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Basic  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 which may i n f l u e n c e  a  
p e r s o n ' s  s u s c e p t i b i l i t y  t o  "whiplash" i n j u r y  dur ing  rear-end c o l l i s i o n s  
have been de f ined  us ing 180 human v c l u n t e e r  s u b j e c t s  c i ~ c s e r ~ ,  on the  b a s i s  of 

, s e x ,  age (18-74 y e a r s ) ,  and s t a t u r e ,  t o  b e  r e p r e s e n t a t i v e  cf t h e  U.S. a d u l t  
popu la t ion .  Measurements from each s u b j e c t  included anthrogometry,  c e r v i c a l  
range of motion from bo th  x-rays and photographs, and t h e  dynamic response  
and i s o m e t r i c  s t r e n g t h  of t h e  neck f l e x o r  and e x t e n s c r  muscies .  Summary 
d a t a  f o r  key measuremects a r e  d i scussed  i n  t h e  t e x t ;  complete summaries f o r  
each measure a r e  i n  four  appendices ,  The r e s u l t s  were used t o  develop a 1 
method of p r e d i c t i n g  dynamic muscle fo r ce  from i s o n e t r i c  B4G d a t a ,  2nd t o  
examine i n j u r y  s u s c e p t i b i l i t y  f o r  v z r i o u s  popu la r ion  grcups us ing  a  bio- 

I 
mechanical  model. The d a t a  a r e  p resen ted  i n  a  format u s a b l e  i n  the  des ign  
of biomechanical  models, anthropometr ic  dummies, and occuptinr c r a s h  pro- 
t e c t i o n  d e v i c e s .  

I Experimental  and modeling r e s u l t s  s u g g e s t  cha t  rhe neck muscles can ; 
i n f l u e n c e  neck d y n m i c  responsci t c  v a r y i n g  degrees  f o r  d i f f e r e n t  popu la t ion  

I groups.  Aging and s e x u a l  d i f f e r e n c e s  ir c e r v i c a l  moF,L1S.ry, r e f l e x  t ime ,  ! 
and muscle s t r e n g t h  were 211 f o u n l  t o  be important  f z c t o r s  LL i n j u r y  1 
suscep t i b i i i t y  . ! I 
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SUMMARY 

Bas ic  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 have been def ined  which 

have a p p l i c a t i o n  t o  biomechanical  models, anthropometr ic  dummies, and 

occupant c rash  p r o t e c t i o n  d e v i c e s .  The measurements necessa ry  t o  d e f i n e  

t h e s e  c h a r a c t e r i s t i c s  were performed wi th  a  group of 180 human v o l u n t e e r  

s u b j e c t s ,  chosen by v i r t u e  of s e x ,  age ,  and s t a t u r e  t o  be  r e p r e s e n t a t i v e  

of t h e  U.S. a d u l t  popu la t ion .  Sub jec t s  were grouped i n t o  1 8  c a t e g o r i e s  

according t o  s e x ,  age (18-24, 35-44, and 62-74), and s t a t u r e  ( s h o r t ,  middle,  

and t a l l  20 p e r c e n t i l e s  of t h e  p o p u l a t i o n ) ,  wi th  t e n  s u b j e c t s  pe r  ca tegory .  

The fol lowing measurements were ob ta ined  from each s u b j e c t :  48 

t r a d i t i o n a l  measures of anthropometry,  mostly of t h e  head and neck; 16 

anthropometr ic  measures of t h e  c e r v i c a l  s p i n e  (from x - r a y s j ;  f o u r  r e p l i c a -  

t i o n s  of s a g i t t a l  p lane  f l e x i o n  and ex tens ion  range of motion; range of 

motion of t h e  c e r v i c a l  s p i n e ;  neck muscle s t r e t c h  r e f l e x  and r e a c t i o n  t imes ;  

and v o l u n t a r y  neck muscle s t r e n g t h  from bo th  f l e x o r s  and e x t e n s o r s .  X-ray 

d a t a  were d i g i t i z e d  f o r  a n a l y s i s ,  and c e r t a i n  of t h e  a c t i v e  measurements 

were analyzed us ing  a  l a b o r a t o r y  computer. S t r e t c h  r e f l e x  was induced by 

us ing a  one-pound weight t o  impuls ive ly  load  t h e  head w h i l e  measuring t h e  

response wi th  electromyograms and two u n i a x i a l  acce le romete rs .  

The complete r e s u l t s  a r e  p resen ted  i n  t h e  numerous t a b l e s  and f i g u r e s  

i n  t h e  t e x t  and i n  f i v e  appendices .  Some of t h e  more impor tzn t  accomplish- 

ments and r e s u l t s  a r e  summarized a s  fo l lows :  

1 )  T r a d i t i o n a l  anthropometry measures i n d i c a t e  t h a t  t h e  s u b j e c t  pool  

f o r  t h i s  s tudy  matches t h e  U.S. popula t ion  d a t a  ve ry  w e l l  and may b e  con- 

s i d e r e d  r e p r e s e n t a t i v e  of t h e  U.S. popula t ion .  

2) Many h e i g h t  dimensions r e l a t e d  t o  t h e  s e a t e d  p o s i t i o n  have been 

measured. C o r r e l a t i o n s  and c o n s i s t e n t  p r o p o r t i o n s  o f t e n  permi t  t h e  



predic t lon  cf one measure from another .  

3 )  The corbinat ion of x-rays and photographs has been successfa l ly  

used t o  determine t h a t  ce rv i ca i  range cf motion i s  cons i s t en t  over s eve ra l  

r e p l i c a t i o n s .  The average range of motion of t he  head and neck i n  the  

s a g i t t a l  p iane  ranges from 85 degrees f o r  average-stature e lde r ly  males t o  

i 4 6  degrees f o r  t a l l  young females. Range of motion i s  s i g n i f i c a n t l y  re-  

s t r i c t e d  i n  o lde r  s u b j e c t s ,  There i s  more range of motion i n  extension than 

i n  f l ex ion ,  as  measured from normal sea ted  pos ture .  

4) The s i z e  and mobil i ty  of the  ce rv i ca l  sp ine  ve r t eb rae  have been 

measured from x-rays. Total  l ength  of the  c e r v i c a l  s ~ i n e  averages about 

il cm f o r  females and 1 2  cm f o r  males, with l i t t l e  d i f f e r ence  due t o  s t a t u r e  

and no d i f f e rence  due t o  age. Comparison of s p i n a l  column range of motion 

with t h a t  measured ex te rna l ly  i nd ica t e s  t h a t  approximately 20 degrees of 

t o t a l  range of motion i s  due t o  upper t o r so  movement. Also, t h e  range of 

motion between ad jacent  c e r v i c a l  ve r t eb rae  has been determined. 

5 )  Female neck muscle s t r e n g t h  i s  considerably l e s s  than t h a t  of males. 

Males and females e x h i b i t  d i f f e r e n t  aging c h a r a c t e r i s t i c s  (males being 

s t ronger  i n  middle age than when younger),  bu t  a l l  e l d e r l y  sub jec t  groups 

revealed considerably reduced s t r e n g t h  c a p a b i l i t y .  The average male was 

nearly twice a s  s t rong  a s  t he  average female. The neck extensors  average 

about one-third s t ronge r  than the  f l e x o r s .  

6 )  Average s t r e t c h  r e f l e x  times of t he  neck f l e x o r  muscles, a s  measured 

t o  beginning of con t r ac t ion  ( i . e , ,  MG o n s e t ) ,  range from about 56 t o  9 2  ms. 

The comparabie range f o r  extensor  muscles i s  54-87 ms. Females r e f l e x  

f a s t e r  than males of t h e  same age. Reflex times inc rease  gradual ly through- 

out l i f e  f o r  males bu t  only a f t e r  middle age f o r  females. On t h e  average,  

t he  extensor  muscles have s l i g h t l y  f a s t e r  r e f l e x  times than do f l e x o r  



muscles (about 1 0 % ) .  

7 )  A technique h a s  been developed t o  " c a l i b r a t e "  t h e  EMG-force re -  

l a t i o n s h i p  f o r  t h e  neck f l e x o r  muscles which can be  used t o  p r e d i c t  muscle 

f o r c e  e x e r t e d  dur ing a r e f l e x  t e s t .  I f  proper  p recau t ions  a r e  t aken  dur ing  

d a t a  c o l l e c t i o n ,  t h e  technique i s  considered t o  be  a r e l i a b l e  i n d i c a t o r  

of shor t - term muscle e x e r t i o n s  i n  response t o  sudden d i s t u r b a n c e .  

8) The exper imental  d a t a  f o r  range of motion and muscle s t r e n g t h  

have been used i n  t h e  HSRI Two-Dimensional Crash Victim Simulator  t o  i n -  

v e s t i g a t e  t h e  e f f e c t  of t h e  measured parameters on dynamic response i n  a 

s imula ted  30 mph rear-end c o l l i s o n .  It was found t h a t  t h e  s m a l l  e l d e r l y  

female group was most s u s c e p t i b l e  t o  i n j u r y  s i n c e  t h e  neck muscles a r e  

n o t  s t r o n g  enough, even when f u l l y  t ensed ,  t o  prevent  t h e  head from reach- 

i n g  i t s  motion l i m i t .  Males were found t o  have enough s t r e n g t h  t o  prevent  

limits of motion from be ing  reached i f  t h e  muscles a r e  pre- tensed.  Regard- 

l e s s  of t h e  popula t ion  group, a c t i v e  neck muscle t e n s i o n  modified head/neck 

dynamic response .  

Both t h e  exper imental  and t h e  modeling r e s u l t s  sugges t  t h a t  c e r t a i n  

segments of t h e  popula t ion  a r e  more l i k e l y  than  o t h e r s  t o  s u s t a i n  neck 

i n j u r i e s  i n  a given rear-end a c c i d e n t  s i t u a t i o n .  Females r e g a r d l e s s  of 

age and e l d e r l y  males would seem t o  b e  t h e  most s u s c e p t i b l e  t o  i n j u r y ,  

p r i m a r i l y  because of reduced neck muscle s t r e n g t h .  It i s  hoped t h a t  t h e  

d a t a  and r e s u l t s  p resen ted  w i l l  b e  u s e f u l  t o  r e s e a r c h e r s  and d e s i g n e r s  

who a r e  working t o  p reven t  and reduce neck i n j u r i e s  i n  automobile 

a c c i d e n t s .  





CHAPTER I 

BACKGROUND 

A.  Introduct ion 

The work reported i n  t h i s  study was conducted during the  period 

January, 1972,through June, 1973, t o  determine c h a r a c t e r i s t i c s  of bas i c  

physical  measurements r e l a t e d  t o  s u s c e p t i b i l i t y  t o  ce rv i ca l  hyper- 

extension-hyperflexion in ju ry  i n  the  s a g i t t a l  (forward/rearward) plane. 

The study was i n i t i a t e d  due t o  the  need t o  b e t t e r  understand t h e  bas i c  

mechanisms involved i n  such i n j u r i e s  , comonly ( i f  i nco r rec t ly )  termed 

"whiplash," which occur when the  forward-facing occupant of a vehic le  i s  

s t ruck  from the r e a r ,  r e s u l t i n g  i n  dynamic hyperextension-hyperflexion of 

t he  head and neck. 

Although there  i s  extensive l i t e r a t u r e  r e l a t ed  t o  t he  "whiplash" 

phenomenon, l i t t l e  information has been published concerning v a r i a t i o n  i n  

head mass, center  of g rav i ty  i n  t h e  seated pos i t i on ,  and neck muscle 

s t rength  as  r e l a t ed  t o  age, sex ,  and physique va r i ab l e s .  Furthermore, 

t o  our knowledge, t he re  has been no d i r e c t l y  r e l a t ed  study of v a r i a t i o n  

This study was supported by the  Insurance I n s t i t u t e  f o r  Highway Safe ty ,  
Washington, D . C . ,  under cont rac t  ORA-72-613-B1, with i n i t i a l  t echnica l  
monitorship by Dr. Laurence Rosenstein and continued under Brian OtNe i l l ,  
Vice President  of Research. 

The r i g h t s ,  welfare ,  and informed consent of t he  volunteer  sub jec t s  who 
par t ic ipa ted  i n  t h i s  study were observed under guidel ines  es tab l i shed  by 
the  U . S .  Department of Heal th,  Education and Welfare Pol icy on Pro tec t ion  
of Human Subjects and accomplished under medical research design protocol  
standards approved by the  Committee To Review Grants f o r  C l i n i c a l  
Research and Inves t iga t ion  Involving Human Beings, Medical School, 
The University of Michigan. 



i n  neck muscle response time t o  e x t e r n a l  a c c e l e r a t i o n  s t imulus  ( s t r e t c h  

r e f l e x ) ,  a l though  such meascrements vould appcar t c  be  of b a s i c  importance 

i n  c o n s i d e r a t i o n  of s e n s i t i v i t y  t o  hyperextension-hyperflexion i n j u r y .  

The purpose of t h i s  i n i t i a l  s tudv  was t c  e v a l u a t e  a number of phys ica l  

f a c t o r s  (not  p r e v i o a s i y  m ~ a s u r e d  on a  s i n g l e  populat ion)  on a  sample 

r e p r e s e n t i n g  t h e  t o t a l  U . S .  a d u l t  populat ion wi th  r e s p e c t  t o  s e x ,  an age 

span of 1 8  t o  74 y e a r s ,  and a wide range of s t a t u r e s .  

The r e s u l t s  of t h i s  eighteen-month s tudy have been only  p a r t i a l l y  

repor ted  t o  d a t e .  A s e r i e s  of f i v e  q u a r t e r l y  p rogress  r e p o r t s  t o  t h e  

sponsor  were d i s t r i b u t e d  on a  l i m i t e d  b a s i s  (Snyder,  Robbins, and Chaff in ,  

1972; Snyder and Chaf f in ,  1972a, 1972b; Snyder, Chaff in ,  Fous t ,  and Baum, 

1972, 1973) ,  b u t  a  f i n a l  comprehensive r e p o r t  was n o t  i n i t i a l l y  in tended.  

P u b l i c a t i o n  of v a r i o u s  a s p e c t s  of t h e  s tudy  i n  t h e  open l i t e r a t u r e  repor ted  

t h e  fol lowing r e s u l t s .  

The i n i t i a l  p u b l i c a t i o n  provided a comprehensive Bibl iography of 

Whiplash and C e r v i c a l  Kinematic Measurement (Van Eck, e t  a l ,  1973) c o n s i s t i n g  

of over  2300 r e f e r e n c e s  r e l a t e d  t o  whiplash i n j u r i e s .  A s i g n i f i c a n t  f i n d i n g  

was t h a t  no b a s i c  s tudy  had been conducted which measured t h e  v a r i a t i o n  i n  

t h e  a d u l t  d r i v i n g  popula t ion  w i t h  r e s p e c t  t o  major parameters  considered t o  

i n f l u e n c e  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-hyperf lexion i n j u r y .  

While many i n d i v i d u a l  f a c t o r s ,  such a s  range of motion o r  muscle s t r e n g t h ,  

have been p rev ious ly  s t u d i e d ,  r e s u l t s  were d i f f i c u l t  t o  a s s e s s  because  

i n v e s t i g a t o r s  d id  n o t  measure t h e s e  f a c t o r s  on a  s i n g l e  popula t ion .  

Resu l t s  of t h e  s t u d y  of c e r v i c a l  range of motion and c e r v i c a l  muscle 

response and s t r e n g t h  were puti l ished i n  t h e  Proceedings  of t h e  1 7 t h  Stapp 



Car Crash Conference (Foust  , e t  a l ,  1973) . Mathematical modeling a s p e c t s  

p rov id ing  i l l u s t r a t i o n  of t h e  use  of d a t a  obta ined f o r  p r e d i c t i o n  (and 

a m e l i o r a t i o n )  of i n j u r y  f o r  p r o t e c t i v e  des ign  a p p l i c a t i o n s  were p resen ted  

i n  a  Soc ie ty  of Automotive Engineers paper (Robbins, e t  a l ,  1974) ,  w h i l e  

an a n a l y s i s  of C 3  through C7 v e r t e b r a l  body dimensions has  been accepted 

f o r  p u b l i c a t i o n  i n  t h e  American J o u r n a l  of Phys ica l  Anthropology (Katz , 

e t  a l ,  1975) .  More r e c e n t l y  o t h e r  a s p e c t s  of t h e  s tudy  have been submit ted 

o r  a r e  i n  p r e p a r a t i o n  f o r  p u b l i c a t i o n  i n  t h e  l i t e r a t u r e ,  i n c l u d i n g  t echn iques  

f o r  use  of electromyography i n  biomechanical  modeling (Chaff in  and Fous t ,  

1975) ;  t h e  r e l a t i o n s h i p  of c e r v i c a l  c a n a l  s i z e  t o  v e r t e b r a l  body s i z e  (Baum, 

e t  a l ,  1975) ;  anthropometry,  radiography,  and photometr ic  measurements 

r e l a t e d  t o  whiplash s u s c e p t i b i l i t y  (Snyder, e t  a l ,  1975) ;  c e r v i c a l  response 

t o  a c c e l e r a t i o n  (Foust ,  e t  a l ,  1975) ;  and a  model of neck response t o  

rearward a c c e l e r a t i o n s  (Fous t ,  1975) .  

A follow-on s tudy ,  conducted from October ,  1973, through December, 1974,  

was conceived t o  i n v e s t i g a t e  t h e  mechanisms which occur  i n  i n j u r i e s  r e s u l t i n g  

from f o r c e s  imposed 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  i n  

s i d e  ( l a t e r a l )  impact t o  a  v e h i c l e  o r  r e a r  impact when t h e  occupan t ' s  head 

i s  tu rned  t o  one s i d e .  This  r e p o r t ,  e n t i t l e d  Bas ic  Biomechanical P r o p e r t i e s  

of t h e  Human Neck Related t o  L a t e r a l  Hyperf lexion I n j u r y ,  was pub l i shed  i n  

March, 1975 (Snyder, e t  a l ,  1975) .  Two a d d i t i o n a l  papers ,  r e l a t e d  t o  

s imulated occupant response t o  automotive side-impact c o l l i s i o n s  (Bowman, 

e t  a l ,  1975) ,  and b a s i c  biomechanical  p r o p e r t i e s  of t h e  neck r e l a t e d  t o  

c e r v i c a l  l a t e r a l  hyper f l ex ion  i n j u r y  (Schneider ,  e t  a l ,  1975) ,  have r e s u l t e d  

from t h e  second phase of t h i s  con t inu ing  i n v e s t i g a t i o n .  



During t h e  course  of t h e  l a t t e r  s tudy i t  became apparent  t h a t  more 

b e n e f i t  t o  o t h e r  r e s e a r c h e r s ,  modelers,  eng ineers ,  and p o t e n t i a l  u s e r s  of 

t h e  d a t a  would occur  i f  a l l  of t h e  o r i g i n a l  d a t a  were compiled and provided 

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

l i t e r a t u r e .  The p r e s e n t  p u b l i c a t i o n  was prepared dur ing  t h e  p e r i o d  

May-September 1975, a l lowing f u r t h e r  a n a l y s i s  of t h e  d a t a  and p r e p a r a t i o n  

i n  a  format which,  h o p e f u l l y ,  w i l l  be  of most use  t o  t h o s e  needing t h e  

in format ion  provided f o r  t h e  s o l u t i o n  of a p p l i e d  problems. 

It shou ld  b e  no ted  t h a t  in fo rmat ion  developed i n  t h i s  s t u d y  h a s  a l ready  

been u t i l i z e d  i n  t h e  des ign  of t h e  ATD-50 anthropometr ic  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  a  s tudy  of j e t  f i g h t e r  p i l o t  s e a t i n g  p o s i t i o n ,  and has  been considered 

i n  t h e  development of occupant p r o t e c t i o n  and anthropomorphic dummy 

s t a n d a r d s  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 .  Using d a t a  

f o r  s t r e n g t h ,  r e f l e x  t ime ,  and l a t e r a l  range of motion from t h e  s t u d y  of 

biomechanical  p r o p e r t i e s  r e l a t e d  t o  l a t e r a l  h y p e r f l e x i o n  i n j u r y ,  t h e  MYMA-2D 

model was a b l e  t o  b e  a d j u s t e d  f o r  s ide- impact  t o  s i m u l a t e  responses  of t h e  

v a r i o u s  s u b j e c t  groups t o  10 and 30 m.p.h, s i d e  impacts .  S t u d i e s  of b o t h  

s a g i t t a l  and l a t e r a l  p l a n e  biomechanical  p r o p e r t i e s  of t h e  neck have a l s o  

l e d  t o  work, now i n  p r o g r e s s ,  i n v o l v i n g  an a t t empt  t o  s i m u l a t e  responses  o f  

male U.S. m i l i t a r y  s u b j e c t s  t o  dynamic impact s l e d  t e s t s  of v a r y i n g  g  l e v e l s .  

By such model v a l i d a t i o n  w i t h  e m p i r i c a l  t e s t  d a t a  from one p o p u l a t i o n  group 

i t  may be  p o s s i b l e  t o  p r e d i c t  impact r esponses  of o t h e r  groups i n  t h e  g e n e r a l  

popu la t ion  by us ing  t h e  d a t a  developed i n  t h e  s a g i t t a l  and l a t e r a l  neck 

motion s t u d i e s .  It i s  a n t i c i p a t e d  t h a t  many a d d i t i o n a l  u s e s  f o r  the d a t a  

developed i n  t h e s e  s t u d i e s  w i l l  b e  for thcoming.  



B. Research Objectives 

The primary purpose of this investigation was to obtain measurements 

related to the biomechanics of headlneck motion in the sagittal plane. 

More specifically, the tasks were: 

1) To determine comprehensive anthropometry of the head and 

neck. 

2) To determine variation in voluntary range of cervical 

motion, especially in regard to maximum extension and 

flexion. 

3) To determine variation in muscle response time (myotatic 

or stretch reflex) with respect to external stimulus 

both in flexion and extension. 

4 )  To measure variation in neck muscle strength in flexion 

and extension. 

5) To measure the above-mentioned parameters for the range 

of physical, sexual, and age variation in a representative 

U . S, population. 

6 )  To determine the sensitivity of the dynamic response of 

the human body to changes in the parameters developed 

in this study using mathematical models of a crash 

victim. 

Basically the above tasks were designed to answer three questions: 

What are the physical dimensions of the neck; how fast and how strongly 



can t h e  neck muscles r e a c t ;  and how f a r  can t h e  head and neck move 

b e f o r e  i n j u r y  i s  l i k e l y  t o  occur ;  and t o  answer those  q u e s t i o n s  f o r  a 

t y p i c a l  veh ic le -us ing  a d u i t  popu la t ion .  Since human v o l u n t e e r  s u b j e c t s  

were t o  be  u s e d ,  i t  was necessa ry  t o  t e s t  each of t h e s e  parameters  

s e p a r a t e l y ,  a t  s a f e  l e v e l s .  

C .  Background and Summary of L i t e r a t u r e  

The fo l lowing  background r e l a t i v e  t o  c e r v i c a l  hyperextension-  

h y p e r f l e x i o n  i n j u r y  has  been updated from t h e  l a t e r a l  h y p e r f l e x i o n  

i n j u r y  r e p o r t  of March, 1975, and i s  included h e r e  t o  p rov ide  a b r i e f  

review a s  w e l l  a s  t o  i n d i c a t e  a d d i t i o n a l  sources  of in fo rmat ion  

r e l a t e d  t o  t h e  s u b j e c t .  

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  i n c i d e n c e  

was confirmed i n  a 1969 s t u d y ,  by S t a t e s ,  e t  a l ,  of 13,800,000 v e h i c u 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  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  impac t s ,  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  rear-end c o l l i s i o n s  (Gurdj ian 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  (Nat ional  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  d u r i n g  

1973 i n  t h e  U.S. (Na t iona l  S a f e t y  Counci l ,  1974, p .  4 7 ) ,  which inc luded  

2,300 f a t a l  impacts .  



Resulting i n j u r i e s  t o  the  neck a r e  documented by an extensive 

c l i n i c a l  l i t e r a t u r e  (Van Eck, e t  a l . ,  1973). The ce rv i ca l  hyperextension- 

hyperflexion ("whiplash") i n ju ry  i s  character ized by symptoms r e fe rab le  t o  

the  neck, including cerv ica l  pain,  tenderness ,  l igamental  damage, muscle 

spasm, o c c i p i t a l  headaches, retropharyngeal hematoma, dysphagia, and 

ce rv i ca l  spine f r a c t u r e .  Other i n j u r i e s  reported include sub-arachnoid 

and subdural hemorrhage, ve r t i go ,  EEG abnormali t ies ,  unconsciousness, 

and i l l -de f ined  mental changes. Acute or  chronic symptoms of these 

l e s ions  may appear immediately and p e r s i s t  f o r  years ,  while i n  other  

cases symptoms a t t r i b u t e d  t o  the  accident  may not  appear f o r  a con- 

s ide rab le  time. 

According t o  Jackson, the  term "whiplash" was i n i t i a l l y  used i n  

1944 by Davis t o  descr ibe the  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 ex ion  of t he  neck followed by a 

r e c o i l  i n  extension) .  While "whiplash" may occur i n  t h i s  manner, the  

term i s  most commonly associated with the  rear-end c o l l i s i o n  which 

r e s u l t s  i n  the  t a r g e t  vehic le  occupants1 necks being abrupt ly hyper- 

extended, followed by rapid hyperflexion. It may a l s o ,  however, r e f e r  

t o  the  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 (cz l led  

"sidelash" by Jackson) o r  r e a r  impact wi th  t h e  occupant 's  head turned. 

The t e n  "whiplash" has been widely misused i n  t h e  l i t e r a t u r e  t o  denote 

a medical diagnosis ,  r a the r  than as  a desc r ip t ive  term indica t ing  a 

mechanism of i n ju ry  (Braunstein,  et a l ,  1959; Knepper, 1963). The in ju ry  

i t  is  intended t o  descr ibe r e s u l t s  from hyperextension, hyperflexion o r  

l a t e r a l  f l ex ion  of the  neck a s  t he  head r o t a t e s  during c o l l i s i o n  impact. 



To d a t e  the  bes t  treatment of t he  e t io logy  of c e r v i c a l  i n j u r i e s  i s  

by Jackson (1971). I n j u r i e s  i n  head-on c o l l i s i o n s  causing forward 

hyperf lexion of the  neck followed by rearward hyperextension have been 

described a s  pr imar i ly  placing t r a c t i o n  on the  a n t e r i o r  l ong i tud ina l  

ligament, t h e  attachments of which may be s t r e t ched ,  t o rn ,  o r  avulsed 

a t  the margins of the  v e r t e b r a l  bodies o r  a t  t he  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  avulsion of fragments 

of the  v e r t e b r a l  body, t e a r s  o r  ruptures  of t h e  annulus f i b r o s i s ,  d i s c  

avulsion, t e a r s  of t he  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 tach-  

ments, f r a c t u r e s  of t he  spinous processes ,  laminae, a r t i c u l a r  f a c e t s ,  o r  

t he  odontoid process ,  o r  avuls ion of t h e  capsular  l igaments.  

