d  p o s t u r e .  The maxllnum c i r c u m f e r e n c e  of t h e  

head i s  measured w i t h  a  s t e e l  t a p e  p a s s i n g  o v e r  

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

p l a n e  ( b u t  no t  n e c e s s a ~ . i l y  h o r i z o n t a l l y ) .  

B e n n e t t  E l l i p s e  C i r c u m f e r e n c e  - T h e  s u b j e c t  is - 
a t e d  i n  a  r e l a x e d  p o s t u r e .  T h e  head c i r c u m f e r e n c e  

measured w i t h  a s t e e l  t a p e  p a s s i n g  o v e r  menton 

d a  p o i n t  on back 01 head  a t  maximal d i s t a n c e ,  

c;. ~ l t r a g i o n  Diameter  - The S U ~ J ~ C ~  1s s e a t e d  l u  a  

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

t r a g i o n  is measured w l t h  t h e  s p r e a d i n g  c a l i p e r s .  

'L 

\, 

7 ,  Head B r e a d t h  - The s u b j e c t  i s  s e a t e d  i n  a  

r e l a x e d  p o s t u r e .  The maximum b r e a d t h  of t h e  

head is measured w i t h  t h e  s p r e a d i n g  c a l i p e r s  

p e r p e n d i c u l a r  t o  m i d - s a g i t t a l  p l a n e  of t h e  head .  

,I 
'. 
\ 



8 .  Head Length-The s u b j e c t  i s  s e a t e d  i n  a  

r e l a x e d  p o s t u r e .  The maximum l e n g t h  of t h e  

head is measured w i t h  t h e  s p r e a d i n g  c a l i p e r s  from 

g l a b e l l a  t o  t h e  o c c i p i t a l  r e g i o n  i n  t h e  mid- 

s a g i t t a l  p l a n e  of  t h e  head. 

9.  S a g i t t a l  Arc Length- The s u b j e c t  i s  s e a t e d  

Ln a  r e l a x e d  p o s t u r e .  The a r c  l e n g t h  i s  measured 

w i t h  t h e  s t e e l  t a p e  i n  t h e  m i d - s a g i t t a l  p l a n e  

of t h e  head ,  from g l a b e l l a  t o  o p i s t h o c r a n i o n .  

1 0 .  Coronal  Arc Length- The s u b j e c t  is  s e a t e d  

i n  a  r e l a x e d  p o s t u r e .  The a r c  l e n g t h  is measured 

w i t h  t h e  s t e e l  t a p e  from r i g h t  t o  l e f t  t r a g i o n  

o v e r  t h e  t o p  of t h e  s k u l l  i n  a  v e r t i c a l  p l ane .  

11. B i t r a g i o n - G l a b e l l a  Arc Length- The s u b j  e c t  is 

s e a t e d  i n  a  r e l a x e d  p o s t u r e .  The a r c  is measured 

wi th  t h e  s t e e l  t a p e  from l e f t  t o  r i g h t  t r a g i o n  

ove r  g l a b e l l a .  



12 .  Bitragion-Menton Arc Length - The s u b j e c t  is 

s e a t e d  i n  a  r e l a x e d  p o s t u r e .  The a r c  l e n g t h  i s  

measured w i t h  t h e  s t e e l  t a p e  from l e f t  t o  r i g h t  

t r a g i o n  over  menton, 

13.  B i t r ag ion - In ion  Arc Length - The s u b j e c t  is 

s e a t e d  i n  a  r e l a x e d  p o s t u r e .  The a r c  l e n g t h  i s  

measured from l e f t  t o  r i g h t  t r a g i o n  over  op i s -  - 
t h o c r a n i o n  wi th  t h e  s t e e l  t ape .  The h a i r  is -- 
compressed. 

/" 

14.  F a c i a l  Height  - The s u b j e c t  is s e a t e d  i n  a  

r e l a x e d  p o s t u r e .  The s l i d i n g  c a l i p e r s  a r e  used t o  

measure t h e  v e r t i c a l  d i s t a n c e  from g l a b e l l a  t o  fa 'i 

menton. 

I 

I I I .  Neck hleasurements 

15 .  L a t e r a l  Neck Breadth - The s u b j e c t  is s e a t e d  

i n  e r e c t  p o s t u r e ,  wi th  head i n  F r a n k f o r t  P l ane ,  

The b read th  is  measured from t h e  r e a r  a t  t h e  

mid-point of t h e  neck, u s i n g  t h e  beam anthro-  

pometer . 



1 6 .  A n t e r i o r - P o s t e r i o r  Neck B r e a d t h  - The s u b j e c t  

i s  s e a t e d  i n  e r e c t  p o s t u r e ,  head  i n  F r a n k f o r t  P l a n e .  - 
The b r e a d t h  is  measured w i t h  t h e  beam a n t h r o p o m e t e r  

from l e f t  s i d e  o f  s u b j e c t  a t  t h e  l e v e l  o f  t h e  

i n f e r i o r  a s p e c t  of  t h e  Adam1 s a p p l e .  

1 7 .  S u p e r i o r  Neck C i r c u m f e r e n c e  - The s u b j e c t  is 

s e a t e d  i n  e r e c t  p o s t u r e ,  w i t h  head  i n  F r a n k f o r t  

P l a n e .  The c i r c u m f e r e n c e  is measured w i t h  t h e  

s t e e l  t a p e  from r e a r  of  s u b j e c t  a t  t h e  l e v e l  o f  

ch in -neck  i n t e r s e c t  and j u s t  below o p i s t h o c r a n i o n .  

18. I n f e r i o r  Neck C i r c u m f e r e n c e  - S u b j e c t  is 

s e a t e d  i n  e r e c t  p o s t u r e ,  w i t h  head i n  F r a n k f o r t  

P l a n e .  The c i r c u m f e r e n c e  is measured w i t h  t h e  

s t e e l  t a p e  from r e a r  of  s u b j e c t ,  f rom l o w e s t  

a n t e r i o r  neck  l e v e l  a t  c l a v i c a l e ,  

1 9 .  P o s t e r i o r  Neck Length  - The s u b j e c t  is s e a t e d  

i n  e r e c t  p o s t u r e .  The s u r f a c e  d i s t a n c e  is 

w i t h  t h e  s t e e l  t a p e  from c e r v i c a l e  t o  - o p i s -  
\ 

t h o c r a n i o n ,  w i t h  s u b j e c t ' s  neck  f u l l y  f l e x e d .  



I V .  hleasurements t o  , j e t e r m i n e  S i z e  and  L o c a t i o n  o f  Major 

Body Masses 

20.  B i a c r o m i a l  B r e a d t h  - The s u b j e c t  m a i n t a i n s  a n  - 
e r e c t  p o s t u r e ,  w i t h  head  i n  F r a n k f o r t  P l a n e ,  u p p e r  

arms r e s t i n g  a g a i n s t  s i d e s  and  f o r e a r m s  e x t e n d e d  a t  

a  90' a n g l e  t o  u p p e r  a rms .  The d i s t a n c e  between 

r i g h t  and l e f t  a c r o m i o n s  i s  measured  w i t h  a  beam 

a n t h r o p o m e t e r  from t h e  r e a r .  

2 1 .  S h o u l d e r  B r e a d t h  ( B i d e l t o i d )  - The s u b j e c t  

s i t s  e r e c t  w i t h  head  i n  F r a n k f o r t  P l a n e ,  u p p e r  

arms r e s t i n g  a g a i n s t  s i d e s ,  f o r e a r m s  e x t e n d e d  

h o r i z o n t a l l y .  The d i s t a n c e  is measured  w i t h  

t h e  beam a n t h r o p o m e t e r  h o r i z o n t a l l y  a c r o s s  t h e  

d e l t o i d  m u s c l e s .  

2 2 .  C h e s t  H e i g h t  ( A x i l l a )  - The s u b j e c t  s t a n d s  i n  

e r e c t  p o s t u r e .  The p e r p e n d i c u l a r  h e i g h t  from t h e  

f l o o r  t o  t h e  a x i l l a  i s  measured w i t h  t h e  w a l l -  

mounted a n t h r o p o m e t e r ,  The measurement p o i n t  on 

t h e  body c o r r e s p o n d s  t o  t h e  l e v e l  a t  which c h e s t  

c i r c u m f e r e n c e  is measured .  

2 3 .  C h e s t  B r e a d t h  - The s u b j e c t  s t a n d s  i n  r e l a x e d  

p o s t u r e  and  l i f t s  b o t h  arms i n  o r d e r  t o  p o s i t i o n  

a n t h r o p o m e t e r  b l a d e s  u n d e r  t h e  arms f rom f r o n t  of 

s u b j e c t .  The arms a r e  t h e n  lowered  t o  t h e  s i d e s .  

The h o r i z o n t a l  measurement is t a k e n  w i t h  t h e  beam 

a n t h r o p o m e t e r  a t  t h e  l e v e l  of t h e  a x i l l a .  The measure- I 
ment p o i n t  c o r r e s p o n d s  t o  t h e  l e v e l  a t  which c h e s t  

c i r c u m f e r e n c e  i s  measured .  



24.  Chest Circumference - The s u b j e c t  ma in ta ins  a  

r e l a x e d  p o s t u r e  and r a i s e s  both arms t o  a l low p o s i t i o n -  

ing  of t h e  s t e e l  t a p e  i n  a  h o r i z o n t a l  p lane  around t h e  

c h e s t  a t  t h e  a x i l l a r y  l e v e l .  The arms a r e  then lowered 

and t h e  measurement is taken dur ing  normal b r e a t h i n g .  

25. Waist Height ( o r  Omphalion Height)  - The s u b j e c t  r l  
s t a n d s  i n  e r e c t  p o s t u r e .  The pe rpend icu la r  h e i g h t  from I h 
t h e  f l o o r  t o  omphalion i s  measured wi th  t h e  wall-  \I1 
mounted anthropometer.  The measurement p o i n t  on t h e  body 
corresponds  t o  t h e  l e v e l  a t  which w a i s t  c i rcumference  

i s  measured. li I 
26. Waist Breadth - The s u b j e c t  s t a n d s  i n  r e l a x e d  

p o s t u r e ,  weight  d i s t r i b u t e d  evenly on both f e e t .  The 

h o r i z o n t a l  breadth  i s  measured wi th  t h e  beam anthro-  

pometer a t  t h e  l e v e l  of omphalion. The measurement 

p o i n t  corresponds  t o  t h e  l e v e l  a t  which w a i s t  

c i rcumference  is  measured. 

27. Waist Circumference - The s u b j e c t  s t a n d s  i n  r e l a x e d  - 
p o s t u r e ,  weight  d i s t r i b u t e d  evenly on both f e e t .  With a  

s t e e l  t a p e  h e l d  i n  t h e  h o r i z o n t a l  p lane ,  t h e  measurement 

is  t aken  a t  t h e  l e v e l  of omphalion. The read ing  is  made 

a t  t h e  average  p o i n t  of q u i e t  r e s p i r a t i o n .  The s u b j e c t  
is  cau t ioned  no t  t o  p u l l  i n  t h e  stomach. 



28. Hip Height  ( o r  Height  a t  Maximum P o s t e r i o r  

P r o t r u s i o n  of Bu t tocks )  - The s u b j e c t  s t a n d s  i n  e r e c t  

p o s t u r e .  The p e r p e n d i c u l a r  h e i g h t  from t h e  f l o o r  

t o  t h e  h i p  landmark (maximum p o s t e r i o r  p r o t r u s i o n  l e v e l )  

i s  measured w i t h  t h e  an thropometer .  The measurement 

p o i n t  on t h e  body co r re sponds  t o  t h e  l e v e l  a t  which h i p  

c i r cumfe rence  is measured. 

29. Hip Breadth  (S tanding)  - The s u b j e c t  s t a n d s  i n  a  

r e l a x e d  p o s t u r e  w i t h  t h e  weight  d i s t r i b u t e d  evenly  on 

both f e e t .  The h o r i z o n t a l  b read th  is  measured wi th  t h e  FH 
beam anthropometer  a t  t h e  l e v e l  of t h e  maximum p o s t e r i o r  

p r o t r u s i o n  of t h e  bu t tocks .  T h i s  co r r e sponds  t o  t h e  l e v e l  

a t  which h i p  c i r cumfe rence  is  measured. 

30. Hip Circumference ( through c l o t h e s )  - The 

s u b j e c t  s t a n d s  i n  a  r e l a x e d  p o s t u r e ,  l ook ing  

s t r a i g h t  ahead, h e e l s  t o g e t h e r ,  weight  d i s t r i b u t e d  

evenly  on both f e e t .  The h o r i z o n t a l  c i r cumfe rence  

is measured wi th  a  s t e e l  t a p e  pas sed  around t h e  

h i p s  w i thou t  c o n s t r i c t i o n ,  a t  t h e  l e v e l  of t h e  

maximum p o s t e r i o r  p r o t r u s i o n  of t h e  bu t tocks .  



31. Acromion-Radiale Length - The s u b j e c t  s t ands  i n  

re laxed  pos tu r e .  W i t h  t h e  r i g h t  arm hanging f r e e l y  

a t  t h e  s i d e ,  t h e  head of t h e  r ad iu s  is loca ted  by 

p a l p a t i o n ,  The p a r a l l e l  d i s t ance  is  measured with 

t h e  bean anthropometer between r i g h t  acromion and 

r a d i a l e .  

3 2 .  Upper A r m  Circumference ( a t  Axi l l a )  - The 

sub j ec t  mainta ins  a  re laxed  pos tu re  and r a i s e s  

and lowers t h e  r i g h t  arm t o  a l low ho r i zon t a l  pos i t ion-  

i n g  of t h e  t ape .  The c i rcupfe rence  is measured with 

a  s t e e l  t ape  a t  t h e  l e v e l  of t h e  a x i l l a .  

3 3 .  Upper A r m  Circumference (above Olecranon) 

sub j ec t  mainta ins  a  re laxed pos tu re  with arms 

hanging a t  s i d e s .  Measurement is  taken w i t h  s t e e l  

t ape  on upper arm j u s t  above t h e  olecranon process.  

34 .  Biceps Flexed Circumference - The sub j ec t  

mainta ins  a  re laxed  posture  w i t h  arms hanging i r e c l y  

a t  s i d e s .  The sub j ec t  then f l e x e s  h i s  r i g h t  arm 

a t  l e a s t  go0, makes a  f i s t  while holding h i s  u p p e r  

arm ho r i zon t a l  t o  t he  f l o o r ,  and f l e x e s  h i s  b iceps  

t o  t he  maximum. The measurement i s  taken w i t h  a 
s t e e l  t ape  a t  the  maximum circumference of the  

upper r i g h t  a r m .  



35.  Radiale-Styl ion 1,ength - The sub j ec t  is 

s tand ing  i n  re laxed posture .  With t h e  r i g h t  arm 

hanging f r e e l y  a t  the  s i d e ,  t h e  head of the  r ad iu s  

is loca ted  by pa lpa t ion  a t  t h e  c en t e r  of t he  s k i n  

dimple. The d i s t ance  is measured wi th  t h e  beam 

anthropometer from r a d i a l e  t o  s t y l i o n .  

3 6 .  Forearm Circumference - The sub j ec t  maintains 

a  re laxed  pos tu re ,  v i i t h  arms hanging f r e e l y  a t  s i d e s .  

The circumference of t h e  r i g h t  forearm is measured 

with a  s t e e l  t ape  a t  i ts  maximum circumference. 

3 7 .  Wrist Circumference - The sub j ec t  maintains 

a  re laxed  pos tu re ,  w i t h  arms hanging f r e e l y  a t  

s i d e s .  The r i g h t  wrist circumference is 

measured with a  s t e e l  t ape  a t  t h e  d i s t a l  wrist 

c rease .  

38 .  Hand Length - The s u b j e c t ' s  hand is extended 

w i t h  t h e  palm up. The d i s t ance  from the  proximal 

edge of t h e  navicular  bone a t  t h e  wrist t o  t h e  t i p  

of t h e  middle f i n g e r  is measured w i t h  a  s l i d i n g  

c a l i p e r .  \-f" 



39. Trochanter ion-Femoral  Condyle Length - The 

s u b j e c t  i s  s e a t e d  i n  r e l a x e d  p o s t u r e .  The 

d i s t a n c e  is measured w i t h  t h e  beam anthro-  

pometer from t h e  most l a t e r a l  p o i n t  p a l p a b l e  on 

t h e  g r e a t e r  t r o c h a n t e r  of  t h e  r i g h t  femur t o  t h e  

d i s t a l  t i p  of t h e  l a t e r a l  condyle.  To l o c a t e  

t h e  l a t t e r  p o i n t ,  t h e  l a t e r a l  ep i condy le  is 
p a l p a t e d  and p r e s s u r e  is a p p l i e d  d i s t a l l y  u n t i l  

t h e  most d i s t a l  l a t e r a l  t i p  is  found and marked. 

40. Upper Thigh Circumference - The s u b j e c t  

s t a n d s  i n  a  r e l a x e d  p o s t u r e ,  f e e t  approximate ly  

10 cm, a p a r t ,  weight d i s t r i b u t e d  evenly on 

both  f e e t .  A s t e e l  t a p e  is  h e l d  i n  a p l a n e  

p e r p e n d i c u l a r  t o  t h e  long a x i s  of t h e  r i g h t  t h igh  

and t h e  c i r cumfe rence  of t h e  t h i g h  is measured 

a t  t h e  l e v e l  of t h e  g l u t e a l  furrow. 

41. Lower Thigh Circumference -  he s u b j e c t  

s t a n d s  i n  a  r e l a x e d  p o s t u r e ,  w i th  h e e l s  t o g e t h e r  

and weight d i s t r i b u t e d  evenly  on both  f e e t .  

W i t h  t h e  t a p e  h e l d  p e r p e n d i c u l a r  t o  t h e  long 

a x i s  of t h e  r i g h t  t h i g h ,  t h e  c i r cumfe rence  is  

measured a t  t h e  l e v e l  j u s t  above t h e  t o p  of t h e  

p a t e l l a .  



42. F i b u l a  Length - l h e  s u b j e c t  ma in ta ins  a  r e l a x e d  

pos tu re ,  bu t  w i t h  l e g s  s t r a i g h t ,  f e e t  t o g e t h e r  and 

weight evenly balanced. A l e n g t h  p a r a l l e l  t o  t h e  

a x i s  of  t h e  l e g  is measured wi th  a  beam anthropometer 

from r i g h t  f i b u l a r e  t o  t h e  p a l p a b l e  d i s t a l  t i p  of t h e  

s t y l o i d  p rocess .  

43. F i b u l a  Height - The s u b j e c t  ma in ta ins  a  r e l a x e d  

pos tu re ,  bu t  wi th  l e g s  s t r a i g h t ,  f e e t  t o g e t h e r ,  and 

weight evenly balanced. The v e r t i c a l  d i s t a n c e  is 

measured wi th  t h e  anthropometer from t h e  f l o o r  t o  

f  i b u l a r e .  

44. Calf Circumference - The s u b j e c t  s t a n d s  i n  

r e l a x e d  p o s t u r e ,  w i t h  l e g s  s l i g h t l y  a p a r t .  The 

r i g h t  c a l f  is measured with a  s t e e l  t a p e  a t  

maximum ci rcumference .  

4 5 .  Ankle Circumference - The s u b j e c t  is s t and ing  

i n  a  r e l axed  p o s t u r e ,  wi th  l e g s  s l i g h t l y  a p a r t  and 

weight d i s t r i b u t e d  evenly on both f e e t .  The minimum 

ci rcumference  i s  measured w i t h  a  s t e e l  t a p e  j u s t  

s u p e r i o r  t o  t h e  l a t e r a l  ma l l eo lus .  



46. F o o t  Length  - The s u b j e c t  s t a n d s  i n  r e l a x e d  

p o s t u r e ,  w i t h  w e i g h t  e v e n l y  d i s t r i b u t e d  on b o t h  

f e e t .  The  maximum l e n g t h  of t h e  r i g h t  f o o t  i s  

measured  ( w i t h  t h e  beam a n t h r o p o m e t e r )  f rom t h e  

back of  t h e  h e e l  t o  t h e  t i p  of  t h e  l o n g e s t  t o e .  

47, B a l l  o f  F o o t  B r e a d t h  - The s u b j e c t  s t a n d s  i n  

r e l a x e d  p o s t u r e ,  w i t h  w e i g h t  e v e n l y  d i s t r i b u t e d  

on b o t h  f e e t .  The b r e a d t h  of t h e  r i g h t  f o o t  is  

measured  ( w i t h  t h e  beam a n t h r o p o m e t e r )  between 

t h e  i n n e r  and  o u t e r  b a l l s  o f  t h e  f o o t  ( f i r s t  and  \ 
f i f t h  m e t a t a r s a l - p h a l a n g e a l  j o i n t s ) .  \ / 



V.  Measurements Rela led  t o  Somatotvpes 

48. Humeral Biepicondylar  Diameter - With t h e  

s u b j e c t  i n  a  r e l a x e d  s t and ing  p o s t u r e ,  t h e  d i s t a n c e  

between t h e  l a t e r a l  and medial  epicondyles  of t h e  

r i g h t  humerus is  measured wi th  a  spreading c a l i p e r .  

49. Femoral Biepicondylar  Diameter - The s u b j e c t  

s t a n d s  i n  a  r e l a x e d  p o s t u r e  with f e e t  sp read  s l i g h t l y  

a p a r t .  Using t h e  sp read ing  c a l i p e r ,  t h e  h o r i z o n t a l  

d i s t a n c e  is measured between t h e  medial  and l a t e r a l  

epicondyles  of t h e  r i g h t  femur. 

50. T r i c e p s  Sk in fo ld  - The measurement is taken on 

t h e  d o r s a l  a spec t  of t h e  r i g h t  arm, midway between 

t h e  acromion and t h e  t i p  of t h e  elbow (olecranon) 

when t h e  forearm is extended t o  hang f r e e l y .  The 

Lange Sk in fo ld  Ca l ipe r  is  used.  The s k i n f o l d  is 

l i f t e d  p a r a l l e l  t o  t h e  long a x i s  of t h e  arm by f i rmly  

g rasp ing  a  f o l d  between t h e  thumb and f o r e f i n g e r  about 

1 cm. from t h e  p o i n t  t o  which t h e  c a l i p e r  is a p p l i e d .  

A r ead ing  is  made w i t h i n  3 s e c  a f t e r  a p p l i c a t i o n  of t h e  

c a l i p e r ,  and t h e  average is taken of s e v e r a l  r ead ings .  



51. Subscapular  Sk in fo ld  - Subject  i s  i n  a  s t a n d i n g ,  

r e l a x e d  pos tu re .  The s i t e  is l o c a t e d  on t h e  s u b j e c t  

below t h e  i n f e r i o r  ang le  of t h e  r i g h t  scapu la .  The 

s k i n f o l d  is  l i f t e d  i n  a  d i r e c t i o n  p a r a l l e l  t o  t h e  

r i b s ,  with t h e  s k i n f o l d  angled upward media l ly  and 

downward l a t e r a l l y  a t  about 45' from t h e  h o r i z o n t a l .  

A r ead ing  i s  made wi th  t h e  Lange Sk in fo ld  Ca l ipe r  

wi th in  3 s e c  a f t e r  a p p l i c a t i o n  of t h e  c a l i p e r ,  and 

t h e  average  is taken of s e v e r a l  r ead ings .  

5 2 .  S u p r a i l i a c  Sk in fo ld  - The s u b j e c t  s t a n d s  i n  

r e l a x e d  p o s t u r e .  The s i t e  is l o c a t e d  s u p e r i o r  t o  

t h e  l a t e r a l  a s p e c t  of t h e  i l i a c  c r e s t  on t h e  r i g h t  

s i d e .  The s k i n f o l d  is  l i f t e d  p a r a l l e l  t o  t h e  p e l v i s  

and angled s l i g h t l y  upward p o s t e r i o r l y .  A r ead ing  is  

made wi th  t h e  Lange Skinfold  Ca l ipe r  w i t h i n  3 s e c  a f t e r  

a p p l i c a t i o n  of t h e  c a l i p e r ,  and t h e  average is taken of 

s e v e r a l  r ead ings .  



53.  Normal S i t t i n g  Height - Subject  sits i n  

r e l a x e d  p o s t u r e  on t h e  s imula ted  a u t o  s e a t ,  

but  with head i n  F rankfor t  P lane .  The perpen- 

d i c u l a r  d i s t a n c e  from t h e  f l o o r  t o  v e r t e x  is 

measured w i t h  t h e  anthropometer ,  and t h e  d i s t a n c e  

from t h e  f l o o r  t o  t h e  Seat  Reference Po in t  (SRP) 

is  s u b t r a c t e d .  

54 ,  55. Tragion Height and Depth from SRP - 
Subject  is s e a t e d  i n  r e l axed  p o s t u r e ,  w i t h  

head i n  F rankfor t  P lane  n e u t r a l  p o s i t i o n .  

The v e r t i c a l  (he igh t )  and h o r i z o n t a l  (depth)  

d i s t a n c e s  from t h e  SRP t o  t h e  l e f t  t r a g i o n  

a r e  c a l c u l a t e d  from photographs. Dimensions 

s u p e r i o r  and a n t e r i o r  t o  t h e  SRP a r e  def ined 

a s  p o s i t i v e .  

56, 5 7 .  Glabe l l a  Height and Depth from SRP - 
Subject  is sea ted  i n  r e l axed  pos tu re ,  w i t h  

head i n  F rankfor t  Plane n e u t r a l  p o s i t i o n .  

The v e r t i c a l  ( h e i g h t )  and h o r i z o n t a l  (depth)  
Height 

d i s t a n c e s  from the  SRP t o  g l a b e l l a  a r e  

c a l c u l a t e d  from photographs. Dimensions 

s u p e r i o r  and a n t e r i o r  t o  t h e  SRP a r e  def ined 

a s  p o s i t i v e .  - 



58,  59. Eye E l l i p s e  Point  Height and Depth 

from SRP - Subject  is  s ea t ed  i n  re laxed posture  

w i t h  head i n  Frankfor t  Plane neu t r a l  pos i t i on .  

The v e r t i c a l  (he igh t )  and hor izon ta l  (depth) 

d i s t ance s  from the  SRP t o  t he  maximum pro t rus ion  

of t h e  su r f ace  of t h e  eye ( a t  the  l e v e l  of t he  

pup i l )  a r e  c a l cu l a t ed  from photographs. Dimen- 

s i o n s  super io r  and a n t e r i o r  t o  the  SRP a r e  

def ined a s  p o s i t i v e .  

60 .  Eye E l l i p s e  Point  Width - The hor izon ta l  

d i s t ance  from t h e  mid-sag i t t a l  plane of the  

body ( a s  represented by t he  g l a b e l l a  landmark) 

t o  t he  pup i l  of t he  l e f t  eye is ca l cu l a t ed  from 

the  Frankfor t  Plane neu t r a l  pos i t i on  photographs. 
Y 

61, 62. Cervicale  Height and Depth from SRP - 
Subject  i s  s ea t ed  i n  re laxed pos tu re .  The v e r t i c a l  

(he igh t )  and hor izon ta l  (depth) d i s tances  from 1' 19 V 
t h e  SRP t o  t he  c e r v i c a l e  landmark ( a t  t h e  l eve l  

of t he  spinous process of t he  seventh c e r v i c a l  

ve r tebra )  is ca l cu l a t ed  from the  Frankfor t  Plane - 
neu t r a l  pos i t i on  photographs. Dimensions 

ht 
super io r  and a n t e r i o r  t o  t he  SRP a r e  defined 

a s  p o s i t i v e .  



63 ,  64. S u p r a s t e r n a l e  Height and Depth from SRP - 
Subject  i s  s e a t e d  i n  r e l a x e d  p o s t u r e .  The v e r t i c a l  

(he igh t )  and h o r i z o n t a l  (depth)  d i s t a n c e s  from 

t h e  SRP t o  s u p r a s t e r n a l e ,  i n  t h e  m i d - s a g i t t a l  

p l ane  of t h e  body, a r e  c a l c u l a t e d  from t h e  

F r a n k f o r t  P lane  n e u t r a l  p o s i t i o n  photographs. 

Dimensions s u p e r i o r  and a n t e r i o r  t o  t h e  SRP 

a r e  de f ined  a s  p o s i t i v e .  

Depth 

65,  66. Shoulder Height and Depth from SRP - 
Subject  is s e a t e d  i n  r e l a x e d  pos tu re .  The v e r t i c a l  

( h e i g h t )  and h o r i z o n t a l  (depth)  d i s t a n c e s  from 

t h e  SRP t o  a  marker p laced a t  t h e  top  of t h e  

shoulder  ( i n  t h e  r eg ion  of acromion) a r e  

c a l c u l a t e d  from t h e  F r a n k f o r t  P lane  n e u t r a l  

p o s i t i o n  photographs.  Dimensions s u p e r i o r  

and a n t e r i o r  t o  t h e  SRP a r e  def ined a s  p o s i t i v e .  

67. Shoulder Breadth - Subject  is  s e a t e d  i n  

r e l a x e d  p o s t u r e .  The h o r i z o n t a l  d i s t a n c e  between 

markers p laced a t  t h e  t o p  of t h e  r i g h t  and l e f t  

shou lde r s  ( i n  t h e  region of acromion) is  ca lcu-  

l a t e d  from t h e  F r a n k f o r t  P lane  n e u t r a l  p o s i t i o n  

photographs.  



68. Anterior  Superior I l i a c  Spine Height 

from SRP - Subject  is  sea ted  i n  re laxed 

posture .  The perpendicular  distance,from the  

f l o o r  t o  t h e  r i g h t  a n t e r i o r  super io r  i l i a c  

sp ine  is measured w i t h  t h e  anthropometer. 

The d i s tance  from the  f l o o r  t o  SRP is  sub t rac ted ,  

and t he  repor ted dimension is t he  height  of the  

sp ine  above t he  SRP. 

69. Anterior  Superior I l i a c  Spine Depth 

from SRP - Subject  is sea ted  i n  relaxed 

posture .  The hor izon ta l  d i s tance  from the  

wall  t o  t h e  r i g h t  a n t e r i o r  super io r  i l i a c  

sp ine  i s  measured w i t h  t h e  anthropometer. 

The d i s tance  from the  wall  t o  the  SRP is  sub t rac ted ,  

and t he  repor ted dimension is t he  p o s i t i v e  d i s tance  - 
from the  SRP t o  the  spine .  C - ~ ~ ~  I 

70.  Bispinous Breadth - The sub jec t  s t ands  in  

re laxed posture ,  f e e t  t oge the r ,  arms a t  t he  s i d e s .  

Using t h e  anthropometer, t he  hor izon ta l  d i s tance  

is  measured between t he  l a t e r a l  margins of t he  

a n t e r i o r  super io r  i l i a c  sp ines .  

71. Trochanterion Height from SRP - The sub jec t  n 
s i t s  i n  relaxed posture ,  w i t h  t h e  buttocks aga ins t  \\ ') 
the  s e a t  back. The v e r t i c a l  d i s tance  is measured, 

us ing t he  anthropometer, from the  r i g h t  s i d e  
t rochanter ion mark ( located while t he  sub jec t  is 

sea ted)  t o  the  f l o o r .  The d i s tance  from the  f l o o r  

t o  SRP is sub t rac ted ,  and t he  repor ted dimension is 

t rochanter ion height  above SRP. 



72. Trochanterion Depth from SRP - Subject i s  

seated i n  relaxed posture w i t h  buttocks against  

s ea t  back. Using the  anthropometer, the  

horizontal  dis tance i s  measured from the r i g h t  

s ide  trochanterion mark (located while the subject  

i s  seated) t o  the  wall. The dis tance from the  wall  

t o  SRP is  subtracted,  and the reported depth i s  

the  pos i t ive  dis tance from SRP t o  trochanterion. (--SRP 

73.  Bitrochanterion Diameter - The subject  stands 

i n  relaxed posture,  f e e t  together ,  arms a t  the 

s ides .  Using the anthropometer, the horizontal  

distance is measured between the  most l a t e r a l  

protuberances of the greater  t rochanters .  

74. Hip Breadth (Seated) - Subject i s  seated 

i n  e rec t  posture. The measurement is  taken from 

the r ea r  of the  subject .  The beam anthropometer i s  

1 
\ 

Y + 
I - 

used t o  measure the maximum breadth of the  hips a t  
I .  v' 

-* 

t he  l eve l  of the  grea ter  t rochanters  of the l e f t  
and r i g h t  femora. Light pressure i s  applied w i t h  

t he  instrument. 



75,  76. I n f r a o r b i t a l e  Height and Depth 

from Tragion - The s u b j e c t ' s  head is i n  

F r a n k f o r t  P lane  n e u t r a l  p o s i t i o n .  The 

v e r t i c a l  (he igh t )  and h o r i z o n t a l  (depth)  

d i s t a n c e s  from t h e  t r a g i o n  t o  t h e  most 

i n f e r i o r  p o i n t  on t h e  o r b i t  of t h e  eye a r e  

c a l c u l a t e d  from photographs. S ince  t h e  head is / \ 
i n  F r a n k f o r t  P lane ,  i n f r a o r b i t a l e  he igh t  r e l a t i v e  / 
t o  t r a g i o n  he igh t  should  be approximately equal .  

Dimensions s u p e r i o r  and a n t e r i o r  t o  t r a g i o n  a r e  

def ined a s  p o s i t i v e .  

77, 78. Tragion Height and Depth from 

Cerv ica le  - Subject  is s e a t e d  i n  r e l axed  

p o s t u r e ,  with head i n  F rankfor t  P lane  n e u t r a l  

p o s i t i o n .  The v e r t i c a l  (he igh t )  and hor i -  

z o n t a l  (depth)  d i s t a n c e s  from c e r v i c a l e  t o  

t r a g i o n  a r e  c a l c u l a t e d  from photographs.  

Dimensions s u p e r i o r  and a n t e r i o r  t o  c e r v i c a l e  

a r e  de f ined  a s  p o s i t i v e .  

1 Depth 
79, 80.  G l a b e l l a  Height and Depth from 

Tragion - The s u b j e c t ' s  head is i n  F rankfor t  

P lane  n e u t r a l  p o s i t i o n .  The v e r t i c a l  (he igh t )  

and h o r i z o n t a l  (depth)  d i s t a n c e s  from t r a g i o n  

t o  g l a b e l l a  a r e  c a l c u l a t e d  from photographs. 

Dimensions s u p e r i o r  and a n t e r i o r  t o  t r a g i o n  

a r e  de f ined  a s  p o s i t i v e .  



- Depth 
81,  8 2 .  Eye E l l i p s e  P o i n t  Height and Depth 

from Tragion - The s u b j e c t ' s  head i s  i n  Height 

F r a n k f o r t  P lane  n e u t r a l  p o s i t i o n .  The v e r t i c a l  - 
( h e i g h t )  and h o r i z o n t a l  (depth)  d i s t a n c e s  

from t r a g i o n  t o  t h e  maximum p r o t r u s i o n  of 

t h e  eye ( a t  t h e  l e v e l  of t h e  p u p i l )  a r e  

c a l c u l a t e d  from photographs.  Dimensions \ \ 
s u p e r i o r  and a n t e r i o r  t o  t r a g i o n  a r e  de f ined  I \ 
a s  p o s i t i v e .  \ 

8 3 ,  84 .  Ectocanthus Height and Depth 

from Tragion - The s u b j e c t ' s  head i s  i n  

F r a n k f o r t  P lane  n e u t r a l  p o s i t i o n .  The - 
v e r t i c a l  ( h e i g h t )  and h o r i z o n t a l  (depth)  

d i s t a n c e s  from t r a g i o n  t o  t h e  l a t e r a l  

i n t e r s e c t i o n  of t h e  upper and lower e y e l i d s  

(ec tocanthus)  a r e  c a l c u l a t e d  from photographs, 

Dimensions s u p e r i o r  and a n t e r i o r  t o  t r a g i o n  

a r e  de f ined  a s  p o s i t i v e .  



VII. Glossary  of Anatomical Landmarks 

Acromion - t h e  s u p e r i o r  l a t e r a l  margin on t h e  acromion p rocess  of 
t h e  scapu la .  

A x i l l a  - t h e  a rmpi t .  