S imi la r ly ,  whiplash i n j u r i e s  caused by rearward hyperextension of 

the  head and neck followed by abrupt forward hyperf lexion may involve 

t ea r ing  o r  s t r e t c h i n g  of the nuchal,  t he  p o s t e r i o r  l ong i tud ina l ,  t h e  

in te r laminar ,  o r  t he  capsular  l igaments ,  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  

(with o r  without 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 the r  

i n j u r i e s .  Otological  aspec ts  of "whiplash" i n j u r i e s  have been discussed 

by Pang (1971). 

While s eve ra l  s t u d i e s  have been concerned wi th  t h e  occurrence of 

ce reb ra l  i n j u r y  induced by whiplash, controversy over t h e  mechanisms 

respons ib le  continues.  There i s  now a divergence of opinion concerning 

the  respec t ive  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  

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

co r r e l a t ions  between i n j u r y  and such f a c t o r s  a s  head-to-restraint  

d i s t ance ,  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  (Portnoy, e t  a l ,  1971),  

mass of t he  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  been an outgrowth of  

"whiplash" experiments.  Martinez (1965), 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 ,  w h i l e  Mahone, e t  a l ,  (1969),  

and Onrmaya, 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  r e p o r t e d  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  U n i v e r s i t y  exper i -  

mental  program of 236 dynamic human exposures t o  -G impact a c c e l e r a t i o n  x 

i n  1967-1969 (cont inued by t h e  Navy a t  MichoudINASA) 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  p lane  of r o t a t i o n  through e l e c t r o n i c  and photographic  tech-  

n iques  (Ewing, 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 ro tec -  

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 .  Clarke,  e t  a l ,  (1971) determined head 

l i n e a r  and angu la r  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  

1 4  t e s t s  w i t h  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 angu la r  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 a u m a t i c  consequences t h a n  

t h e  degree  of head-neck hyperextension.  I n  s imula ted  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  s p i n e  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  a s i m i l a r  degree  

of hyperextension,  b u t  approximately 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 a n g u l a r  v e l o c i t y  was g r e a t e s t .  



The incidence and seve r i ty  of "whiplash" i n j u r y  apparent ly i s  not 

always r e l a t e d  t o  the magnitude of the  change i n  ve loc i ty  of t h e  impacted 

vehic le ,  s i n c e  many o ther  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 pos i t i on  and o r i e n t a t i o n  t o  t he  fo rce  a t  t h e  i n s t a n t  of impact, 

e t c . ,  in f luence  the  r e s u l t s .  For example, one motor i s t  who had been rear -  

ended by another  received 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 case,  although t o t a l  damage t o  t he  in ju red  person 's  

vehic le  was reported t o  be only $28 (USAA, 1973).  On the  o the r  hand, t he  

p r i n c i p a l  au tho r ,  d r iv ing  on a freeway a t  55 mph, was rear-ended i n  a 

1965 c o l l i s i o n  by a veh ic l e  being chased by t h e  p o l i c e  and clocked a t  

90 mph a t  impact. Although both ca r s  were demolished, t h e  author  was 

uninjured by t h i s  45-mph change-in-velocity i npac t .  

D i r ec t ly  r e l a t e d  t o  a b e t t e r  understanding of t h e  mechanisms in-  

volved i n  and f a c t o r s  causing var ious  aspec ts  of whiplash i n j u r y  i s  a 

need t o  understand the  r o l e  t h a t  the  b a s i c  p r o p e r t i e s  of the  human neck 

(such a s  anthropometry, range of motion, s t r e n g t h ,  and r e f l e x  time) play 

i n  prevent ing whiplash i n j u r y  on impact. P r i o r  t o  t h i s  s tudy ,  however, 

v a r i a t i o n s  i n  these  phys ica l  p rope r t i e s  of t h e  neck wi th  age, sex ,  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  whiplash i n j u r y  were 

v i r t u a l l y  unknown, although recent  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, recent  c l i n i c a l  examinations of v ic t ims  of whiplash 

i n j u r y  ind ica ted  a s i g n i f i c a n t  preponderance of whiplash symptoms among 

females.  Kihlberg (1969) repor ted  a s u b s t a n t i a l l y  g r e a t e r  frequency 



among women, "up t o  twice  a s  h igh a s  among men " Gurdj ian has  repor ted  

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

p e r i o d ,  of which 129 were female and 75 were male (Gurdj ian,  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 

( O ' N e i l l ,  e t  a l ,  1972).  Schu 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  met ropo l i t an  a r e a s ,  ranging 

from 6 . 7  t o  14.5/1 ,000/year ,  h a l f  occur r ing  from rear-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  i t  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 -  

kof f  and Grisorwitsch (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- 

r e l a t e d  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 (Smith, 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 15 t o  

74 was r e p o r t e d  by F e r l i c  (1962). 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  (1969), 

us ing  28 cadaver specimens, has  r e p o r t e d  t h a t  d e 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 l a n e s  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  motion has  been s t u d i e d  by v a r i o u s  t echn iques ,  

i n c l u d i n g  multi-exposure f i l m s  (Dempster , 1955) ,  cyclograms ( D r i l l i s ,  

1959) ,  and photographic  techniques  devised by Taylor  and Blaschke (1951) 

and Eberhar t  and Inman ( 1 9 5 i ) .  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  n u r s e s  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  C6-C7 o r  C7-TI; 



while  i n  ex tens ion ,  i n j u r y  would occur most o f t en  a t  C2-C3, C3-C4, o r  

C5-C6. Mertz and Pa t r i ck  (1971) have reported t h a t  t he  b e s t  i nd ica to r  of 

t he  degree of s e v e r i t y  of neck f lex ion  i s  the  equivalent  moment of the  

neck and ch in  contact  forces  taken with respect  t o  t h e  o c c i p i t a l  condyles. 

The "normal" range of neck f lex ion  has been s tud ied  i n  male sub jec t s  

by Glanvi l le  and Kreezer (1937), Defibaugh (1964), and more r ecen t ly  

summarized by Lyse l l  (1969). However, d i f f i c u l t i e s  repor ted  have involved 

r ep roduc ib i l i t y ,  in t ra - indiv idua l  range o r  v a r i a t i o n ,  and l ack  of adequate 

landmark s tandards .  A s  a r e s u l t  of t he  f i r s t  major attempt t o  ob ta in  

l inkage d a t a  on t h e  mobil i ty  of t he  human to r so ,  inc luding  t h e  neck, t h e  

authors  devised techniques which have provided an improved b a s i s  f o r  study 

of neck motion (Snyder, Chaffin,  and Schutz, 1971). Hadden (1973) has 

considered head i n j u r y  from an epidemiological po in t  of view and has 

proposed use fu l  b a s i c  p r i n c i p l e s  and cons idera t ions  which should b e  

employed. The mechanics of l a t e r a l  bending were s tud ied  i n  1972 by 

Veleanu and Klepp, using macerated ve r t eb rae .  Lange (1971) has a l s o  used 

human cadavers subjec ted  t o  severe  t e s t - s l e d  dece l e ra t ions  t o  determine 

gross  i n j u r i e s  t o  t he  c e r v i c a l  ve r t eb rae  caused by torque,  a x i a l ,  and 

shear  forces .  Mertz and Pa t r i ck  (1967) simulated t h e  kinematics of r ea r -  

end c o l l i s i o n s  using anthropometric dummies, and repor ted  t h a t  neck 

torque r a t h e r  than neck shear  o r  a x i a l  fo rces  i s  t h e  major f a c t o r  i n  

producing c e r v i c a l  trauma. 

In an attempt t o  p r o t e c t  t h e  automobile occupant subjec ted  t o  rear -  

end impacts, Federal  Motor Vehicle  Safety Standard No. 202 (1968) requi red  

a l l  passenger ca 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 with head r e s t r a i n t s  a t  each outboard 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,  experimental  d a t a  were l i m i t e d  (Severy, 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 repor ted 6  cases  of i n j u r y  incur red  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  adjustment 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 respons ib le .  I n  one case  i t  was found t h a t  

a  head r e s t r a i n t  ad jus ted  i n  t h e  lowermost p o s i t i o n  (25%), p r o t e c t i n g  

occupants who a r e  5 f e e t  s i x  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, Kel 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 n o t  proper ly  pos i t ioned ,  and concluded 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  app l ied  t o  t h e  whiplash i n j u r y  

problem" (p.  405) .  G a r r e t t  and Morris  (1972) a l s o  eva lua ted  head res -  

t r a i n t  performance and repor ted  approximately 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 a t i o n  was l a r g e .  Henderson (1972) 

evaluated 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  p reven t  t h e  body from 

s l i d i n g  upwards and snapping t h e  hend over  t h e  back of t h e  " r e s t r a i n t . "  

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

Berton (1 9 0 1 ) ,  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 ~ j z o c t z 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,  Brink,and 

Baird (1968) a l s o  s t u d i e d  t h e  e f f e c t  of backrest .  a d  hehd r e s t r a i n t  



d e s i g n ,  These t e s t s ,  sponsored by Ford Motor Company and t h e  P u b l i c  

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 t u d y  v a r i o u s  

s e a t  des igns  under c r a s h  c o n d i t i o n s .  An unpublished s t u d y  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 f e r e n c e d  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 type 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 .  This  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  wi th  a 25" back a n g l e .  

S t u d i e s  of rear-end c o l l i s i o n s  w i t h  two moving v e h i c l e s  were under- 

t aken  i n  Ford Motor Company t e s t s  i n  1967 u t i l i z i n g  movable b a r r i e r - t o -  

c a r  t e s t s  s i m u l a t i n g  car- to-car  rear-end impacts a t  speeds  "somewhat 

g r e a t e r ' '  t han  1 0 ,  20, 30 m.p.h. R e s u l t s  i n d i c a t e d  a dummy neck hyper- 

ex tens ion  of 70" w i t h o u t  h e a d r e s t ,  and 30" w i t h  h e a d r e s t .  I n  a d d i t i o n ,  

"neck p u l l ' '  of  1 4  g ' s  wi thou t  h e a d r e s t  v e r s u s  8 g ' s  w i t h  h e a d r e s t ,  a 

l o n g i t u d i n a l  a c c e l e r a t i o n  of 20 g ' s  wi thou t  h e a d r e s t  and 11 g ' s  w i t h  

h e a d r e s t ,  a l o n g i t u d i n a l  a c c e l e r a t i o n  of 20 g ' s  w i t h o u t  h e a d r e s t  and 

11 g ' s  w i t h  h e a d r e s t ,  and a n g u l a r  v e l o c i t y  o f  1300 d e g l s e c  w i t h o u t  head- 

r e s t  v e r s u s  500 d e g l s e c  w i t h  h e a d r e s t ,  were r e p o r t e d  (Ber ton,  1967) .  

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 

km/hr through improved des ign  h a s  been r e p o r t e d  i n  exper imenta l  tests by 

Ford Motor Company Limited,  England (Bur la rd ,  1974) ,  by improving 

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  

metal  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  than  reduce i t .  



A r e c e n t  p a t e n t  a p p l i c a t i o n  (Omaya, 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  p reven t  

a "whiplash-l ike head o r  neck i n j u r y . "  Thurston 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 dur ing r e a r  impacts have been developed by Martinez and Garcia  

(1968) , Higuchi, Morisawa, and Sato  (1970) , Furusho, Yokoya, Nishino,  and 

Fuj i k i  (1971) , and L i  , Advani, and Lee (1971) . McKenzie and Williams 

(1971) developed a two-dimensional d i s c r e t e  parameter model of t h e  head, 

neck and t o r s o  and explored t h e  e f f e c t s  of s e a t  back s t i f f n e s s  ori head 

response.  More r e c e n t l y ,  t h e  same a u t h o r s  repor ted  t h e i r  s t u d y  of impact 

s e v e r i t y  on response us ing  t h e  same model (Williams and McKenzie, 1975).  

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  s t r u c t u r e s  and both  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 .  This  r e s u l t e d  i n  development of 

p ro to type  systems which were dynamically t e s t e d .  Bowman and Robbins 

(1972) repor ted  a parameter s t u d y  i n v o l v i n g  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 ,  ob l ique ,  and rear- impact  s i t u a t i o n s .  They 

concluded t h a t ,  b e s i d e s  being e x t e n s i b l e  and having 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 the 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 .  



A r ecen t  study has been undertaken by Hess (1975) t o  develop a new 

bionechanical  model of the  human neck i n  the  dynamic f l ex ion  which r e s u l t s  

from an occupant who i s  wearing s e a t  and to r so  b e l t s  being involved i n  a 

f r o n t a l  c o l l i s i o n .  Hess ' model recognizes the  importance of a c t i v e  neck 

musculature and incorpora tes  new d e t a i l  as t o  musculature and neck 

geometry and kinematics .  He suggests  the  need f o r  a new t e s t  dumy neck 

mechanism incorpora t ing  both passive proper t ies  and an a c t i v e  s e t  of 

non-linear e l a s t i c  and v i sco -e l a s t i c  p rope r t i e s .  Resul ts  a r e  expected t o  

be published i n  1976. 

D .  Order of Reporting 

The foregoing review i l l u s t r a t e s  t h a t  many of t h e  c l i n i c a l ,  

phys io logica l ,  biomechanical, and equipment aspec ts  of t he  c e r v i c a l  

hyperextension-hyperflexion problem have been addressed. However, u n t i l  

the  present  s tudy ,  t h e r e  has been no experimental work performed t o  

cohesively measure the  same s e t  of response-related parameters from a 

population r ep re sen ta t ive  of t he  major c h a r a c t e r i s t i c s  of a d u l t s  exposed 

t o  ce rv i ca l  i n j u r y .  

Subsequent chapters  of t h i s  r epo r t  w i l l  d e sc r ibe  t h e  methodology 

by which sub jec t s  were se l ec t ed  and t h e i r  neck c h a r a c t e r i s t i c s  t e s t e d  

(Chapter 2 ) ;  the  r e s u l t s  of t h e  t e s t s ,  some observa t ions  about those 

r e s u l t s ,  and a desc r ip t ion  of a new muscle-force p red ic t ion  technique 

(Chapter 3 ) ;  t he  use of t h e  r e s u l t s  i n  a two-dimensional biomechanical 

model of a crash v i c t im  (Chapter 4 ) ;  and a d i scuss ion  of t h e  inferences  

and conclusions which a r e  der ived from t h e  r e s u l t s  (Chapter 5 ) .  Following 

Chapter 5 a r e  s eve ra l  Appendices wi th  d e t a i l e d  d a t a  of i n t e r e s t  t o  o the r  

researchers  and t o  product des igners .  



CHAPTER 2 

DATA ACQUISITION AND DATA REDUCTION 

Each s u b j e c t  who completed t h e  s tudy p a r t i c i p a t e d  i n  s i x  d i f f e r e n t  

e v a l u a t i o n s  o r  t e s t s .  This chap te r  p r e s e n t s  t h e  exper imental  p r o t o c o l  

used i n  t h e  s tudy .  Methods used t o  r e c r u i t  and medical ly  sc reen  poten- 

t i a l  s u b j e c t s  a r e  d i scussed ,  a s  a r e  t e s t  o b j e c t i v e s ,  equipment and 

methods f o r  t h e  anthropometr ic ,  range of motion,  muscle r e f l e x  t ime ,  

and muscle s t r e n g t h  t e s t s .  Techniques used i n  d a t a  reduc t ion  a r e  

desc r ibed  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 .  

A .  Subject  S e l e c t i o n  

1. Experimental Design. A b a s i c  o b j e c t i v e  of t h i s  s tudy  was t o  

examine c e r t a i n  neck c h a r a c t e r i s t i c s  us ing  a  s tudy  group which was rep- 

r e s e n t z t i v e  of t h e  a d u l t  U.S. popu la t ion .  The f i r s t  t a s k ,  then ,  was t o  

d e f i n e  a  " r e p r e s e n t a t i v e "  popula t ion .  The s tudy  popula t ion  was chosen t o  

be r e p r e s e n t a t i v e  of t h e  t h r e e  primary v a r i a b l e s  of s e x ,  age  and body 

s t a t u r e .  Sex was chosen a s  a primary v a r i a b l e  because  of i n d i c a t i o n s  

t h a t  females more of t e n  i n c u r  whiplash i n j u r y  than  males.  ( O t N e i l l ,  

Haddon, Kel ley and Sorenson, 1972) Since it i s  g e n e r a l l y  b e l i e v e d  t h a t  

t h e  aging process  adverse ly  a f f e c t s  bo th  j o i n t  range of motion and muscle 

r e f l e x e s ,  age  was considered an important  v a r i a b l e .  S t a t u r e  was included 

a s  t h e  t h i r d  primary v a r i a b l e  on a  biomechanical  s u p p o s i t i o n  t h a t  neck 

responses  could be  a f f e c t e d  by a  p e r s o n ' s  o v e r a l l  h e i g h t ,  s i t t i n g  h e i g h t ,  

and neck l e n g t h .  



The f i n a l  s t a t i s t i c a l  des ign  chosen was 2 by 3 by 3 f a c t o r i a l  w i t h  

10 s ~ b j e c t s  p e r  c e l l ,  f o r  a  t o t a l  of 180 s u b j e c t s .  Sub jec t s  were picked 

from both  s e x e s .  The t h r e e  age groups s e l e c t e d  i n i t i a l l y  were young a d u l t s  

(ages 18-24),  e a r l y  middle-age a d u l t s  (ages 35-44), and e l d e r l y  (ages 65- 

74) .  The e l d e r l y  age group was l a t e r  extended t o  inc lude  ages 62-74 

because r e c r u i t i r . g  c;f people i n  t h i s  group was very d i f f i c u l t .  S h o r t ,  

avera.ge-sized, and t a l l  s t a t u r e  groups were s e l e c t e d ,  as represen ted  by 

t h e  1-20th,  40-60th, and 80-99th p e r c e n t i l e s  of t h e  popula t ion  w i t h i n  each 

sex  and age group.  The s e l e c t i o n  of s p e c i f i c  age and s t a t u r e  groups was 

based upon t h e  l a t e s t  a v a i l a b l e  comprehersive s tudy  of t h e  United S t a t e s  

a d u l t  p o p u l a t i ~ n  (U.S.  P u b l i c  Heal th  S e r v i c e s ,  1962) . The f i n a l  c r i t e r i a  

used t o  s e l e c t  and a s s i g n  s u b j e c t s  a r e  i l l u s t r a t e d  i n  Table 2-1. 

2 .  Subject  Recruitment Techniques. It was necessa ry  t o  u s e  v a r i o u s  

techniques  t o  r e c r u i t  t h e  needed 180 s u b j e c t s .  The e a s i e s t  group 

t o  r e c r u i t  was t h e  young age group, s i n c e  u n i v e r s i t y  s t u d e n t s  were 

r e a d i l y  a v a i l a b l e .  Advertisements i n  d o r m i t o r i e s ,  word-of-mouth from 

o t h e r  s u b j e c t s ,  and announcements i n  eng ineer ing  c l a s s e s  were s u f f i c i e n t  

t o  o b t a i n  young s u b j e c t s .  The c h i e f  d i f f i c u l t y  i n  working w i t h  t h e  

s tuden t  groups was t h a t  they were t r a n s i e n t ;  many s u b j e c t s  were l o s t  due 

t o  moving o r  g radua t ion  between i n i t i a l  s c r e e n i n g  approva l  and f i n a l  

t e s t i n g .  Middle-age s u b j e c t s  were ob ta ined  p r i m a r i l y  through l o c a l  news- 

paper adver t i sements .  The e l d e r l y  group was r e c r u i t e d  through newspaper 

adver t i sements ,  word-of-mouth,and p e r s o n a l  c o n t a c t  w i t h  organized s e n i o r  

c i t i z e n s '  groups. The most p r o d u c t i v e  rec ru i tment  t echn ique  f o r  a l l  age  

groups was by word-of-mouth and by r e f e r r a l s  from o t h e r  s u b j e c t s .  

3. Health Screening and Approval. Each p o t e n t i a l  s u b j e c t  was asked 

t o  f i l l  ou t  a  genera l  h e a l t h  q u e s t i o n n a i r e .  The q u e s t i o n n a i r e ,  i l l u s -  



Table  2-1 

F i n a l  Sub jec t  S e l e c t i o n  C r i t e r i a  

Number of S t a t u r e  Range 
Sub jec t s  

Subject  Groups Desi red Inches  cm 

Females 

Males 

T o t a l  180 



t r a t e d  i n  Figure 2-1,was adapted from the Cornell Medical Index and was 

modified t o  inc lude  questions r e l a t ed  t o  auto accidents and bone and 

j o i n t  d i so rde r s  which might inf luence neck cha rac t e r i s t i c s .  Tliese 

ques t ionnai res  were reviewed by Dr. Janet  Baum, the r ad io log i s t  consul- 

t a n t  t o  the  s tudy .  I f  the s u b j e c t ' s  medical h i s tory  was acceptable ,  

approval was given f o r  x-ray screening.  

The next  s t e p  was t o  obtain from each subject  a s e r i e s  of f i v e  

x-rays, of which two were used by Dr. Baum only f o r  f u r t h e r  c l i n i c a l  

screening. These c l i n i c a l  x-rays were an an ter ior -pos te r ior  view of t he  

ce rv i ca l  sp ine  and a l a t e r a l  view of the head and neck t o  t he  region of 

the  T-1  ve r t eb ra ,  with the  shoulders pul led down t o  expose the  lower 

ce rv i ca l  sp ine .  The remaining three  l a t e r a l  x-rays (neu t r a l  s i t t i n g  

pos i t ion ,  maximum voluntary f l ex ion ,  and maximum voluntary extension) were 

screened by Dr. Baum and were a l s o  analyzed t o  provide range of motion da t a  

as w i l l  be  discussed l a t e r .  From these  x-rays, D r .  Baum could determine 

whether t he re  were any abnormali t ies  of t he  neck o r  a r t h r i t i c  condi t ions 

present  t h a t  would d i squa l i fy  a sub jec t .  

Each subjec t  was thoroughly b r i e f ed  on the  na tu re  of t h e  t e s t s  being 

conducted and the  amount of phys ica l  a c t i v i t y  requi red .  I f  t h e  sub jec t  

agreed t o  p a r t i c i p a t e ,  he o r  she was asked t o  s ign  a sub jec t  consent form 

(shown i n  Figure 2-2) . A t  t h i s  po in t ,  t he  sub jec t  was considered t o  be 

pa r t  of the f i n a l  subjec t  pool.  Each sub jec t  was then scheduled f o r  

ac t ive  response t e s t i n g ,  t o  be  conducted i n  a s epa ra t e  s e s s ion .  

4 .  Subject Scheduling. It was necessary t o  make con tac t  wi th  each 

subjec t  a t  l e a s t  t h ree  t imes. The f i r s t  contac t  was t o  ob ta in  t h e  

medical quest ionnaire .  This was usua l ly  accomplished by telephone and 



Date  HEALTH QUESTIONNAIRE S u b j e c t  
No. ( P l e a s e  P r i n t )  

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 

H e i g h t  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  s p a c e  p r o v i d e d  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  w i t h  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  y e a 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 h e a r  r i n g i n g  o r  buzz ing  i n  your e a r s ?  Yes bTo 

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  l o n g  b e f o r e  anyone e l s e ? .  Yes No 

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

6 .  Have you l o s t  more t h a n  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 (s tomach)?  . . . .  Yes Bo 

8 .  Did a  d o c t o r  e v e r  s a y  you had d i a b e t e s  ( s u g a r  i n  t h e  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  blood  and u r i n e ) ?  Yes 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  w i t h  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  your  work? Yes No 

. . . . . . . . . . . . . . . . . . . . .  1 0 .  Are you now under  a  d o c t o r ' s  c a r e ?  Yes 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  e v e r  b l a c k e d  o u t  c o m p l e t e l y ?  . . . . . . . . .  Yes K O  

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

. . . . . . . . . . . . . .  5 .  Do your e y e s  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 e v e r  have s e v e r e  p a i n s  i n  o r  beh ind  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  in f l amed?  ..Yes Bo 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 .  Are you h a r d  of h e a r i n g ?  Yes No 

1 0 .  Have you had f r e q u e n t  s e v e r e  e a r  a c h e s ?  . . . . . . . . . . . . . .  ..Yes No 

. . . . . . . . . . . . . . . . . . . . .  11. Have you e v e r  had a  r u n n i n g  e a r ?  ..Yes No 

F i g .  2-1. Health. 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 ? . . . . . . . Y e s  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 ?  Yes 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 y o u r  c h e s t  x-ray show a n y t h i n g  i n  your  c h e s t ?  . . . . . .  Yes 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 m i g h 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  y o u r  b l o o d  p r e s s u r e  was t o o  h i g h  

o r  t o o  low? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Yes 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 ?  Yes No 

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

3 .  Do you e v e r  h a v e  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  K O  

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

2 .  Are you o f t e n  s i c k  t o  y o u r  s tomach w i t h  v o m i t i n g ?  . . . . . .  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  

SECT ION 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 y o u r  m u s c l e s  and  j o i n t s  a l w a y s  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  h a v e  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  y o u r  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 h a v e  p a i n s  i n  t h e  b a c k  o r  neck  t h a t  make i t  h a r d  
f o r  you t o  k e e p  u p  w i t h  y o u r  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 h a v e  f r e q u e n t  s e v e r e  h e a d a c h e s ?  . . . . . . . . . . . . . . . . .  Yes No 

. . . .  2 .  Do you o f t e n  have s p e l l s  o f  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  y o u r  l i f e ? . . . . . .  . . .  Yes 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  
o f  your  body? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Yes Fo 

5 .  Was any p a r t  o f  y o u 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  

P i g .  2-1. Cont. 



6 .  Were you ever  knocked u n c o n s c i o u s ? . . . . . . . . . . ,  . . . . . . .  Y e s  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  tw i t ch ing  of any p a r t  of your 
body? ( o t h e r  than eyes)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Yes No 

a .  I f  ye s ,  exp la in  

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

9 .  Has anyone i n  your fami ly  eve r  had convuls ions  
( 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 ?  . . . . . . . . . . . . . .  Y e s  No 

a .  I f  ye s ,  exp la in  

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

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

6 .  Do you o f t e n  have smal 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 cons ide red  a  nervous person?  . . . . . . . . . . . . . . . . . .  Yes No 

Add i t i ona l  comments: (P l ea se  i n c l u d e  d a t e s ,  symptoms, f requency  
of occu r r ence ,  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 ied  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 .  2-1. C0nt. 