C e r v i c a l e  - t h e  d o r s a l  t i p  of t h e  spinous  p rocess  of t h e  seven th  
c e r v i c a l  v e r t e b r a .  

Chin-neck i n t e r s e c t  - t h e  most p o s t e r i o r  p r o j e c t i o n  of  t h e  c h i n  upon 
t h e  neck when viewed from t h e  s i d e .  

C l a v i c a l e  - t h e  most medio-superior p r o j e c t i o n  of t h e  c l a v i c l e  a t  
t h e  s t e r n o - c l a v i c u l a r  j o i n t .  

Ectocanthus  - t h e  p o i n t  a t  t h e  l a t e r a l  margin of t h e  eye where t h e  
upper and lower e y e l i d s  i n t e r s e c t .  

F i b u l a r e  - t h e  most s u p e r i o r  l a t e r a l  p r o j e c t i o n  of t h e  head of t h e  
f i b u l a  . 

Frankfor t  Plane  - t h e  head i s  o r i e n t e d  such t h a t  t r a g i o n  and t h e  
lowest  p o i n t  on t h e  bony o r b i t  of t h e  eye form a  h o r i z o n t a l  p lane  
p a r a l l e l  t o  t h e  f l o o r  s u r f a c e ,  

G l a b e l l a  - t h e  most a n t e r i o r  p o i n t  on t h e  brow r i d g e  i n  t h e  mid- 
s a g i t t a l  p lane .  

G l u t e a l  Furrow - t h e  p o s t e r i o r  furrow i n  t h e  s t a n d i n g  p o s i t i o n  at 
t h e  j u n c t i o n  of t h e  b ~ t t o c k  and t h i g h .  

I n f r a o r b i t a l e  - t h e  lowest  p o i n t  on t h e  i n f e r i o r  margin of t h e  bony 
eye o r b i t .  

L a t e r a l  Mal leolus  - t h e  x o s t  l a t e r a l  boLy p r o j e c t i o n  of t h e  ank le .  

Nenton - t h e  2 c i n t  a t  t iLe  t i p  of t h e  c h i n  i n  t h e  m i d - s a g i t t a l  p lane .  

Navicular  - e w r i s t  bone a t  t h e  b s s e  of t h e  hand whose proximal 
margin i s  found approximately a t  t h e  d i s t a l  m i s t  c r e a s e .  

O c c i p i t a l  - t h e  p o s t e r i o r  bone of t h e  s k u l l .  

Glecranon p r c c e s s  - t h e  s roximal  t i p  of t h e  u l n a r  bone. 

Gaphalion - t h e  umbi l icus .  

Opis thocranion - t h e  mas; p o s t e r i o r  bony p r o j e c t i o n  a t  t h e  back of 
t h e  s k u l l  i n  t h e  m i d - s a g i t t a l  p lane .  

P a t e l l a  - t h e  knee cap.  



Radiale  - t h e  most superior  l a t e r a l  p ro jec t ion  of t h e  head of t h e  
r ad ius  found s u p e r f i c i a l l y  a t  t h e  l e v e l  of t h e  elbow dimple. 

S ty l ion  - t h e  most d i s t a l  t i p  of t h e  r a d i a l  s t y l o i d  process .  

Suprasternale  - t h e  lowest point  on t h e  super ior  margin of t h e  
sternum. 

Tragion - t h e  a n t e r i o r  l i m i t  of t h e  ca r t i l ag inous  notch loca ted  
super ior  t o  t h e  t r agus  of t h e  l e f t  ea r .  

Trochanterion - t h e  most l a t e r a l  point  palpable  on t h e  g r e a t e r  
t rochanter  of t h e  femur. 

Vertex - t h e  highest  point  on t h e  head i n  t h e  mid-sagi t ta l  plane 
when t h e  head i s  a l igned i n  t he  Frankfort  Plane. 



APPENDIX B 

ANTHROPOMETRY -DESCRI PTIVE STATISTICS 

Summary descriptive s t a t i s t i c s  from the anthropometry portion 

of the study are contained in this  appendix. These data are reported 

in the following order: 

Table 

A1 1 Subjects Combined 
Subjects Grouped by Sex--Females 

--Ma1 es 
Subjects Grouped by Sex and Age--Females, 18-24 yrs 

--Femal es , 35-44 yrs 
--Females , 62-74 yrs 
--Males, 18-24 yrs 
--Males, 35-44 yrs 
--Males, 62-74 yrs 

The data tables are in the format produced by the University 

of Michigan Stat is t ical  Research Laboratory Michigan Interactive 

Data Analysis System (MIDAS). Each of the measurements i s  given 

a code name; the measurement name associated with the code names 

are identified be1 ow. A 1  1 dimensions are in centimeters unless 

otherwise noted. 

CODE NAME 

W T ( K G )  
W T (  Ld)  
S T A T  (Ct.11 
POND1 NOX 
E R S I T H T  
H E A D C I P  
HFADELPS 
B ITRGDI 
HFAD89 
Hk A D L G  

MEASUREMENT NAME 

Weight in kg  
Weight in l b  
Stature 
Ponderal Index 
Erect Sit t ing Height 
Head C i rcumf erence 
Bennett E l  1 ipse Circumference 
Bi tragion Diameter 
Head Breadth 
Head Length 

MEAS. NO. 
(see App. A )  

S A G A R C  Sagittal Arc Length 9 
C O P  A R C  Coronal Arc Length 10 



CODE NAME MEASUREMENT NAME 
MEAS. NO. 
(see App. A) 

d l  T K G G L e  
4 I T P C M E N  
B I  T 3 C I R A  
FACEHT 
Lb T h K B P .  
A P N K B k  
SUPNKC I P  
I V F K K C I P  
P O S T N K L G  
S I A C Q l 3 R  
R I D E L T B R  
C t I E Z T t i T  
C H t S T B r 7  
(;Yt S T C I  F 
W A  I S T H T  
WLI STHR 
W A I  S T C I P  
H I P H T  
HI P R R Z T C  
H I P C I P  
A C  R H AOLG 
A Q Y C I F A X  
APrAC I P E L  
B ICFLC I R  
P,AU STY LG 
F P 4 R K C I K  
W F i  I S T C I P  
HANDLG 
TPCF E R L G  
UPTHfCIR 
L V H I C I  H 
F I B U L A L G  
F I R U L B H T  
C A L F C I R  
AhKLEC I H 
F "13 T L G  
FflO T BP 
H 'JP9IA 
f - E Y C t I A  
T k I C P S F  
SUB SCP SF 
SUP ItSF 
N R V S I T H T  
T K A G H T S  
T F P . G C P S  
81 T Q C D I  
GLABHTS 
G L A H D P S  
E Y E L P H T S  
E Y E L P P P S  

Bi tragion-Glabell a Arc Length 1 1  
Bi tragi  on-Menton Arc Length 12 
Bitragion-Inion Arc Length 13 
Facial Height 14 
Lateral Neck Breadth 15 
Anterior-Posterior Neck Breadth 16 
Superior Neck Circumference 17 
Infer ior  Neck Circumference 18 
Posterior Neck Length 19 
Bi acromial Breadth 20 
Shoulder Breadth (Bide1 to id)  2 1 
Chest Height 2 2 
Chest Breadth 23 
Chest Circumference 24 
Waist Height 2 5 
Waist Breadth 2 6 
Waist Circumference 2 7 
Hip Height 2 8 
Hip Breadth (Standing Erect) 29 
Hip Circumference 30 
Acromion-Radial e Length 3 1 
Upper Arm Circ. ( a t  Axilla) 32 
Upper Arm Circ. (above El bow) 33 
Bi ceps Fl exed Ci rcumference 3 4 
Radial e-Sty1 ion Length 35 
Forearm Circumference 36 
Wrist Circumference 3 7 
Hand Length 38 
Trochan ter-Femoral Condyle Length 39 
Upper Thigh Circumference 40 
Lower Thigh Circumference 4 1 
Fibula Length 42 
Fibula Height 4 3 
Cal f Circumference 4 4 
Ankl e Circumference 45 
Foot  Length 4 6 
Ball -of-Foot Breadth 47 
Humeral Biepicondyl ar Dia. 4 8 
Femoral Bi epicondyl a r  Dia. 49 
Triceps Skinfold (mm) 50 
Subscapular Skinfold ( m m )  5 1 
suprail iac Skinfold (mm) .  52 
Normal S i t t i n g  Height ( r e  SRP) 53 
Tragion Height ( r e  SRP) 54 
Tragion Depth ( r e  SRP) 5 5 
Bi tragion Diameter 6 
~ l a b e f  la  Height ( r e  SRP) 5 6 
Glabella Depth ( r e  SRP) 57 
Eye Ell ipse Point Height ( r e  SRP) 58 
Eye Ell ipse Point Depth ( r e  SRP) 59 



CODE NAME MEASUREMENT NAME 
MEAS. NO. 
( see  App. A )  

C 7 H T S  
C 7 C P S  
SS TRNHT S 
5 5  TR NGPS 
SH LD sH T S  
SHLDRDPS 
SHLDRRR 
ILCSPHT: 

T LC S POPS 

P,I SPMBR 
TRCHHTS 
TRCHDPS 
HITRCHDI 
H I P B s S I T  
ORBH T T  

O R S D P T  
T R A G H T C ?  
TRAGDPC7 
GLABHTT 
GLABCPT 
EY EL PHTT 
E Y E L P D P T  

EC T C N A T T  
ECTCNDPT 

Eye Ell ipse P o i n t  Width  6 0 
( r e  G l  abell a )  

Cervicale Height ( r e  SRP) 6 1 
Cervicale Depth ( r e  SRP) 62 
Suprasternale Height ( r e  SRP) 63 
Suprasternal e Depth ( r e  SRP) 64 
Shoulder Height ( r e  SRP) 6 5 
Shoulder Depth ( r e  SRP) 66 
Shoulder Breadth 67 
Anterior Superior I1 iac Spine 68 

Ht ( r e  SRP) 
Anterior Superior I l i a c  Spine 69 

Depth ( r e  SRP) 
B i  spi nous Breadth 7 0 
Trochanter Height ( r e  SRP) 7 1 
Trochanter Depth ( r e  SRP) 7 2 
B i  trochanter Diameter 7 3 
Hip Breadth (Seated Erect) 74 
Infraorbi t r a l  e Height 7 5 

( r e  Tragion) 
Infraorbi t ra le  Depth ( r e  Tra . ) 76 
Tragion Height ( r e  Cervicale 
Tragion Depth ( r e  Cervicale) 

3 77 
78 

Gl abell a Height ( r e  Tragion) 79 
Glabel l a  Depth ( r e  Trag.) 80 
Eye E l  1 ipse Point Ht ( r e  Trag.) 81 
Eye E l  1 ipse Point Depth 8 2 

( r e  Trag.) 
Ectocanthus Height ( r e  Trag.) 83 
Ectocanthus Depth ( r e  Trag.) 84 

The remaining measurements are  the X ,  Y and Z-direction d is -  

tances from the Seat Reference Point to  the eight  landmarks ob- 

tained from the "Anthropometry Neutral Position" photographs. A1 1 

dimensions are in centimeters, re1 a t ive  to  Seat Reference Point. 

CODE NAME MEASUREMENT NAME 
ME&. NO. 
(see App. A )  

SHLDRSX Shoulder Point - X  Direction 66 
SHLDRSY Shoulder Point - Y  Direction 
SHLORS 2 ShoulderPoint -?Direct ion 65 
C7 SX Cervical e - X  Direction 62 
C7 S Y  Cervical e - Y  Direction 
C7 SZ Cervical e -Z  Direction 61 



CODE NAME 

S S T R N S X  
S S T R N S Y  
S S T R N S Z  
?P.AG S X  
T R A G  S Y  
TRAG SZ 
CSSITSX 
ORB1 T S Y  
ERR1 T S Z  
G L A O  S X  
G L A B  5 Y  
G L B B  S L  
E Y E L P S X  
E Y E L P S Y  
F Y E C P S Z  
E C C A N S X  
E C C A N S Y  
E C C A k S Z  

MEASUREMENT NAME 
MEAS. NO.  
(see App. A) 

Suprasternal e - X  Direction 64-- - 

Suprasternal e - Y  Direction 
Supras ternal e -Z Direction 63 
Tragion - X  Direction 55 
Tragion -Y  Direction 
Tragion -' Direction 54 
Infraorbi t a l  e -X  Direction 
Infraorbi t a l e  -Y  Direction 
Infraorbi t a l  e - Z  Direction 
Gl abel 1 a - X  Direction 57 
Gl abel 1 a - Y  Direction 
Gl abel 1 a -Z  Direction 56 
Eye Ell ipse Point - X  Direction 59 
Eye El 1 ipse Point - Y  Direction 
Eye El l ipse  Point - Z  Direction 58 
Ectocanthus - X  Direction 
Ectocanthus - Y  Direction 
Ectocanthus - I  Direction 

The following summary s t a t i s t i c s  are reported fo r  each measure- 

ment : 

Column Heading S t a t i s t i c  

N 
MEAN 
STD DEV 
SE O F  MEAN 
MI W IMUM 
MAXIMUM 
COEFF VAR 
5TH %ILE 
50TH %ILE 
95TH %ILE 

Nuniber of Subjects in the Group 
Numerical Average 
Standard Deviation 
Standard Error of Mean 
Smal l e s t  Observation 
Largest Observation 
Coefficient of Variation (MeanIStd Dev) 
Fif th Percenti 1 e (Calculated) 
F i f t i e th  Percentile (Calculated) 
Ninety-f i f t h  Percenti 1 e (Calculated) 

Note: MIDAS spec i f i es ,  as the percenti le ,  the individual measure- 

ment which i s  c loses t  t o  the requested percenti le .  For example, 

in a dataset  of 96 observations, the 5th smallest i s  called the 5th 

percenti le ,  the 48th in rank i s  the 50th percenti le  and the 91st i s  

the 95th percenti le .  This approach can cause misleading errors  when 

small subsets of the data a re  analyzed ( ex . :  for  a group of 15 

subjects ,  the minimum value i s  also called the 5 t h  percent i le) .  There- 

fo re ,  the percenti les are  n o t  included in Tables B.4 through B.9 .  









Tab le  8.2 ANTHROF 'OME TRY-BY SEX-  FEMALES 

95TH XILE S T D  DEV S E  O F  P E A N  P I N I M U P  M A X I M U M  COEFF VAR 

W T  ( K G 1  
W T ( L 8 I  
S T A T I  C M l  
P O N D I N O X  
E P S I T H T  
H E A D C I R  
H F A D E L P S  
R I T R G O I  
H E A D H P  
H C A D L G  
SAGARC 
CORARC 
H I T R G G L U  
8 l T K G M E N  
R I T R G I N A  
FACEHT 
L A T N K B R  
APNKBR 
S U P N K C I H  
1 NFNKC I K  
P O S T N K L G  
H I  ACRBR 
R l D E l  TRK 
C H E S T  HT 
CHESTHR 
CHESTC I R  
W A I S T H T  
WAI'TL1P 
un IST c IR 
H I P H T  
I i I V H P S T O  
H I P C I K  
ACRRADLG 
ARMC I RAX 
U P M C I R t L  
R I C F L C I R  
R F D S T Y L G  
F R A R P C I R  
WR I S T C I R  
I iAYDLC.  
TRCFEMLG 
I I P T H I C I P  
I W T H I C I H  
F 1 9 U L A L G  
F l a U L A H T  
CA LFC I Q 
& N K L  F C  1  E 
F O f l r L G  
FOUTRK 
b1~11lD I A  
F K Y O I P .  
T K I C P S F  
s u ; I s c p s r  
S U P l L  SF 
WRY< I T H T  
T R A G H T S  
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VARIABLE N MEAN STD DEV SE OF MEAN MINIMUM MAXIMUM COEFF VAR SOTH % I L E  

W T  ( K G 1  
W T ( L 8 I  
S T A T 1  CM I 
POND1 NDX 
E R S I T H T  
H E A D C l K  
HEADEL PS 
B I T R G O I  
HEAOBR 
HEADLG 
S AGARC 
CORARC 
R l TRGGLR 

4 4  - 3 8 5  
95-70!: 
6C. ROO 
7 0 . 7 0 0  
15.1300 
1 6 . 5 0 0  
2 0 . 3 0 0  
3 8 . 3 0 G  
37.8 '30  
3 1 . 9 0 C  
3 4 . 5 C C  
2 9  - 1 0 0  
1 4 . 7 0 0  
12.30'J 
1 2  - 9 0 0  
4 6 . 2 0 0  
44.8 '20  
19 - 4 0 0  
4 3 . 0 1 C  
4 9 . 8 0 0  

1 3 8  - 5 0 0  
3 5 . 7 3 0  

1 0 5 . 8 0 0  
113 - 5 0 0  

3 4  -090 
99.000 
9 8  - 2 0 0  
3 6 . 8 0 0  

1 C 8 . 0 0 0  
3 6  - 2 0 0  
36.C30 
2 8 . 6 0 @  
3 5 . 7 0 0  
2 7 . 4 0 0  
3 1  -003 
19 - 6 0 0  
2 0 . 1 0 @  
4 7 . 0 0 0  
6 4  - 5 0 0  
4 3  7 0 0  
4 8 . 5 0 0  
5 4  - 6 0 0  
40.000 
2 4 -  8 0 0  
2 8  - 9 0 0  
1 0 . 3 0 0  

8 . 4 0 0  
1 0 . 6 0 0  
1 7 . 0 0 0  
2 5 . 6 0 0  
2 1 -300 
92 - 7 0 0  
7 9 . 0 0 0  

5 -300 
d5.000 

B I T R G M E N  
B I T R G I N A  
FACEHT 
L A T N K B R  
APNKBR 
S U P N K C I R  
I N F N K C I R  
P O S T N K L C  
R I  4CRBR 
8 I O F L T B R  
CHESTHT 
CHESTER 
CHESTC I R  
WA 1 S T H T  
MA I STBR 
W A I S T C I R  
H I P H T  
HIPBRSTL!  
H I P C I R  
ACRRADLG 
ARMC I R A X  
A R M C I R E L  
61 C F L C I R  
R A O S T Y L G  
F R A R M C I R  
WR I S T C I R  
H A N U L G  
TRCFFHLG 
U P T H I C I R  
L U T H I C I R  
F l B U L A L G  
F I B U L A H T  
CAL FC l R 
ANKLEC I R  
FOOTLG 
FOOTBR 