HIGHWAY SAFETY RESEARCH INSTITUTE 
lnst~tute of Sc~ence and Technology 

Huron Parkway and Baxter Road 
Ann Arbor, M ~ c h ~ g a n  48105 

SUBJECT CONSENT FORM 

I ,  The undersigned, understand t h a t  t h e  purpose of t h i s  s tudy  i s  
t o  determine b a s i c  in format ion  on t h e  human neck necessa ry  f o r  
improved p r o t e c t i o n  of t h e  occupant i n  automotive a c c i d e n 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  i n c l u d e  
anthropometr ic  measurements, neck muscle s t r e n g t h ,  v o l u n t a r y  range 
of motion, and v a r i a t i o n  i n  muscle response t ime.  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 ,  am s a t i s -  
f i e d  t h a t  I understand what i s  involved,  and consent t o  any hazards  
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  s c r e e n i n g  b o t h  a s  
t o  any h i s t o r y  o r  subsequent x-ray f i n d i n g s  which might make i t  
i n a d v i s a b l e  f o r  me t o  con t inue .  I r e a l i z e  t h a t  some discomfor t  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 ,  a l though t h e  
exper imental  procedures  and appara tus  have been designed t o  
minimize t h e s e  hazards .  I a l s o  unders tand t h a t  I w i l l  b e  a l lowed,  
a t  any t ime,  t o  s t o p  f o r  r e s t  o r  t o  d i s c o n t i n u e  my p a r t i c i p a t i o n  
i n  t h i s  s tudy  wi thout  p r e j u d i c e  o r  change i n  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  a l low 
p u b l i c a t i o n  of any o r  a l l  of t h e  d a t a  c o l l e c t e d  on t h i s  d a t a  i f  
presented i n  a  coded form n o t  i d e n t i f y i n g  me. 

S i g n a t u r e  of Sub jec t  Date 

S i g n a t u r e  of Witness Date  

F igure  2-2. Sub jec t  Consent Form. 



through t h e  mai l .  The second c o n t a c t ,  f o r  x-rays,  and t h i r d ,  f o r  a c t i v e  

t e s t s ,  r e q u i r e d  t h e  s u b j e c t  t o  v i s i t  t h e  l a b o r a t o r i e s  a t  t h e  Highway 

S a f e t y  Research I n s t i t u t e .  The volume of schedul ing and s u b j e c t  t r a c k i n g  

a c t i v i t i e s  was cons iderab le ,  and a  two-card system was i n i t i a t e d  t o  p reven t  

e r r o r s .  Records were kept  f o r  each p o t e n t i a l  s u b j e c t  on a  f i l e  card  

dur ing  t h e  approval  and sc reen ing  process .  When an approved s u b j e c t  

became p a r t  of t h e  s u b j e c t  pool ,  a  second ca rd  (which i d e n t i f i e d  t h e  

s u b j e c t  code number) was f i l l e d  o u t .  On t h e  second ca rd ,  t h e  Sub jec t  

Data Record, a l l  p e r t i n e n t  in fo rmat ion  about t h e  s u b j e c t  ' s  p rogress  

through t h e  s tudy  was k e p t ,  Items such a s  approval  d a t e ,  t h e  d a t e  of 

each t e s t i n g  per iod ,  t e s t  numbers a s s o c i a t e d  w i t h  t h e  s u b j e c t ,  and 

c e r t a i n  t e s t  r e s u l t s  were a l l  noted.  

Each s u b j e c t  followed t h e  same t e s t i n g  sequence.  Th is  sequence i s  

i temized below i n  t h e  o r d e r  i n  which t e s t s  were conducted. Each of t h e  

t e s t s  i s  desc r ibed  i n  d e t a i l  l a t e r  i n  t h i s  c h a p t e r .  

1st Sess ion ( a f t e r  approval  of q u e s t i o n n a i r e )  

. B r i e f i n g  and consent form s i g n i n g  

. C l i n i c a l  and range-of-motion x-rays 

. Range-of-motion photographic  s e r i e s  

. Anthropometry ( u s u a l l y  t aken  a t  t h i s  s e s s i o n )  

2nd Sess ion ( a f t e r  approva l  o f  x-rays) 

. Anthropometry ( i f  n o t  t aken  a t  f i r s t  s e s s i o n )  

. Reflex t ime  t e s t i n g ;  f l e x o r s  and e x t e n s o r s  

. Muscle s t r e n g t h  t e s t i n g ;  f l e x o r s  and e x t e n s o r s  

Sub jec t s  were paid  f o r  t h e i r  p a r t i c i p a t i o n  i n  t h e  s tudy .  



B. Anthropometry 

1. O b j e c t i v e s .  The s e l e c t i o n  of anthropometr ic  measurements f o r  

t h i s  s tudy  was designed t o  accomplish t h e  fol lowing t h r e e  o b j e c t i v e s .  

a .  Obtain  popula t ion  comparison d a t a .  It was necessa ry  t o  d e t e r -  

mine t h a t  t h e  s u b j e c t s  chosen were as r e p r e s e n t a t i v e  of t h e  U.S. popu- 

l a t i o n  a s  in tended .  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 weight  were t aken  

t o  s a t i s f y  t h i s  o b j e c t i v e ,  s i n c e  t h e y  were d i r e c t l y  comparable measure- 

ments t o  t h o s e  repor ted  by t h e  U.S. P u b l i c  Heal th  Survey. 

b .  Dimensionally d e s c r i b e  t h e  head and neck.  I n i t i a l  b iomechanical  

modeling work i n d i c a t e d  t h a t  head weight  and head cen te r -o f -g rav i ty  

l o c a t i o n  would a f f e c t  dynamic response and thus  i n f l u e n c e  t h e  p o t e n t i a l  

f o r  neck i n j u r y .  A primary o b j e c t i v e ,  then ,  was t o  o b t a i n  a s  complete a 

p h y s i c a l  d e s c r i p t i o n  a s  p o s s i b l e  of d imensional  v a r i a b l e s  which might 

i n f l u e n c e  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-hyperf lexion i n j u r y .  

This o b j e c t i v e  was accomplished u s i n g  b o t h  t r a d i t i o n a l  means (measure- 

ments of head a r c  l e n g t h s  and head and neck d iamete r s  and c i rcumference)  

and by o b t a i n i n g  anthropometry from c e r v i c a l  x-rays ( s i z e s  and l i n k  

l e n g t h s  of t h e  c e r v i c a l  v e r t e b r a e ) .  

c .  Comparisons wi th  r e s u l t s  from o t h e r  i n v e s t i g a t o r s .  S e v e r a l  

measurements were t aken  t o  a l low wmpar i sons  of t h i s  s t u d y  p o p u l a t i o n  t o  

o t h e r  popula t ions  r e p o r t e d  by o t h e r  i n v e s t i g a t o r s .  Inc luded  i n  t h i s  

group were s e v e r a l  measures from t h e  lower body (such a s  h i p  b r e a d t h  and 

s i t t i n g  knee h e i g h t )  and s e v e r a l  measures t o  a s s e s s  body physique ( sk in -  

f o l d s  and j o i n t  d i a m e t e r s ) .  

2 ,  Measurements Obtained.  A t o t a l  o f  54 an th ropomet r ic  measures 



were obta ined from each of t h e  180 s u b j e c t s  and an a d d i t i o n a l  t e n  from a  

s u b s e t  of 61  young s u b j e c t s .  Of t h e s e ,  48 body measurements were t aken  

us ing  t r a d i t i o n a l  ins t ruments  and techniques  and 16 were measured from 

t h e  x-rays. Sub jec t s  were l i g h t l y  c l o t h e d ,  wearing s h o r t s  and a  s l eeve-  

l e s s  t o p ,  but  measurements were made d i r e c t l y  on t h e  body i n  a l l  c a s e s .  

Body weight was taken t o  t h e  n e a r e s t  0 .5  l b ,  u t i l i z i n g  a  Cont inen ta l  Med- 

i c a l  Sca le .  S t a t u r e  was taken wi th  a S iber  and Hegner anthropometer 

f i x e d  t o  t h e  w a l l .  [It should be noted t h a t  t h i s  i s  t h e  i d e n t i c a l  anthro-  

pometer used by Dempster i n  h i s  c l a s s i c  biomechanical  s t u d i e s  of j o i n t  

range of motion (1955) . ]  Two a d d i t i o n a l  anthropometers were used f o r  

l i n e a l  measures. Other measurements were taken w i t h  a  s t e e l  t a p e ,  s l i d i n g  

c a l i p e r ,  o r  hinged c a l i p e r .  

A l i s t i n g  of t h e  6 4  measurements, grouped i n t o  s i x  g e n e r a l  ca tegor-  

i e s ,  i s  conta ined i n  Table 2-2. The f i r s t  4 8  were taken i n  t h e  o r d e r  

l i s t e d .  A d e f i n i t i o n ,  d e t a i l e d  d e s c r i p t i o n ,  and i l l u s t r a t i o n  of each of 

t h e  48 t r a d i t i o n a l  measures a r e  conta ined i n  Appendix A t o  t h i s  r e p o r t .  

The d e t a i l e d  d e f i n i t i o n s  a r e  included s o  t h a t  i n t e r e s t e d  i n v e s t i g a t o r s  

' may use 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 f o u r  measures i n  Group A, Table  2-2, were taken w i t h  t h e  s u b j e c t  

i n  e r e c t  s t a n d i n g  p o s t u r e  and t h e  head i n  F r a n k f o r t  Plane,*  These i n -  

cluded two popula t ion  comparison checks (weight and s t a t u r e )  and two 

measures r e l a t i n g  t o  neck l e n g t h  i n  s t a n d i n g  p o s t u r e  ( c e r v i c a l e  h e i g h t  

and chin-neck i n t e r s e c t  h e i g h t ) .  

* See d e f i n i t i o n s  of anthropometry t e c h n i c a l  terms i n  t h e  g l o s s a r y  t o  
Appendix A. 



Table 2-2 

L i s t  of Anthropometric Measurements 

A .  STANDING (ERECT) 

1. Weight 
2 .  S ta ture  
3. Cervicale (C7) Height 
4 .  Chin-Neck I n t e r s e c t  Height 

B .  SEATED (ERECT) 

S i t t i n g  Height 
S i t t i n g  Cervicale Height 
S i t t i n g  Right Shoulder (Acromion) Height 
S i t t i n g  Left  Shoulder (Acromion) Height 
Lef t  Tragion Height 
Right Tragion Height 
Nasal Root Depression Height 
Lef t  S i t t i n g  Eye Height 
S i t t i n g  Suprasternale  Height 
Biacromial Breadth 
Shoulder Breadth (Bidel toid)  
La te ra l  Neck Breadth (Mid) 
Anter ior-Poster ior  Neck Breadth (Mid) 
Anter ior  Neck Length 
Pos t e r io r  Neck Length 

C .  SEATED (RELAXED) 

S i t t i n g  Height (Slumped) 
Lef t  S i t t i n g  Eye Height (Slumped) 
Superior Neck Circumference 
I n f e r i o r  Neck Circumference 
Head Circumference 
Head E l l i p s e  Circumference (Bennett) 
Head Breadth 
Head Length 
Head Height 
S a g i t t a l  Arc Length 
Coronal Arc Length 
Bitragion Diameter 
Minimum Fronta l  Diameter 
Minimum Fronta l  Arc Length 
Bitragion Minimum Fronta l  Arc Length 
Bitragion In ion  Arc Length 
Pos t e r io r  Arc Length 



37. S i t t i n g  Knee Height 
38. S i t t i n g  Knee Height (Maximal Clearance) 
39. Right Ante r io r  I l i a c  Spine Height 
40. Hip Breadth 
41. Biceps Flexed Circumference (Right)  

D .  STANDING (RELAXED) 

42. Calf  Circumference (Right)  
43. Femoral Biepicondylar  Diameter (Right)  
44. Humerus Biepicondylar  Diameter (Right)  
45. Right Tr iceps  Sk info ld  
46. Right Subscapular Skinfold  
47, Right S u p r a i l i a c  Sk info ld  
48. Right P o s t e r i o r  Mid-calf Skinfold  

E .  CERVICAL SPINE LINKS (from x-rays) 

49. C2 Link Length 
50.  C3 Link Length 
51. C4 Link Length 
52.  C5 Link Length 
53. C6 Link Length 
54.  C7 Link Length 

F. VERTEBRAL BODY DIMENSIONS (from x-rays of young s u b j e c t s )  

55,  C3 Height 
56. C3 Depth 
57. C4 Height 
58. C4 Depth 
59. C5 Height 
60. C5 Depth 
61. C6  Height 
62. C6 Depth 
63. C7 Height 
64. C7 Depth 



The l o c a t i o n  of many body landmarks wi th  r e s p e c t  t o  a  s e a t i n g  

s u r f a c e  was determined wi th  n ine  of t h e  15 Group B ( sea ted  e r e c t )  

measures. These included t h e  populat ion comparison measure of e r e c t  

s i t t i n g  h e i g h t  ( i l l u s t r a t e d  i n  F igure  2-3) and s e v e r a l  measures t o  l o c a t e  

head,  neck, and t o r s o  p o i n t s  wi th  r e s p e c t  t o  each o t h e r  ( f o r  example, 

t r a g i o n ,  c e r v i c a l e ,  and s u p r a s t e r n a l e  h e i g h t s ) .  Both l e f t  and r i g h t  

measurements were obta ined from t r a g i o n  (ea r )  and acromion (shoulder)  t o  

a s s e s s  t h e  amount of head t i l t  o r  shou lder  s l o p e  of s u b j e c t s  i n  o therwise  

e r e c t  p o s t u r e .  Two shoulder-breadth  measures completed t h e  upper t o r s o  

d a t a .  The remaining f o u r  measures i n  t h i s  group were e x t e r n a l  measures 

of neck s i z e  - two bread ths  and two l e n g t h s .  The l a t e r a l  neck b r e a d t h  

measurement i s  shown i n  F igure  2-4. 

The s i x  neck l e n g t h ,  b r e a d t h ,  and c i rcumference measures were 

devised f o r  t h i s  s tudy  and had n o t  p rev ious ly  been ob ta ined  from a  l a r g e  

popula t ion .  They were in tended t o  d e f i n e  t h e  c y l i n d r i c a l  n a t u r e  of t h e  

neck f o r  modeling purposes ,  and s o  were more d e t a i l e d  than  t h e  survey- 

type  measurements u s u a l l y  t aken  of t h e  neck.  It was considered t o  b e  of 

i n t e r e s t  t o  determine p o t e n t i a l  b iomechanical  d i f f e r e n c e s  i n  neck i n j u r y  

s u s c e p t i b i l i t y  between i n d i v i d u a l s  having s h o r t  t h i c k  necks and those  

w i t h  r e l a t i v e l y  long g r a c i l e  necks.  

For t h e  n e x t  group of 22 measurements (Group C ) ,  t h e  s u b j e c t  was i n s t r u c t e d  

t o  mainta in  body p o s i t i o n  b u t  t o  r e l a x  i n t o  a  normal slumped p o s t u r e .  Two 

slumped s e a t e d  measures were then  ob ta ined  r e l a t i v e  t o  t h e  s e a t i n g  sur -  

f a c e .  Two neck c i rcumferences  were t a k e n  i n  t h i s  group ( i n f e r i o r  neck 

circumference is  shown i n  F i g u r e  2-5) t o  complete t h e  d e s c r i p t i o n  of t h e  

neck.  The nex t  t h i r t e e n  measures were t aken  t o  f u l l y  d e s c r i b e  t h e  s i z e  



Figure 2-3.  Erect seated height mea- 
surement being taken. Note that the 
hand-held anthropometer is f i t t e d  in- 
s ide  a small wooden block t o  a s s i s t  
the measurer i n  keeping the instrument 
aligned v e r t i c a l l y .  

Figure 2-4. Lateral Neck Breadth mea- 
surement. This i s  taken a t  the mid- 
point of the neck. 



Figure 2-5. In fe r io r  Neck Circumference measurement. This measurement 
was taken a t  the base of the neck, as near t o  the l eve l  of cervicale 
as possible. 



and shape of t h e  head f o r  biomechanical modeling purposes.  Spans (bi -  

t r a g i o n  diameter ,  head l eng th)  , circumferences , and a r c s  (b i t rag ion- in ion ,  

coronal)  were measured. Also,  s e v e r a l  lower body measures were taken of 

t h e  lower l e g  and p e l v i c  a r e a s .  The s u b j e c t  reassumed e r e c t  pos tu re  f o r  

i l i a c  s p i n e  he igh t  and h i p  breadth  measures, and h i p  b read th  was u s u a l l y  

taken over  underclothing.  

The l a s t  t r a d i t i o n a l  measures (Group D) were a l l  taken wi th  t h e  

s u b j e c t  s t and ing  i n  re laxed  pos tu re  and were a l l  designed t o  a s s e s s  body 

physique us ing t h e  Heath-Carter technique (Heath and C a r t e r , l 9 6 7 ) .  This 

group of s k i n f o l d s ,  limb circumferences,and bony diameters  i s  analyzed t o  

provide a u n i v e r s a l  somatotype r a t i n g  s c a l e  which i s  a p p l i c a b l e  t o  both  

sexes  a t  a l l  a d u l t  ages .  Ratings f o r  each i n d i v i d u a l  a r e  expressed a s  a 

three-number sequence, each number r e p r e s e n t i n g  e v a l u a t i o n  of one of t h e  

t h r e e  primary components of physique which d e s c r i b e  i n d i v i d u a l  v a r i a t i o n s  

i n  human body form and composition. This system d i f f e r s  from t h e  

c l a s s i c a l  technique of photographing t h e  nude body i n  t h r e e  views and 

s u b j e c t i v e l y  ass ign ing  r a t i n g s ,  i n  t h a t  i t  i s  claimed t o  be  e n t i r e l y  

o b j e c t i v e .  The technique has  been incorpora ted  i n t o  a computer program 

designed by Dr. Clyde Snow a t  t h e  FAA C i v i l  Aeromedical I n s t i t u t e  and 

modified by Schanne (Schanne, 1972).  This  program h a s  p rev ious ly  been 

used by t h e  au thors  t o  determine somatotypes i n  a s tudy  of USAF Daisy 

Track Test  vo lun tee rs  (McElhaney, e t  a l ,  1971) ,  and i n  a USAF s tudy  of 

body l inkages  of t h e  human t o r s o  (Snyder,  Chaf f in ,  and Schutz ,  1971).  

Six  c e r v i c a l  s p i n e  l i n k  l e n g t h s  were obta ined from t h e  n e u t r a l  

p o s i t i o n  x-ray of each s u b j e c t ,  and t h e s e  measures c o n s t i t u t e  Group E 

of t h e  anthropometry l i s t .  Figure  2-6 i l l u s t r a t e s  an x-ray f i l m ,  
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a p p r o p r i a t e l y  marked, and a  diagram of t h e  s p i n e  as  coded from t h e  x-ray. 

Each l i n k  of i n t e r e s t  i s  def ined  a s  t h e  l eng th  between t h 2  es t imated  

l o c a t i o n s  of t h e  nucleus  of each i n t e r v e r t e b r a l  d i s k .  For example, t h e  

l e n g t h  of t h e  C4 l i n k ,  a s  shown i n  heavy l i n e  i n  F igure  2-6b, i s  t h e  

d i s t a n c e  between t h e  C3-C4 and C4-C5 d i s k  c e n t e r s .  The excep t ion  i s  C2, 

t h e  a x i s  v e r t e b r a  l i n k ,  which i s  def ined as  t h e  d i s t a n c e  from t h e  C2-C3 

d i s k  c e n t e r  t o  t h e  t i p  of t h e  odontoid p rocess .  This d e f i n i t i o n  accounts  

f o r  t h e  h e i g h t  of C 1  and C2 combined, s i n c e  examination of x-rays r e v e a l s  

t h a t  t h e  t i p  of t h e  odontoid p rocess  i s  even w i t h  o r  s u p e r i o r  t o  t h e  top  

of C 1 .  

The f i n a l  group of t e n  anthropometr ic  measures t aken  from t h e  x-rays 

(Group F) were obta ined only  from 6 1  young s u b j e c t s .  These a r e  t h e  mid- 

s a g i t t a l  h e i g h t  and depth  of t h e  c e r v i c a l  v e r t e b r a l  bod ies  from C3 through 

C7. These d a t a  were analyzed f o r  t h e  paper by Katz ,  e t  a 1  (1975) . The 

d e f i n i t i o n s  of h e i g h t  and depth were based on t h e  shape of t h e  v e r t e b r a l  

body a s  coded from t h e  x-ray (Figure  2-6b). Height was d e f i n e d  as t h e  

average of t h e  d o r s a l  and v e n t r a l  edge l e n g t h s ,  and depth  was t h e  average 

of t h e  s u p e r i o r  and i n f e r i o r  edge l e n g t h s .  It i s  recognized t h a t  t h e  

v e r t e b r a e  i n  c ross - sec t ion  a r e  n e i t h e r  s t ra igh t -edged  nor  r e c t a n g u l a r .  A 

l i m i t e d  comparison of a r e a s  between t h e  r e c t a n g u l a r  approximation and p l a n i -  

meter d a t a  i n d i c a t e d  on ly  ve ry  s l i g h t  d i f f e r e n c e s .  

An a t t empt  was made t o  avoid in ter-measurer  e r r o r  by having measure- 

ments taken by a  s i n g l e  i n d i v i d u a l .  Ear ly  i n  t h e  s t u d y  t h e  i n i t i a l  

measurer l e f t  unexpectedly t o  resume h e r  p o s t g r a d u a t e  educa t ion .  I n  

o r d e r  t o  a s s u r e  c o n t i n u i t y  i n  measurement t echn ique ,  a l l  s u b j e c t s  

measured t o  t h a t  t ime were remeasured by t h e  new a n t h r o p o m e t r i s t .  



Repeat measurements were made p e r i o d i c a l l y  on t h e  same s u b j e c t s ,  and t h e s e  

d a t a  were ana lyzed  t o  i n s u r e  measurement accuracy dur ing  t h e  d a t a  c o l l e c t i o n  

phase .  

3 .  Data Reduction and Ana lys i s .  A s  t h e  48 t r a d i t i o n a l  anthropometr ic  

measures were t a k e n ,  a  r e c o r d e r  repea ted  t h e  dimension and wro te  i t  onto  an 

anthropometry form. The measurements, a  s u b j e c t  code number, and a  code 

number f o r  t h e  s u b j e c t ' s  r a c e  were keypunched on to  computer c a r d s  and 

v e r i f i e d  by a  d i f f e r e n t  keypuncher. A l i s t i n g  was ob ta ined  and t h e  d a t a  

were scanned and e d i t e d  t o  remove o r  c o r r e c t  any obviously  i n a c c u r a t e  

number. S t a t i s t i c a l  a n a l y s i s  was accomplished u s i n g  a  s e r i e s  o f  computer 

programs a v a i l a b l e  through t h e  S t a t i s t i c a l  Research Laboratory  of t h e  

U n i v e r s i t y .  D e s c r i p t i v e  s t a t i s t i c s  such a s  mean, s t a n d a r d  d e v i a t i o n ,  

and p e r c e n t i l e s  were o b t a i n e d ,  and t r e n d s  o r  i n t e r a c t i o n s  were explored 

w i t h  a n a l y s i s  of v a r i a n c e ,  a n a l y s i s  of covar iance ,  and c o r r e l a t i o n  

t echn iques .  A d d i t i o n a l  e d i t i n g  o f  t h e  o r i g i n a l  d a t a  was accomplished 

a f t e r  t h e  d e s c r i p t i v e  s t a t i s t i c s  were o b t a i n e d ,  by examining t h e  r e s u l t s  

f o r  unusua l ly  wide ranges .  Other data-handl ing e r r o r s  were assumed t o  

b e  random and i n s i g n i f i c a n t .  

The methods used f o r  reducing and a n a l y z i n g  t h e  r a d i o g r a p h i c  d a t a  

w i l l  be  d i scussed  i n  more d e t a i l  i n  t h e  n e x t  s e c t i o n .  I n  b r i e f ,  t h e  

p o i n t s  of i n t e r e s t  were marked d i r e c t l y  on to  t h e  x-ray f i l m .  For t h e  l i n k -  

l e n g t h  d a t a ,  t h e  p o i n t s  were conver ted t o  computer code by a d i g i t i z i n g  

dev ice ,  and l e n g t h s  were c a l c u l a t e d  u s i n g  a  computer a l g o r i t h m .  The 

es t imated  l i n k  p i v o t s  were coded from each of t h e  t h r e e  x - rays ,  s o  t h e  

l i n k  d a t a  repor ted  i n  Appendix D a r e  based  on t h e  average  o f  t h r e e  

measurements p e r  s u b j e c t .  For t h e  v e r t e b r a l  body h e i g h t  and dep th  



a n a l y s i s ,  measurements were taken d i r e c t l y  from the marked n e u t r a l  

pos i t i on  x-ray, using a ve rn i e r  ca l ipe r .  They were then averaged 

appropr ia te ly  and desc r ip t ive  s t a t i s t i c s  and ana lys is  of var iance were 

ca lcu la ted  using a s t a t i s t i c a l  desk-top ca l cu la to r .  

C .  S a g i t t a l  Plane Range of Motion 

1. Objectives.  One of t he  bas i c  physical  measurements of primary 

i n t e r e s t  i n  t h i s  study was the  voluntary range of motion of t h e  head and 

neck - t he  l i m i t s  of forward and backward movement. Three objec t ives  

evolved f o r  t h i s  measurement: f i r s t ,  t o  determine range of motion i n  t h e  

automotive seated pos i t i on  r e l a t i v e  t o  a reference ex te rna l  t o  t he  body; 

second, t o  measure range of motion of the  head r e l a t i v e  t o  t he  base of 

the  ce rv i ca l  sp ine  (which determines the  ro l e  of the to r so  i n  neck range 

of motion) ; and t h i r d ,  t o  obta in  the  range of motion of t he  ce rv i ca l  

ver tebrae  r e l a t i v e  t o  each o the r .  An add i t i ona l  cons t r a in t ,  and one i n  

which t h i s  study d i f f e red  from c l a s s i c a l  range of motion s t u d i e s ,  was 

t h a t  the  f l ex ion  and extension motions used were intended t o  s imulate  the  

k i n e t i c s  of automotive crash condi t ions ,  F i n a l l y ,  a substudy was con- 

ducted t o  determine the  r e p e a t a b i l i t y  of the  measurements - whether a 

person, sub jec t ive ly  responding t o  the  same i n s t r u c t i o n s ,  would achieve the  

same pos i t i on  i n  repeated t r i a l s .  

2 .  Measurement Techniques. Two methods were used t o  acqui re  t h e  

ce rv i ca l  range of motion da ta .  

F i r s t ,  t h r e e  l a t e r a l  x-rays of t he  head, neck, and upper t o r s o  were 

taken, using a range-of motion sequence cons i s t i ng  of n e u t r a l ,  maximum 

voluntary f l ex ion ,  and maximum voluntary extension p o s i t i o n s ,  

Ten by twelve inch f i lm  s i z e  was used t o  provide adequate d e t a i l  



and coverage f o r  each pos i t ion .  The subject  was seated i n  an unpadded, 

simulated automotive s e a t ,  designed t o  t he  spec i f i ca t ions  of Dempster 

(1955), with a  s e a t  pan angle of 6 degrees below hor i zon ta l  and s e a t  back 

angle of 103 degrees t o  s e a t  pan. The cha i r  was mounted on a  wheeled p l a t -  

form so t h a t  subjec t  posi t ioning r e l a t i v e  t o  the x-ray source could be 

accomplished without d i s turb ing  the  seated subjec t .  The sub jec t  was 

seated with the  mid-sagi t ta l  plane of t he  body along the  cen te r l i ne  of the 

s e a t ,  the  but tocks f i rmly aga ins t  the  s e a t  back, and the  shoulders r e s t i n g  

comfortably aga ins t  the s e a t  back. X-ray-opaque lead markers were taped 

t o  t he  sk in  a t  supras te rna le ,  ce rv i ca l e ,  t he  C5 spinous process ,  t rag ion ,  

and s e l l i o n .  A metal rod, a t tached t o  a  head band which was f i t t e d  around 

the s u b j e c t ' s  head, was then adjusted t o  be i n  the  se l l i on - t r ag ion  plane. 