SUBSCPSF 
S U P I L S F  
NR M S I  T H T  
TRAGHTS 
T RAGUPS 
8 1  TRGOl  



G L A B H T S  
G L A B O P S  
E Y E L P H T S  
E Y E L P O P S  
EYELPWOG 
C 7 H T S  
C 7 O P S  
S S T R N H T S  
S S T R N O P S  
S H L O R H T S  
S H L O R O P S  
SHLORBR 
I L C S P H T S  
I L C S P O P S  
8  I SPNBR 
T R C H H T S  
TRCHOPS 
B I T R C H O I  
H I P B R S I T  
O R R H T T  
ORBOPT 
T R A G H T C 7  
TRAGOPC 7  
G L A 8 H T T  
G L  ABOP T  
E Y E L P H T T  
F Y  E L P O P T  
E C T C N A T T  
ECTCNOPT 
S H L O R S X  
S H L O R S Y  
S H L O R S Z  
C 7  S X  
C 7  S Y  
C 7  sz 
S S T R N S X  
S S T R N S Y  
S S T R N S Z  
T R A G  S X  
T R A G  S Y  
T R A G  S Z  
O R R I T S X  
O R B I T S Y  
O R B I T S Z  
G L A B  SX 
G L A B  S Y  
G L A 8  S Z  
E Y E L P S X  
E Y E L P S Y  
E Y E L P S Z  
ECCANSX 
E C C A N S Y  
E C C A N S Z  
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c m 4 m  
m N m b  
N O N N  
m d m "  

. . a .  
d N m m  



G L A B H T S  
G L A R O P S  
EY E L P H T S  
E Y E L P O P S  
EVELPWDG 
C 7 H T S  
C 7 0 P S  
S S T R N H T S  
S S T R N D P S  
S K D R H T S  
SHLOROPS 
S H L D R B R  
I L C S P H T S  
I L C  SPDPS 
B I S P N B R  
T R C H H T S  
TRCHOPS 
B I T R C H O I  
H I P B R S I T  
O R B H T T  
ORROPT 
T RAGHTC7 
TRAGOPC 7 
G L A B H T T  
G L A B D P T  
E Y E L P H T T  
EY EL P D P T  
EC TCNATT 
ECTCNOPT 
SHLORSX 
S H L D R S Y  
S H L O R S Z  
C 7  SX 
C 7  S Y  
C 7  s z  
S S T R N S X  
S STRN S Y  
S S T R N S Z  
T R A G  S X  
T R A G  SY 
TRAG SZ 
D R B I T S X  
O R R I T S V  
O K 8 1  T S Z  
G L A D  S X  
G L A B  SY 
G L 4 M  S Z  
E Y C L P S X  
E Y F L P S Y  
t Y E L P S Z  
ECCANSX 
E C C A N S Y  
ECCANSZ 

6 6 . 0 0 0  
4 . 2 0 0 0  
6 4 . 7 0 0  
2 - 8 0 0 0  

-1 2 . 7 0 0 0  
5 2 . 6 0 0  

-11 - 9 0 0  
4 6 . 6 0 0  
1 - 2 0 0 0  
4 5  - 8 0 0  

- 8 . 8 0 0 0  
33.1CO 
1 7 . 6 0 0  
11 .OO@ 
2 2  - 2 0 0  
7 . 0 0 0 0  
7 . 4 0 0 0  
2 7 . 4 0 0  
3 4  - 6 0 0  

- . 1 0 0 0 0  
6 . 6 0 0 0  
7 . 9 0 0 0  
4.80CO 
3. M O O  
7 . 7 0 0 0  

-1 1 . 9 0 0 0  
6.9000 

-1 1 . 8 0 0 0  
6 -  1000 

- 8 . 8 0 0 0  
11 - 3 0 0  
4 5 . 8 0 0  

-11.900 
-3- 9 0 0 0  

52.6CO 
1 . 2 0 0 0  

- 3 . 8 0 0 0  
4 6  6 0 0  

- 4 . 8 0 0 0  
3 . 2 0 0 0  
6 2 . 2 0 0  
3 . 1 0 0 0  

- 1 . 4 0 0 0  
6 2  - 9 0 0  
4 . 2 0 0 0  

- 5 . 0 0 0 0  
6 6  -000 
2. 8 0 0 0  

- 1 . 2 0 0 0  
6 4  - 7 0 0  
2 . 1 0 0 0  
. 2 0 0 0 0  
6 4 . 7 0 0  
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tY S E X  A N 0  AGE-MALES, 02-74 

VARIABLE 

W T ( K G )  
d T ( L O I  
S T % T ( C ) * l I  
P O N O I N D X  
F R S I T H T  
HFADC I R  
H E A D E  L P S  
B I T R G D I  
H t A D B R  
H E A D L G  
SAGARC 
CORARC 
R I  TRGGLH 
B I T R G M E N  
B I T R G I N A  
F A C E H T  
L A T N K B R  
A P N K B R  
S U  PNKC l R 
I N F N K C I R  
P D S T N K L b  
R I  A C k B R  
t 3 I O F L T B R  
C H E S T H T  
C H F S T B R  
C H E S T C  I R  
W A l S T H T  
WA 1 S T B R  
U A  I Z T C  I R  
H I R H T  
H I D R R S T O  
H I P C I R  
A C R K A O L G  
A R M C I R A X  
ARYC I R E L  
R I C F L C  I R  
R A O S T Y L G  
F R A R M C I R  
W R I S T C l R  
H A N D L G  
T R C F E M L G  
U P T H I C I R  
L W T H I C I R  
F I B U L A L G  
F  I U U L A H T  
C A L F C  I R  
A N K L F C I R  
FL IOTLG 
F O O T B R  
H U M O I A  
FEMO I A  
T R  I C P S F  
SUB SC P SF 
S U P I L S F  
N R M S I T H T  
T R A G H T S  
T R A G D P S  
R I T R G O l  

MEAN STD DEV SE OF MEAN MINIMUM MAXIMUM COEFF VAR 







APPENDIX C 

RANGE OF  MOTION, MUSCLE REFLEX TIME 
AND MUSCLE STRENGTH-DESCRIPT IVE STATISTICS 

Summary descriptive s t a t i s t i c s  from the range of motion (from 

photogrammetry), sternomastoid muscle ref1 ex time, and 1 ateral flexor 

strength tes t s  are contained in th is  appendix. These data are re- 

ported in the fol lowing order: 

C . 1  All Subjects Combined 

C . 2  Subjects Grouped by Sex --Females 
C .  3 --Ma1 es 

C.4 Subjects Grouped by Sex and Age --Females, 18-24 yrs 
C.5 --Fernal es , 35-44 yrs 
C .  6 --Females, 62-74 yrs 
C .7  --Males, 18-24 yrs 
C.8 --Males, 35-44 yrs 
C .  9 --Ma 1 es , 62-74 yrs 

The data tables are in the format produced by the University 

of Michigan Stat is t ical  Research Laboratory Michigan Interactive 

Data Analysis System (KIDAS).  Each of the measurements i s  given a 

code name; the measurement name associated with the code names are 

identified below. Range of votion data are Euler angles (yaw, pitch 

are roll ) in degrees, reflex times are in milliseconds and muscle 

strengths are in Ibf.  



CODE NAME MEASUREMENT NAME 

RANGE OF MOTION 

P Z N E U T Y  
P2NEUTP 
PZNEUTR 
P3E XTY 
P3EXTP 
P3E X T R  
P4FLEXY 
P 4  FL EXP 
P4F L E  XR 
PSPTROTY 
P5 RT RPT P 
P 5R TRO TR 
PbLTROTY 
P ~ L T R O T P  
P bL TRG TR 
P7RLBNDY 
P7PLRNOP 
P7RLBNOR 
PULLBNDY 
P8LLBNOP 
PBLLRNOR 
P9LROFLY 
P9LROFLP 
P9LRCFLR 
P l O L  ROBY 

P11RROXY 
P l l  RROXP 
P11RRUXR 
P S A G R C M  

P R G T R C M  

PLAT ROW 

REFLEX TIME 

RFLXAVG 

Photo 2--Neu t r a l  Head Posi tion--Yaw 
Photo 2--Neutral Head Posi t ion--Pi  tch 
Photo 2--Neutral Head Posi tion--Rol 1 
Photo 3--Extension--Yaw 
Photo 3--Extension--Pi t c h  
Photo 3--Extension--Roll 
Photo 4--Fl exion--Yaw 
Photo Q--Fl exion--Pi t c h  
Photo 4--Fl exion--Rol 1 
Photo 5--Right Rotation--Yaw 
Photo 5--Right Rotat ion--Pi tch 
Photo 5--Right Rotation--Rol 1 
Photo 6--Left Rotation--Yaw 
Photo 6--Left Rotation--Pi t c h  
Photo 6--Left  Rotation--Rol e 
Photo 7--Right La te ra l  Bend--Yaw 
Photo 7--Right L a t e r a l  Bend--Pi t c h  
Photo 7--Right La te ra l  Bend--Roll 
Photo 8--Lef t  La te ra l  Bend--Yaw 
Photo 8--Left La te ra l  Bend--Pitch 
Photo 8--Lef t  La te ra l  Bend--Roll 
Photo 9--Left  Rotat ion + Flexion--Yaw 
Photo 9--Left  Rotat ion + Flexion--Pi tch 
Photo 9--Lef t Rotat ion + Fl exion--Roll 
Photo 10--Left  Rotat ion + Lef t  L a t e r a l  Bend-- 

Ya\r 
Photo 10--Left  Rotat ion + L e f t  La te ra l  Bend-- 

P i t ch  
Photo 10--Left Rotat ion + Left La te ra l  Bend-- 

Roll 
Photo 11--Right Rotat ion + Extension--Yaw 
Photo 11--Right Rotat ion + Extension--Pi tch 
Photo 11 --Right Rotat ion + Extension--Roll 
S a g i t t a l  Range of Motion from Photogrammetry 

(P3EXTP + P4FLEXP) 
Rotat ional  Range of Motion from Photogram- 

metry (P5RTROTY + P6LTROTY) 
La te ra l  Bend Range of Motion f r c v  Photogram- 

metry (P7RLBNDR + P8LLBNOR) 

Ref1 ex Time of Sternomastoid muscles 
(average  of severa l  t r i  a1 s )  



CODE NAME MEASUREMENT NAME 

MUSCLE STRENGTH 

L i M U S T R l  
L T Y V S T P 2  
L T M U S T R 3  
L T M U S A V G  

R L A V G S T R  

Strength of R i g h t  Lateral Fl exors--Trial 1 
Strength o f  R i g h t  Lateral Flexors--Trial 2 
Strength of Right Lateral Flexors--Trial 3 
Avera e Strength of Right Lateral Flexors 

qAvg  of 3 Tr ia l s )  
Strength of Left Lateral Fl exors--Trial 1 
Strength of Left Lateral Fl exors--Trial 2 
Strength of Left Lateral Flexors--Trial 3 
Average Strength of Left Lateral Flexors 

(Avg of 3 Tr ia l s )  
Average Strength of Lateral Flexors (Avg of 

3 Right and 3 Left T r i a l s )  

The following summary s t a t i s t i c s  are  reported fo r  each measure- 

men t : 

COLUMN H E A D I N G  STAT I ST I C 

i\l 
MEAN 
STD DEV 
SE OF MEAN 
MINIMUM 
MAXIMUM 
COEFF V A R  
5TH %ILE 
50TH %ILE 
95TH %ILE 

Number of Subjects in the Group 
Nuaeri cal Average 
Standard Deviation 
Standard Error of Mean 
Smallest Observation 
Largest Observation 
Coefficient of Variation (Mean/Std Dev) 
Fifth Percentile (Calculated) 
F i f t i e th  Percenti 1 e (Calculated) 
Ninety-fifth Percentile (Calculated) 

Note: MIDAS spec i f i es ,  as the percent i le ,  the individual measure- 

ment which i s  closest  t o  the requested percenti le .  For example, in 

a dataset  of 96 observations, the 5th smallest i s  cal led the 5th per- 

cen t i l e ,  the 48th in rank i s  the 50th percenti le  and the 91st i s  the 

95th percenti le .  This approach can cause misleading errors  when small 

subsets of the data are  analyzed (ex . :  fo r  a group of 15 subjects ,  

the minimum value i s  also called the 5 t h  percent i le) .  Therefore, the 

percenti les are n o t  included in Tables C . 4  through C.9. 







VARIABLE 

P2NEUTY 
PZNEUTP 
PZNEUTR 
P3 EXTY 
P3EXTP 
P3EXTR 
P4FLEXY 
P4FLEXP 
P4FLEXR 
P5RTROTY 
P 5RTROTP 
P5 KT ROT R 
P6LTROTY 
P6LTROTP 
P6 LT ROT R 
P7RLBNOY 
P7RL BNDP 
P7 R L  BND R 
PBLLBNDY 
PBLLBNDP 
P8LLBNDR 
P9LROFLY 
P9LROFLP 
P9LROFLR 
Pl0LROF)Y 
P19LROBP 
PlOLROBK 
P l  l R R O X Y  
P 1 lRROXP 
PllRROXR 
PSdGROM 
PROTROM 
PLATROM 
RFLXAVG 
RTMUSTRl 
R TMUS T R2 
RTMUSTK3 
RTMUSAVG 
L TMUSTR1 
L TMUSTR2 
L TMUS T R3 
LTMUSAVG 
RLAVGSTR 

Table C.2 

N MEAN 

48 .72917 -1 
48 -.46667 
48 -1.3560 
32 -71875 -1 
48 53-646 
25 -1.4360 
46 1.0848 
48 -50.510 
44 -4.9864 
48 68.483 
48 -015833 
47 5.3681 
48 -70,779 
47 -1.9362 
47 -12.677 
44 1.7273 
45 2.4778 
48 31.725 
47 -5.9638 
46 2.1652 
48 -40.317 
47 -67.936 
47 -25.332 
45 -16,489 
42 -69.679 
42 5.8667 
40 -40.277 
48 66.381 
47 18.964 
46 9.1978 
48 104.16 
48 139-26 
48 72.042 
47 47.113 
48 15.208 
47 16.085 
48 16.083 
48 15.706 
46 15.761 
47 16.277 
47 16.404 
47 16.066 
48 15.979 

ST0 OEV 

2-7C77 
4,1066 
1.8439 
5.6469 
16.489 
5.3508 
5 -8096 
12.985 
4.602 5 
9.3892 
5.2 861 
5.3207 
8.5 430 
5.4849 
5 -9446 
6.7721 
6.7162 
11.410 
8,2647 
7.9454 
1C.397 
1C. 230 
7.3781 
7.2149 
10.164 
10.087 
10,030 
10.932 
7,8679 
7.1662 
24.813 
15.473 
20.635 
11.815 
5.9963 
6.1497 
6.7061 
6,1814 
7.0117 
7.47C8 
7.3799 
7.2461 
6,5330 

RANGE OF NOTION* REFLEX TIME AND STRENGTH- 

SE OF MEAN MINIMUM 

-3SC83 -5. 1000 
-59274 -12 -000 
-26  t15  -4.9000 
- 4 9  €25 - 17 -600 
2.3800 17.300 
1. C702 -9.2000 
,85659 - 12 -900 
1.8742 -79 -900 
-7C291 -13,500 
1 . 3 5 5.2 45.300 
.76299 -9,5000 
-77611 -6.2000 
1.2331 -86.100 
-80005 -12.700 
.86712 -24.600 
1 -0209 -21.000 
1. OC12 -11 - 700 
1.6469 11.5CO 
1.2055 -27 -300 
1.1715 -18.400 
1- 5C07 -66.900 
1.4922 -87,200 
1.0762 - 39.300 
1.0755 -32 500 
1.5584 -88.600 
1.55e5 -12 - 500 
1.5859 -64 -600 
1.5779 39.70C 
1.1477 3.7000 
10 0566 -8.1000 
3.5815 58.400 
2.2334 104.50 
2. 9 785 25.900 
1 -7234 25 -200 
,86549 6.0000 
-89702 6,0000 
,96794 6.0000 
-89221 6.0000 
1.0338 7.0000 
1.CES7 6.0000 
1.0765 7-0000 
1.0570 6.5000 
,9 429 5 6.8000 

MAXIMUM COEFF VAR 

7.7000 37.135 
7 -5000 -8.800 
3 -7000 -1 -366 
13.600 78.566 
90.500 -307 
11 -500 -3 -726 
15.900 5.356 

-23.700 -.257 
9.1000 -.935 
85.100 -137  
11.900 -33.386 
22.700 -991 

-52.700 -. 121 
10 -300 -2 -833 

-211000 - -469 
14.100 3.921 
16 -400 2 -711 
57.500 -360 
9 ,5000 -1.386 
19.400 3 -670 

-12.800 -0258 
-45.600 - -151  
-11.700 -.291 
- .40000 -.438 
-47.800 -. 146 

35.200 1.719 
-2 1.400 -. 249 

88.300 -165 
44.900 -415 
26.600 .779 
152.80 -238 
164.30 .111 
124.40 -286 
7C.700 -251  
28.000 .394 
28,OGO - 3  82 
32 -000 - 4  17 
29.000 ,394 
35.000 ,445 
37 .ooo -459 
36.000 ,450 
36.000 -451 
32.200 -409 
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APPENDIX D 

PHOTOGRAMMETRY ILLUSTRATIONS 

Figures  D . 1  through D.3 on t h e  fol lowing pages i l l u s t r a t e  t h e  

sequence of photographs f o r  t h e  twelve photogrammetry p o s i t i o n s  f o r  

t h e  x ,  y ,  and z cameras r e s p e c t i v e l y .  The numbers show t h e  o rder  

i n  which t h e  p o i n t s  were d i g i t i z e d .  



Figure  D.l I1 l u s t r a t i o n s  o f  x-camera photos and d i g i t i z e d  p o i n t s .  



F i g u r e  D.2 I l l u s t r a t i o n s  o f  y-camera photos  and d i g i t i z e d  p o i n t s .  



I 

Figure D.3 I1 lustrations of z-camera photos and digitized points. 