This rod was used t o  determine the  head pos i t i on  r e l a t i v e  t o  v e r t i c a l  i n  

t he  n e u t r a l  pos i t i on  views. The headpiece and rod were removed f o r  the  

f lex ion  and extension pos i t ions .  A wooden pendulum which had four  lead 

shot markers placed a t  one-inch i n t e r v a l s  was exposed i n  each x-ray view 

t o  provide ex te rna l  v e r t i c a l  and magnif icat ion f a c t o r  re ferences .  

Immediately a f t e r  t he  x-ray sequence was complete, t h e  sub jec t ,  with 

lead markers s t i l l  taped t o  t he  s k i n ,  was taken t o  t he  c e r v i c a l  measure- 

ments laboratory.  There, t he  subjec t  was sea ted  i n  a  s e a t  i d e n t i c a l  t o  

the  one i n  the x-ray labora tory  (but f ixed  t o  t he  f l o o r ) .  High-contrast 

markers were taped 0ve.r the lead niarkers a t  s e l l i o n ,  t r ag ion  and supra- 

s t e r n a l e  and a l so  on the  shoulder.  The subjec t  was then photographed i n  

the same sequence - n e u t r a l ,  f l ex ion  and extension - using two orthogonally- 

placed cameras. The sequence was photographed t h r e e  t imes.  The one 

x-ray and three photographic sequences gave four  r e p l i c a t i o n s  of each 

pos i t i on  and provided the  da t a  f o r  t h e  r e p e a t a b i l i t y  substudy noted above. 



Two 35m P r a k t i n a  cameras were used t o  o b t a i n  t h e  photographs of t h e  

s u b j e c t .  They were f i x e d  t o  camera s t a n d s  and arranged so  t h a t  t h e  l e n s  

axes  i n t e r s e c t e d  each o t h e r  a t  a 90 degree ang le .  One camera photographed 

t h e  f r o n t  of t h e  s u b j e c t ,  t h e  o t h e r  photographed t h e  r i g h t  s i d e .  A 24- 

v o l t  dc power supply was used t o  t r i g g e r  so leno ids  which i n  t u r n  t r i p p e d  

t h e  camera s h u t t e r  r e l e a s e ,  A s i n g l e  remote c o n t r o l  could then  be  used by 

t h e  exper imenter  t o  t a k e  both  p i c t u r e s  s imul taneously  when t h e  s u b j e c t  had 

achieved t h e  d e s i r e d  p o s i t i o n .  Only t h e  s i d e  view was analyzed f o r  range 

of motion; t h e  f r o n t  view was used a s  a  check t o  i n s u r e  p l a n a r  head 

motion. 

The same p o s i t i o n  d e f i n i t i o n s  were given t o  each s u b j e c t  a s  d e s c r i b e d  

below. 

1 )  Neut ra l  p o s i t i o n :  "Assume a  normal,  r e laxed  s i t t i n g  p o s i t i o n ,  

looking s t r a i g h t  ahead." This i s  i l l u s t r a t e d  i n  F igure  2-7a. The 

n e u t r a l  head p o s i t i o n ,  r a t h e r  than  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 ,  was 

chosen t o  more c l o s e l y  s i m u l a t e  t h e  automotive s e a t i n g  c o n d i t i o n .  Flexion 

and ex tens ion  motions were then r e p o r t e d  r e l a t i v e  t o  t h e  n e u t r a l  

p o s i t i o n .  ( I n  a c t u a l i t y  n e u t r a l  s e a t e d  and F r a n k f o r t  Plane n e u t r a l  

p o s i t i o n s  show head l o c a t i o n  d i f f e r e n c e s  of on ly  a  few degrees . )  The 

s u b j e c t  was i n s t r u c t e d  t o  r e t u r n  t o  t h i s  p o s i t i o n  a f t e r  each motion. 

2) Maximum volun ta ry  f l e x i o n :  "without moving s h o u l d e r s  o r  upper 

t o r s o ,  t h r u s t  ch in  s t r a i g h t  ahead and t h e n  tuck  c h i n  under as f a r  a s  

p o s s i b l e ,  t r y i n g  t o  touch c h e s t  w i t h  c h i n . "  The s u b j e c t  shown i n  F igure  

2-7b had good range of motion i n  f l e x i o n  and was n e a r l y  a b l e  t o  touch h e r  

ch in  t o  h e r  c h e s t .  The two-phase movement was chosen t o  s i m u l a t e  f r o n t -  

end impact d e c e l e r a t i o n  i n  which t h e  s u b j e c t  i s  wear ing an upper t o r s o  



Figure  2-7a. N e u t r a l ,  o r  normal, s i ~ c i n g  p o s i t i o n ,  

F igure  2-7b. Maximum v o l u n t a r y  f l e x i o n  p o s i t i o n .  

F igure  2-7c. Maximum v o l u n t a r y  e x t e n s i o n  p o s i t i o n .  

Figure  2-7. The t h r e e  p o s i t i o n s  photographed f o r  range  of motion 
a n a l y s i s .  Three such sequences were o b t a i n e d  f o r  each  s u b j e c t .  Range 
of motion was measured between t h e  s e l l i o n - t r a g i o n  p l a n e  and t h e  v e r t i -  
c a l  marker, 



r e s t r a i n t .  Ewing and Thomas (1972, p.84) have shown t h a t  t h e  momentum of 

t h e  head c a r r i e s  i t  s t r a i g h t  forward when t h e  r e s t r a i n e d  t o r s o  s t o p s ,  

s imul taneously  causing extension i n  t h e  upper c e r v i c a l  s p i n e  and f l e x i o n  

i n  t h e  lower c e r v i c a l  s p i n e .  When t h e  head i s  f i n a l l y  r e s t r a i n e d  by t h e  

neck,  i t  p i v o t s  down and completes t h e  hyper f l ex ion  of head and neck. 

This  f u n c t i o n a l  method of measuring f l e x i o n  was chosen because of i t s  

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

3 )  Maximum volun ta ry  extension:  "Without moving shou lders  o r  upper 

t o r s o ,  and wi th  t h e  jaw completely re laxed  so  t h a t  i t  opens, a l low head 

and neck t o  r o t a t e  backward a s  f a r  a s  p o s s i b l e . "  This p o s i t i o n ,  demon- 

s t r a t e d  i n  Figure  2-7c, was in tended t o  s imula te  a rear-end c o l l i s i o n  w i t h  

complete s u r p r i s e  and no head r e s t r a i n t .  The re laxed  and open jaw 

allowed a few more degrees of ex tens ion  from each s u b j e c t  and provided a 

more p r a c t i c a l  s imula t ion  of t h e  s u r p r i s e  r e a r  c o l l i s i o n .  

Two changes i n  t h e  x-ray methodology were made i n  t h e  i n i t i a l  s t a g e s  

of t h e  s tudy .  The rod and headpiece desc r ibed  above were o r i g i n a l l y  l e f t  

i n  p l a c e  f o r  a l l  x-ray and photograph t e s t s .  Analysis  of d a t a  from 26 

s u b j e c t s  r evea led  t h a t  t h e r e  was s i g n i f i c a n t  movement of t h e  rod a l i g n -  

ment due t o  s c a l p  s k i n  excurs ion.  Subsequently,  t h e  headpiece  was a l i g n e d  

only  f o r  t h e  x-ray of t h e  n e u t r a l  p o s i t i o n  and o t h e r  honey landmarks were 

used f o r  range-of-motion a n a l y s i s .  

The second x-ray methodology change involved t h e  s e a t i n g  s u r f a c e .  

I n i t i a l l y ,  one n e u t r a l  p o s i t i o n  l a t e r a l  x-ray was t aken  w i t h  t h e  s u b j e c t  

s i t t i n g  i n  a Ford P i n t o  bucket s e a t  which had been modified s l i g h t l y  t o  

have t h e  same s e a t  back ang le  a s  t h e  ha rd  s e a t .  A f t e r  27 s u b j e c t s  had 

been s o  t e s t e d ,  a t - t e s t  was performed comparing t h e  d i f f e r e n c e  i n  head- 



neck o r i , en t a t ion  between the  s o f t  and hard s e a t s .  The mean d i f fe rence  

was 1.2 degrees ,  which was not s i g n i f i c a n t l y  d i f f e r e n t  from zero a t  an a 

s ign i f i cance  l e v e l  of one percent .  This meant t h a t  the  head pos i t i on  was 

not  s t a t i s t i c a l l y  d i f f e r e n t  i n  e i t h e r  s e a t  and t h a t  the  hard s e a t  could 

be considered an adequate representa t ion  of the  ac tua l  automobile sea t ing  

pos i t ion .  A t  t h a t  po in t ,  the  s o f t  s e a t  x-ray was eliminated i n  favor of 

the  dropped-shoulders n e u t r a l  pos i t i on  view. (This view had been requested 

by t h e  r a d i o l o g i s t  because the  pos i t i on  of t he  shoulders i n  normal seated 

pos i t i on  o f t e n  blocked the  view of t he  lower ce rv i ca l  sp ine  and hampered 

the  c l i n i c a l  evaluat ion.  ) 

3. Data Reduction and Analysis. Range of motion of t h e  head r e l a t i v e  

t o  an ex te rna l  marker was determined manually from both x-rays and photos. 

For t he  t h r e e  photographic sequences t h e  35mm f i l m  negat ive was pro jec ted  

onto the  back of t rans lucent  g l a s s .  I n  each photo, t h e  angle  between 

the  se l l i on - t r ag ion  plane markers and t h e  v e r t i c a l  l i n e  was measured t o  

t he  neares t  112 degree. Flexion and extension angles were then ca l cu la t ed  

and repor ted ,  together  with the  se l l i on - t r ag ion  angle r e l a t i v e  t o  

v e r t i c a l  and the  t o t a l  range of motion ( f l ex ion  p lus  ex tens ion) .  For 

the  x-rays, a  "skul l  plane" was defined tangent t o  t h e  base of t h e  s k u l l ,  

and the  changes i n  angulat ion of t h i s  p lane  r e l a t i v e  t o  t h e  e x t e r n a l  

v e r t i c a l  markers were used t o  c a l c u l a t e  f l e x i o n  and ex tens ion  ranges. 

The metal rod, a l igned i n  t he  se l l i on - t r ag ion  p lane ,  provided n e u t r a l  

head pos i t i on  d a t a .  F ina l ly ,  a  l i n e  through the  f a c e  of t h e  seventh 

ce rv i ca l  ve r t eb ra  was pro jec ted  t o  i n t e r s e c t  t h e  s k u l l  p lane .  Angular 

changes between these  two references provided t h e  d a t a  f o r  f l e x i o n  and 

extension of t he  head r e l a t i v e  t o  t h e  base  of t h e  c e r v i c a l  sp ine .  



The neu t r a l  head pos i t ion  and range of motion da t a  from the  x-rays 

and t h r e e  s e t s  of photographs were keypunched onto cards.  S t a t i s t i c a l  

analyses  included desc r ip t ive  s t a t i s t i c s ,  ana lys i s  of var iance ,  and 

c o r r e l a t i o n .  

The x-rays were a l so  subjected t o  an extensive ana lys is  by computer- 

ized  techniques. Each of t he  n e u t r a l ,  f lex ion ,  and extension pos i t i on  

views was coded as  shown i n  Figures 2-8, 2-9, and 2-10. The f igu res  

i l l u s t r a t e  the x-ray as  marked f o r  coding and a diagram showing the  

coded poin ts  connected t o  h ighl ight  the  v e r t e b r a l  bodies ,  ce rv i ca l  sp ine  

l i n k s ,  and planes of i n t e r e s t .  The subjec t  i n  these  th ree  x-rays i s  t he  

same sub jec t  a s  shown i n  Figure 2-7. 

Af t e r  the  x-rays were marked, they were d i g i t i z e d  f o r  computer 

ana lvs i s  using a  BBGN Model 303 Data Coder. This device punches a  

paper tape  with x-y coordinates f o r  each coded poin t  on the  x-ray. A 

t o t a l  of 218 poin ts  was coded from each s e t  of t h ree  x-rays. 

The d i g i t i z e d  paper tapes were then analyzed by D r .  S .  A .  Kelkar, using 

a  Hewlett-Packard 2100 minicomputer. The computer aigorithms ca lcu la ted  

the  lengths of t he  c e r v i c a l  spine l i n k s  and a  s e r i e s  of angles  including 

Frankfort  and Ewing plane anglestit0 v e r t i c a l  and c e r v i c a l  sp ine  l i n k  

angles r e l a t i v e  t o  adjacent  l i n k s .  These da t a  were used t o  c a l c u l a t e  

desc r ip t ive  s t a t i s t i c s  f o r  range of motion of t he  ind iv idua l  ver tebrae .  

D .  S a g i t t a l  Plane Response t o  Low Levels of Accelerat ion 

1. Objective. The ob jec t ive  of t h i s  por t ion  of t h e  s tudy was t o  

measure the  dynamic response of t he  head and neck t o  a  low-level 

acce lera t ion  pulse.  The neck response was defined i n  terms of the  

*Ewing plane angle i s  t he  tX ax i s  of a  sp ine  anatomical coordinate  system 
with o r i g i n  a t  T1 (see Figure 2-8). 



Figure 2-8a. Neutral  Pos i t i on  x-ray, marked 
f o r  coding. 

\ EWlNG SPINE ANATMICAL 
I 

COORDINATE SYSTEM 

'-SUPRASTERNALE 

Figure 2-8b. Diagram of coded Neutral  
P o s i t  ion x-ray. 

Figure 2-8. Range of motion ana lys i s  from Neutral  Pos i t i on  x-ray. Note metal  rod a l igned  i n  s e l l i o n -  
t rag ion  plane, v e r t i c a l  marker pendulum, and d e f i n i t i o n s  of Frankfor t  Plane and Ewing sp ine  anatomical 
coordinate system. Same subjec t  a s  i n  Figure 2-7. 



Figure 2-9a. Flexion Position x-ray, 
marked for coding. 

:::ACT 1. 
POINT SUWSTERNALE 

Figure 2-9b. Diagram of coded 
Flexion Position x-ray. 

Figure 2-9. Range-of-motion analysis from Flexion Position x-ray. Note the relative positions of the 

vertebral bodies and that the skin surface of the chin nearly contacted the chest. 
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involuntary s t r e t c h  r e f l e x  time of the neck muscles, while head response 

was described by acce lera t ion  time-history. 

2 .  Methodologp and Equipment Used f o r  S t re tch  Reflex Test .  The 

s t r e t c h  r e f l e x  times of the cerv ica l  f lexor  and cerv ica l  extensor muscles 

were determined using a  cont ro l led  "jerk" of the  head t o  induce muscle 

response and electromyography (EMG) t o  ind ica te  when the reac t ion  had 

taken place.  P r i o r  t o  t e s t i n g ,  pa i r s  of Beckman 16mm sur face  e lec t rodes  

were at tached i n  a  b ipo la r  arrangement t o  the  sk in  over the sternomastoid 

( f lexor)  and splenius and semispinal is  c a p i t i s  (extensor) muscles. The 

ac t ive  muscle e lec t rodes  were positioned according t o  the  recommendations 

of Davis (1959), with modifications a s  necessary f o r  subjec t  s i z e .  A f i f t h  

(ground) e lec t rode  was placed over the  C 7  spinous process.  The subjec t  was 

then seated i n  the  same simulated ca r  s e a t  as  used f o r  the  range-of-motion 

t e s t s ,  and a  headpiece, modified from a welder 's  helmet l i n e r  and weighing 

225 g,  was f i t t e d  t i g h t l y  around the head. Attached t o  t he  headpiece were 

two uniax ia l  Bruel and Kjaer type 4333 p i ezoe lec t r i c  accelerometers,  

mounted a t  t he  top and f r o n t  of t he  headpiece with t h e i r  s e n s i t i v e  axes 

p a r a l l e l .  A rear-quarter  view of a  subjec t  with the e lec t rodes  and head- 

piece i n  place i s  shown i n  Figure 2-11. Also at tached t o  the  headpiece 

( v i s i b l e  i n  Figure 2-11) was a  cord, made of 25-pound-test woven nylon 

f i sh ing  l i n e ,  and anchored t o  the headpiece a t  both s i d e s ,  near the  l e v e l  

of the  head center  of g rav i ty .  This cord was passed over a  pul ley and 

through a  one-pound weight which was held i n  p lace  by an electromagnet. 

The cord was then t i e d  t o  a  two-ounce "pre-tensioning" weight which re-  

moved the s lack  from the  cord and which was ad jus tab le  t o  catch the  one- 

pound weight and l i m i t  i t s  t r a v e l .  For each s u b j e c t ,  the  pre-tensioning 

weight was i n i t i a l l y  posi t ioned t o  s top  the  one-pound weight a f t e r  a  drop 



Figure  2-11. View of r e f l e x  t e s t  s u b j e c t ,  showing e l e c t r o d e s  and head- 
p iece .  Two e l e c t r o d e s  each a r e  p laced over  t h e  c e r v i c a l  f l e x o r  and 
ex tensor  muscles on t h e  r i g h t  s i d e ;  t h e  ground e l e c t r o d e  is  over  t h e  
C7 spinous  process .  It was o f t e n  n e c e s s a r y  t o  t r i m  h a i r  t o  p l a c e  t h e  
upper r e a r  e l e c t r o d e  p roper ly .  The headp iece  was a d j u s t e d  t o  f i t  
t i g h t l y  around t h e  head,  The two a c c e l e r o m e t e r s  may be  s e e n  a t  t h e  
top  and f r o n t  of t h e  headpiece .  



of f o u r  inches .  I f  t h e  s u b j e c t  d id  n o t  e x h i b i t  a  s t r e t c h  r e f l e x ,  t h e  

weight was read jus ted  f o r  a drop of 6 ,  8,  o r  ( r a r e l y )  10 inches .  I n  a l l  

cases  t h e  minimum weight drop needed t o  produce a  s t r e t c h  r e f l e x  response 

was used.  The t e s t  se tup  f o r  a  s t r e t c h  r e f l e x  t e s t  of t h e  neck f l e x o r  

muscles i s  shown d iagramat ica l ly  i n  Figure  2-12. The same arrangement i s  

i l l u s t r a t e d  i n  Figure  2-13 t o  show a  t e s t  s u b j e c t  i n  p l a c e  and t h e  r e l a t i o n -  

s h i p  of t h e  t e s t  o p e r a t o r ' s  console  t o  t h e  s u b j e c t .  I n  o r d e r  t o  measure 

t h e  s t r e t c h  r e f l e x  time of t h e  ex tensor  muscles,  t h e  mounting board f o r  

t h e  p u l l e y  and electromagnet was moved t o  t h e  upr igh t  guides  i n  f r o n t  of 

t h e  s u b j e c t .  For those  t e s t s ,  a  mask a t t a c h e d  t o  t h e  mounting board was 

used t o  block t h e  s u b j e c t ' s  view of t h e  we igh t ,  

Ref lex t ime t e s t i n g  was conducted i n  t h e  fol lowing manner. The sub- 

j e c t ,  i n  p o s i t i o n  a s  shown i n  Figure  2-13, was encouraged by t h e  experimenter 

t o  r e l a x  t h e  neck muscles. The EMG s i g n a l  from t h e  muscles of 

i n t e r e s t  was monitored wi th  an o s c i l l o s c o p e .  A t  a  random time a f t e r  a  

re laxed  muscle s i g n a l  was observed,  t h e  experimenter would o p e r a t e  a 

s i l e n t  swi tch  on t h e  console .  This would momentarily i n t e r r u p t  t h e  e lec -  

t r i c a l  power t o  t h e  e lect romagnet ,  a l lowing t h e  one-pound weight t o  drop 

onto  t h e  pre- tensioning weight - p u l l i n g  t h e  head backward ( f o r  f l e x o r  

t e s t s )  o r  f o m a r d  ( f o r  e x t e n s o r  t e s t s ) .  The accelerometers  on t h e  head- 

p i e c e  measured head motion and a c c e l e r a t i o n  and t h e  e l e c t r o d e s  d e t e c t e d  

muscle a c t i v a t i o n .  Enough r e p e t i t i o n s  of t h e  t e s t  t o  produce t h r e e  r e f l e x  

t ime d a t a  p o i n t s  were conducted f o r  each head-loading d i r e c t i o n .  

The s i g n a l  ampl i fying,  monitoring,and record ing  ins t rumenta t ion  i s  

i l l u s t r a t e d  i n  Figure  2-14. A l l  t e s t i n g  c o n t r o l  and ampl i fying f u n c t i o n s  

were performed a t  a  seven-channel conso le .  S i x  channels  each had a  s e p a r a t e  

a m p l i f i e r ,  s i g n a l  f i l t e r i n g  s w i t c h ,  ac-dc mode s e l e c t o r , a n d  W meter .  The 
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Figure 2-12. Diagram of r e f l e x  t e s t  setup.  Test operator  momentarily 
i n t e r r u p t s  cur ren t  t o  the electromagnet,  allowing the  one-lb weight t o  
drop onto the  2 o z  weight, thus imparting a cont ro l led  "jerk" t o  the  
head. 

Figure 2-13. Photograph of sub jec t  ready f o r  t e s t  of f l e x o r  muscle 
re f lexes .  Subject s i t s  i n  re laxed  normal s i t t i n g  p o s i t i o n  i n  simulated 
automobile s e a t .  



Figure 2-14. Test instrumentation, monitoring and recording equipment. 
The test conductor's console, with seven-channel amplification, strength 
test calibrator and tape recorder controls, is shown on the left, 
Monitoring equipment included the Brush recorder (pos t-tes t monitoring) 
and an oscilloscope (pre-test monitoring). The instrumentation recor- 
der had capability to record and reproduce seven channels of data plus 
a voice track. 



seventh channel was the  "control" channel which put a constant  l e v e l  dll. 
s i g n a l  (chosen by a switch on the console) onto the  recording tape and 

a l s o  noted when the  switch was ac t iva ted  t o  i n i t i a t e  a t e s t .  Also on the  

console was a c a l i b r a t o r  f o r  the  s t r eng th  t e s t  ( t o  be described i n  the  

next s ec t ion ) ,  an overr ide switch t o  prevent the  weight from being dropped, 

t he  microphone, and remote on-off cont ro ls  f o r  the  tape recorder .  The 

e n t i r e  t e s t  could be conducted and recorded from the  console.  Pre- tes t  

monitoring was accomplished by observing EMG s igna l s  i n  t he  osc i l loscope .  

Pos t - tes t  monitoring was achieved wi th  t h e  two-channel Clevi te  Brush 

s t r i p - c h a r t  recorder .  Two channels of i n t e r e s t  ( the  primary muscle group 

and the  accelerometer a t  the  top of the  headpiece) were taken off  the  

appropr ia te  playback channels of t he  tape  recorder  and displayed on the  

Brush recorder .  The experimenter then knew immediately: (a)  t h a t  the  

t e s t  had been recorded properly,  and (b) whether t he  r e f l e x  was c l e a r  

enough t o  provide da ta .  The unprocessed r e s u l t s  of each t e s t  were re- 

corded using an Ampex PR500 seven-channel instrumentat ion recorder-  

reproducer with a voice t rack .  Since many t e s t  s igna l s  had l a r g e  low- 

frequency components, F'M recording was used f o r  each channel. As each 

t e s t  was performed, t he  t e s t  number and s p e c i a l  condi t ions were noted bti 

t h e  Subject Data Record card. 

For each r e f l e x  time t e s t ,  t he  fol lowing d a t a  were recorded: two 

channels of EMG ( f lexors  and ex tensors ) ;  two channels of acce l e ra t ion  

( top and f ron t  of headpiece) ; head l i n e a r  displacement (measured when the 

cord ro t a t ed  the  pul ley at tached t o  a potent iometer  mounted on the  pul ley  

ax i s ) ;  and the cont ro l  channel. A six-channel s t r i p  cha r t  record of a 

s i n g l e  t e s t  i s  reproduced i n  Figure 2-15, t o  i l l u s t r a t e  t h e  da t a  a s  they 

were tape-recorded. 



Figure 2-15. Str ip-chart  record of a  s t r e t c h  r e f l e x  t e s t .  Shown a r e  
two channels each of EMG and acce l e ra t ion ,  l i n e a r  head movement and 
the cont ro l  channel. Since t h i s  was a  f l exo r  t e s t  (weight dropped 
behind head),  no response was expected from extensor  muscles, and 
none i s  seen. 
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3 .  Data Reduction and Analysis .  The response d a t a  of primary @ 

i n t e r e s t  were ob ta ined  by analyzing t h e  s t r i p  c h a r t  records  ob ta ined  

immediately p o s t - t e s t .  Five i tems of d a t a  were measured from each t e s t  

record:  muscle r e f l e x  time (from EMG t race ) ,  and peak magnitude and t ime t o  

peak magnitude of both  head a c c e l e r a t i o n  and head d e c e l e r a t i o n .  S t r e t c h  

r e f l e x  time was def ined a s  t h e  t ime d i f f e r e n c e  between onse t  of head 

a c c e l e r a t i o n  and onset  of s i g n i f i c a n t  change i n  muscle a c t i v i t y .  Time t o  

peak d e c e l e r a t i o n  was of i n t e r e s t  because i t  r e p r e s e n t s  t h e  p o i n t  of maxi- 

mum rearward movement of t h e  head and t h e r e f o r e  i s  i n d i c a t i v e  of r e a c t i o n  

t ime ( s t r e t c h  r e f l e x  p l u s  s u f f i c i e n t  muscle c o n t r a c t i o n  t o  s t o p  head 

motion).  The s t r e t c h  r e f l e x  and head d e c e l e r a t i o n  measurements from a  

t y p i c a l  s t r i p - c h a r t  record a r e  i l l u s t r a t e d  i n  Figure  2-16. S ince  t h r e e  

i d e n t i c a l  t r i a l s  were conducted f o r  each s u b j e c t ,  t h e  d a t a  from t h e  t h r e e  

t r i a l s  were averaged and repor ted  a s  t h e  r e s u l t s  f o r  t h a t  s u b j e c t ,  The 

d a t a  from f l e x o r  and e x t e n s o r  t e s t s  were then keypunched f o r  computerized 

s t a t i s t i c a l  a n a l y s i s ,  as desc r ibed  p rev ious ly .  