APPENDIX E 

ANTHROPOMETRY AND RANGE OF MOTION FROM PHOTOGRAMMETHY 

The t echn ique  of  three-dimensional  photogrammetry was used t o  make 

anthropometr ic  measurements of  s p e c i f i c  anatomical  landmarks on t h e  

head and t h e  t o r s o  of s e a t e d  s u b j e c t s ,  and t o  determine t h e  range of 

v o l u n t a r y  c e r v i c a l  n o t i o n .  While, i n  t h e o r y ,  t h e  x , y , z  c o o r d i n a t e s  of 

any p o i n t  i n  t h e  f i e l d  of view of two cameras whose o p t i c a l  axes  i n t e r -  

s e c t  a t  90 degrees  may be computed, t h r e e  cameras were used t o  ensure  

t h a t  a l l  p o i n t s  of  i n t e r e s t  could  be  seen by a t  l e a s t  two cameras. 

The p o i n t  of  i n t e r s e c t i o n  of t h e  t h r e e  camera o p t i c a l  axes  i s  t h e  

" o r i g i n "  of an i n e r t i a l  r e f e r e n c e  frame t o  which t h e  x , y , z  c o o r d i n a t e s  

a r e  r e l a t e d .  The fo l lowing  pages a r e  inc luded  i n  t h i s  r e p o r t  t o  exp la in  

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

i n  three-dimensional  s p a c e ,  and t h e  procedure f o r  computing t h e  range 

of motion from t h e  change i n  o r i e n t a t i o n  of a c o o r d i n a t e  system 

a t t a c h e d  t o  t h e  head. 

I .  T h e o r e t i c a l  Basis  f o r  Determining t h e  Coordinates  of a  P o i n t  i n  Space 

The fo l lowing  d i s c u s s i o n  of t h e  t h e o r e t i c a l  b a s i s  of photogrammetry 

has been paraphrased from Chaffee  (1961)  : 

Figure  E . 1  shows how c o o r d i n a t e s  a r e  e s t a b l i s h e d  f o r  two cameras,  

x and y.  Line x-x i s  t h e  o p t i c a l  a x i s  of camera x  and y-y i s  t h e  o p t i c a l  

a x i s  of camera y .  These axes i n t e r s e c t  i n  a  90-degree a n g l e  a t  C 
P  

f o r n i n g  t h e  r e f e r e n c e  p lane  x-y. The f i l m  p lanes  of each camera a r e  

pe rpend icu la r  t o  t h e i r  r e s p e c t i v e  o p t i c a l  axes and l i e  a t  known 

d i s t a n c e s ,  (X + f  ) and (;I + f ) r e s p e c t i v e l y ,  from C . 
X Y P  



P = Pci::t 13 be 1oca:ed Lx = Lens of car . .cra X 
C - ?h- t - - -%  ---- - S F .  - .- =,. ...,"<,. ,C C E ~ % ! C I .  17r reference p?:r?t L, = Lens of c?.~.:F.:~ 'I 
X p  = I?;r : ; : ; ;z~p~.t  .r! i' i.7 :C ?:rec:;cn x-X = x-t?an:er: i ; : 2  371s 

Y2 = Di.j;:n:c.l;en! ii ? I :> 'i dirc.c::in Y-Y Y-clnlrr: -;,tic 2 2 s  
r; = D:>:>:.c? fr,,::; Cp !r; : i-c. i ; : :e;~ le:s, & X'py = X-?irec!!c: f:s-:;scrr.ent of pcint "P" 
T = D;,";,:,: : r i \ x  r : 3  'i-cnrr,p:a !ens. I*; ~ r n a ~ e  o 2  Y- . 3 ~ . ? : 3  r.r.<atlirc 

= Fc.c?.i :..r,;:!, (c;{Sr:!ei-) C! i .z ;T.eFd X . ' f I p x  = Y-.d:rer:!cn 6:qy:a:i:nent of p s h t  "P" 
!.,. - F::;:l le,?i:h !c2!1b:2:2i) c!  <zi:,cr; 'i' in;?:e cn  X-camera nezatl.de 

Figure E. 1 The orthogonal relationship of two photogrammetric 
cameras in the andrometri c technique. 



Poin t  "P" i n  F i g u r e  E.1 r e p r e s e n t s  a p o i n t  f o r  which we wish t o  

determine t h e  a c t u a l  d i s t a n c e s ,  x  and y  , from t h e  r e f e r e n c e  p o i n t  C . 
P P  P  

Light  r a y s  pass  from "P" through b o t h  camera l e n s e s  L and 5 simul- 
X Y 

t a n e o u s l y  t o  s t r i k e  t h e  exposed n e g a t i v e s  a t  p o i n t  P' i n  camera x  and 
X 

p o i n t  P '  i n  camera y .  
Y 

Assuming t h a t  t h e  image of t h e  imaginary r e f e r e n c e  p o i n t  C can b e  
P  

made t o  appear a t  C '  on t h e  f i l m  p lane  o f  camera x  and a t  C '  i n  camera 
PX PY 

y ,  it fo l lows  t h a t  Pi, t h e  image i n  camera x of p o i n t  "P", appears  t o  

l i e  a t  a  d i s t a n c e  y '  from C '  on t h e  f i l m  p lane  i n  camera x .  Likewise 
PX P  

i f  we assume t h a t  t h e  image of C can a l s o  be made t o  appear i n  camera 
P  

y  a t  C '  t h e n  t h e  image P '  of p o i n t  "P" appears  t o  l i e  a t  x '  d i s t a n c e  
PY ' Y PY 

from C '  on t h e  f i l m  p lane  i n  camera y .  The apparent  c o o r d i n a t e s  
PY 

and x '  a r e ,  t h e n ,  v i s u a l  analogs  of t h e  t r u e  but  unknown coordi-  
Y ~ x  PY 

n a t e s ,  y  and x  , of p o i n t  "P", w i t h  r e s p e c t  t o  C . 
P P  P  

Because of t h i s  d i r e c t  analogy i n  a  c a r e f u l l y  a l i g n e d  o r thogona l  

photographic  arrangement between t h e  o b j e c t  space l o c a t i o n  of "P" and 
L 

t h e  apparen t  l o c a t i o n  of t h e  r e s p e c t i v e  images of "P" on t h e  f i l m s ,  

i n  camera x  i s  d i r e c t l y  p r o p o r t i o n a l  t o  y  and x '  i n  camera i s  
Y ~ x  P , PY 

d i r e c t l y  p r o p o r t i o n a l  t o  x  , 
P 

I t  should be  r e a l i z e d ,  however, t h a t  t h e s e  r e s p e c t i v e  p ropor t ions  

depend on t h e  t r u e  p o s i t i o n  of "P" i n  o b j e c t  space.  The r a t i o  of x' 
PY 

t o  x  w i l l  va ry  a s  y  v a r i e s ,  and t h e  r a t i o  of y '  t o  y  w i l l  change 
P  P P* P  

a s  x  changes,  I n  o t h e r  words, t h e  r a t i o  of t h e  f i l m  analog of t h e  
P  

c o o r d i n a t e  t o  t h e  " t rue"  c o o r d i n a t e ,  a s  seen i n  a  g iven camera, w i l l  

become numerical ly  g r e a t e r  a s  t h e  d i s t a n c e  from t h e  p o i n t  "P" t o  

t h a t  camera d imin i shes ,  and v i c e  v e r s a ,  

I n  terms of F igure  E.1 t h i s  geometric r e l a t i o n s h i p  may be  



fo rmal ly  expressed i n  a l g e b r a i c  n o t a t i o n .  For t h e  c a s e  of t h e  x  

camera, u s i n g  t h e  s i m i l a r  t r i a n g l e s  L - C 1  -PI and L -P -P we have: x px x X X 

Where f i s  a  c o n s t a n t  e q u a l  t o  t h e  c a l c u l a t e d  d i s t a n c e  between t h e  x  
X 

camera l e n s ,  L and t h e  f i l m  p l a n e ;  ('il-x ) r e p r e s e n t s  t h e  unknown x ' P 

d i s t a n c e  between p o i n t  "P" and t h e  l e n s  ; and X r e p r e s e n t s  t h e  measured 

d i s t a n c e  from C t o  t h e  l e n s .  
P  

For t h e  y  camera an analogous equat ion f o r  express ing  t h e  r a t i o  

of x r  t o  x may be d e r i v e d  from t h e  s i m i l a r  t r i a n g l e s  L - C 1  -P 
PY P Y PY Y 

and L -P -P: 
Y Y 

Where f i s  a  cons tan t  equa l  t o  t h e  c a l c u l a t e d  d i s t a n c e  between t h e  
Y - 

l e n s  L of t h e  y  camera and t h e  f i l m  p l a n e ;  (y-yp) r e p r e s e n t s  t h e  unknown 
Y 

d i s t a n c e  between p o i n t  "P" and t h e  l e n s ;  and Y r e p r e s e n t s  t h e  measured 

d i s t a n c e  from C t o  t h e  l e n s .  Equations ( 2 )  and (4) can be solved 
P 



s imul taneously  and r e w r i t t e n  i n  t h e  fo l lowing form: 

Thus, t h e  x  coord ina te  of po in t  "P" i s  seen t o  be a  f u n c t i o n  of f o u r  
P  - - 

c o n s t a n t s :  X ,  Y ,  f x ,  f y ;  and two v a r i a b l e s :  x '  and y '  . These two 
PY P  x  

v a r i a b l e s  a r e  t h e  apparent  o r  analog coord ina tes  of  po in t  "P", from 

t h e  image of  C , a s  measured on t h e  nega t ives  obta ined from t h e  y  and 
F  

x  cameras. Equation ( 5 )  i s  s a i d  t o  t r ans fo rm t h e  analog c o o r d i n a t e ,  

x '  i n t o  an e s t i m a t e  of t h e  " t rue"  c o o r d i n a t e ,  x . 
PY , P 

I n  a  s i m i l a r  manner t h e  " t rue"  y coord ina te  may be shown t o  be:  
P  

We understand equat ion ( 6 )  t o  t ransform t h e  analog coord ina te ,  

' i n t o  an e s t i m a t e  of t h e  " t rue"  coord ina te  . 
ypx , ' Y~ 

The d e r i v a t i o n  of t h e  z coord ina te  f o r  a  p o i n t  "P" i s  s i m i l a r  
P  

but  may be b e t t e r  conceptual ized us ing  Figure  E . 2 ,  which i s  a  th ree -  

dimensional  r e p r e s e n t a t i o n  of t h e  two-camera geometry. 

I n  t h i s  f i g u r e  it may be seen t h a t  t h e  apparent  coord ina tes  z '  
PX 

and z '  a r e  t h e  analogs  i n  cameras x and y ,  r e s p e c t i v e l y ,  of t h e  " t r u e "  
PY 

v e r t i c a l  c o o r d i n a t e ,  z , of p o i n t  "P", whose image i n  t u r n  i s  r ep re -  
P  

sen ted  a s  p o i n t  PI i n  t h e  y camera and P i  i n  t h e  x camera. The 
Y 

magnitudes of t h e s e  analog coord ina tes  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

a c t u a l  c o o r d i n a t e ,  z  , i n  o b j e c t  space.  Again, t h e s e  p ropor t ions  o r  
P 

r a t i o s  va ry  w i t h  t h e  " t rue"  x  and y  p o s i t i o n  of po in t  "P". As i n  
P  P  

t h e  c a s e  of developing t h e  e q u a t i o ~ s  f o r  t h e  x and y  c o o r d i n a t e s ,  we 
P  P  



may express  t h e  " t rue"  z coord ina te  i n  terms of t h e  known parameters  
P 

of t h e  photogrammetric geometry and two measurements ob ta ined  from t h e  

nega t ives  . 
I n  F igure  E.2 we s e e  from s i m i l a r  t r i a n g l e s  t h a t :  

A s i m i l a r  equa t ion  f o r  z  may be developed from t h e  analog c o o r d i n a t e ,  
P 

z 1  a s  measured on t h e  n e g a t i v e  from t h e  y camera. For convenience 
PY' 

t h e  e s t i m a t e  of z  made from t h e  x camera may be denoted a s  z and t h a t  
P P x 

made from t h e  y camera a s  z I t  can be shown t h a t  t h e  equa t ion  f o r  
PY' 

t h e  l a t t e r  i s :  

which i s  t h e  t r ans format ion  from z '  t o  z 
PY PY ' 

Figures  E . 3  through E . 5  summarize t h e  equat ions  used t o  p r e d i c t  

3-dimensional coord ina tes  us ing  any two of t h e  t h r e e  cameras a v a i l a b l e .  

For t h e  exper imental  s e t u p  and cameras used i n  t h e  p r e s e n t  s tudy  
- - 

t h e  fo l lowing  va lues  f o r  f f x ,  f Z ,  X ,  Y ,  and Z have been measured o r  
Y '  

c a l c u l a t e d .  

Focal  l e n g t h ,  X-camera l e n s ;  f = 4.2058 i n .  
X 

Focal  l e n g t h ,  Y-camera l e n s ;  f = 4 . 1 4 1 1  i n .  
Y 

Focal l e n g t h ,  Z-camera l e n s ;  f = 2.3159 i n .  
z - 

Dis tance ,  o r i g i n  t o  X-camera l e n s ;  X = 140.19 i n .  

- 
Dis tance ,  o r i g i n  t o  Y-camera l e n s ;  Y = 133.11 i n .  

- 
Dis tance ,  o r i g i n  t o  Z-camera l e n s ;  Z = 84.73 i n .  





1% AYSFCIRW 4T13:J ECUATIONS C A M E k A S  X A N D  Y 
- 

ANALOG C A M E R A  

C O 0 R D I t : A T E  COGRDl  h A T E  - 

'1, X 

Y 

* T h e  s u b s c r i p t  p  deno tes  that  the c o o r d i n a t e  i s  f rom t h e  P h ~ t a ~ r a m m r ~ r i c  

C t n f e r  (C 1. T h e  f i r s t  t w o  l e t t e r s  o f  the s u b - r u b u f i p t i r d i c c t e  which cameras ore P 
u s e d  and the s i r s l c  l e t t e r  i n  parentheses i n  the  c a s r  d the Zp r s ~ i m a t r  

i n d i c a t e s  w h i c h  cnoloq v e r t i c o l  c o o r d i n o t c  ( X  or Y camera)  i s  b e i n g  usrd. 

~ h i s ' l c t t r r  i s  n e c t s r o r l  here s i n c e  us ing  t h e  X ond  Y corneror, t w o  

s r p c r a t e  e s t i m a t e s  cl Zp a re  poss ib le .  
a ,  

F i g u r e  E .  3 X and Y calnera geome t ry ,  t r a n s f o r m a t i o n  e q u a t i o n s ,  
and n o t a t i o n  f o r  e s t i m a t e s  o f  " t r u e "  c o o r d i n a t e s .  



CAPERAS X AND Z 

E S T I M A T E D  A r j  ALOG 
COORDINATE CCORDIHATE CAMERA 

* U s i n :  thr X n l d  2 coccros  i t  i.i : e s ~ i t l e  93 obtcin t w o  
s e p a r o l c  e s l i r o t e s  m I  YD;  o n e ,  Y f rom the X 

P 1 d X ) '  
c a m e r a  a n d  t h e  o t l ~ c r ,  

y p  x * ( x , *  
from the  Z cornera. 

F i g u r e  E.4  X and Z camera geome t ry ,  t r a n s f o r m a t i o n  e q u a t i o n s ,  
and n o t a t i o n  f o r  e s t i m a t e s  of t h e  " t r u e "  c o o r d i n a t e s .  



T?At:SF'3,3uATlb~ E l ' i ' A ?  I%S CAMERAS Y AhD 2 

* F r o m  t h e  Y ar.d Z c a m e r a s  w e  obta in  ? - a  s c  c r a t e  e s t i m o t  s 
01 x P  hosed upan t h e  u s e  o f  ebiher %' i* t h e  ! c a m e r a  o r  x f 
in  the Z comero. "7 P t 

---- --- -- 
ESTlkATED 

* I  X - C O O R D I N A T E  
f ' 7 * ( 7 ) -  5 

Y 
P Y  1 

Sf) - z; Y 

X  
PYZ(I) 

* X ~ y z ( * )  

Figure E . 5  Y and Z camera geometry, transformation equations, 
and notation for estimates of the "true" coordinates. 
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11, C a l c u l a t i o n  of  rue" Or ig in  from V i s i b l e  Or ig in  

A s  noted e a r l i e r ,  t h e  exac t  p o s i t i o n  of t h e  imaginary i n t e r s e c t i o n  

of t h e  camera axes  must be known i n  each p i c t u r e  ( c '  C ' , and C ' ) . 
PX' PY P  = 

Since  t h i s  p o i n t  i n  o b j e c t  space l i e s  somewhere w i t h i n  t h e  s u b j e c t ,  

it i s  n o t  p o s s i b l e  t o  mark t h i s  p o i n t  i n  space.  Another p o i n t ,  c a l l e d  

t h e  " v i s i b l e  o r i g i n "  which i s  a  known x ,  y ,  and z d i s t a n c e  from t h e  

" t r u e  o r i g i n "  i s  marked, however, and p rov ides  a  means of computing 

t h e  p o i n t s  C '  C '  and C '  i n  each photograph. 
PX'  PY' P Z  

R e f e r r i n g  t o  F i g u r e  ~ . 6 ,  t h e  " v i s i b l e  o r i g i n " ,  p o i n t  S ,  i s  a t  

known measured d i s t a n c e s  x and y , from t h e  " t r u e  o r i g i n " .  From 
S S 

s i m i l a r  t r i a n g l e s :  

and,  

Also,  

and,  



CAMERA " Y "  

Figure E.6 Geometry for translating from visible origin (S) 
coordinates to "true" origin coordinates. 



where t h e  second s u b s c r i p t  i n  y '  and x '  denotes  t h e  camera from 
SX s Y 

which t h e  p i c t u r e  was t aken .  S ince  t h e  d i s t a n c e  on t h e  photograph 

between t h e  v i s i b l e  o r i g i n  and any o t h e r  p o i n t  can be measured 

(x" , y" ) ,  t h e  d i s t a n c e  from any p o i n t  t o  t h e  t r u e  o r i g i n  can t h e n  be 
PS PS 

c a l c u l a t e d  by: 

and,  

I n  a s i m i l a r  manner t h i s  u s e  of t h e  v i s i b l e  o r i g i n  may be  

extended t o  a  3-dimensional s i t u a t i o n .  The d i s t a n c e s  x '  py . y;x, Z;y' 

e t c . ,  a r e  t h e n  t h e  d i s t a n c e s  needed t o  c a l c u l a t e  t h e  t r u e  p o s i t i o n  of 

a p o i n t ,  P ,  u s i n g  t h e  equa t ions  of Chaffee .  