I n i t i a l l y ,  i t  was in tended t h a t  t h e  t e s t  d a t a  be reduced and analyzed 

by a computer a lgor i thm.  (This i s  why t h e  c o n t r o l  channel was included i n  

t h e  console.)  Such a  program was w r i t t e n ,  and it had t h e  c a p a b i l i t y  t o  

sample up t o  s i x  channels of d a t a  from t h e  t a p e  r e c o r d e r ,  s t o r e  t h e  

d i g i t i z e d  raw d a t a  onto magnetic t a p e ,  compute t h e  d e s i r e d  r e f l e x  t imes 

and a c c e l e r a t i o n  d a t a ,  and r o u t e  t h e  r e s u l t s  t o  a l i n e  p r i n t e r .  The des ign  

l o g i c  of t h e  program i s  desc r ibed  i n  some d e t a i l  i n  t h e  Third  Quar te r ly  

Technical  Report (Snyder and Chaf f in ,  1972a) .  Unfor tuna te ly ,  t h e  program 

depended on v i r t u a l l y  n o i s e - f r e e  s i g n a l s  t o  produce a c c u r a t e  r e s u l t s ,  and, 

whi le  t h e  t e s t  apparatus  produced such s i g n a l s ,  t h e  t a p e  recorder-reproducer  

d i d  n o t .  Consequently, t h e  change i n  EMG s i g n a l  t h a t  occur red  a t  t h e  onse t  
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-'--r-f- EMG Signal 

Beginning of distinct increase in muscle activity. C Beginning of head acceleration. 

1 Acceleration Signal 
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( from top of headpiece ) 
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Figure  2-16. Diagram of t y p i c a l  s t r e t c h  r e f l e x  t e s t  r e s u l t .  S t r e t c h  
r e f l e x ,  head a c c e l e r a t i o n ,  and head d e c e l e r a t i o n  d a t a  were obta ined 
f o r  each t e s t .  



of s t r e t c h  r e f l e x  a c t i o n  was i n s u f f i c i e n t  t o  be  d e t e c t e d  by t h e  cornputkt 

program, even when obvious t o  t h e  t r a i n e d  human eye .  A l l  of  t h e  test runs  

were u l t i m a t e l y  computer-processed, bu t  t h e  r e s u l t s  were t o o  o f t e n  u n s a t i s -  

f a c t o r y .  There fore ,  t h e  r e f l e x  t e s t  r e s u l t s  r e p o r t e d  i n  Chapter 3 of t h i s  

document a r e  t h o s e  ob ta ined  from t h e  manual a n a l y s i s  of s t r i p  c h a r t s .  (It 

should b e  noted t h a t  t h e  program d i d  produce a c c e p t a b l e  s t r e n g t h  t e s t  

r e s u l t s .  These w i l l  be  d i scussed  i n  t h e  nex t  s e c t i o n . )  

To p rov ide  d a t a  f o r  a  proposed method of e s t i m a t i n g  muscle s t r e n g t h  

a p p l i e d  dur ing  a  r e f l e x  t e s t  ( t o  be  d e s c r i b e d  l a t e r ) ,  i t  was necessa ry  t o  

produce an i n t e g r a t e d  EMG r e s u l t  f o r  t h e  p r e c i s e  p e r i o d  over  which t h e  

muscles were a c t i v e .  This i n t e g r a t e d  EMG was ob ta ined  by measuring t h e  

a r e a  of t h e  raw EMG s i g n a l  u s i n g  a p lan imete r  i n  t h e  manner d e s c r i b e d  by 

~ i p p o l d  (1952).  These d a t a  were c o l l e c t e d  f o r  a l l  of  t h e  r e f l e x  tests 

from a  24-member s u b s e t  of t h e  s u b j e c t  popu la t ion .  

E .  Voluntary I s o m e t r i c  S t r e n g t h  of Neck Muscles. 

1. Objec t ives .  Two 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  s t u d y  of neck 

muscle i s o m e t r i c  s t r e n g t h .  The f i r s t  was t o  measure t h e  maximum v o l u n t a r y  

s t r e n g t h  of t h e  f l e x o r  and e x t e n s o r  muscles a s  an assessment of t h e  r e s i s -  

t ance  a  person might o f f e r  t o  c r a s h  f o r c e s .  The second was t o  e x p l o r e  t h e  

r e l a t i o n s h i p  between t h e  EMG of a  muscle and i t s  developed t e n s i o n .  

2 .  Tes t  Methodology and Equipment. C e r v i c a l  muscle s t r e n g t h  was 

measured by having t h e  s u b j e c t  e x e r t  a  f o r c e  w i t h  t h e  neck muscles a g a i n s t  

a s t a i n l e s s  s t e e l  f o r c e  r i n g .  The f o r c e  r i n g  was ins t rumented  w i t h  s t r a i n  

gages arranged i n  a  four-gage b r i d g e  c i r c u i t  s o  t h a t  a  s l i g h t  deformat ion 

of t h e  r i n g  provided a  l a r g e  change i n  a  dc  s i g n a l .  Repeated 

c a l i b r a t i o n s  demonstrated t h e  l i n e a r i t y  of f o r c e  r i n g  response  throughout 



t h e  range of i n t e r e s t .  The f o r c e  recorded by t h e  f o r c e  r i n g  i s  t h e  repor ted  

muscle s t r e n g t h .  No a t tempt  was made t o  a d j u s t  f o r  anthropometry o r  

mechanical  advantage t o  e s t i m a t e  a c t u a l  muscle f i b e r  t e n s i o n ,  s i n c e  t h a r  

would have in t roduced inaccurac ies  and made t h e  d a t a  more d i f f i c u l t  t o  com- 

p a r e  among s u b j e c t  groups. 

The fol lowing technique was used f o r  measuring f l e x o r  muscle s t r e n g r h .  

The s u b j e c t  was sea ted  i n  t h e  s imulated au to  s e a t ,  i n  normal s i t t i n g  pos i -  

t i o n .  A two-inch-wide i n e l a s  t i c  headband was placed around t h e  fo rehead ,  

above t h e  eyebrows, s o  t h a t  t h e  l i n e  of f o r c e  would be  approximately 

through t h e  c e n t e r  of g r a v i t y  of t h e  head.  The i n e l a s t i c  dacron cord 

connect ing t h e  headband and t h e  f o r c e  r i n g  were a d j u s t e d  s o  t h a t  t h e r e  was 

no s l a c k  when t h e  s u b j e c t  was i n  n e u t r a l  s i t t i n g  p o s i t i o n .  This  t e s t  

arrangement i s  shown i n  F igure  2-17. A f t e r  t h e  s u b j e c t  was b r i e f e d  about 

what was d e s i r e d ,  a  s e r i e s  of "muscle f o r c e  c a l i b r a t i o n s "  was conducted. 

The s u b j e c t  was asked t o  p u l l  wi th  e x a c t l y  ze ro ,  f i v e ,  t e n ,  f i f t e e n  and 

twenty pounds of f o r c e .  The s u b j e c t  observed a  meter t o  know when t h e  

proper f o r c e  was being e x e r t e d .  This sequence was always c a r r i e d  ou t  i n  

five-pound increments ,  and t h e  s u b j e c t  was asked a f t e r  each increment i f  

he  d e s i r e d  t o  go on t o  t h e  n e x t .  For each of t h e s e  c a l i b r a t i o n s ,  t h e  

muscle f o r c e  and corresponding EMG s i g n a l s  were recorded f o r  l a t e r  

comparison. 

A f t e r  t h e  c a l i b r a t i o n  s e r i e s ,  t h e  s u b j e c t  was allowed t o  r e l a x ,  t h e n  

f o u r  maximum e f f o r t  t r ia ls  were conducted.  The s u b j e c t  was aga in  b r i e f e d  

about t h e  d e s i r e d  a c t i o n ,  and i t  was emphasized t h a t  t h e  s u b j e c t  should 

p u l l  forward a g a i n s t  t h e  headband, b r a c i n g  t h e  back a g a i n s t  t h e  s e a t ,  a s  

hard  a s  he  o r  s h e  was " v o l u n t a r i l y  a b l e . "  The f i r s t  maximum e f f o r t  t r i a l  

was performed t o  a l low t h e  s u b j e c t  t o  g e t  t h e  f e e l  of t h e  procedure and 



Figure  2-17. Measurement of f l e x o r  muscle i s o m e t r i c  s t r e n g t h .  Subject  
i s  s e a t e d  i n  normal p o s i t i o n .  E l e c t r o d e s  recorded t h e  EMG,and t h e  f o r c e  
r i n g  behind t h e  s u b j e c t  measured muscle f o r c e .  

F igure  2-18. Measurement of ex tensor  muscle i s o m e t r i c  s t r e n g t h .  Sub- 
j e c t  now p u l l s  backward w i th  t h e  neck muscles .  Note t h a t  t h e  body i s  
no t  braced and t h a t  no l a p  b e l t  i s  used.  



was unrecorded. Then three  t r i a l s  were recorded. Each t r i a l  l a s t e d  f i v e  

seconds ( the  experimenter began counting when the  fo rce  reached the  ex- 

pected maximum leve l )  . The subjec t  was allowed t o  r e s t  f o r  a t  l e a s t  one 

minute between t r i a l s  t o  preclude fa t igu ing  the  muscles. An observer 

watched the  subject  during t e s t i n g  t o  be sure  t he  subjec t  remained i n  a  

normal sea ted  posture.  

Af te r  completion of the  f lexor  muscle t e s t s ,  the  t e s t i n g  apparatus 

was moved t o  the  f ron t  of the  sub jec t ,  and the e n t i r e  t e s t  sequence was 

repeated t o  c a l i b r a t e  and measure the  s t r eng th  of the  neck extensor  

muscles. This arrangement i s  i l l u s t r a t e d  i n  Figure 2-18. Note t h a t  the  

subjec t  was not r e s t r a ined  by a  l ap  b e l t ,  nor were the  arms o r  f e e t  

braced. This technique was adopted t o  i s o l a t e  neck muscle s t r eng th  from 

back muscle s t rength  as  much a s  poss ib le .  The t e s t  observer again watched 

t o  assure t h a t  the  subjec t  remained i n  normal posture and did not  r a i s e  up 

off t he  s e a t .  

For each s t rength  t e s t ,  four  channels of information were recorded on 

magnetic tape: neck f l exo r  EMG, neck extensor EMG, t he  s t r eng th  s igna l  from 

the force  r ing ,  and the cont ro l  channel. Figure 2-19 i s  a  4-channel s t r i p -  

char t  record i l l u s t r a t i n g  a  complete f l exo r  muscle t e s t  sequence. A 

two-channel s t r i p  chart  record was made f o r  each maximum s t r eng th  

t r i a l .  

3 .  Data Reduction and Analysis.  The s t r i p  cha r t  records f o r  each 

maximum s t rength  t r i a l  were analyzed manually t o  provide the  s t r eng th  

r e s u l t s  reported here in .  The t h r e e  ind iv idua l  t r i a l s  and the  average of 

those t r i a l s ,  f o r  each fo rce  d i r e c t i o n ,  were keypunched and subjected t o  

s t a t i s t i c a l  ana lys i s .  
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Figure 2-19. Strip-chart of complete flexor muscle strength test. 
The flexor muscles exert the most force, as expected, but the ex- 
tensor muscles also exhibit some activity at higher force ranges. 



Manual a n a l y s i s  of EMG d a t a  would have been extremely d i f f i c u l t  

and cumbersome, s o  t h e  computer a lgor i thm descr ibed p rev ious ly  incorpora ted  

a  method of c a l c u l a t i n g  t h e  RMS-average i n t e g r a t e d  EMG and corresponding 

f o r c e  f o r  each of t h e  c a l i b r a t i o n  and maximum s t r e n g t h  t r i a l s .  These 

r e s u l t s  were then analyzed f o r  each s u b j e c t ,  us ing  l e a s t - s q u a r e s  r e g r e s s i o n  

t echn iques ,  t o  develop t h e  r e l a t i o n s h i p  between EMG and muscle t e n s i o n  on 

a  sub j ect-by-sub j e c t  b a s i s .  





CHAPTER 3 

RESULTS AND DATA ANALYSIS 

Reported i n  t h i s  chapter a r e  t he  most s ign i f i can t  r e s u l t s  from t h e  

s tudy.  Except f o r  some of t h e  anthropometry, a l l  of these  r e s u l t s  p e r t a i n  

t o  motion and forces  i n  t h e  s a g i t t a l  plane. The r e s u l t s  a r e  presented i n  

both t abu la r  and graphical form so they may be usefu l  both f o r  biomechani- 

c a l  modeling and f o r  r ead i ly  comparing r e s u l t s  among d i f f e r e n t  subject  

groupings. Selected r e s u l t s  a r e  included i n  Chapter 3 ,  reported f o r  

combinations of the  primary va r i ab l e s .  Complete s t a t i s t i c a l  summaries of 

t h e  anthropometry, range of motion, r e f l e x ,  m d  s t rength  r e s u l t s ,  by 

subject  category, a r e  included i n  Appendices B ,  C ,  D,and E .  

In  reading t h i s  chapter ,  the  reader  should keep i n  mind t h a t  most of 

the comments and observations a r e  made r e l a t i v e  t o  t he  average (a r i thmet ic  

mean) r e s u l t s  and t h a t  ind iv idua l  d i f fe rences  could cause an exception t o  

v i r t u a l l y  any observation. For t h i s  reason, s tandard deviat ions a r e  given 

i n  the t ab l e s  so  the amount and s igni f icance  of v a r i a t i o n  may be considered. 

A .  Analysis of Subject Pool 

1. Fina l  Configuration, As previously descr ibed,  t h e  experimental 

design ca l l ed  fo r  180 subjec ts ,  with t e n  subjec ts  i n  each of 18 combina- 

t i o n s  of sex ,  age and s t a t u r e .  The f i n a l  subjec t  pool did cons i s t  of 180 

persons. However, because of high r e j e c t i o n  r a t e s  of x-rays i n  t h e  sho r t  

e lde r ly  male group, t h e r e  was a s l i g h t  imbalance i n  favor  of females: 93 

t o  87. Subs tan t ia l  da t a  l o s ses  d.ue t o  procedureal problems r e s u l t e d  i n  

t h e  el iminat ion of da t a  from two females. Therefore,  t h e  r e s u l t s  presented 

i n  t h i s  chapter a r e  based on complete da t a  from 178 sub jec t s ,  subdivided 



as follows: 9 1  females and 87 males; with ten subjec ts  i n  13 of the  18 

s t r a t i f i c a t i o n s  by sex ,  age, and s t a t u r e ;  11 each i n  three  s t r a t a ;  

9 i n  one; and 6 i n  one. 

In  order  t o  obta in  the  180 subjec ts  des i red ,  it was necessary t o  

screen near ly  twice as  many quest ionnaires .  About 500 medical question- 

na i r e s  were d i s t r i b u t e d  t o  ind iv idua ls  and groups; 351 were returned,  with 

approximately equal  numbers of males and females. The d i spos i t i on  of t h e  

quest ionnaires  i s  shown i n  Table 3-1. Seventeen percent of a l l  question- 

na i r e s  were r e j ec t ed  f o r  medical reasons (h is tory  of neck in ju ry ,  known 

a r t h r i t i s ,  e t c . ) .  Another 17 percent of a l l  responses were not usable  

because ca tegor ies  were f i l l e d  o r  t h e  p o t e n t i a l  subjec t  became unavai lable .  

Total  l o s s  r a t e s  f o r  var ious sex and age groups ranged from about one- 

quarter  t o  near ly  one-half,  with an o v e r a l l  average of 34%. 

After  medical quest ionnaire  screening, 233 p o t e n t i a l  sub jec t s  

remained. Of t h e s e ,  230 p a r t i c i p a t e d  i n  t h e  second, o r  x-ray, screening.  

Table 3-2 summarizes t h e  r e s u l t s  and ind ica t e s  t h a t  36 s e t s  of x-rays 

were r e j e c t e d  f o r  medical reasons.  The l a r g e  major i ty  of r e j e c t i o n s  (28)  

were i n  t h e  62-74 age group and most of those  were because of degenerative 

a r t h r i t i s  i n  t h e  c e r v i c a l  sp ine .  Existence of a r t h r i t i s  per  s e  d id  not 

cause r e j e c t i o n ,  s ince  t h a t  condi t ion i s  normal with age. However, 

p o t e n t i a l  subjec ts  with more than  "moderate" a r t h r i t i s  ( a s  def ined by t h e  

radiologis t)  were r e j e c t e d  t o  minimize any p o t e n t i a l  hazards.  As a  

r e s u l t ,  near ly one-third of a l l  e lde r ly  people were r e j e c t e d  when t h e  

x-rays were reviewed. By c o n t r a s t ,  only 8 of 1 4 4  (5.5%),  of t h e  sub jec t s  

i n  t h e  o ther  two age ca tegor ies  were r e j e c t e d .  Other than  a r t h r i t i s ,  

unusual neck shape (such a s  kyphosis o r  ky-phoscoliosis) was t h e  most 

common cause of r e j e c t i o n .  Also discovered were a  healed v e r t e b r a l  



T a b l e  3-1 

S u b j e c t  P o o l  - Summary  o f  Q u e s t i o n n a i r e s  

TOTAL OTHER TOTAL % % 
QUEST, MEDICAL REJECT/ REJECT/ MEDICAL TOTAL 
REC 'D . REJECT. LOSSES LOSSES REJECT. REJECT. 

F e m a l e s  

1 8 - 2 4  6 0 7 

3 5 - 4 4  4 3 8 

6 2 - 7 4  6 7 1 7  

M a l e s  

1 8 - 2 4  7 2 9 

3 5 - 4 4  4 9  11 

6 2 - 7 4  6 0  9 

A l l  F e m a l e s  1 7 0  3 2 

A l l  M a l e s  181 2 9 

A l l  S u b j e c t s  351 6 1 



Table  3-2 

S u b j e c t  Pool  - Summary o f  X-rays 

Numb e r  
Re jec ted  BY 

Number Taken Number Usab le  b d i o l o g i s t  Subj ec t Groups 

Females 

Males 

Females 

Males 

A l l  Females 

A l l  Males 

A l l  S u b j e c t s  

Note: R e j e c t i o n  Rates 
E l d e r l y :  28/86=32.6% 
Younger: 8/144=5.5% 



f r a c t u r e  i n  one subject  and a  young male who did not know he had a  con- 

g e n i t a l  fusion a t  C2-C3. After  screening, 187 subjects  were approved f o r  

r e f l e x  and s t rength  t e s t i n g ,  and 180 were ac tua l ly  t e s t e d .  

2 .  Comparison of Key Anthropometric Measures. I n  order t o  judge 

whether t h e  study population was representa t ive  of t h e  U.S, populat ion,  

a  comparison was made fo r  the  anthropometric var iab les  of 

s t a t u r e ,  e r ec t  s i t t i n g  he ight ,  and weight. The measurement technique was 

comparable i n  the  two s tud ie s .  The r e s u l t s  are  contained i n  Table 3-3 .  

Since t h e  age and s t a t u r e  categories  f o r  t h e  study were chosen based on 

the  USPHS r e s u l t s ,  a  c lose match of s t a t u r e s  was expected. Table 3-3 

shows t h a t  a  very close match of s t a t u r e  was achieved i n  t h e  two younger 

age groups. Because of the  high r e j ec t ion  r a t e ,  e lde r ly  subjec ts  had t o  be 

taken l e s s  s e l ec t ive ly .  Consequently, t h e i r  average s t a t u r e  was somewhat 

g rea t e r  than t h a t  reported f o r  t h e  U.S. population. An even c loser  match 

.hias achieved f o r  average e rec t  s i t t i n g  he igh t ,  which d i f f e r ed  only a  few 

mil l imeters  from the  U.S. population average. Although weight was not a  

primary va r i ab l e ,  t he  two populations compared c lose ly  i n  weight a l so .  

On t h e  bas i s  of t h e  th ree  population-comparison measures, t h e  study popu- 

l a t i o n  sample appears t o  be representa t ive  of t h e  U.S. population with 

respec t  t o :  (a)  sex and age d i s t r i b u t i o n  and (b) general  body dimensions. 

Anthropometry 

A t o t a l  of 48 t r a d i t i o n a l  and 6 x-ray anthropometric measurements were 

obtained from each sub j e c t  . These have been grouped i n t o  2 7  d i f f e r e n t  combina- 

t i o n s  of sex,  age, and s t a t u r e .  It would be imprac t ica l  t o  present  a l l  of 

t hese  da t a  i n  t h e  body of t h i s  r e p o r t ,  bu t  they a r e  of p o t e n t i a l  value t o  

i nves t iga to r s  who a re  i n t e re s t ed  i n  populat ion d i f f e r ences .  Therefore,  



Table 3-3 

Females 

Males 

All Females 

All Males 

All Subjects 

Comparison of Population Measures 

Wt (Kg) 
S T U D Y  U S  

N POP POP - - -  

Ht(cm) Erect S i t  H t ( c m )  
S T U D Y  U S  S T U D Y  U S  
POP POP POP POP ---  



only se l ec t ed  measures a r e  summarized i n  t h i s  chapter t o  i l l u s t r a t e  t h e i r  

v a r i a b i l i t y  i n  the population. Complete s t a t i s t i c a l  summaries of each 

measurement a r e  contained i n  Appendix B,  categorized a s  follows: 

Table B . l  Anthropometry f o r  a l l  subjec ts  combined 

Tables B.2 - B.3 Anthropometry grouped by sex f o r  females 
and males 

Tables B.4 - B.9 Anthropometry grouped by sex and age f o r  
females, 18-24 years ,  through males, 62-74 
years 

Tables B.10 - B.27 Anthropometry grouped by sex, age, and 
s t a t u r e  f o r  females, 18-24, sho r t ,  through 
males, 62-74, t a l l .  

The s t a t i s t i c s  reported f o r  each measurement va r i ab l e  include sample s i z e ,  

mean, s tandard deviat ion,  range, coe f f i c i en t  of va r i a t i on ,  and pe rcen t i l e s .  

1. Tradi t iona l  Anthropometry. A s  described i n  Section 2 .B,  t he  

measurements taken using standard anthropometric techniques were intended 

t o  give a general body descr ip t ion ,  l o c a t e  the  he ights  of various p a r t s  

of t he  body with respect  t o  a common sea t ing  sur face ,  and descr ibe the  

head and neck. Several measurements from each of these  categories  a r e  

shown i n  Tables 3-4, 3-5, and 3-6, f o r  each of the 27 combination groups 

of subjec ts .  

The general body measures of weight, s t a t u r e ,  and e rec t  s i t t i n g  height  

a r e  contained i n  Table 3-4. These a r e  the  same measures as  presented i n  

Table 3-3, but  a r e  s t r a t i f i e d  i n t o  more groupings t o  i l l u s t r a t e  s t a tu re -  

r e l a t ed  d i f fe rences .  S ta ture  and e r e c t  s i t t i n g  height  show a secular  

trend throughout the sample (comparable s t a t u r e  groups a r e  sho r t e r  with 

increasing age) .  Erect s i t t i n g  height  general ly  has l e s s  variance than 

s t a t u r e .  Comparison of the  f i n a l  r e s u l t s  with the  se l ec t ion  c r i t e r i a  



Table 3-4 

Selected General Body Measures 

WEIGHT (kg) STATURE (cm) ERECT SITTING HT (crn) - - - 
Subject Groups N x S . D .  N x S.D. N x S . D .  

Females 

18-24 1-20Xile 
40-60Xile 
80-99Xile 

35-44 1-20Xile 
40-60Xile 
80-992ile 

62-74 1-20Xile 
40-60Xile 
80-99Xile 

Males 

18-24 1-20Xile 
40-60Xile 
80-99%ile 

35-44 1-20Xile 
40-60Xile 
80-99Xile 

62-74 1-20Xile 
40-60Xile 
80-99Xile 

Females 

Males 

A l l  Females 

A l l  Males 

A l l  Subjects 



(Table 2-1) shows t h a t  the  average s t a t u r e  of each sub jec t  group f a l l s  

within t h e  desired s t a t u r e  range, but usual ly i n  the  upper half  of t he  

range. This point  w i l l  be  addressed fu r the r  i n  t he  d iscuss ion  sec t ion .  

Body weight was d i r e c t l y  r e l a t ed  t o  s t a t u r e  i n  females and young males. 

A l a r g e  proport ion of shor t  males i n  the 35-44 age group were overweight 

and t h i s  i s  r e f l ec t ed  i n  the  r e s u l t s .  Generally,  t a l l e r  ind iv idua ls  

showed wider va r i a t i ons  i n  body weight. 

Table 3-5 i s  included t o  i l l u s t r a t e  t h r e e  he ight  measurements, 

a l l  taken from the  same ho r i zon ta l  s e a t  sur face ,  with t h e  subjec t  i n  

e r ec t  pos ture .  Each i s  located on a  d i f f e r e n t  major body segment; 

t rag ion  i s  on the  head, supras te rna le  on the  upper t o r s o ,  and an te r io r -  

super ior  i l i a c  sp ine  on the  p e l v i s .  For purposes of mathematical model- 

ing ,  t hese  th ree  major segments a r e  o f t en  t r ea t ed  sepa ra t e ly .  Therefore 

i t  i s  important t o  know where the  th ree  segments a r e  loca ted  r e l a t i v e  

to  each o the r ,  and the  th ree  landmarks of Table 3-5 help  determine those 

r e l a t i onsh ips .  Tragion he igh t ,  sup ras t e rna l e  he igh t ,  and i l i a c  sp ine  

height  a l l  r e f l e c t  the  same p a t t e r n  as  t h e  s t a t u r e  groups--the average 

value of each increases  a s  p e r c e n t i l e  of s t a t u r e  increases .  However, 

the  c lo se r  t h e  landmark i s  t o  t h e  s e a t  su r f ace ,  t h e  l e s s  d i s t i n c t  a r e  

the d i f f e r ences  i n  s i z e .  An average d i f f e r ence  between s t a t u r e  groups 

of 3-4 cm i s  noted f o r  t rag ion  he igh t ,  bu t  i l i a c  sp ine  he ight  usua l ly  

d i f f e r s  by a  cm o r  l e s s .  This i s  probably r e l a t e d  t o  t h e  number 

of a r t i c u l a t i o n s  between the  s e a t  su r f ace  and t h e  landmark; 

as  t he  d i s t ance  from the measurement base l ine  i n c r e a s e s ,  t he  number 

of bones and j o i n t s ,  a l l  of which have v a r i a b l e  growth p a t t e r n s ,  



Table 3-5 

Selected Seated Measures 

RIGHT 
TRAGION HT. * SUPRASTERNAL HT. - - 

x S.D. N x S.11. 

ANTERIOR SUPERI31: - 
N x S.D. Subject Groups - N 

Females 

Males 

Females 

Males 

A l l  Females 

A l l  Males 

A l l  Subjects 

* Note: Al.1 dimensions i n  cm 



increase .  It i s  a l so  i n t e r e s t i n g  t o  note t h a t  t h e  t r ag ion  and e rec t  

s i t t i n g  he ights ,  which a r e  measured from t h e  same segment, have nearly 

i d e n t i c a l  standard deviat ions.  

Head circumference, neck breadth i n  the  an ter ior -pos te r ior  d i r e c t i o n ,  

and superior  neck circumference r e s u l t s  a r e  summarized i n  Table 3-6.  It 

i s  apparent t h a t  t hese  measures a r e  not s t a tu re - r e l a t ed  t o  any s ign i f i can t  

degree. Head circumference tends t o  increase s l i g h t l y  with increasing 

s t a t u r e ,  but t he  d i f fe rence  between ca tegor ies  exceeds one cm only twice.  

Head circumference remains constant with age, and males a r e  s l i g h t l y  

l a r g e r ,  on t h e  average, than females. Neck breadth and circumference tend 

t o  follow a  pa t t e rn  r e l a t ed  t o  weight r a t h e r  than s t a t u r e .  This r e l a t i on -  

sh ip  i s  shown most c l e a r l y  i n  t h e  35-44 male group, where t h e  e f f e c t  of 

t h e  shor t  overweight males on those two measurements i s  qu i t e  obvious. 

Males a r e  somewhat l a rge r  than females, and t h e r e  i s  an aging e f f e c t ,  with 

e lde r ly  women and both middle-age and e lde r ly  men having l a r g e r  neck 

dimensions than t h e i r  !rounger counterpar t s .  

With t h e  subject  i n  e r ec t  s i t t i n g  posture t he  he ights  of both l e f t  

and $ight acromial processes were measured. The r e s u l t s  (contained i n  

Tables B . 1  through B . 9  of Appendix B)  revea l  t h a t  t h e  l e f t  acromion land- 

mark i s  cons i s t en t ly  higher ,  on t h e  average, than  t h e  r i g h t .  I n  males, 

t h e  l e f t  acromion averaged 3.9 mm higher than t h e  r i g h t ;  i n  females, 2 .2  

mm higher .  When t h e  subjec ts  were categorized by sex and age, t he  average 

d i f fe rence  ranged from 1 . 4  t o  7.4 mm, t h e  l e f t  always being the  higher .  

Similar  r e s u l t s , b u t  with smaller average d i f f e r e n c e s ,  were found f o r  

t he  l e f t  and r i g h t  t r ag ions .  These d i f fe rences  may be due t o  a r t i c u l a t i o n ,  

bone formation,or ac tua l  t i pp ing  of t h e  shoulders and head, but  they a r e  



Table 3-6 

Selected Head and Neck Measures 

HEAD CIRCUM A-P NECK BREADTH S U P E R I O R  NECK CIRCUM - - - 
Subject Groups N x S .D. N x S.D. N x S .D. 

Females 

18-24 l-2OXile 
40-60Xile 
80-99Xile 

35-44 l-20Xile 
40-60Xile 
80-99Xile 

62-74 l-20Xile 
40-60Xile 
80-99Xile 

Males 

Females 

Males 

A l l  Females 

A l l  Males 

A l l  Subjects 

Note: A l l  dimensions i n  cm. 



cons i s t en t .  It i s  i n t e r e s t ing  t o  note t h i s  consistency, but from t h e  

p r a c t i c a l  standpoint it i s  important t o  r e a l i z e  t h a t  t h e  d i f fe rence  i s  

extremely small (almost within measurement e r r o r ) ,  espec ia l ly  considering 

the  number of j o in t s  and a r t i c u l a t i o n s  t h a t  a re  involved i n  t h e  con- 

s t r u c t i o n  of t h e  shoulder g i r d l e  and the  sku l l .  

An ana lys is  was made with repeated measurements on the  same subject  

a t  d i f f e r e n t  t imes. This ana lys is  was performed t o  assess  t he  degree of 

intra-measurer e r r o r .  When a s l im subject  was re-measured, t h e  e r ro r  was 

acceptable,  a t  about one percent f o r  most measures. When a heavier 

subject  was r e t e s t ed  the e r r o r  remained l e s s  than one percent f o r  bony- 

landmark measurements but was somewhat more pronounced (about 4%) f o r  weight- 

r e l a t ed  measures. In  both cases ,  i t  was concluded t h a t  intra-measurer e r r o r  

was general ly  random and within acceptable l i m i t s .  

2 .  Anthropometry from Radiographs. The length  of cerv ica l  spine 

" l inks ,"  defined as  t he  d is tance  between successive d isk  centers ,  was 

measured from x-ray f i lms of each subjec t .  Average length  f o r  ind iv idua l  

l i nks  from C1/C2 through C7 a r e  contained i n  Appendix B, The t o t a l  l ength  

of t he  ce rv i ca l  sp ine ,  from t h e  t i p  of t h e  C2 odontoid process t o  t h e  C7-  

T 1  d i sk  cen te r ,  was ca lcu la ted  by adding toge ther  t h e  ind iv idua l  l i n k  

lengths;  t h i s  represents  t h e  t o t a l  l ength  of t h e  ce rv i ca l  spine ( t h e  

e f f ec t ive  length  without any sp ina l  curva ture) .  These r e s u l t s  a r e  pre- 

sented i n  Table 3-7. 

Cervical spine length i s  d i r e c t l y  r e l a t e d  t o  s t a t u r e .  I n  each 

category i n  Table 3-7, ce rv i ca l  spine length  increases  with increased 

s t a t u r e .  Males average s l i g h t l y  more than one centimeter g rea t e r  spine 

length than females, and the re  i s  v i r t u a l l y  no aging e f f e c t .  These da t a  

i nd ica t e  t h a t ,  i n t e r n a l l y ,  t he re  i s  very l i t t l e  d i f f e r ence  i n  average 



Table 3-7 

T o t a l  Length o f  C e r v i c a l  Spine 

C e r v i c a l  Spine Length,  cm 
- 

Sub 1 e c t  Groups N x S.D. 

Males 

18-24 1-20%11e 9 1 2 . 1  - 5  
40-60Xile 8 1 2 . 3  . 5  
80-99%ile 7 1 3 . 3  . 6  

Females 

Males 

A l l  Females 8 7  1 1 . 4  .9 

A l l  Males 6 4  1 2 . 5  . 8  

A l l  Sub jec t s  1 5 1  1 1 . 9  1.1 

Note: Measurements t a k e n  from r a d i o ~ r a ~ h s .  



neck length  throughout the population. There a l so  tends t o  be l e s s  

v a r i a t i o n  between indiv idua ls  than with o ther  data;  coe f f i c i en t s  of 

v a r i a t i o n  a r e  usual ly wel l  under 1.0%. 

For t h e i r  paper, Katz, e t  a1  (1975) measured v e r t e b r a l  body dimen- 

s ions  i n  t h e  mid-sagi t ta l  plane f o r  a l l  of t h e  18-24 year  subjec ts .  The 

average dimensions of he ight ,  depth,and cross-sect ional  a r ea  f o r  C3 

through C7 a r e  presented i n  t abu la r  form i n  t h e  publ ica t ion  and a r e  

summarized graphica l ly  i n  Figure 3-1. Males tend t o  be l a r g e r ,  on t h e  

average, than females, i n  each dimension f o r  each ver tebrae .  Since they 

have been developed f o r  a  subse t ' o f  t h e  populat ion,  t h e  complete r e s u l t s  

a r e  not contained i n  Appendix B. However, t h e  r e s u l t s  f o r  t h e  smallest  

and l a r g e s t  ver tebrae  ( ~ 3  and C7 r e spec t ive ly )  a r e  t abu la t ed  i n  Table 

3-8. The s i z e s ,  even a t  these extremes, a r e  very s i m i l a r .  S t a t i s t i c a l  

ana lys i s  ind ica ted  no s i g n i f i c a n t  d i f fe rence  f o r  s t a t u r e ,  but a  s i g n i f i -  

cant d i f fe rence  ( a t  as .05)  f o r  sex. 

3. Comparisons Among Anthropometric Measures - Correlat ions and 

Predic t ions .  A complete i n t e r c o r r e l a t i o n  mat r ix  was prepared (us ing  a l l  

subject  da t a  combined) t o  i nves t iga t e  co r r e l a t ions  among various measure- 

ments. High co r re l a t ions  between measures provide some degree of confi-  

dence t h a t  t h e  value of one measurement can be predic ted  based upon 

another and perhaps easier- to-obtain measure. Selected measurements 

which had t h e  most s i g n i f i c a n t  co r r e l a t ions  were compiled t o  form t h e  

p a r t i a l  i n t e r c o r r e l a t i o n  matr ix shown i n  Table 3-9. For c l a r i t y ,  only 

co r r e l a t ion  coe f f i c i en t s  g rea t e r  than  0.707 a r e  reported ( r  = 0.707 

ind ica t e s  t h a t  50% of the  variance between t h e  two measures i s  explained 

by t h e i r  r e l a t i o n s h i p ) .  The measures included i n  Table 3-9 a r e  
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Table 3-8 

Height and Depth o f  C 3  and C7 Vertebral. Bodies 

L 3 L I 

HEIGHT DEPTH HE1 GHT DEPTH 
- - - - 

N x - - - - N x N x - - - - N x 

MALES 



Table 3-9 

P a r t i a l  I n t e r c o r r e l a t i o n  Matrix f o r  Anthropometry 

Erect  S i t  H t  

R t  Acromion 

R t  Tragion 

Nasal R t  Dep 

L t  Eye 

Suprasternale  

Bidel toid B r  

La te ra l  Neck B r  

Slumped S i t  H t  

Superior Nk Circ  

I n f e r i o r  Nk Circ  

Bitragion Dia 

S i t t i n g  Knee H t  

Max S i t  Knee H t  

Biceps Circum 

Calf Circum 

C3 Link 

Tot Neck Length 

Note: Selected c o r r e l a t i o n s  f o r  which r 2 - 0 . 7 0 7  

Matrix based on da ta  f o r  a l l  sub jec t s  combined 



representa t ive .  Several o thers  (such as  s i t t i n g  ce rv i ca l e  he igh t ,  l e f t  

t r ag ion  he ight ,  and chin-neck i n t e r s e c t  he igh t )  a l s o  had high co r re l a t ion  

with o the r  measures, 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 which a r e  included.  

Examination of Table 3-9 revea ls  t h a t  t h e  l a r g e s t  number of highly 

s i g n i f i c a n t  co r r e l a t ions  occurs with the  most commonly obtained measures: 

weight,  s t a tu re sand  e r e c t  s i t t i n g  he ight .  Erect  s i t t i n g  height  i s  an 

exce l len t  pred ic tor  of any of t h e  o ther  height  measurements on t h e  head 

and irpper t o r s o  ( r  > 0.92 f o r  a l l  7 repor ted)  . I n  genera l ,  s t a t u r e  tends 

t o  be highly cor re la ted  with height  measures and weight with circumferen- 

ces and breadths.  The t a b l e  a l s o  shows some unusual and probably i r r e l e -  

vant co r r e l a t ions ;  f o r  example, biceps circumference with s t a t u r e  a t  

r = .95, s i t t i n g  knee height  with neck circumferences a t  r = .73 and . 7 1 .  

It i s  i n t e r e s t i n g  t o  no te  t h a t  s i t t i n g  knee height  and maximum s i t t i n g  

knee he igh t ,  which a r e  very s i m i l a r  measures and highly co r r e l a t ed  t o  

each o ther  (r = . 9 9 ) ,  a r e  not both co r r e l a t ed  t o  the  same measure anywhere 

i n  the t a b l e .  A f ind ing  cons is ten t  with o the r  reported research is  t h a t  

s t a t u r e  and weight a r e  not highly co r r e l a t ed  ( r  = .61) .  

The anthropometric d a t a  ava i l ab l e  t o  t h e  designer  of biomechanical 

models i s  o f t en  very l i m i t e d .  Sometimes s t a t u r e  o r  e r e c t  s i t t i n g  height  

a r e  t h e  only known dimensions from which an occupant must be descr ibed.  

I n  these  cases ,  a  knowledge of body proport ions i s  va luable .  Several 

examples of body segment proport ions a r e  repor ted  i n  Table 3-10 f o r  t h e  

r e s u l t s  of t h i s  s tudy.  Relat ionships of s i t t ing- to-s tanding ,  s i t t i n g - t o -  

s i t t i n g ,  and breadth-to-height measures a r e  given. The r e s u l t s  i nd ica t e  

complete consistency i n  proport ions across  a l l  populat ion va r i ab l e s ;  



F e m a l e s  

Table 3-10 

Anthropometry Proportions 

ESH/S C7HT/S RTR/ESH RIS/ESH 
- 
X 

COEF ; COEF - 
X 

COEF - 
X 

COEF 
VAR VAR VAR VAR 

Males 
18-24 . 5 2  2 .2  . 8 5  1 . 0  . 8 5  1 . 0  . 2 5  4.9 
35-44 . 5 2  2 . 3  . 8 5  1 . 0  . 8 5  1 . 2  .26  5 .4  
62-74 . 5 2  2 . 1  .86  . 8  . 8 5  1 . 9  .26  4 .2  

A l l  F e m a l e s  . 5 3  2 .3  . 8 5  .9 . 8 4  1.1 . 2 6  5 . 2  

A l l  Males .52 2 .2  , 8 5  1 . 0  . 8 5  1 . 4  . 2 5  542 

A l l  S u b j e c t s  .52  2 . 3  . 8 5  .9 . 8 5  1 . 3  .26  5 . 2  

F e m a l e s  
18-24 
35-44 
62-74 

Males 
18-24 
35-44 
62-74 

A l l  Females  

A l l  Males  

A l l  S u b j e c t s  

SSH/ESH - - - COEF 
VAR 

BIBR/S - 
V COEF 
A VAR 

7 
ESH = Erect S i t t i n g  H t  
C7HT = C e r v i c a l e  H+ 
S  = S t a t u r e  
RTR = R t  T r a g i o n  ~t 
RIS = R t  I l i a c  S p i n e  ~t 
SSH = Slumped S i t t i n g  H t  
BIBR = B i a c r o m i a l  B r e a d t h  

- 
X 

COEF 
VAR 



ne i the r  age nor sex a f f ec t  t he  proportion. For example, e r ec t  s i t t i n g  height  

f o r  t h i s  population i s  52-53% of s t a t u r e  whether the  occupant is  male o r  female, 

young o r  o ld .  The coe f f i c i en t s  of va r i a t i on  a r e  a l so  very small ,  i n  most 

cases l e s s  than three  percent ,  ind ica t ing  very l i t t l e  v a r i a t i o n  among 

indiv idua ls .  Using t h e  r e s u l t s  from Table 3-10, it would be poss ib le ,  

given only s t a t u r e  and e rec t  s i t t i n g  he ight ,  t o  pred ic t  s tanding cerv ica le  

he ight ,  s i t t i n g  r igh t  t rag ion  and i l i a c  spine he ights ,  slumped s i t t i n g  

height,and biacromial breadth, a l l  with a  high degree of accuracy. Table 

3-11 i s  an example of t h e  use of t h e  reported proport ions.  Here predicted 

values f o r  t h e  young female groups a r e  compared with t h e  average value 

measured f o r  t h e  same group. The accuracy achieved i s  qu i t e  adequate f o r  

e s t ab l i sh ing  areas  of major body mass f o r  a  biomechanical model. 

Table 3-11 

Comparison of Predicted and Measured Values 

Predicted Measurement Predic t ion  Actual 

Given average s t a t u r e  f o r  group of 162.7 cm: 

Erect S i t t i n g  H t .  86.2 cm 85.7 cm 
Standing C7 H t .  138.3 138.8 
Biacromial B r  . 35.8 35.5 

Given average e rec t  s i t t i n g  height  of 85.7 cm: 

Slumped S i t t i n g  H t .  83 .1  82.8 
Right Tragion H t  . 72.8 72.5 
Right I l i a c  Spine H t .  21.4 21.7 
Biacromial B r .  35 -1 35 . 5 

% Error  

Modeling a t  t he  de t a i l ed  l e v e l  can r equ i r e  t h e  knowledge of c e r v i c a l  

spine l i n k  lengths .  Without t h e  bene f i t  of x-rays from which measurements 

may be taken d i r e c t l y ,  it would be valuable  t o  be ab le  t o  pred ic t  l i n k  

lengths based on measurements taken ex te rna l ly .  To t h i s  end, a  d e t a i l e d  



analys is  was performed by S.A. Kelkar (1973) using t h e  x-ray and t r a d i -  

t i o n a l  anthropometry d a t a  t o  develop predic t ion  equations f o r  l i n k  lengths  

and range of motion. Eight t r a d i t i o n a l  anthropometry measures were 

se l ec t ed  because of t h e i r  an t i c ipa t ed  r e l a t i onsh ip  t o  e i t h e r  s t a t u r e  o r  

range of motion. These were co r r e l a t ed  with t h e  computer der ived  l i n k  

lengths  and s tepwise regress ion  techniques were used t o  s e l e c t  t h e  t h r e e  

measures which b e s t  p red ic ted  ce rv i ca l  spine l i n k  lengths  (according t o  

t h e  l i n k  d e f i n i t i o n  used i n  t h i s  s tudy) .  For t h e s e  da t a  e r e c t  s i t t i n g  

he igh t ,  p o s t e r i o r  neck l eng th  and head length  were t h e  b e s t  p r e d i c t o r s .  

Covariance ana lys i s  was then  appl ied t o  develop a  group of p red ic t ion  

equations f o r  segments of t h e  population based on sex and s t a t u r e  (age 

not being highly co r r e l a t ed  t o  l i n k  lengths  ) . The p red ic t  ion  equations 

a r e  mul t ip le  l i n e a r  regress ion  equations of t h e  form 

where 
- 

Y = predic ted  l i n k  length  f o r  a  populat ion group 
g 

b = y- in te rcept  f o r  t h e  populat ion group 
g 

m = regress ion  s lope  c o e f f i c i e n t s  f o r  t h e  
i 

spec i f i ed  independent v a r i a b l e  

x = independent v a r i a b l e  
i 

The i n t e r c e p t s  and c o e f f i c i e n t s  necessary t o  p r e d i c t  l i n k s  C2 through C 7  

a r e  presented i n  Table 3-12. Also given i s  t h e  percent  of  t h e  var iance  

explained by t h e  regress ion  equat ion.  

A spot-check of t h e  p red ic t ion  equat ions was performed us ing  two 

ca tegor ies  of sub jec t s .  For females,  40-60$ile, C2, C3, ~4 and C7 l i n k s  

were ca lcu la ted  and compared with t h e  measured va lue  f o r  t h e  group. The 





average p red ic t ion  e r r o r  was 0.4%. For t h e  males, 80-99%ile,  p red ic t ions  

of C2, C5, ~ 6 ,  and C7 were a l s o  i n  e r r o r  by only 0.4%. 

C .  S a g i t t a l  Plane Range of Motion 

The d e t a i l e d  r e s u l t s  of t h e  range of motion s tudy a r e  of i n t e r e s t  t o  

p o t e n t i a l  u s e r s ,  but  a r e  t oo  voluminous t o  include i n  t h e  main t e x t .  

Therefore,  they  a r e  presented i n  Appendix C f o r  head pos i t i on  and range of 

motion r e l a t i v e  t o  ex t e rna l  v e r t i c a l  re ferences  and i n  Appendix D f o r  

pos i t i on  and range r e l a t i v e  t o  i n t e r n a l  re ferences  a s  measured from x-rays.  

The subjec t  groupings i n  Appendix C a r e  i d e n t i c a l  t o  those  of Appendix B :  

each of 27 combinations of sex,  age and s t a t u r e  i s  included a s  a separa te  

t a b l e .  Because of t h e  na ture  of t h e  r e s u l t s ,  nine groupings a r e  used i n  

Appendix D .  

1. Range of Motion - External  Reference. As described i n  Section 2.C, 

a t o t a l  of four  range-of-motion r e p l i c a t i o n s  was obtained from each sub- 

j e c t  - one x-ray and th ree  photographic sequences of n e u t r a l ,  f l ex ion ,  and 

extension pos i t i ons .  The da ta  from each of t hese  r e p l i c a t i o n s  

were compiled f o r  n e u t r a l  head pos i t i on ,  degrees of f l ex ion  and extension 

from n e u t r a l  p o s i t i o n ,  and t o t a l  range of  motion. The summary s t a t i s t i c s  

f o r  each r e p l i c a t i o n  a r e  contained i n  Appendix C .  It was of i n t e r e s t  t o  

know i f  t he  r e s u l t s  of t h e  four  r e p l i c a t i o n s  were s t a t i s t i c a l l y  equiva len t :  

t h a t  i s ,  i f  a subjec t  assumed t h e  same extremes of p o s i t i o n  each time t h e  

sequence was performed. An ana lys i s  of var iance  of range of  motion f o r  

t h e  four  r e p l i c a t i o n s  was performed t o  t e s t  t h e  hypothesis  t h a t  a l l  four  

means were equal .  The means compared were 117.36 degrees f o r  t h e  x-ray 

r e s u l t s  and 115.21, 116.76, and 118.41 degrees f o r  t h e  t h r e e  photos,  r e s -  

pec t ive ly .  The F - s t a t i s t i c  thus  ca l cu la t ed  was 0.570, which had an 



a - s i g n i f i c a n c e  l e v e l  of .63 (not  s i g n i f i c a n t ) .  It was concluded t h a t  t h e r e  

were no s i g n i f i c a n t  d i f f e r e n c e s  among t h e  r e s u l t s ,  and t h a t  t h e  r e s u l t s  

could be  combined f o r  purposes of f u r t h e r  a n a l y s i s .  Two groupings of d a t a  - 

one combining only t h e  t h r e e  photos (designated a s  PAVG) and t h e  o t h e r  

combining t h e  x-rays and t h e  photos (des ignated a s  XPAVG) - a r e  shown i n  

Appendix C .  

The combined x-ray and photo r e s u l t s  a r e  shown i n  t a b u l a r  form i n  

Table 3-13 f o r  f l e x i o n ,  ex tens ion ,  and t o t a l  range of motion. For f l e x i o n ,  

t h e r e  was l i t t l e  o r  no s t a t u r e  e f f e c t  and, on t h e  average,  males and 

females had s i m i l a r  f l e x i o n  c a p a b i l i t i e s .  However, a d e f i n i t e  aging 

e f f e c t  was noted when comparing t h e  62-74 age group t o  t h e  two younger 

groups.  Analysis  of v a r i a n c e  of t h e s e  f l e x i o n  d a t a  revea led  no s i g n i f i c a n t  

d i f f e r e n c e  among means f o r  s e x  and s t a t u r e ,  b u t  a h igh ly  s i g n i f i c a n t  

d i f f e r e n c e  (a < ,0005) f o r  age.  

The ex tens ion  r e s u l t s  i n  Table  3-13 show a d i f f e r e n t  p a t t e r n .  I n  

a l l  bu t  one category ( s h o r t  e l d e r l y  males,  which had a s m a l l e r  sample s i z e )  

ex tens ion  m o b i l i t y  i n c r e a s e s  w i t h  s t a t u r e ,  I n  a d d i t i o n ,  a s t e a d y  decrease  

of ex tens ion  is  noted w i t h  i n c r e a s i n g  age f o r  both  males and females.  

These observa t ions  a r e  borne out  i n  t h e  a n a l y s i s  of v a r i a n c e  f o r  t h e s e  

d a t a .  The sample means a r e  s i g n i f i c a n t l y  d i f f e r e n t  f o r  a l l  major v a r i a b l e s  

- f o r  s e x  a t  a = .01, f o r  age a t  a = ,0005, and f o r  s t a t u r e  a t  a = ,001. 

These r e s u l t s  suggest  t h a t  d i f f e r e n t  segments of t h e  popula t ion  have 

d i f f e r e n t  s u s c e p t i b i l i t i e s  t o  hyperextension.  

T o t a l  s a g i t t a l  p lane  range of motion f o r  an  i n d i v i d u a l  i s  t h e  sum 

of f l e x i o n  and ex tens ion .  The r e s u l t s  f o r  t h e  1 8  c a t e g o r i e s  of s e x ,  age ,  and 

s t a t u r e  a r e  shown g r a p h i c a l l y  i n  F igure  3-2, w i t h  average range of motion 

f o r  t h e  group p l o t t e d  a g a i n s t  t h e  mid-point of t h e  group 's  age range.  



Table 3-13 

Range of Motion Results* 

T O T A L  RANGE 
OF MOTION 

-. 
N x S .Dm 

F L E X I O N  EXTENS I O N  - - 
x S .D. N x S.D. Subject Groups 

Females 

Males 

Females 

Males 

A l l  Females 

A l l  Males 

A l l  Subjects 

*Note: Flexion and extension are expressed relative to neutral head 
position. All dimensions in degrees. 



r 1 - 20 Percentile 

+--a Female 
Male 

r- 40 - 60 Percentile 

J 
a 
t- 80 - 99 Percentile 

MID-POINT OF AGE GROUP (years) 

Fig.  3-2. T o t a l  Range of Motion f o r  Populat ion Segments. The r e s u l t s  
shown are mean v a l u e s  from Table 3-13. 



There i s  a f a i r l y  s t rong s t a t u r e  trend i n  young subjec ts ,  which i s  l e s s  

pronounced a t  middle age and non-existent i n  e lder ly  subjec ts .  Females 

tend t o  have somewhat grea te r  range of motion than males, espec ia l ly  the 

middle age group. The most dramatic e f f e c t  i s  t ha t  of age. The decrements 

i n  both f lex ion  and extension add t o  produce a highly s i g n i f i c a n t  difference.  

Range of motion of e lde r ly  females i s  27% l e s s  than t h a t  of young females; 

e lde r ly  males have 31% l e s s  range of motion than young males. As with 

extension, s i g n i f i c a n t  d i f fe rences  among means a r e  found f o r  a l l  major 

var iab les .  Overall ,  sex and s t a t u r e  a r e  s ign i f i can t  a t  a = ,025 and age 

a t  a = ,0005. 

Since so many x-rays of e lde r ly  subjects  were r e j ec t ed  because of 

a r t h r i t i c  conditions i n  the  cerv ica l  sp ine ,  a b r i e f  ana lys is  of range of 

motion from those x-rays was performed t o  determine i f  increased a r t h r i t i s  

degraded range of motion. The r e s u l t s  were inconclusive, s i n c e  sample 

s i z e s  were small i n  a l l  cases.  In  some ins tances ,  a r t h r i t i s  d e f i n i t e l y  

reduced range of motion, espec ia l ly  i n  f lex ion .  In  o the r s ,  a r t h r i t i s  

seemed t o  have no e f f e c t  and ranges of motion were equal  t o  o r  g rea t e r  

than the average f o r  the  accepted group. Since v i r t u a l l y  every e lde r ly  

subject  had some degree of degenerative a r t h r i t i s ,  i t  i s  f e l t  t h a t  the  

exclusion of more severe cases did not  adversely a f f e c t  the  r e s u l t s  o r  

make them l e s s  representa t ive  f o r  t h i s  segment of the population. 

2 .  Range of Motion from X-rays - I n t e r n a l  Reference. The three-  

posi t ion l a t e r a l  x-rays taken during t h i s  study presented many unique 

opportuni t ies  f o r  range of motion ana lys i s .  Several r e l a t i onsh ips  

between i n t e r n a l  and ex te rna l  landmarks were examined and a r e  presented 

i n  t h i s  sec t ion .  