The a c t u a l  d i s t a n c e s  x s s  Ys, 
and z  f o r  t h e  exper imental  s e t u p  

S 

i n  t h i s  s tudy  have been measured a s :  

x  = 6.0 i n .  = 15.24cm.  
s  

s  
= 18.13 i n .  = 46.04 cm. 

z  = -10.39 i n .  = -26.39 cm. 
s 

These v a l u e s  were used i n  equa t ions  s i m i l a r  t o  ( 1 0 )  and (11) t o  

compute f i l m  p lane  d i s t a n c e s  x '  z '  z '  x '  w h i c h w e r e t h e n  s y 3  s y '  Y s x )  s z 3  S Z  

used i n  t h e  computer programs f o r  determining anthropometry and range 

of motion. 

The x ,  y ,  and z d i s t a n c e s  of t h e  " t r u e  o r i g i n "  from t h e  s e a t  

r e f e r e n c e  p o i n t  (SRP) have a l s o  been measured so  t h a t  anthropometry of 

t h e  head and t o r s o  may be  given r e l a t i v e  t o  t h i s  more u s e f u l  r e f e r e n c e .  



Measuring from " t rue"  o r i g i n  t o  SRP, t h e s e  d i s t a n c e s  a r e :  

x = 3.16 cm. 

y = 0.0  cm. 

z = -73.7 cm. 

111, Computation of Eule r  Angles 

As d e s c r i b e d  i n  Chapter 2 ,  S e c t i o n  C.4 of t h i s  r e p o r t ,  t h e  

v o l u n t a r y  range of c e r v i c a l  motion i s  computed by determining t h e  E u l e r  

ang les  which d e s c r i b e  t h e  change i n  o r i e n t a t i o n  of an o r thogona l  3-axis 

c o o r d i n a t e  system ( ~ i g u r e  2 .14)  a t t a c h e d  r i g i d l y  t o  t h e  s u b j e c t ' s  head.  

These Eule r  a n g l e s  d e s c r i b e  t h e  new p o s i t i o n  r e l a t i v e  t o  t h e  F r a n k f o r t  

p o s i t i o n  and t h e  axes  of r o t a t i o n  a r e  t h e  anatomical  axes  i n  t h e  head 

r e l a t e d  t o  t h e  F r a n k f o r t  p lane .  While a c o r r e c t i o n  f o r  head p i e c e  

tilt r e l a t i v e  t o  t h e s e  anatomical  axes  i s  needed t o  ensure  t h a t  t h e  

Eu le r  a n g l e s  a r e  computed about t h e s e  anatomical  axes ,  it w i l l  be  

assumed i n  t h e  d i s c u s s i o n  which fo l lows  t h a t  t h e  head p i e c e  axes  l i n e  

up w i t h  t h e s e  anatomical  axes .  The o rder  i n  which Eule r  a n g l e s  a r e  

t aken  i s  a l s o  an  important  f a c t o r .  For t h i s  s tudy  t h e  o rder  i s  yaw ( a ) ,  

which i s  r o t a t i o n  about an a x i s  pe rpend icu la r  t o  t h e  F r a n k f o r t  p lane ;  

p i t c h  ( $ ) ,  which i s  r o t a t i o n  about an a x i s  p a r a l l e l  t o  a l i n e  

connect ing both  t r a g i o n s ;  and r o l l  ( y ) ,  which i s  r o t a t i o n  about an 

a x i s  pe rpend icu la r  t o  t h e  axes  of yaw and p i t c h .  

With t h e  s u b j e c t  s e a t e d  wi th  head i n  t h e  F r a n k f o r t  o r i e n t a t i o n ,  

t h e  Eu le r  a n g l e  axes  a r e  p a r a l l e l  t o  t h e  camera axes  which w i l l  be  
h h  

denoted by t h e  u n i t  v e c t o r s  I ,  J ,  and K.  These correspond t o  t h e  Eu le r  

axes  of r o l l ,  p i t c h  and yaw, r e s p e c t i v e l y .  When t h e  head i s  r o t a t e d  t o  

some new p o s i t i o n ,  t h e s e  headpiece  axes  t a k e  on a new o r i e n t a t i o n  i n  



space w i t h  r e s p e c t  t o  t h e  i n e r t i a l  r e f e r e n c e  frame, and we w i l l  

denote  t h e  u n i t  v e c t o r s  a long t h e  new headpiece axes i n  t h e  f i n a l  

p o s i t i o n  by el, e , ,  and e r e s p e c t i v e l y .  To achieve t h i s  new or ien-  
3 

t a t i o n ,  t a k i n g  t h e  Euler  angle  r o t a t i o n s  i n  t h e  proper  o r d e r ,  t h e  

fol lowing r o t a t i o n s  and in te rmedia te  o r i e n t a t i o n s  can be considered:  

Yaw ( a )  : About t h e  K-axis, r e s u l t i n g  i n  an in te rmedia te  

s e t  of axes ( 5 ,  B i ,  @!). 
P i t c h  ( 6 ) :  About t h e  new in te rmedia te  @* a x i s ,  r e s u l t i n g  

2 

i n  another  new in te rmedia te  s e t  of axes 

R o l l  ( y )  : About t h e  By* a x i s ,  which r e s u l t s  i n  t h e  f i n a l  

and d e s i r e d  s e t  of axes ( e l ,  e2, 5). 
Each of t h e  above r o t a t i o n s  can be represen ted  by a t r ans format ion  

between t h e  "previous" s e t  of axes and t h e  new axes. 

Thus, t h e  f i r s t  r o t a t i o n  can be represen ted  by: 

where ,  

coscl s i n a  0 

( 1 4 )  [ a ]  = 

The second r o t a t i o n  can be represen ted  by: 



where, 

cosB 0 - s in6  

[ B I  = 

And t h e  t h i r d  and f i n a l  r o t a t i o n  can be represen ted  by: 

where, 

The t h r e e  t r a n s f o r m a t i o n  m a t r i c e s  can be m u l t i p l i e d  t o  y i e l d :  

where, 

( cosasinBsiny 
- s i n a c o s y )  

( s i n a s i n y  
+ cosasin8cosy)  

sinacosB -s ina  



By i n s p e c t i o n  of terms i n  t h e  mat r ix  of equat ion ( 2 0 )  and us ing  

equa t ion  ( 1 9 )  t h e  fol lowing equat ions  f o r  t h e  Euler  ang les  a r e  ob ta ined :  

which g i v e s ,  

which g i v e s ,  

and,  

which g i v e s ,  



Thus, by computing t h e  u n i t  vec tors  i2 
1 ' e2, and & using t h e  

3 ' 
equations of Chaffee t o  determine t h e  coordinates  of t h e  endpoints of 

t h e  headpiece axes,  t h e  values of a ,  B, and y a r e  then computed using 

equations ( 2 2 ) ,  (24) ,  and ( 2 6 ) .  In  t h i s  development t h e  p o s i t i v e  

d i r ec t ions  of t h e  i n e r t i a l  re fe rence  system axes have been taken 

p o s i t i v e  from subjec t  toward the  cameras. I n  order t o  make t h e  Euler  

angles compatible with most computer models where t h e  p o s i t i v e  sense of 
A A 

t h e  K and J axes a r e  reversed ,  t h e  s igns  of a and I3 as  conputed above 

a r e  changed, and the  d a t a  have been presented i n  t h i s  manner. There- 

f o r e ,  r o t a t i o n  (yaw) t o  t h e  r i g h t ,  p i t c h  t o  t h e  r e a r  ( ex t ens ion ) ,  and 

l a t e r a l  bend ( r o l l )  t o  t h e  r i g h t  a r e  reported a s  p o s i t i v e  angles ,  while 

r o t a t i o n  (yaw) t o  t h e  l e f t ,  p i t c h  t o  t h e  f r o n t  ( f l e x i o n ) ,  and l a t e r a l  

bend ( r o l l )  t o  t h e  l e f t  a r e  reported a s  negat ive angles .  

I V .  Correct ion f o r  Headpiece T i l t  Rela t ive  t o  Head Anatomical Axes 

Since t h e  Euler angles a r e  defined about anatomical axes,  and it 

was ne i the r  poss ib le  nor f e a s i b l e  t o  p lace  t h e  headpiece on each subjec t  

so t h a t  i t s  axes were p e r f e c t l y  aligned with these  anatomical axes,  a 

cor rec t ion  t ransformation was needed t o  re-orient  t h e  headpiece axes 

i n  t h e  f i n a l  head pos i t i on  ( i . e .  , a f t e r  completing a range-of-motion 

movement) t o  where they  would have been had t h e  headpiece been 

p e r f e c t l y  a l igned ,  We denote t h e  t i l t e d  or  misoriented headpiece ax i s  

system i n  t h e  Frankfort  plane pos i t i on  by ( e f  1 and both t h e  i d e a l  or  

anatomical ax i s  system i n  t h i s  pos i t i on ,  and t h e  i n e r t i a l  or  camera 

ax i s  system (which a r e  t h e  same i f  t h e  head i s  i n  a t r u e  Frankfort  

p o s i t i o n )  by { E )  . The r o t a t i o n  matrix which descr ibes  t h i s  t i l t e d  

system r e l a t i v e  t o  t h e  i n e r t i a l  system w i l l  be denoted by [ N ] .  That i s :  



The r o t a t i o n  m a t r i x ,  [ N ]  , i s  cons tan t  and a l s o  d e s c r i b e s  t h e  o r ien-  

t a t i o n  of t h e  headpiece  i n  t h e  f i n a l  head p o s i t i o n ,  { e l l  r e l a t i v e  t o  

where it would have been had t h e  headpiece been l i n e d  up w i t h  t h e  

T 
head anatomical  a x e s ,  { e  \ . Since  [ N ]  i s  o r thogona l ,  Nml = N , and 

t h e  imaginary f i n a l  p o s i t i o n  of t h e  headpiece a x i s  system i s  given by: 

where , 

A h  + 

and i ,  j ,  and k a r e  t h e  new o r  imaginary v e c t o r s  from which t h e  t r u e  

Eu le r  ang les  taken about t h e  anatomical  axes  a r e  c a l c u l a t e d .  

V .  Computation of Traa ion  Anthropometry 

I n  o rder  f o r  t r a g i o n  t o  be seen by two cameras it was necessa ry  



t h a t  t h e  s u b j e c t ' s  head be  r o t a t e d  about 45 degrees  t o  t h e  r i g h t .  Th i s  

p o s i t i o n  was t h e  1 2 t h  o r  last  i n  t h e  range-of-motion sequence.  It i s  

obvious t h a t  wi th  t h e  head i n  t h i s  new o r i e n t a t i o n ,  t h e  c o o r d i n a t e s  

of t r a g i o n  ob ta ined  from t h e  Chaffee equa t ions  a r e  no t  t h e  same as t h e  

coord ina tes  of t r a g i o n  i n  t h e  Frankfor t  p o s i t i o n  and t h e r e f o r e  cannot 

be used d i r e c t l y  w i t h  t h e  c o o r d i n a t e s  of t h e  o t h e r  anatomical  p o i n t s  

determined from t h e  Frankfor t  p o s i t i o n .  The l o c a t i o n  of t h e  hidden 

t r a g i o n  can,  however, be determined. F i r s t ,  a  v e c t o r  i n  t h e  t r a g i o n  

p o s i t i o n  i s  c a l c u l a t e d  which d e s c r i b e s  t h e  l o c a t i o n  of t r a g i o n  r e l a t i v e  

t o  a  f i x e d  p o i n t  on t h e  headpiece .  Next, t h i s  v e c t o r  i s  t ransformed 

by t h e  i n v e r s e  of t h e  m a t r i x  of d i r e c t i o n  c o s i n e s  which d e s c r i b e s  t h e  

t r a g i o n  p o s i t i o n  r e l a t i v e  t o  t h e  Frankfor t  p o s i t i o n .  The l o c a t i o n  o f  

t r a g i o n  i s  t h e n  determined from t h e  t ransformed v e c t o r  and t h e  l o c a t i o n  

of t h i s  f i x e d  p o i n t  on t h e  headpiece  i n  t h e  Frankfor t  p o s i t i o n .  

I n  t h e  p r e s e n t  s t u d y ,  f o r  example, t h e  9 d i r e c t i o n  c o s i n e s  which 

d e s c r i b e  t h e  t r a g i o n  p o s i t i o n  r e l a t i v e  t o  t h e  F r a n k f o r t  p o s i t i o n  were 

computed and used t o  form t h e  t r a n s f o r m a t i o n  m a t r i x :  

The c o o r d i n a t e s  i n  space of p o i n t  6 on t h e  headpiece ( s e e  F i g u r e  2,lk) 

i n  t h e  t r a g i o n  p o s i t i o n  were computed a s  were t h e  c o o r d i n a t e s  o f  t r a g i o n .  
A & 

The v e c t o r  r e l a t i n g  t h e s e  two p o i n t s ,  TI, was t h e n  t ransformed t o  T by 

t h e  m a t r i x  [sJ-' and new c o o r d i n a t e s  desc r ibed  by T added t o  t h e  coordi-  

n a t e s  of p o i n t  6 a s  determined from t h e  F r a n k f o r t  p o s i t i o n  photographs.  



I n  t h i s  way it was p o s s i b l e  t o  determine t h e  anthropometry of anatomical  

p o i n t s  r e l a t i v e  t o  t r a g i o n ,  even though t h e  t r a g i o n  p o s i t i o n  was d e t e r -  

mined from a s e p a r a t e  s e t  of photographs.  





APPENDIX F 

PHOTOGRAMMETRY COMPUTER PROGRAMS 

I .  General  

The two computer programs conta ined i n  t h e  fo l lowing  pages were 

w r i t t e n  i n  F o r t r a n  I V  f o r  t h e  Hewlett  Packard 2115 A computer t o  

ana lyze  t h e  anthropometry and range-of-motion d a t a  t a k e n  i n  t h i s  s tudy .  

Data recorded on 35mm f i l m  were f i r s t  d i g i t i z e d  u s i n g  a d i g i t i z e r  which 

conver ted p o i n t s  on t h e  f i l m  ( s e e  Appendix D) t o  x ,  y c o o r d i n a t e s  on 

paper t a p e .  The paper t a p e s  were t h e n  r e a d  by t h e  computer program 

and a p p r o p r i a t e  computations performed t o  ach ieve  t h e  f i n a l  r e s u l t s .  

For t h e  f i r s t  program, NKFLX, which computes t h e  Eu le r  a n g l e s  f o r  range 

of mot ion,  computations involved c o r r e c t i o n  f o r  camera r o l l ,  computation 

of headpiece  v e c t o r s  u s i n g  t h e  andrometr ic  equa t ions  of Chaff e e  ( s e e  

Appendix E )  , c o r r e c t  i o n  of v e c t o r s  f o r  headpiece  tilt , and c a l c u l a t i o n  

of t h e  E u l e r  ang les  u s i n g  equa t ions  22, 24,  and 26 g iven  i n  Appendix E. 

For t h e  second program, W S ,  which computes three-dimensional  anthro-  

pometry of t h e  s u b j e c t  s e a t e d  i n  t h e  Frankfor t  p lane ,  computations 

involved c o r r e c t i o n  f o r  camera r o l l ,  computation of x ,  y ,  and z coordi-  

n a t e s  o f  anatomical  markings us ing  equa t ions  from Chaffee  ( s e e  Appendix 

E ) ,  computation of x ,  y ,  and z p o s i t i o n s  of t r a g i o n  i n  t h e  Frankfor t  

p o s i t i o n  u s i n g  t h e  t r ans format ions  given i n  Appendix E, S e c t i o n  E of 

t h i s  r e p o r t ,  and c a l c u l a t i o n  of t h e  x ,  y ,  and z d i s t a n c e s  of t h e  

anatomical  p i n t s  r e l a t i v e  t o  t h e  Sea t  Reference Po in t  (SRP) and/or 

t r a g i o n .  