The e f f e c t s  of upper thorac ic  sp ine  and to r so  movement on range of 



motion a r e  shown i n  Table 3-14. Only x-ray d a t a  were used f o r  t h i s  com- 

p a r i s o n .  The comparisons a r e  between range of motion a s  measured between 

t h e  " s k u l l  plane" r e f e r e n c e  on t h e  head and (1) t h e  v e r t i c a l  marker e x t e r n a l  

t o  t h e  s u b j e c t  and ( 2 )  t h e  f a c e  of t h e  C 7  v e r t e b r a l  body i n t e r n a l  t o  t h e  

s u b j e c t  ( s e e  Sect ion 2.C .3  f o r  more d e t a i l e d  d e s c r i p t i o n ) .  The i n t e r n a l  

measurement accounts f o r  a l l  motion from t h e  head through t h e  ~ 6 - ~ 7  d i s k .  

The d i f f e r e n c e  between t h e  i n t e r n a l  and e x t e r n a l  angles  i s  accounted f o r  

a t  t h e  base  of t h e  c e r v i c a l  s p i n e  ( t h e  C7-T1 d i s k )  and i n  t h e  t o r s o .  

Techn ica l ly ,  t h e  movement a t  C7-T1 should be  included w i t h  c e r v i c a l  s p i n e  

movement, b u t  T1 was not  v i s i b l e  o f t e n  enough dur ing f l e x i o n  and ex tens ion  

t o  p e n l i t  t h i s  a n a l y s i s .  Examination of Table 3-14 shows t h a t ,  i n  every 

c a s e ,  t h e r e  i s  some t o r s o  movement involved,  even when c a r e  was t a k e n  t o  

keep t h e  shoulders  a g a i n s t  t h e  s e a t  back.  The r e s u l t s  show t h a t  t h e  upper 

t o r s o  f l e x e s  more t h a n  it extends.  This i s  expected, s i n c e  t h e  t h o r a c i c  

s p i n e  has  a  n a t u r a l  kyphosis i n  t h i s  a r e a .  The average t o r s o  movement 

seen i s  1 4  degrees ,  o r  about one-quar ter  of t h e  t o t a l  f l e x i o n  movement. 

Torso movement i n  f l e x i o n  tended t o  decrease  w i t h  age ( i n t e r n a l  became a  

g r e a t e r  percentage of e x t e r n a l )  , and i s  s i m i l a r  between sexes f o r  a l l  

a g e s .  L i t t l e  t o r s o  movement occurs  i n  e x t e n s i o n ,  s i n c e  t h e  i n t e r n a l  ang le  

averages  90% of t h e  e x t e r n a l  ang le  ( s i x  d e g r e e s ) .  The s u b j e c t  pushed back 

i n t o  t h e  c h a i r  dur ing t h e  ex tens ion  motion wi thout  moving t h e  lower t o r s o  

away from t h e  s e a t .  Thus, most of t h e  d i f f e r e n c e  i s  probably accounted 

f o r  i n  motion between C7 and T1, and t h e  r e p o r t e d  e x t e r n a l  ang le  i s  c l o s e r  

t o  t h e  t r u e  vo lun ta ry  ex tens ion  of t h e  c e r v i c a l  s p i n e .  I n  ex tens ion  t h e  

t r e n d  was reversed, wi th  t o r s o  movement i n c r e a s i n g  wi th  age .  Females had 

l e s s  t o r s o  movement t h a n  males.  



Table 3-14 

Range of Plotion from Internal and External References 

Angle Relative to Exter- Angle Relative to Inter- Proportion 
nal Vertical Reference nal C7 Reference (Internal/External) 

Flexion Extension ROM Flexion Extension ROM Flexion Extension ROM 

- - - 
Subject Groups x x x 

N (SD) (SD) (SD) - 

Females: 18-24 30 60.9 77.1 137.6 
(8.5)(18.5) (19.0) 

62-74 31 45.3 51.6 96.9 
(10.7)(12.3) (15.4) 

cn 

Males: 18-24 30 62.5 79.6 142.1 
(7.8) (15.2) (15.9) 

All Females 9 1 55.0 63.3 118.2 
(12.2) (18.0) (23.2) 

All Males 1 86 54.0 62.5 116.6 
(12.1)(18.2) (25.7) 

All Subjects 177 54.5 62.9 117.4 
(12.1) (18.0) (24.4) 



A computer algorithm was used t o  analyze t h e  d i g i t i z e d  x-rays and 

c a l c u l a t e  angular re la t ionships  between various segnents of t h e  ce rv i ca l  

sp ine .  The angle formed between the  l i n k s  of adjacent ver tebrae  was 

determined f o r  f lex ion  and extension pos i t ions  and f o r  t o t a l  range of 

motion. The r e s u l t s  of t h i s  analysis  a r e  presented i n  Appendix D .  The 

reader  w i l l  note t h a t  Appendix D has nine ca tegor ies  ins tead  of t h e  usua l  

27 and t h a t  an abbreviated format i s  used which r epor t s  only t h e  mean and 

s tandard devia t ion  f o r  t h e  l i n k  ranges of motion. The addi t ion  of t h e  

range and coe f f i c i en t  of va r i a t i on  f o r  t hese  da t a  would be misleading f o r  

s eve ra l  reasons. F i r s t ,  no e f f o r t  was made t o  s tandardize t h e  configu- 

r a t i o n  of t h e  neck in  neu t r a l  pos i t ion .  The subjec t  asssumed a  normal 

s i t t i n g  pos i t i on ,  and l a rge  d i f fe rences  i n  i n i t i a l  neck pos i t ion  were ob- 

served. Second, t h e  prec is ion  of t he  d i g i t i z e r  i s  l imi t ed  by t h e  d i s c r e t e  

coordinate system used i n  t h e  machine. The f i n e s t  r e so lu t ion  i s  approxi- 

mately -08 inch and t h e  assignment of t h e  x-y coordinate  depends upon t he  

pos i t l on  of t h e  cursor .  Third,  t h e  l i n k  lengths were spec i f i ed  sub- 

j e c t i v e l y  on t h e  x-rays. Since two x-rays must be  used t o  ca l cu la t e  any 

given angle of movement, s l i g h t  d i f f e r ences  between t h e  two x-rays i n  t h e  

pos i t i on  of a  po in t  could e i t h e r  minimize o r  compound e r r o r .  Fourth,  each 

l i n k  i s  l e s s  than  th ree  cm long,  and s l i g h t  d i g i t i z i n g  e r ro r s  can i n t r o -  

duce l a r g e  computational e r r o r s  when angles a r e  ca lcu la ted  between t h e  two 

l i n k s  i n  two views. The combinations of t h e s e  four  f ac to r s  tend  t o  cause 

grea t  v a r i a b i l i t y  i n  r e s u l t s .  However, t h e  d i g i t i z i n g  e r ro r s  a r e  random - 
j u s t  as  l i k e l y  t o  reduce a s  increase  e r r o r s  - and it i s  f e l t  t h a t  t h e  mean 

value i s  very c lose  t o  what it would have been had t h e  angles a l l  been 

measured manually. 



The mean values fo r  range of motion between adjacent  l i n k s  with t h e  

l e a s t  and g r e a t e s t  mobil i ty  a r e  shown i n  Table 3-15. The smal les t  range 

r,f rnri t icrr i  occurrf?(i betwften the  C2 and C3 ver tebrae  with only 4 . 5  degrees 

t o t a l  range on t h e  average. I n  t h e  case of e lde r ly  males, a negat ive 

f l ex ion  of 1 . 2  degrees i s  shown. This i s  equivalent t o  extension of 1 . 2  

degrees and occurs because of t h e  na ture  of t h e  f l ex ion  movement. When 

t h e  subjec t  t h r u s t s  t h e  chin s t r a i g h t  forward i n  t h e  l n i t i a l  p a r t  of t h e  

motion, it causes extension i n  t h e  upper ce rv i ca l  sp ine .  This extension 

may o r  may not be overcome a s  t h e  head i s  t i l t e d  down t o  complete t h e  

movement. The g r e a t e s t  range of motion i n  t h e  c e r v i c a l  sp ine  occurs a t  

t h e  ~ 5 - ~ 6  d i sk  and averages 21.3 degrees.  The p a t t e r n  observed a t  t h e  

gross  l e v e l  i s  repeated a t  t h e s e  l e v e l s ;  f l ex ion  mobi l i ty  i s  not pa r t i cu -  

l a r l y  a f f ec t ed  by age, but  extension c a p a b i l i t y  and t o t a l  range of motion 

decrease. L i t t l e  d i f f e r ence ,  on t h e  average, i s  observed between males 

and females.  

Of p a r t i c u l a r  concern i n  biomechanical modeling i s  t h e  r e l a t i o n s h i p  

between landmarks loca ted  on d i f f e r e n t  major body masses. Severa l  re -  

searchers  have addressed t h i s  problem. For t h e  s tudy of neck dynamic r e s -  

ponse, f o r  example, Ebing and Thomas (1972) have defined t h r e e  coord ina te  

systems: two anatomical and a l abo ra to ry  r e fe rence .  The head anatomical 

system has t h e  o r i g i n  a t  t r a g i o n  and p r i n c i p a l  x-axis i n  t h e  Frankfor t  

Plane;  t h e  spine anatomical system i s  on t h e  t o r s o ,  o r i g i n a t i n g  a t  t h e  

a n t e r i o r  superior  corner of T1 with p r i n c i p a l  x-axis a long a l i n e  through 

t h e  t i p  of t he  T1 spinous process  ( s e e  Figure 2-8); t h e  l abo ra to ry  

re ference  i s  ex t e rna l  t o  t h e  sub jec t  wi th  p r i n c i p a l  x-axis h o r i z o n t a l .  

The same p r inc ipa l  axes were defined on t h e  x-rays i n  t h i s  s tudy  ( f o r  t h e  



Table 3-15 

Range of Motion of Cerv ica l  Spine Segments 

Angle between C 2  & C3 Angle between C5 & C6 
l i n k ,  deg l i n k ,  deg 

Exten- Ex ten- 
Flexion s i o n  ROM -- Flexion ~ i o n  ROM -- - - - - - - 
N - X - X - X - X - X - X - 

Females 

Males 

18-24 30 3.5 .9 4.4 11.4 15.4 26.8 

35-44 30 3.0 1 . 5  4.6 11.1 11.0 22.2 

62-74 25 -1.2 2.6 1 . 3  9 .7  5 .3  15.1  

A l l  Females 90 3.0 2.3 5 .4  7.2 13.7 20.9 

A l l  Males 85 1 .9  1 .6  3.5 10.8  10.8 21.7 

: Subjec t s  175 2.5 2.0 4.5 9 . O  12 .3  21.3 



n e u t r a l  pos i t i on  only)  and t h e i r  angular re la t ionships  were computed. The 

r e s u l t s  a r e  contained i n  Appendix D f o r  t he  head and spine x-axes r e l a t i v e  

t,o vr:r.t i (:nl n.nd t o  r!n.c!l r : t h ( l r .  Appendix D shows t h a t  t h e  v n r i ~ b i l i t y  

rmong subjec ts  was very g r e a t ,  with a  mean angle f o r  a l l  subjec ts  of 12  

degrees and a  s tandard deviat ion of 1 0  degrees. ( I n  Appendix D ,  a  negative 

angle f o r  t h e  Frankfort  Plane - Ewing measurement means t h e  x-axes i n t e r -  

s e c t  i n  f ron t  of t h e  head;  a pos i t i ve  angle ind ica tes  i n t e r s e c t i o n  behind 

t h e  head. ) 

3 .  Correlat ions Between Range of Motion and Anthropometry. Since 

anthropometric measures a r e  usua l ly  e a s i e r  t o  obta in  than range of motion, 

t h e  p o t e n t i a l  use of anthropometry t o  p red ic t  mobil i ty  was explored. 

Using the s e t  of da ta  f o r  the 178 sub jec t s ,  an i n t e r c o r r e l a t i o n  matr ix was 

prepared f o r  t h e  range of motion and a l l  anthropometric measures. No 

co r re l a t ions  g rea t e r  than r = .6 were obtained,  so  it seemed un l ike ly  t h a t  

anthropometry could be a  r e l i a b l e  pred ic tor  of range of motion. Several  

measures t h a t  were of i n t e r e s t  because of t h e i r  p o t e n t i a l  r e l a t i o n  t o  

range of motion a r e  shown i n  Table 3-16, t oge the r  with t h e i r  c o r r e l a t i o n  

coe f f i c i en t s  f o r  f l ex ion ,  extension,and t o t a l  range of motion. Although 

the  degree of co r r e l a t ion  i s  no t  high,  s e v e r a l  r e l a t i onsh ips  

e x i s t .  Weight and weight-related measures a r e  negat ively c o r r e l a t e d ;  a s  

weight or  neck breadths and circumference increase ,  range of motion de- 

c reases .  It i s  somewhat su rp r i s ing  t o  note  t h a t  s t a t u r e  and s i t t i n g  

height  have v i r t u a l l y  no co r re l a t ion  wi th  range of motion. 

The ana lys is  performed by Kelkar ( s e e  Sect ion 3 . ~ . 3 )  was appl ied  t o  

p red ic t ing  the  range of motion of i nd iv idua l  l i n k s ,  a s  we l l  a s  p red ic t ing  

t h e i r  l engths .  Both f lex ion  and extension p red ic t ion  equations were 



Table 3-16 

Weight 

Correlation Matrix of Range of Motion vs. Anthropometry 

FLEXION 

- . 2 0  

S t a t u r e  . 0 4  

P o n d e r a l  I n d e x  . 2 7  

E r e c t  S i t t i n g  H t .  . 1 2  

L a t e r a l  N e c k  B r .  - . 0 8  

A-P N e c k  B r .  - . 3 2  

S u p e r i o r  N e c k  C i r c .  - . 3 0  

I n f e r i o r  N e c k  C i r c .  - . 2 1  

C 6  L i n k  . 1 7  

T o t a l  N e c k  L e n g t h  . 0 2  

EXTENSION RANGE. OF MOTION 

- . 2 5  

Note: C o r r e l a t i o n s  a re  based o n  a l l  s u b j e c t  da t a  c o m b i n e d  



developed from t h e  x-ray da ta ,  and it was found t h a t  only one of t he  

anthropometric measures, an t e r io r  neck length had any bearing on ce rv i ca l  

spine mobi l i ty .  In  order t o  pred ic t  cerv ica l  spine range of motion, it i s  

necessary t o  know range of motion with respect  t o  an ex terna l  re ference .  

While t h i s  i s  not extremely d i f f i c u l t  t o  obtain,  it means t h a t  t he  model 

designer must know both physical  and mobil i ty  da ta  about a  subject  group 

i n  order  t o  p red ic t  a t  a  very de t a i l ed  l e v e l .  

Kelkar ' s  p red ic t ion  equations were, unfor tuna te ly ,  developed based on 

the  x-ray da t a .  The independent va r i ab l e s  he se lec ted  were t h e  neu t r a l ,  

f lex ion ,  and extension angles between the  a r b i t r a r y  s k u l l  plane and ex ter -  

na l  v e r t i c a l .  The equations predic t  t h e  f lex ion  and extension pos i t ions  

f o r  subject  groups very wel l ,  but t h e i r  a p p l i c a b i l i t y  i s  l imi t ed  because 

it would f i r s t  be necessary t o  know s k u l l  plane angles from x-rays. It 

would be poss ib le  t o  re-develop t h e  equations so they would predic t  t r u e  

ranges of motion of individual  l i n k s ,  but  t h a t  would r equ i r e  a  major 

manipuiation of t h e  da t a  beyond t h e  scope of t h i s  r e p o r t ,  

Voluntary Isometric Strength of Neck Muscles 

The fo rce  exerted by t h e  s u b j e c t ' s  neck muscles was de tec ted  by a  

force  r ing .  Three maximum e f f o r t  t r i a l s  were conducted f o r  each subjec t  

with both f lexors  and extensors.  The d a t a  were analyzed i n  two ways - by 

manual da t a  reduct ion from s t r i p  cha r t  records and by a  computer algorithm. 

The r e s u l t s  from the  s t r i p -cha r t  ana lys i s  a r e  presented i n  t h i s  s ec t ion  and 

i n  Appendix E .  The computerized ana lys i s  was used t o  assess  muscle fo rce  

i n  r e l a t i o n  t o  EMG s i g n a l ,  and t h a t  ana lys i s  i s  i n  t h e  next s ec t ion .  

1. P u l l  Force of Flexors and Extensors.  Both f l e x o r  and extensor 



muscle groups were t e s t e d  f o r  maximum isometric s t r eng th .  The force  pro- 

duced by each i s  reported i n  Table 3-17, with more d e t a i l e d  summary s t a -  

t i s t i c s  i n  Appendix E .  I n  computing the  means f o r  Table 3-17, t h e  value 

which was used f o r  each subject  was t h e  average of t h a t  s u b j e c t ' s  t h r e e  

s t r eng th  t r i a l s .  With r a r e  exceptions, t h e  r e s u l t s  of t h e  t h r e e  t r i a l s  

were wi th in  two o r  t h r e e  l b f  of each o the r .  This i nd ica t ed  t h a t  l ea rn ing  
.- - 

o r  f a t i g u e  t rends  were not present ,  which allowed averaging the  da t a  f o r  each 

sub jec t .  The mean values f o r  t he  sex-age-stature groupings from Table 

3-17 have been p l o t t e d  i n  Figure 3-3. The f i g u r e  shows s imi l a r  pa t t e rns  

of s t r eng th  f o r  both f l exo r s  and extensors .  For males t h e r e  i s  a  mild 

s t a t u r e  t rend  i n  t h e  young group,and average s t r eng th  a c t u a l l y  increases  

between t h e  young and middle age groups. Females show ne i the r  of these  

tendencies ,  tending in s t ead  t o  exh ib i t  a  s l i g h t  bu t  continuous decrease i n  

s t r eng th  throughout adulthood. It i s  a l s o  noted t h a t  t h e  sho r t  subjec t  groups 

always have the  lowest average s t r eng th ,  t h a t  females a r e  always weaker on 

t h e  average than males, and t h a t  extensor s t r eng th  i s  always g r e a t e r  than 

f l exo r  s t r eng th .  When s t a t u r e s  a r e  combined, it i s  seen t h a t  females 

gradual ly l o s e  29% of f l exo r  s t r eng th  and 16% of extensor  s t r eng th  between 

youth and old age, while males f i r s t  increase  by 7% and 20% then  decrease 

by 25% and 25% f o r  f l exo r s  and ex tensors ,  r e spec t ive ly .  Females, on the  

average, a r e  53% as s t rong  as  males f o r  f l e x o r s  and 65% as s t rong  f o r  

extensors .  

Analysis of var iance ind ica t e s  t h a t  a l l  of t h e s e  d i f f e r ences  a r e  

s i g n i f i c a n t .  The mean values f o r  f l e x o r s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  

from each o ther  f o r  sex ( a  = .0005),  age ( a  = .0005) ,  s t a t u r e  ( a  = . 01 ) ,  

and a  combination of sex and age ( a  = , 025 ) .  For ex tensors ,  s i g n i f i c a n t  



Table 3-17 

Voluntary Force  Exerted by Neck Muscles 

FLEXORS * - 
Subject Groups N x S ,D, 

EXTENSORS* 

Females 

Males 

Females 

Males 

All Females 91 16.6 5 . 4  

All Males 87 31.3 9.3 

All S u b j e c t s  178 23.8 10.6 

* ~ o t e :  Dimensions are i n  lbf. 



KEY: Short 
*--4 Medium 
---o Tall 

x 
W 
A 
LL b Males 

1 

- 

I 
I- 
t3 

* Females 
z 50 10 . 
W 
N 

) Males 

I Females 

MID- POINT OF AGE GROUP (years) 

Fig. 3-3. Isometric Strength Test Results .  Note tha t  shor ter  people 
average l e s s  s t r eng th ,  tha t  males and females exhibi t  d i f f e ren t  aging 
charac te r i s t i c s ,  and tha t  extensors average stronger than f lexors .  



d i f f e r e n c e s  a r e  a l s o  noted f o r  s e x  ( a  = .0005) ,  age ( a  = . 0 0 0 5 ) ,  s t a t u r e  

( a  = .001) and sex-age combined ( a  = .025). The r e s u l t s  i n d i c a t e  t h a t  

t h e  popula t ion  s t r a t i f i c a t i o n  which a  person f i t s  i n t o  can have a 

s i g n i f i c a n t  e f f e c t  on how s t r o n g  t h e  neck muscles a r e .  Extensor  muscle 

s t r e n g t h  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  of f l e x o r s  (a = .0005), so  

t h e  d i r e c t i o n  of impact i s  a l s o  impor tan t .  

The headband used i n  t h e  s t r e n g t h  t e s t  was o r i e n t e d  approximately  I n  

t h e  p lane  of t h e  head c e n t e r  of g r a v i t y ,  and t h u s  t h e  r e s u l t s  a r e  i n d i c a -  

t i v e  of t h e  muscle f o r c e  t h a t  could  be  brought t o  b e a r  t o  r e s i s t  head 

motion.  It would be  of i n t e r e s t  t o  t r a n s l a t e  t h i s  p u l l  f c r c e  i n t o  a c t u a l  

muscle t e n s i o n .  Th is  cannot b e  done w i t h  t h e  p r e s e n t  d a t a ,  however, s i n c e  

( e x p e c i a l l y  i n  f l e x i o n )  no s i n g l e  muscle i s  r e s p o n s i b l e  f o r  a l l  o f  t h e  

f o r c e  genera ted .  For example, it i s  known t h a t  t h e  s t e rnomas to id  muscles 

s t a b i l i z e  t h e  lower s p i n e  and a r e  t h e  primary f l e x o r s  o f  t h e  n e c k ,  b u t  

t h e y  o r i g i n a t e  p o s t e r i o r  t o  t h e  head-neck J u n c t i o n ,  s o  t h e  f o r c e  t h e y  

e x e r t  cannot s t a b i l i z e  t h e  upper s p i n e ,  Other  muscles such as t h e  l o n g i -  

t u d i n a l  s p i n a l  muscles must do t h e  s t a b i l i z i n g .  S ince  t h e  f o r c e  r i n g  

measures only  t h e  lumped e f f o r t  of a l l  of t h e  muscles ,  t h e r e  i s  no 

p o s s i b i l i t y  of s e p a r a t i n g  components of f o r c e  and c a l c u l a t i n g  t e n s i o n  

i n  a  s p e c i f i c  muscle.  

2 .  S t r e n g t h  C o r r e l a t i o n s  w i t h  Anthropometry. On t h e  assumption 

t h a t  s t r e n g t h  of t h e  neck muscles cou ld  b e  d i r e c t l y  r e l a t e d  t o  some of  t h e  

anthropometr ic  v a r i a b l e s  measured i n  t h i s  s t u d y ,  t h e  c o r r e l a t i o n  between 

s t r e n g t h  and anthropometry was s t u d i e d .  The r e s u l t s ,  shown i n  Table  3-18, 

i n d i c a t e  t h a t  moderate c o r r e l a t i o n s  were found between c e r t a i n  measures,  

> 
Flexor  muscle s t r e n g t h  was moderate ly  c o r r e l a t e d  ( r  = .66) w i t h  e r e c t  

s i t t i n g  h e i g h t ,  l a t e r a l  neck b read th ,and  b i d e l t o i d  b r e a d t h .  B i d e l t o i d  



Table 3-18 

Correlation Matrix of Strength v s .  Anthropometry 

Weight 

S ta tu re  

Erect S i t t i n g  H t .  

Biacromial B r .  

Bidel toid B r .  

La tera l  Neck B r .  

A-P Neck B r .  

Superior Neck Circ .  

I n f e r i o r  Neck Circ. 

C 3  Link 

Total  Neck Length 

FLEXORS EXTENSORS 
.59  .56  

Note: Comparisons a re  f o r  a l l  subjec ts  combined. 



b r e a d t h  was t h e  b e s t  p r e d i c t o r  of extensor  muscle s t r e n g t h .  S t r e n g t h  i s  

b e t t e r  c o r r e l a t e d  t o  s t a t u r e  t h a n  t o  weight .  

3 .  Comparison With Other Research.  Late  i n  1972, whi le  d a t a  f o r  

t h i s  s tudy  were be ing  c o l l e c t e d ,  a  paper was publ ished by Marotzky 

which desc r ibed  neck s t r e n g t h  t e s t i n g  us ing  an apparen t ly  

s i m i l a r  p r o t o c o l .  The paper was t r a n s l a t e d  and found t o  be  s i m i l a r  enough 

i n  methodology t o  a l low a d e t a i l e d  comparison of t h e  r e s u l t s .  

Marotzky t e s t e d  307 s u b j e c t s ,  of which 207 (164 male,  43 femals )  were 

"youngt' (average age 23 ,  age range 19-37) and 100 were "older"  (45 males ,  

55 females ,  average age 73,  age range 50-90). His groupings a r e  r e l a t i v e l y  

c o n s i s t e n t  wi th  t h e  age ranges t e s t e d  i n  t h i s  s tudy .  The s u b j e c t s  were 

t e s t e d  f o r  i somet r ic  s t r e n g t h  of f l e x o r  and extensor  muscles ,  though t h e  

same young s u b j e c t s  seldom p u l l e d  i n  both  d i r e c t i o n s .  According t o  t h e  

paper 70 young males p u l l e d  forward and 7 1  backward f o r  t h e  "maximum" 

t r i a l s  and 43 e l d e r l y  males p u l l e d  i n  each d i r e c t i o n .  For t h e  t e s t  t r i a l s  

s i m i l a r  t o  t h o s e  of t h i s  s tudy ,  t h e  s u b j e c t s  were s e a t e d  ( t o r s o - l e g  ang le  

90°) and were l a p - b e l t e d .  P recau t ions  were t a k e n  t o  prevent  l e g  b r a c i n g  

and t h e  hands were i n  t h e  l a p .  The s u b j e c t s  p u l l e d  a g a i n s t  a  f o r c e -  

measurement t r a n s d u c e r  a t t ached  t o  a  headband; t h e  headband was p o s i t i o n e d  

i n  t h e  plane of t h e  head c e n t e r  of g r a v i t y .  Sub jec t s  h e l d  t h e  e x e r t i o n  

f o r  5-10 seconds and were given a  r e s t  p e r i o d  of 1-2 minutes between t r i a l s .  

Only one t r i a l  was conducted f o r  each c o n d i t i o n ,  and t h e  paper does n o t  

spec i fy  i f  t h e  s t r e n g t h  r e p o r t e d  i s  maximum seen i n  t h e  t r i a l  o r  an 

average over a  s p e c i f i c  t ime p e r i o d .  I n  a d d i t i o n  t o  t e s t s  s i m i l a r  t o  

those  conducted i n  t h i s  s tudy ,  Marotzky conducted "maximum e f f o r t "  t e s t s  w i t h  

t h e  arms braced and adding t o  t h e  s t r e n g t h .  