11. Range-of -Mot i o n  Program ( NKFLX) 

ROLL CO;.IPEP;SATI ON 



T H E T A 1  =ATAN(A". I  ) 
TH ETA2=ATAEJ ( A'S 2 )  
T H E T A  3=ATAN (AP.5 3)  

DO 5453 1 = 1 ~ 3 7 2 ~ 1  
I F ( I . G T . 1 2 4 )  G 3  TO 5 1 6  
A?.G4=Tk'ETA I  
GO TO 5 3 6  
I F ( I . G T . 2 k B )  G 3  TO 5 2 6  
A P . I ; 4 = T H T A 2  
G O  3 5531 
A K 4 = T H  ETA 3 
Xl=~(I)*C3S(A%h)-"(1)*5I:J(A?.s4) 
Y(~)=X(I)*SI!J(A~G4)+Y(I)*CO-C(A?.G4) 
X ( I ) = X !  
C0:JTIiIL'E 

E=G. 
I F ( C . G T . 9 . 2 )  G 3  TO 5 4 7  
' . I ? . I T E ( B J  5 4 5 )  A J ~ J  CJ 5, L 
F3?.:!.4T("_CL'3dECT COZS:  " J I ~ J I ~ J I ~ J I ~ J I ! ~  
GO 1 3  5 5 5  
'v '? .ITE(br 5512) A,?, C I  E 
~ O = ! ' i A T ( " ~ ' - ' ? : E C f  C 0 3 1 :  " J I ! J I ~ J ~ ~ J 1 2 )  
' J ' I T E ( B >  5 5 1 )  
FOW:*:ST ( "  Y  A lJ P I  TCH EO LL" 

CALL ' f Z C A : I ( X ( 2 5 2 )  r V ( 2 5 2 )  J ' < (  1 2 e )  J C??XI C ? ~ Y , C ? ~ Y J X T J Y ? I Z T )  
X 4 = X T  
Y 4 = Y T  
£ 4 = Z T  
CALL YtC.4:!(:!(253) ~ \ ( ( 2 5 3 )  J Y (  1 2 9 )  J C ? ~ X I C ? ~ \ : J  C P ~ Y J % : J Y T J ~ T )  
X 5 - X T  
Y  5 = Y  T  
z _ 5 = £ T  
CALL Y Z C A ! ? ( Y ( 2 5 6 ) r Y ( ? 5 5 ) r V ( l  3 2 ) ~  C " ~ X J  C ? l y ~  C P ~ Y J X T J Y T J Z T )  
X S = X T  
Y E = Y T  
Z S = Z T  
CALL : i 'ZCA:G(X(254)  r Y ( 2 5 4 )  r Y ( 6 )  J C33X> C ? ~ Y I  C ? ~ Y I X ? ~ Y T I ~ T )  
XO=XT 
Y 6 = Y T  
2 6 = Z - T  
CP.LL X Z c A ; q ( x ( 2 5 : )  > ' : ( 2 s s ) , y ( 7 ) J  cQ,?xJ c ? 3 Y >  C P ~ Y J X T , Y T J £ T )  
V 4 X = X 4 - X  5  
V 4 Y = Y 4 - Y  5 
V 4 i - E L I - Z  5 
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Y 7 = Y T  
iT7=ZT 
CALL Y~CAI~(X(I*10*+250)~Y(1*!0.+25Cl)rY(I*10.+126)~ 

* C ? ~ X J  C ? ~ ? J  C ? ~ Y , % T J Y T J ~ T )  
X 8 8 = X T  
Y 8 8 = Y T  
t 8 8 = Z T  
GO TO 648 

630 J = a  
I F ( X ( I * ! E * )  . T ; T . ! . O C )  ['6?=a. 
I F ( X ( I * 1 0 . + 1 ) . 5 - .  1 - 9 7 )  '!7?=0. 
I F ( X ( I * l a . + ? )  * S T .  1 - 9 9 )  1'8??=il. 

CALL X Z C A : I ( ' ~ ( I ~ ! ' ~ ~ + ~ ~ , ~ ~ J ~ ( I * ~ Q ~ + ~ ~ E ~ ~ J Y ( I * I ~ ~ ~ J  
* C P 3 X J  P ~ Y J  C ? ! V J % T J Y T J < T )  

X 6 = X T  
Y 6 - Y T  
t 6 = t T  
CALL X ~ C A i I C : < ( i * 1 3 . + 2 4 9 ) r Y ( I * l D ~ + 2 4 9 ) ~ Y ( I * ] 0 , + ~ )  

* C P ~ ~ J  C33Y# P I ' . I J : I T J Y T J ~ - T )  
X 7 = X T  
Y 7 = Y T  
Z 7 = Z T  
CALL X ~ C A ~ ~ ~ ( Y ( I * ~ B ~ + ~ , E Z ~ ~ Y ~ I * L ~ ~ + ~ ~ ~ ~ J Y ( I * I ~ ~ + ~ ~ J  

* 6 3 X ~  C ? ~ ? J  CPI\(J:!TJ"TJ 
X 8 8 = X T  
Y 8 8 = Y T  
2 8 8 = t T  
XXT=XT 
W T = Y T  
E ? T = 2 T  

6 4 0  V7?X=XF,-"7 
V 7 P Y = Y  6 - Y  7  
V 7 P Z = t 6 - 2 7  

6 6 0  ! F ( X ( I * 1 ' 3 . + 2 L 6 )  * G ? .  1 . 3 ' )  ','LD=0. 
I F ( X ( I * 1 3 * + 2 4 7 )  - 2 - a  1.92) l J : ? = a .  

I F ( I . E O . 4 )  SO "0 6 6 5  
I F ( J . E L . 3 )  G 3  TO 670 
GO TO 6 5 6  

6 6 5  I F ( X ( I * ! C . - I  * )  . S T . !  - 9 3 )  G O  TO 6 7 0  
6 6 6  I F ( X ( I * ! T . - ? !  . S m . !  . 9 C )  '14?=G. 

I F C X ( I t l @ . - I )  - 5 7 ' .  I .97) ?'5?=3.  
CALL > : Z C A : ~ ( X ( I * ! ~ . + ~ ~ E ) ~ Y ( I ~ ~ I ~ . + ~ ~ ~ ) J Y ( I * ! ~ . - ~ ) ~  

* C ? 3 X J  P 3 Y J  P ~ \ ( J ~ T J Y ? J ~ ~ ' )  
X 4 = X T  
Y 4 = Y T  
i ? 4 = t T  
CALL X ~ C A ~ . I ( X ( I * ~ ~ . + ~ L I ~ ) ~ Y ( I * ~ B . + ~ ~ ~ ) ~ ~ ( I * ~ ~ , - ~ ) ~  

* C ? ~ X J  F ? Y r  C ? ! ' ~ J X T J Y T J ~ T )  
X 5 = X T  
Y  S = Y T  
i ? S = f T  
I F ( X ( I * l D . + 2 5 3 ) * ? T .  1 . 9 8 )  V R ? = 0 *  
I F ( X ( I * ! d . + 3 )  . S T .  I .9C) '.'an=Q. 
CALL Y ~ C A I * : ( Y ( I ~ ! T ? ~ + ~ ~ " ) ~ V ( I . ~ : ~ Q ~ + ~ ~ ~ ) J Y ( I * ~ ~ ~ + ~ ) ~  

* C ? ~ X J  ~ ? Y J  F I V J Y T J Y T J  I T )  
GO TO 6 E F  

6 7 0  I F ( X ( I * I 0 . + 1 2 ? )  .GT. ! . 9 ? )  V 4 ? = @ .  
I F ( X ( 1 * 1 3 . + 1 2 3 )  .z-. ] -3:) !;5p=0. 
CALL Y ~ C A M ( S ( I * ! ~ ~ + ~ ~ ~ ) J Y ( I * I ~ * + ~ ~ ~ ) J Y ( I * I ~ ~ + ~ ~ ~ ) ~  

* C ? ~ X J  C P ~ Y J  C P ~ Y J X T J Y T J E T )  
X 4 = X T  
Ylr=YT 
£ 4 = Z T  
CALL Y Z C A M ( X ( I * ~ ~ . + ~ ~ ~ ) ~ \ I ( I * I ~ . + ~ ~ ~ ) ~ Y ( I * I B . + ~ ~ ~ )  

* C P ~ X J  P 3 Y J  C P 2 V r : < T r Y T ,  ?1T) 



X5=XT 
Y S=Y T 
ZS=ET 
IFCX(I* l0 .+250) .GT.  1 . 9 3 )  V8?=a. 
I F ( X ( I * 1 3 . + 1 2 6 )  .GT. 1 . 9 3 )  'JEP=B* 
CALL YtCfiM(~(I:~lC.+250)rY(I*10*+25a),Y(I*10~+126), 

*C?3X, C ? ~ V J  C ? ~ Y J Y T J V T J ? T )  
680 IF(V4P.EQ.B) G O  TO 63a 

IF(VS? .E3 .0 )  G O  TO 696 
G O  TO 6 9 5  

6 9 5  V45?=0. 
IFCV6P.E9.0) G O  TO 7 8 8  
I F ( V 7 P . E L . a )  G O  TO 7 % 3  
CPX=(X7+X6)/3. 
CPY=(Y7+Y6)/2. 
C P t = ( t 7 + Z 6 ) / 2 .  
IF(V8P?.EC.B) V8?=8. 
VBPX=XYS - CPX 
V8?Y=Y 88  - CPY 
V8PZ=ZSE- Z Z  
IF(V4?.E?.O) G O  TO 6 9 3  
V4PX=X4- C P X  
V4PY=Y 4- CPY 
V4PZ=Z4- C ? t  
G O  T O  7E1 

6 9 3  IF(V52.EQ.9) G O  TO 7B0 
V4?X= C?Y!->:5 
V4?Y= C?'-Y 5 
V4?t=C?Zi-Z5 
G O  TO 72  1 

6 9 5  C?X=(Xli+X.C)/2. 
P Y =  (Ylr+V 5 )  / 2 .  
P Z = ( Z 4 + t 5 ) / 2 .  
v4px=x4-:< 5 
V4?Y=Y 4-Y 5 
V4PE=Zf:-t 5 
V8PX=XT- P X  
V8PY =?'T - CPY 
V8PE=ZT- C E  
G O  TO 701 

700 V456?=Z. 
701 IF(V6?.E?.E)  G O  TO 7 F 6  

IF(V7?.Z?.L?) SO TO 7E6 
G O  TO 7 P 9  

7 0 6  IF(V45?.E%.B) G O  TO 7 0 3  
IF(r76?*E3.5 ' )  G O  TO 7E7 
V7PX=XS- C?X 
V7?Y=Y6- C?V 
V7PE=Z6- C?t 
G O  T O  7 0 9  

7 0 7  I F ( V 7 P . 5 2 . 8 )  G O  TO 7 0 8  
V7PX= CPX-X7 
V7PY= C?"-Y 7 
V7PZ=C?i: -~7 
G O  TO 7 5 9  

7 0 8  V67?=3. 
709  V ~ ? K = ~ C ~ T ( V ~ J ? X * * ~ + L J ~ P Y * * ~ + V ~ P ~ * * ~ )  

V ~ P M = S Q ~ ? T ( V ~ ? X X * ? + V ~ P " * * ~ + V ~ ? * * ~ )  
VBPbI=S??T(V8?X**2+V8PY**2+V8?**2)  
V4PX=V4?::/V4P:f 
V4PY=V/i?Y /V4?P! 
V4PZ=v4?Z/V4?:~l 
V7PX=V7P:(/V7PtI 
v7PY=V7PY/V7P:4 



V7PZ= V7Pt /V7Pll 
VB?X=VB?X/V3?M 
VgPY=V8?Y/V8?M 
V8PE=VB?Z/VS?M 
IF(V456P.EQ.0)  G O  TO 7 1 0  

C 
C CORPECT FOR HEADPIECE TIL?  
C 

U ~ P X = S I  1 * v ~ ? x +  521 *V?PX+ s 3 1  *LT8Px 
U4?Y=S! 1*1'4?Y+_C2 1*['7?'!+53!*V8?Y 
u ~ ? ? = : I  ! * I : L L P ~ + S ~ ! * V ~ P : + S ~ I * V ~ = ' L  
U4?= SO?.:( U ~ P X * * ~ + U ~ ? V * X ~ + U ~ ? E * * ~ )  
ARG 1 A=U4?V/C?  
ARG I B=C4PX/C4? 
?SI(I)=ATA?J(A?.GlA/A3G1B)*!88./3.1416 
A!?GGA=U4?Z/U4? 
ARG23=U&PY/U4? 
PHI(I)=ATA~J(-(A?G2A/A3~23)*SIN(PSI(I)+3.1416/18B~))*18~~/3~14 
PSI ( I ) = - P S I  ( I )  
P H I ( I ) = - P H I ( 1 )  
G O  TO 7 1 5  

710  P S I ( I ) = 9 9 9 . 9  
? H I ( I ) = 9 9 9 * 9  

7 1 5  IF(V83.EQ.E) SO TO 720 
I F ( V 6 7 ? * E 9 . 0 )  2 0  ?O 7 2 3  

C 
C COT??.ECT ?:SCTO?S 6 A!lS E FOE HEAL?IZCE TILT 
C 

L'IPX= $1 2*V4?:<+ SZ2*'?7PX+ 532x1!E?X 
U7?Y=S 12"7,'4?Y+ '?2A117?'!+ 532*';5?'? 
U7Pf =512vl,'4?5+ 522z7;7p:+ 5?.2*1.'3?2- 
U7p=Sgz?(~7'"*" 2+U7~yr*2+UU?:**2) 
UBPX=S 1 3k'!L:?Xi 523~7,"??V+ 5 jC''.'S?X 
UB?Y='! 2*7.'4"+ E ~ C X ~ ' ~ ? V +  533~1, '3?Y 
rJ&?Z=Sl 3*V4?t+'2?x!T7?:t 522xl;ept 
UgP=SQ~T[US?X**2+C3?Y**2+U3?7-**2) 
ARG 3A=U7?s/C7? 
ARG 3B=UBPE/U?3? 
THETA(1 )=ATA?J(AXCIA/A?G3B)*l3g./?.1416 
G O  TO 12 32 

7 2 0  THETA(I)=998.9 
1230 : , lFi lTE(6~ ~S~E)IJ?SI(I)J?YI(I)JTHETA(I) 
1523 FORI.IA?("?O~ITIOiJ: " J  121"  " r F 5 . 1 ~ "  " r F 5 . 1 ~ "  " r F 5 . 1 )  
2000  CONTI>JVE 
2010  ? E A D ( l r 2 g 2 0 )  I 

I F ( I . E Q . 8 )  G O  TO 2 3 2 5  
G O  TO 117 

2020  FORMAT( I 1 ) 
2 0 2 5  DJD 
C 

SLBROUTIEJE Y? C A ! . I ( ~ ~ D J V ~ D J Y ~ D J  C C ~ X J  CD3Yr CD2Yr XTJYTJ ZT) 
iSPR=Y2 D- C E V  
XPFI=Y 3C- CD3V 
YPR=CD3X-X3D 
YT=Y?R*(84.7*4.28-1 23. 1*Z?2)/(li-28*2.29-Y?E*??R) 
ZT=ZPR*(! 33. ! * ~ * ~ E - B ~ . ~ * V P ? . ) / ( ~ . S ~ * ~ B ~ ~ - Y P ? ~ * Z ? R )  
XT=X?!7*(84.7*4.23-1 33.1 *ZPR)/Oi.28*2.28-YP?.*ZPF.) 
R ETUPN 
EIJ D 

C 
C 

SUBROUTINE XE C A ! I ( X ~ D J Y ~ D J Y ~  DJ CD~XJ  CD3Yr CDIYJXTJYTJ ZT) 
XPR=Y3D-CD3Y 
t P R = Y  I D- C D I Y  



YPR=CDtX-X3D 
Xf=XPR*(64.7*4.26-14a.2*???)/(4.26*2*28-%?R*Z?R) 
YT=YPR*(84.7*4.26-1 4002*ZP~)/(4.26*2.28-><pzz??) 
tT=EPR*(140.2*2.28-84.7*XPR)/(4.26*2.28-xPp*z?R) 
RETURN 
END 
EN DS 



111. Three Dimensional Anthropometry Program (MEAS) 

PROGRAM i4EAS 
DIMDISION L l  ( 4 ) r L 2 ( 4 )  J C 3 ( 4 ) ~ X ( 3 7 2 ) r Y ( 3 7 2 ) ~ ; 4 1  ( 3 7 2 ) r M 2 ( 3 7 2 )  

REA3 IIJ SUSJECT I,;UIIBEF. 
CODINS C C i I E I E  

DO 10fl I = l r 4 ~  1 
READ(5r25) Ll ( I ) r L 2 ( I ) a C 3 ( 1 )  
FORP;AT(214rAI) 
CONTINUE 

DATA READ IN 

DO 500 I = l r 3 7 2 r l  
R E A D ( ~ J ~ ~ ~ ) ~ I ~ ( I ) J : ? ~ ( I ) D X ( I )  
FORMAT(214rkl) 
X ( I ) = M l ( I ) / 2 3 4 8 .  
Y ( I ) = i ? % ( I ) / 2 2 4 ! ! .  
CONTINUE 

ROLL COMPENSATI OhJ 



ARG 4 = T H E T A 2  
GO TO 5 3 0  
ARG 4 = T H  ETA 3 
X l = X ( I  ) * C O S ( A F . G 4 ) - Y  ( I ) * S I E I ( A ? ? G 4 )  
Y(I)=X(I)*SIN(A%4)+Y(I)*COS(A3G4) 
X ( I ) = X l  
C O N T I N U E  

DFTEP.MINATIOPI O F  T H E  C E N T E R  P O I N T  

LEFT SHOCLDL? 

N 1 = l  
I F ( X ( 9 ) . G T . 1 . 9 8 )  50 TO 6 5 3  
I F ( X ( 1 ? 5 ) * G T * 1 * 9 i 3 )  G O  TO 6 2 5  
CALL Y X C A ! 4 0 ( ( 1 3 3 ) r Y (  1 3 3 ) r X ( 9 ) r  C 2 X r  P 2 Y r  C P I ; ! ~ X T ~ Y T J £ T )  
XAS=Y T* C l  
X A H = Z T r  el+ E D  
X A B X T *  C I - 3 . 1 6  
GO TO 6 2 6  
N 1 - 2  
I F ( X ( 1 3 3 ) . G T . 1 . 9 0 )  GO TO 6 2 5  
I F ( X ( 2 5 7 ) e G T . l  19'3) G O  TO 6 2 5  
CALL Y ~ C ~ : ~ ( X ( ~ ~ ~ ) ~ Y ( ~ ~ ~ ) J Y ( ~ ~ ~ ) ~ C ? ~ X J C P ~ Y ~ C P ~ Y I X T J Y ? J ~ ~ )  
XAB=YT* CsI*. 89 
XAH=f T* Ci.i+ZD 
X A B X T x C q * . 8 9 - 3 *  1 6  
GO T O  6 2 6  
XAH=XN 
X A P X N  
XABzXN 

S H O U L D E 4  B R E A D T H  



I F ( X ( 2 5 9 )  . G T *  1 . 9 9 )  GO TO 6 3 5  
I F ( X ( 1 3 3 ) . G T . l  , 9 3 1  GO TO 6 3 5  
CALL Y t C A M ( X ( 2 5 7 ) r Y ( 2 5 7 ) r Y (  1 3 3 ) s  C P 3 X r  C P 3 Y r  P 2 Y r X T r Y T r E T )  
Y B = Y T  
CALL YZCAM(X(259)rY(259)rY(133)r C P 3 X r C 3 3 Y r C P 2 Y r X T r Y T r Z T )  
B A B = ( Y 1 3 - Y T ) * C : i r . 8 9  
G O  TO 6 4 0  
BAB=XII 

I F ( X ( 1 Z )  * G T .  I  - 9 E )  G O  T 3  6 4 5  
I F ( X (  1 3 4 )  * G T .  1 - 9 3 )  GC TO 6 4 5  
CALL F C A ! ~ ( : < ( I ~ ) J Y ( ~ ~ ) J % ( I  3 4 1 3  C 3 1 X r C P l Y r  C P 2 X r X T r Y T r t T )  
S S B = Y T *  C:: 
S S H = Z ? a  C*:+f D 
S S D Z X T *  C 1 1 - 3 . 1 5  
GO TO 650 
SSH=XTI 
SSD=XN 
S C 3 = X N  

CERVI C A L E  

I F ( X ( 1 3 5 ) . G T . ! . 9 ? )  GO TO 6 5 5  
I F ( X ( 1 F )  * S 7 ' .  1 . 9 ? )  GO "0 6 5 5  
CALL YXCA;!(:'( 1 3 5 )  r Y (  1 2 5 ) r X (  1 B ) r  P 2 X r  C 7 2 V r  C ? l X r X T r Y T r Z T )  
CS=YT* CI 
C H = t T * C I + ? 2  
C P X T *  CT:-3.16 
GO TO 660 
CH=X:i 
CG=X:J 
CB=xr1 

COl lPUTE VEC?O? 7?.D:l 3 Z A C P I E C S  ?T. 6  TO T R A G I O N  
I N  T?.AGI O?J ? I  CTU?.F: 

COHPUTE T I L T  OF H E A D  P I E C E  P.E X J Y J E  I N  FPAVKFORT PL. 

CALL VECAM(X(252)rY(252)~Y(l28)r C ? ~ X J  C ? 3 Y r  C P 2 Y r X T r Y T r Z T )  
X 4 = X T  
Y 4 = Y T  
Z 4 = Z T  
CALL Yt.CAY(X(253)rY(253)rY(129)r C P 3 X r  C P 3 Y r  C P 2 Y r X T r Y T r f T )  
X S = X T  
Y  S = Y T  
£ 5 = t T  
CALL Y E C A M ( X ( 2 5 6 ) r Y ( 2 5 5 ) r Y (  1 3 2 1 ,  C?3Xr  C P 3 Y r  C P 2 Y r X T r V T r t T )  



X 8 = X T  
Y B = Y T  
E 8 = Z T  
CALL X Z C A M ( Y ( 2 5 4 ) r " ( 2 5 4 )  r Y ( 6 ) r  C ? 3 X , C P 3 Y r  C P I Y r X T r Y T r  E T )  
X 6 = X T  
Y 6 = Y T  
2 6 = ? T  
CALL X ~ C A ? ? ( X ( ~ ~ ~ ) ~ Y ( ~ ~ ~ ) , Y ( ~ ) J C ? ~ X ~ C ? ~ Y J C ? ~ Y J : : T ~ Y T ~ ~ T )  
V 4 X = X 4 - X  5  
V4Y=Y 4-Y 5  
V 4 Z = f  4 - Z  5 
CPNX= ( X 4 + X 5 )  / 2 .  
C P N Y = ( V 4 + Y  5 )  / ?  
C P N Z = ( 7 4 + 2 5 ) / 2 .  
V 7 X = X 5 - X T  
V 7 Y = Y G - Y T  
V 7 i ? = t 6 - I - T  
V B X = X 8 -  CP;JX 
VBY'YS - CPNY 
V B £ = ? E - C P i J Z  
V 4 H =  SODT(t'4Yt*2+l:&V**2&'.'1:?**2) 
V ~ M P S Q R T ( V ~ X * * " \ ! ~ " * * ~ + V ~ Z % * ~ )  
V8M=SnUP.T(~;8X**2+~lFV**2+11SE**2) 
S 1  l=VdX/V4:!  
S12=V4?/!'fl:! 
S 1  3=V&Z/S '4 : I  
S 2  1 = v 7 x / v 7 : , ;  
S22=V7Y/V7: ,1  
S 2  3 = V 7  t/'!7i,; 
S 3  1  =V6X/17r3:4 
S 3 2 = V F V / V Z X  
S 3 3 = V S t / l l E : ?  

C 
C  COMPVTE 9 3 1 3 E C T I C : !  COZI:!,,C O F  T 3 A G I O i J  P O S I T I O N  
c R E  FRf2Jl<FO?.T P O  51 T! 31; 
C 

CALL YZCAPi(X(366)r"(265)rY(242)r 5 7 3 X r  S P 3 Y r  S P 2 Y r X T , Y T r E T )  
X 4 P = X T  
Y 4 P - Y  T  
t 4 ? = t T  
CALL YzCAf,f(:<( 3 6 7 ) r ? (  3 5 7 )  ~ V ( 2 4 3 )  r :??XJ S P 3 Y r  S ? ~ Y J X T J V T J ~ ? ' )  
X 5 = X T  
Y 5 = Y T  
Z 5 = Z T  
CALL V Z C A I , I ( X ( 3 7 0 )  J Y (  3 7 0 1  r Y ( 2 4 6 ) r  S ? ~ X J  S P 3 Y r  S P 2 Y r X T j Y T r E T )  
X 8 = X T  
Y B = Y T  
£ B = t T  
CALL XZCAbl(X(368)~V(368)~Y(l28)r S P 3 X r  S P 3 Y r  S P ~ Y J X T ~ Y T ~ E T I  
X6?=X? 
Y 6 ? = Y T  
2 6 P = t T  
CALL X Z C f i b I ( X ( 3 6 9 )  r Y (  3 6 9 ) r Y C  1 2 1 ) r  S S X J  S P 3 Y a  S P I V ~ X T J Y T ~ E T )  
V 4 ? X = X 4 ? - X  5 
V 4 P Y = Y 4 ? - Y  5 
V 4 p t = : 4 ? - f  5 
C P X = ( X 4 ? + X 5 ) / 2 .  
C P Y = ( Y 4 ? + Y  5 ) / 2 .  
C P Z = ( 2 4 ? + + 2 5 ) / 2 .  
VE(PX=?:8 - CPX 
V 8 P Y = Y 8 -  CPY 
V 8 P t = t 8 - C ? Z  
V 7 P X = X G ? - X T  
V 7 P Y = Y 6 P - Y T  



CO!?RECT FOF. H E A C ? I E C E  T I L T  

COMPUTE T?.AGIOIJ P 3 S I  TIO:,l I I I  F F A J X F O R T  PLAIJE 

T R A G I  OlJ 3 E  C t 2 t i I  CALE 



C I N F R A O R B I T A L E  R E  T R A G I O N  
C 

X I  D=XT* C:*I- 3 1  6 
XI B=Y T* Dq 
I F ( T H S ? ? P . K Q . X N )  GO ?a 720 
E I H T R = Z T * C T I + t D - T 5 5 ? ?  
EI D T R = X T * C I - 3 . 1 6 - T D S R P  
GO TO 7 3 0  

7 1 8  X I H - X N  
X I  D=XN 
X I  B = X N  

7 2 0  E I  HTR=XI\J 
E I  DTII=Xi.l 

C 
C G  LAB ELLA 
C 
7 3 0  I F ( X ( 1 3 9 ) . G ? * 1 . 9 3 )  G O  TO 7 4 0  

I F ( X ( 1 5 )  .G?. 1 - 9 2 )  G 3  TC) 7/13 

E Y E  E L L I P S E  V I D T H  3': GLABELLA 

ECTO CANTHUS 



I F ( X (  1 3 )  .GT.  1 . 9 9 )  G O  TO 7 7 5  
CALL Y x c ~ ~ ( X ( 1 3 7 )  r Y (  1 3 7 )  r X (  1 ~ ) J C P ~ X J C P ~ Y J C P ~ X J X T J Y ? J ~ T I  
EB=YT* 04 
EH=ZT*CPl+ZC 
ED=XT* C*1- 3 1 6 
IF(THS3E"I?::j)  GO TO 788 
ECHTF.=ET*dq+tD-T!!C?? 
ECDTRzXT* 0 1 -  3 .16 -TC 'R?  
GO TO 8GlZ 

7 7  5 Z¶=Xid 
M = X I I  
ED=XIJ 

7 8 0  ECHT?.=XI! 
ECDTU=XIJ 

C 
C P R I N T  OUT R E S U L T S  
C 

8 0 0  CALL M E C ( 3 r 2 1  1 ? 6 E i r - ! )  
E = 0 .  
I F ( D . G T . 9 . E )  SO TO 5 0 3  
I ? F L I T E ( 6 r E ? l )  A J ~ J C J Z J  L' 

8 0 1  FOP.l.iAT("-CU3JEST COPE: " ~ 1 1 ~ 1 1 ~ 1 1 ~ 1 1 ~ 1 1 ~ / ~  
GO TO 3 3 7  

8 0 3  ! J E I T E ( 6 r E I ; S )  ; : J ~ J  CJ 3 
8 0 5  FOR:~~AT("SC~L!EST :GEE: " J  1 1 2 1  1 2 1 2 2 1 )  
8 0 7  ' J ? . I T E ( 6 r 6 1 2 )  :<.',:? 
8 1 0  FOP.i.lAT("LEFT 5:<3'-'LTE?. :iZICj5.:T OE S?... " r F 5 . 1 )  

. . 
! l R I T Z ( 6 r  E 2 ? )  :1!.> 

8 2 0  FO?I:AT("LZ?T C:<3CL;3? L3??H ? E  S?.? "r F 5 . 1 )  
',!:I T E (  5 r  1 3 3  ) i !  J 3 A 2  

3 3 0  FO?.!~!F.T("ZXOCLCZ? ~ ~ . Z A ? T Y - - " J  i 1 J "  " r F 5 . I )  
!lRI T E (  53 8 4 2 )  CIS 

8 4 0  FO;?:~IAT("CE?.V! C A L Z -  C7-:1'EIGHT ?.Z c?? " r F 5 . 1 )  
' J R I T 2 ( 6 r  85 ' )  CC 

8 5 0  FO?.:~tC,T("CZ?. 'IICALZ-C7-~3?7:-! ? E  SC? " r  F5.1) 
' ! ! R I ? E ( ~ J ~ ~ ! ? )  CE:! 

8 6 0  T O ? ; : ~ T ( "  ~~?%.r:z?,::,t,,~ '2r  . . , IGHT '5 S?? "J  F 5 .  1 )  
! !P . ITE(6 r37"  5.5;  

8 7 0  FOF.!,:AT(" .CU??..:CTE?.I!ALZ C P T H  3 E  S?.? " r F 5 . 1 )  
W R I T E ( 6 r E E E O )  T ? 5 ? 3  

8 8 9  FORXAT("LE7T 77.2.5: O:! :-:=I GHT ?.E S?.? " J  F S .  1 ) 
W R I T E ( 6 r  E 9 g  T25FL?  

8 9 0  FORFlAT("LEFT T?.AZ!G;: C??H D E  SF?  " r F 5 . 1 )  
! I R I T E ( 6 r 9 J O )  ?KC= 

9 0 0  FO?.:IAT("LE?T T.AGi 3:; HE1 GHT 3 E  CEC-VI CALE "J  T5.  I )  
W R I T E ( 6 r 9 1  3 )  T 3 C E Z  

9 1 0  FORi4AT("LZFT T E A 3  10:: LEPTH R E  CERVI CALZ " r F 5 . 1 )  
\ I 3 1  T E ( 6 r 9 2 0 )  E I  YT?. 

9 2 0  FO?.I,!AT("LSFT I?, I :j"AO?SITALE HT. RE T?.AG. "J F 5 . 1 )  
!IRI T E ( 6 ~ 9 3 f i  E I  DTF! 

9 3 0  FOR!.IAT("LEFTXYE IPjF!?AOi'.RI TALE CEPTH EETTEAG. "J F 5 . 1 )  
:lRI T E ( 6 ~ 9 4 0 )  GH53? 

9 4 0  FOR?lAT("GLAS!?LLA HE1 GHT R E  TRAGION " r F 5 . 1 )  
. . 

I ' l R I T E ( 6 r 9 5 3 )  GDTF. 
9 5 0  FO?.>IAT("iLA3ELL;r 3LTTH P.E TFAGI ON " J  F 5 . 1 )  

I l R I T E ( 6 r 9 6 3 )  GHC?.? 
9 6 0  F O ? L ~ ~ A T ( " I ; L A ~ ~ L A  E6! GHT R E  SP.? " r F 5 . 1 )  

. . 
W I I I T E ( G > 9 7 3 )  GC-C?.? 

9 7 0  FO?>IAT("GLAJELLA 5 3 ? T H  R E  SRP " r F 5 . 1 )  
' I l R I T E ( 6 r 9 8 9 )  EiC?.? 

980 F O R X A T ( " i E F T  3 2  E L L I P S E  P T .  HEIGHT RE SRP "J F 5 . l )  
B 9 I T E ( 6 r  1 8 B 3 )  EES?.? 

1 0 0 0  FO!7P!AT("iEFT EYE E L L I P S E  P T .  DLPTH FIE S P P  " r F 5 * 1 )  
W R I T E C ~ J  1 ' 1 1 3 )  ZYT!? . .. 



1 0 1 0  FO!?I?AT("LEFF T E  E L L I P S E  P T .  H E I G H T  R E  T P A G .  " r F 5 r l )  
W R I T E ( 6 r  1 ' 3 2 3 )  ED?? 

1 0 2 0  F O F . H A T ( " L S F T  F I E .  E L L I P S E  P T  D P T H  E E  TRAG. "r F 5 . 1 )  
W R I T E ( 6 r  1 2 2 5 )  E E G 3  

1 0 2 5  FO?MAT("LEPT Y Y L L I P S E  P O I N T  ' J IDTH R E  G L A B U L A  " r F 5 . 1 )  
.. WRI T E ( ~ J  1 ' 3 3 2 )  E C 3 T ?  . .. 

1 0 3 0  FOR:.lAT("LC,FT EYE 2CTOC.O;;THUS H E I G E T  F).E TRAG. "J F 5 . l )  
WRI T E ( 6  J 1  ?/'F ) E C P T ?  

1 0 4 3  FOP.MAT("LLFT E Y E  ZCTO CG':T:IUC D F T H  E E  TRAG. "r F 5 .  1 )  
V R I T E ( 6 r  1 3  53) 

1 0  5 0  FO?.!<.clT(////>":~:EItCL'D.E ?C, C?.? X  Y Z ' ( J / )  
WRI T E ( 6 ,  I!? 5':) ! : 2 r x A E ~ x A ? ~ ? A l i  

1 1 2 0  FO?.:,1AT("?:'S Z L L I ? S E  ?TT .  " J F ~ * ~ J "  " r F 5 . 1 ~ "  " r F S . 1 )  
U R I T E ( 6 r  1 1  2 2 )  E D J ~ ~ J  Z< 

1 1 3 0  FO?:dP.T("ZCTOCSriTHL'S " ~ F 5 5 . l ~ "  " r F 5 . l ~ "  " r F 5 . 1 )  
J 1 . . 

I F ( I . E @ * S )  SO TO 2 9 0 3  
G O  T O  l a  

1  1 4 8  FO=:!AT( I  1 )  
2000 W D  

C  
C  C H A F F E E  Z Q U A T I  O:J L ! ? . O L ' T I N E S  
C  

S U 3 R O U T I Y J  C X C ~ ~ : ' I ( Y ~ " ~ Y ~ ~ J ? : !  DJ CC2;:r C C ~ Y J  C D I X J X T J Y T J  Z T )  
XPR= C D P X - X 2 C  
Y P R = X l  D-CC1X 
Z P R = Y 2  D- CC?'! 
XT=X?=*(  1 3 3 . 1 * 4 * 2 5 - I  L : 7 * 2 * Y 5 F F ) / (  4 * 2 5 * 4 *  28-X??*Y?!?) 
Y T = Y P R * (  1 4 0 . 2 * 4 . 2 8 - 1  2 3 3  l : < Y ? ? . ) / (  4 . 2 i r 4 . 2 8 - X ? ? * Y ? F < )  
tT=EPR*(133.1*4.26-IL~::2*Y?F.)/(4.26*4.28-X?2Y??.) 

C 
RETURP! 
END 

C  
C  

S W F ( O U T I I j E  Y ~ C P . M ( X ? D I Y ~ D J ~ ~ D J  C C ~ X J  CC3Yr C D ~ Y J X T J Y T J ~ T )  
Z?R=Y 2 D- CD2Y 
XPR-Y 3 D -  CD3Y 
Y P R Z C D S X - X 3 D  
YT=YPR*(84.7*4.29-133.1*2PR)/(4*2E*2*28-"?R*22) 
2 T = Z P R * (  1 3 3 . 1 * 2 . 2 8 - 8 4 -  7*Y?R) / (L1*23*2 .~2F?-Y?3*??3)  
X T = X ? R * ( 8 4 . 7 * 4 . 2 8 - 1  3 3 0  1 * 5 ? 3 ) /  ( 4 . 2 8 * 2 ; 2 8 - Y ? R * E ? R )  
R E T U R N  
E N D  

C  
C 

S W R O U T I N E  XE C A N ( X ~ D J Y ~ D J Y ~  DJ C D ~ X J  C D ~ Y J  C D ~ Y J X T J Y T J  ZT) 
X P R = Y  3 D -  CD3Y 
E P E = Y  1  D- C D l Y  
Y P R =  C D 3 X - S 3 D  
XT=XPR*(84.7*4.26-140.2*2PR)/(4.25*2.28-XP',',?R) 
YT=YP3*(84.7*4~.26-140.2*t?R)/(4.26*2.'28-XPR*ZPR) 



?T=EPR*(140.2*2.28-84*7rXPR)/(4.26*2*28-XPR*E?3) 
RETURN 
END 

C 
C 

SLr9tiOUTI?JE P C f . : ! ( Y l  Dry! D J X ~ C J  CCIXJ CDlYr C C ~ : < J X T J Y T J Z ~ )  
Y?R=X I D- CDI X 
X?R= CD2Y-X2 D 
tPR=Y 1 D-CDIY 
XT=XPR*(133.1*4.25-I 42-2*ypn)/(11-26*4.2S-X?3*YqD) 
YT=Y?R*( 1457*2'k4.28-1 32- 1 *XDP.) / (  Iii 26*1112e-X??*Y?3) 
ZT=ZE*(149.2*f~.23-132. l * X P R ) / ( ~ . 2 6 + 4 . 2 8 - X ? Z Y ? w )  
RETURN 
EJ D 
DJ DS 