Table  3-19 con ta ins  a  comparison of t e s t  r e s u l t s  f o r  s i m i l a r  s u b j e c t  

groupings .  Agreement i s  e x c e l l e n t  between t h e  two s t u d i e s  f o r  t h e  r e s u l t s  

wi th  young s u b j e c t s  under s i m i l a r  t e s t i n g  cond i t ions .  Extensor s t r e n g t h  

r e s u l t s  f o r  Marotzky a r e  23% h igher  than f o r  t h i s  s tudy ,  sugges t ing  t h a t  

t h e  l a p  b e l t  h i s  s u b j e c t s  wore allowed more back muscles t o  e x e r t  f o r c e  

than  i n  t h i s  s tudy  wi th  no l a p  b e l t  i n  u s e .  There i s  wide disagreement ,  

however, between t h e  two s t u d i e s  wi th  r e s p e c t  t o  r e s u l t s  f o r  e l d e r l y  

s u b j e c t s .  IIHS s u b j e c t s  were f o u r  t imes  s t r o n g e r  f o r  f l e x o r s  and t h r e e  

t imes s t r o n g e r  f o r  ex tensors .  Table 3-20 t a b u l a t e s  t h e  percentage l o s s  

with age between t h e  two s t u d i e s .  

Marotzky a l s o  c i t e s  a  s tudy  i n  which percentage l o s s  from t h e  arms i s  

expected t o  be approximately 40%. The extreme degrada t ions  of s t r e n g t h  

sugges t s  e i t h e r  t h a t  t h e r e  a r e  g r e a t  e t h n i c  d i f f e r e n c e s  between e l d e r l y  

Americans and Germans o r  t h a t  severe  mot ivat ion e f f e c t s  were encountered 

among Marotzky's e l d e r l y  s u b j e c t s .  A c e r t a i n  amount of c a u t i o n  was noted 

among many e l d e r l y  IIHS s u b j e c t s  a l s o  ( p a r t i c u l a r l y  f e m a l e s ) ,  b u t  t h e  d a t a  

were not  a s  s u b s t a n t i a l l y  a f f e c t e d .  

Martozky a l s o  examined t h e  c o r r e l a t i o n  of weight and s t a t u r e  v s  

s t r e n g t h ,  us ing  t h e  maximum e f f o r t  (arms b r a c e d )  r e s u l t s .  He found "no 

r e l a t i o n s h i p "  between s t a t u r e  and s t r e n g t h ,  b u t  s i g n i f i c a n t  c o r r e l a t i o n  

( a  = .05) between weight and s t r e n g t h .  The c o r r e l a t i o n  c o e f f i c i e n t s  a r e  

compared i n  Table 3-21 f o r  t h e  two s t u d i e s .  It i s  i n t e r e s t i n g  t o  no te  

t h a t  bo th  t h e  p a t t e r n  o f  s i g n i f i c a n c e  and t h e  v a l u e  o f  t h e  c o r r e l a t i o n  

c o e f f i c i e n t s  a r e  s i m i l a r ,  even where t h e  a b s o l u t e  v a l u e s  o f  t h e  somewhat 

d i s s i m i l a r  t e s t s  a r e  q u i t e  d i f f e r e n t .  



Table 3-19 

Comparison of S t r e n g t h  Tes t  R e s u l t s  

A v e r a g e  s t r e n g t h , '  l b f .  

F l e x o r s  E x t e n s o r s  

M a r o t z k y ,  M a r o t z k y ,  
I I H S ~  M a r o t z k y  w i t h  b r a c -  I I H S  M a r o t z k y  w i t h  b r a c -  

ing * 

F e m a l e s  
y o u n g 2  1 9 . 4  1 8 . 0  2 1 . 6  2 7 . 0  3 2 . 8  4 6 . 9  

( 5  2 )  ( 8 . 6 )  ( 7 . 5 )  ( 9 . 2 )  

o l d e r  1 3 . 8  4 . 4  6 . 1  2 2 . 8  7 . 0  1 1 . 2  
( 5 . 1 )  ( 3 . 5 )  ( 8 . 3 )  ( 5  5 )  

M a l e s  
y o u n g  3 2 . 4  3 2 . 1  3 9 . 6  3 7 . 7  4 6 . 6  8 0 . 1  

( 1 0 . 0 )  ( 1 2 . 1 )  ( 9 . 3 )  ( 2 2 . 0 )  

o l d e r  2 6 . 3  6 . 4  1 1 . 4  3 3 . 9  1 1 . 6  1 8 . 9  
( 7  3 )  ( 8 . 1 )  ( 8 . 0 )  ( 1 0 . 3 )  

N o t e s  : 

l s t a n d a r d  D e v i a t i o n  r e p o r t e d  b y  M a r o t z k y  o n l y  f o r  rnaxi-  
mum e f f o r t  t r i a l s .  

2 ~ g e  d e f i n i t i o n s  : M a r o t z k y  s u b j e c t s  I I H S  s u b j e c t s  

~ ( e q u i v )  - a v e r a g e  r a n g e  N a v e r a g e  r a n g e  - 

F e m a l e ,  y o u n g  3 3  2  1 1 9 - 3 1  30  2 1 . 9  1 8 - 2 5  
o l d e r  5 5  7  5 4 9 - 9 0  3 1  6 6 . 3  6 1 - 7 4  

M a l e ,  y o u n g  70 2  3  1 9 - 3 7  30  2 1 . 4  1 8 - 2 6  
o l d e r  45  7  4  5 0 - 8 9  27 6 8 . 6  6 2 - 7 4  

3~~~~ a n d  M a r o t z k y  a r e  c o m p a r a b l e  t e s t  c o n d i t i o n s .  M a r o t -  
zky  a l s o  r e p o r t e d  maximum e f f o r t  r e s u l t s  w i t h  h a n d s  
b r a c e d  a n d  a r m s  e x e r t i n g  e f f o r t .  



Table 3-20 

Percentage Loss of S t reng th  wi th  Age 

F l e x o r s  E x t e n s o r s  
M a r o t . ,  w -  M a r o t .  ,w. 

I I H S  M a r o t .  b r a c i n g  I I H S  M a r o t .  b r a c i n g  - 
F e m a l e s  2 8 . 9  7 5 . 8  7 0 . 0  1 5 . 6  7 8 . 5  7 6 . 5  

M a l e s  1 8 . 9  8 0 . 2  7 3 . 0  1 0 . 1  7 5 . 0  7 5 . 5  

N o t e :  D a t a  f o r  y o u n g  s u b j e c t s  = 1 0 0 % .  

Table  3-21 

Comparison of C o r r e l a t i o n  C o e f f i c i e n t s  
between Weight and S t r e n g t h  

F l e x o r s  E x t e n s o r s  

M a r o t z k y ,  M a r o t z k y  , 
I I H S  w i t h  b r a c i n g  - I I H S  w i t h  b r a c i n g  

F e m a l e s ,  y o u n g  . 2 8 ( N . S . )  N.S.  . 3 3 ( N . S . )  . 3 7 *  
o l d e r  . 4  3* N.S .  . 1 7 ( N . S . )  N .S .  

M a l e s ,  y o u n g  . 5 2 *  . 6 4 *  . 5 0 *  . 2 7 *  
o l d e r  . 4 2 *  . 3 7 *  . 3 2 ( N . S . )  . 3 2 *  

N . S .  = n o t  s i g n i f i c a n t  a t  a = . 0 5  

* = s i g n i f i c a n t  a t  5 %  l e v e l  



In summary, these  two s tud ie s  were conducted independently i n  d i f f e r -  

en t  countr ies  but using s imi la r  techniques. They achieved very comparable 

r e s u l t s  f o r  young subject  groups and widely d i f f e r i n g  r e s u l t s  f o r  older  

sub jec t s .  The degree of comparability ind ica tes  t h a t  neck muscle s t rength  

f o r  younger ind iv idua ls  has been well-defined. The d i s p a r i t y  of r e s u l t s  

f o r  e lde r ly  subjec ts  remains unresolved. 

E. Neck Muscle Response t o  Low Levels of Acceleration 

In analyzing and present ing the  r e s u l t s  of t he  neck response port ion 

of t he  s tudy,  severa l  areas of i n t e r e s t  were explored. F i r s t ,  t h e  two 

time components of response were defined-reflex time and muscle force  

buildup time--which when combined equal r eac t ion  time. Second, s ince  

care had keen taken t o  "ca l ib ra t e "  t h e  r e l a t i onsh ip  between EMG s igna l s  

and developed muscle tens ion ,  a  substudy was undertaken t o  use t h a t  re -  

l a t i onsh ip  t o  est imate t h e  tens ion  developed by t h e  sternomastoid muscles 

during t h e  impulsive r e f l e x  time t e s t .  F ina l ly ,  a b r i e f  examination of 

t h e  acce lera t ion  d a t a  was conducted. These t h r e e  top ic s  a r e  discussed i n  

order i n  t h i s  Sect ion.  

1. Reflex Time and Reaction Time of Neck Muscles. The methods used 

t o  impart a  cont ro l led  jerk t o  t h e  head and t o  reduce t h e  d a t a  were des- 

cr ibed i n  Section 2.D. Reflex times and time t o  maximum dece le ra t ion  of 

t he  head (which i s  equivalent t o  zero rearward ve loc i ty ,  maximum rearward 

movement of the head and t o t a l  muscle reac t ion  time) were obtained from the  

s t r i p -cha r t  records.  Summaries of r e s u l t s  f o r  r e f l e x  time, muscle force  

buildup time, and t o t a l  r eac t ion  time a r e  presented f o r  t he  appropriate  

subject  categories  i n  Appendix E .  



Ref lex  t e s t  r e s u l t s  f o r  both  f l e x o r  and extensor  muscles a r e  pre- 

sen ted  i n  Table 3-22. I n  computing t h e s e  v a l u e s ,  t h e  r e f l e x  t ime s p e c i f i e d  

f o r  a  g iven i n d i v i d u a l  i s  t h e  average of a t  l e a s t  t h r e e  t r i a l s ,  each having 

s i m i l a r  r e s u l t s .  

For t h e  f l e x o r  ( s t e rnomas to id )  muscles,  Table 3-22 shows t h a t  males 

and females t end  t o  have d i f f e r e n t  r e f l e x  t i m e s ,  t h a t  r e f l e x e s  degrade 

somewhat wi th  age,  and t h a t  t h e r e  i s  l i t t l e  apparent s t a t u r e  e f f e c t .  

S t a t i s t i c a l  a n a l y s i s  v e r i f i e s  t h e s e  observa t ions :  s i g n i f i c a n t  d i f f e r e n c e s  

between means ( a  = ,0005) a r e  found f o r  s u b j e c t s  grouped by sex  and by age.  

There a r e  no s i g n i f i c a n t  d i f f e r e n c e s  found f o r  o t h e r  s u b j e c t  groupings .  

Figure  3-4 ( l e f t  bar  c h a r t )  was t h e n  prepared t o  i l l u s t r a t e  t h e  r e l a t i o n -  

sh ips  f o r  s u b j e c t s  grouped by sex  and age.  I n  each age group, females 

had f a s t e r  r e f l e x e s  than  males. Reflexes became slower wi th  i n c r e a s i n g  

age,  al though males slow g r a d u a l l y  i n  a l l  age groups and females slow 

a f t e r  middle age.  Female f l e x o r s  slow by 16% between young and e l d e r l y  

groups ; males ,by 23%. O v e r a l l ,  females average 15% f a s t e r  r e f l e x e s  t h a n  

males.  S l i g h t l y  d i f f e r e n t  p a t t e r n s  emerge f o r  t h e  extensor  muscles.  

Table 3-22 r e v e a l s  l i t t l e  d i f f e r e n c e  due t o  sex  and s t a t u r e ,  whi le  t h e  age 

v a r i a t i o n  remains l a r g e .  Analysis  of v a r i a n c e  r e s u l t s  i n d i c a t e  no s i g -  

n i f i c a n t  d i f f e r e n c e  i n  means due t o  s e x ,  h igh ly  s i g n i f i c a n t  d i f f e r e n c e  f o r  

age ( a  = .0005) and a  s t a t u r e  d i f f e r e n c e  ( a  = . 0 1 ) .  Also,  t h e  a n a l y s i s  

i n d i c a t e d  t h a t  t h e  e igh teen  means f o r  s u b j e c t s  grouped by s e x ,  age,  and 

s t a t u r e  were s t a t i s t i c a l l y  d i f f e r e n t  a t  t h e  a = -05 l e v e l .  Th i s  r e s u l t  

has l i t t l e  p r a c t i c a l  s i g n i f i c a n c e  s i n c e  most o f  t h e  v a r i a t i o n  i s  a t t r i -  

bu tab le  t o  age.  The d a t a  f o r  groupings by sex  and age a r e  p l o t t e d  i n  

Figure  3-4 ( r i g h t  b a r  c h a r t )  and show t h a t  females s t i l l  have f a s t e r  

r e f l e x e s  throughout l i f e  than  males ,  b u t  t h e  d i f f e r e n c e  i s  l e s s  t h a n  f o r  



Table 3-22 

Neck Muscle Reflex Time 

FLEXOE * EXTENSORS * 
(weight dropped (weight dropped 
behind head) in front of head) 

" - 
Subject Groups N x S . D .  N x S.D. 

Females 

Males 

Females 

Males 

A l l  Females 

A l l  Males 

A l l  Subjects 

*Note: Dimensions in milliseconds 
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f l exo r s .  The same aging pa t t e rn  a s  with f lexors  is  a l so  noted,  though not 

t o  t h e  same degree. Female extensor re f lexes  slow by 23% over the  age 

spans measured, and males slow by 24%.  

Extensor r e f l exes  a r e  f a s t e r  than those of the  f lexors .  In every 

category i n  Table 3-22 (except t a l l  e lde r ly  males) the  extensors  have 

s l igh t ly- to-s igni f icant ly  sho r t e r  r e f l e x  times, Comparing t h e  da t a  f o r  

a l l  subjec ts  combined, extensors r e f l e x  10% f a s t e r .  The mean r e f l e x  times 

a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  t he  a = .05 l eve l .  

Coupled with r e f l e x  time is  the muscle contract ion,  o r  fo rce  bui ldup,  

time. For t h i s  study cont rac t ion  time was determined by sub t r ac t ing  r e f l e x  

time from reac t ion  time. Average cont rac t ion  times, contained i n  Appendix E ,  

show l i t t l e  d i f fe rence .  The range f o r  f lexors  i s  from 50 t o  69 m s  (average 

6 1  ms). For extensors ,  the range i s  from 60 t o  76 m s  (average 69 ms). Anal- 

y s i s  of variance revealed no s i g n i f i c a n t  d i f fe rences  f o r  any sub jec t  s t r a t i -  

f i c a t i o n  f o r  contract ion times of e i t h e r  f l exo r s  o r  extensors .  Apparently, 

sex ,  age, o r  muscle loca t ion  have l i t t l e  e f f e c t  on the  r a t e  a t  which muscles 

develop tension.  It should be noted t h a t  t h i s  cont rac t ion  time i s  not  t he  

time required f o r  maximum muscle tens ion .  The forces  appl ied t o  t he  head 

were not enough t o  r equ i r e  a  maximum muscle r eac t ion  e f f o r t .  

As noted above, the  r eac t ion  time was defined a s  t he  time from s t a r t  

of head acce lera t ion  t o  the  point  of maximum head dece l e ra t ion  (see Figure 

2-16). Average reac t ion  times f o r  t h i s  study a r e  shown i n  Table 3-23. 

They tend t o  follow the pa t t e rn  es tab l i shed  by r e f l e x  time, s i n c e  con- 

t r a c t i o n  time was f a i r l y  constant  f o r  d i f f e r e n t  subjec t  groups. Sta- 

t i s t i c a l  analysis  of f lexor  muscle r eac t ion  times continues t o  show 



Table 3-23 

Neck Muscle Reaction Time 

EXTENSORS * 
Subj ec t Groups 

- 
N x S.D. N x S.D. 

Females 

Males 

Females 

Males 

All Females 

All Males 

All Subjects 

*Note: Dimensions are in milliseconds 



s i g n i f i c a n t  d i f fe rences  among means f o r  sex and age categories  (a = .0005). 

However, f o r  extensors ,  age is  the  only category i n  which means d i f f e r  s ig -  

n i f i c a n t l y  (a = ,0005). The con t r a s t s  of slower re f lexes  and f a s t e r  con- 

t r a c t i o n  time f o r  f lexors  and f a s t e r  r e f l exes  but  slower cont rac t ion  f o r  

extensors  r e s u l t  i n  v i r t u a l l y  i d e n t i c a l  reac t ion  times o v e r a l l  f o r  both 

groups of muscles. This means t h a t  the time from impulse t o  end of head 

motion i s  t he  same f o r  both neck f l exo r s  and neck extensors .  

In  a  sudden impulsive movement, i t  i s  probable t h a t  as t h e  muscles 

r e a c t ,  they could e a s i l y  over-correct ,  moving the  head pas t  the  n e u t r a l  

pos i t i on  t o  one of i n s t a b i l i t y  i n  t he  d i r e c t i o n  opposi te  t o  t h e  i n i t i a l  

impulse. A t  t h i s  point i t  would be necessary f o r  t he  antagonist  muscle 

t o  r eac t  t o  compensate f o r  the  over-correction. Since both groups of neck 

muscles were continuously monitored by EMG, a  l imi ted  inves t iga t ion  of t he  

da t a  was conducted t o  learn  i f  t h i s  over-correction phenomenon occurred 

a f t e r  low-level impulses. Data from the  subgroup of 24 sub jec t s  used t o  

develop EMG s t r eng th  r e l a t i onsh ips  ( t o  be discussed i n  t he  following sec- 

t i on )  were examined. What was considered t o  be a  r e f l e x  of t h e  an tagonis t  

muscles was observed i n  a t  l e a s t  one t r i a l  f o r  t h i r t e e n  of those sub jec t s ,  

i nd i ca t ing  t h a t  even low-level forces  could induce an an tagonis t  r e f l e x .  

The d i f fe rence  i n  times between the  primary and an tagonis t  r e f l e x e s  was 

ca lcu la ted .  The r e s u l t s  were inconclusive;  d i f f e r ence  times ranged from 

only 14 ms t o  over 90 m s  with no obvious mode i n  t he  d i s t r i b u t i o n .  

2 .  Analysis of Electromyographic Data. Electromyograms a r e  produced 

when a  muscle f i b e r  i s  ac t iva t ed .  Whether caused by s t r e t c h i n g  of t he  

muscle spindles  i n  the s t r e t c h  r e f l e x  loop o r  by voluntary a c t i o n  from 

higher  c e n t r a l  nervous system cen te r s ,  when the  motoneuron s t imula tes  a  



muscle f i b e r ,  d e p o l a r i z a t i o n  of t h a t  f i b e r  and a  measurable e l e c t r i c a l  

d i s c h a r g e  occur.  By record ing  t h e  amplitude of  t h e  r e s u l t i n g  EMG 

s i g n a l  from t h e  s k i n  near  t h e  muscle,  it i s  p o s s i b l e  t o  e s t i m a t e  t h e  

f o r c e s  e x e r t e d  by t h e  muscles.  By no t ing  t h e  beginning nnd ending o f  an 

EMG epoch, it i s  p o s s i b l e  t o  p r e d i c t  t h e  l e n g t h  o f  a  c o n t r a c t i o n  p e r i o d .  

The a p p l i c a t i o n  of t h e s e  two c h a r a c t e r i s t i c s  o f  EMG t o  t h e  d a t a  ga thered  

i n  t h i s  s t u d y  w i l l  be d i scussed  i n  t h i s  s e c t i o n .  

The f o r c e  developed i n  a  muscle appears t o  b e  p r o p o r t i o n a l  t o  t h e  

amplitude of t h e  summed muscle a c t i o n  p o t e n t i a l s  (EMG) , a s  d e t e c t e d  by 

e l e c t r o d e s  on t h e  s k i n  l o c a t e d  over t h e  musc le ' s  a c t i v e  t i s s u e  ( ~ i g l a n d  

and Lippold,  1954 ; Chapman and Troup, 1969 ; and Lippold,  1952) . The 

q u a n t i t a t i v e  r e l a t i o n s h i p  between a  muscle ' s  v o l i t i o n a l  f o r c e  and t h e  

measured EMG amplitude v a r i e s ,  however, wi th  s e v e r a l  known f a c t o r s .  These 

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

l e n g t h  o f  muscle,  and t h e  placement o f  t h e  e l e c t r o d e s .  A person who can 

develop h igh  s t r e n g t h s  r e q u i r e s  p r o p o r t i o n a l l y  fewer numbers of a c t i v e  

motor u n i t s  f o r  a  g iven l o a d ;  hence,  a s m a l l e r  ampl i tude EMG develops a t  

d i f f e r e n t  submaximal l o a d s  t h a n  would occur  w i t h  a  weaker person.  When a  

muscle f i b e r  i s  f a t i g u e q i t s  a b i l i t y  t o  develop c o n t r a c t i l e  t e n s i o n  upon 

f h r t h e r  s t i m u l a t i o n  decreases .  The r e s u l t  i s  t h a t  g r e a t e r  frequency o f  

s t i m u l a t i o n ,  t o g e t h e r  w i t h  rec ru i tment  of o t h e r  motor u n i t s ,  i s  necessa ry  

t o  compensate f o r  t h e  l o s s  of t e n s i o n - p o d u c i n g  c a p a b i l i t y  i n  f a t i g u e d  

muscle f i b e r s .  For t h i s  reason f a t i g u e  causes  an  i n c r e a s e  i n  t h e  ampli-  

t u d e  of t h e  EMG. The maximum t e n s i o n  t h a t  ccn be  developed by a  muscle 

decreases  a s  i t  i s  s t r e t c h e d  o r  shol'tened r e l a t i v e  +,o t h e  normal r e s t i n g  

l e n g t h .  This  c h a r a c t e r i s t i c  o f  t h e  muscle modi f i es  muscle f i b e r  r e c r u i t -  

ment p a t t e r n s  and w i l l  a f f e c t  t h e  EMG s i g n a l .  L a s t l y ,  t h e  p o s i t i o n  of t h e  



e lec t rodes  w i l l  a f f ec t  t h e  EMG, because EMG amplitude i s  propor t iona l  t o  

t h e  d l s tnnce  between thc  muscle and the  e lec t rode .  

With t h e s e  f ac to r s  i n  mind, t h e  s t r eng th  t e s t i n g  por t ion  of t h e  s tudy 

was designed t o  measure t h e  degree of muscle a c t i v i t y  i n  t h e  neck/head 

f lexor  muscles during isometr ic  cont rac t ions  a t  varying force  l e v e l s .  It 

was bel ieved t h b t  i f  an acceptable q u a n t i t a t i v e  r e l a t i o n s h i p  between EMG 

amplitude and muscle load could be obtained i n  t h e  s t a t i c  t e s t s ,  it could 

be used t o  p red ic t  t h e  muscle tens ions  during cont ro l led  dynamic t e s t s .  

Muscle s t r e n g t h  and corresponding EMG s igna l s  were obtained as  des- 

cr ibed i n  Sect ion 2.E. Data reduction involved determination of a  mean 

force  exerted by each subject  f o r  each requested l e v e l .  The mean EMG 

power was obtained by a computerized algorithm. This requi red  t h e  EMG 

s i g n a l  during t h e  middle t h r e e  seconds of exer t ion  t o  be converted t o  am- 

p l i t u d e  l e v e l s  Ai a t  i n t e r v a l s  of every 6 ms, thus  y i e ld ing  500 d i g i t a l  

samples f o r  each exer t ion  epoch. These were then r e c t i f i e d  ( t r e a t e d  a s  

p o s i t i v e  values only)  and were checked f o r  excessive peak va lues  which 

would i n d i c a t e  poss ib le  s a tu ra t ion  of t h e  ampl i f ie rs  o r  FM t a p e  recorder  

used t o  s t o r e  t h e  analog s i g n a l s .  Any DC o f f s e t  was a l s o  sub t r ac t ed  f'rom 

t h e  va lues .  The EMGmS amplitude over t h e  three-second period was then  

computed as :  

A p l o t  of t h e  r e s u l t i n g  EMG values f o r  t h e  var ious  exe r t i on  l e v e l s  
RMS 

i s  given i n  Figure 3-5 f o r  t h e  35-44 age group of male volunteers  i n  t h e  



s tudy .  The regress ions  i n d i c a t e  t h a t  t h e  r e l a t i o n s h i p  can b e  t r e a t e d  as  

being l i n e a r ,  and a  simple forced-zero i n t e r c e p t  model i s  adequate .  

What i s  a l s o  dep ic ted  i n  Figure  3-5 i s  a  s i g n i f i c a n t  v a r i a n c e  i n  t h e  

r e l a t i o n s h i p  between t e s t  r e s u l t s  under i d e n t i c a l  cond i t ions  f o r  d i f f e r e n t  

male s u b j e c t s  of s i m i l a r  age.  This va r iance  must be  even f u r t h e r  recog- 

nized when t h e  t o t a l  sample i s  considered,  a s  dep ic ted  i n  Figure  3-6 by 

t h e  forced-zero r e g r e s s i o n  l i n e s  and t h e i r  r e s p e c t i v e  s l o p e  c o e f f i c i e n t s .  

A co-variance a n a l y s i s  of t h e s e  d a t a  i n d i c a t e d  t h a t  n e i t h e r  sex ,  age ,  

nor s t a t u r e  removed a s i g n i f i c a n t  amount of t h e  v a r i a n c e  i n  t h e  r e l a t i o n -  

s h i p .  Hence one must conclude t h a t ,  even wi th  good c o n t r o l s  and s tandard-  

i z e d  procedures ,  t h e  use  of EMG l e v e l s  t o  p r e d i c t  p r e c i s e  muscle load-  
ms 

ings  f o r  a given i n d i v i d u a l  w i l l  not  be p o s s i b l e  wi thout  f i r s t  c a l i b r a t i n g  

t h e  pe rson ' s  EMG l e v e l  by use  of a  s e t  of graded s tandard ized  loads  i n  
RMS 

t h e  p o s i t i o n  o f  i n t e r e s t .  Once t h i s  i s  done, however, it i s  be l i eved  t h a t  

t h e  r e s u l t i n g  EMG l e v e l s  can be a u s e f u l  r e s e a r c h  t o o l  i n  c o n s t r u c t i n g  
RMS 

b e t t e r  biomechanical  models. The b a s i s  f o r  t h i s  i s  t h a t  f o r  a  given t e s t  

s e s s i o n  and i n d i v i d u a l  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  u s u a l l y  averaged l e s s  

t h a n  s i x  pe rcen t  i n  t h e  t e s t s  j u s t  d e s c r i b e d .  I n  o t h e r  words, once an 

E M ~ ~ / F o r c e  r e l a t i o n s h i p  has been developed f o r  a  given person dur ing a  

t e s t  s e s s i o n ,  it i s  p r e c i s e  enough t o  a l low subsequent EMG l e v e l s  t o  be 
RMS 

used as  p r e d i c t o r s  of t h e  muscle a c t i v a t i o n  l e v e l s  i n  subsequent t e s t s .  

The use  of EMG t o  determine s t r e t c h  r e f l e x  t imes  of t h e  neck f l e x o r  

muscles was d i scussed  i n  t h e  previous  s e c t i o n .  However, when t h e  EMG / RMS 

f o r c e  r e l a t i o n s h i p  was e s t a b l i s h e d  f o r  a  s u b j e c t  , t h e  EMG s i g n a l  could 

a l s o  be used t o  e s t i m a t e  t h e  f o r c e  developed by t h e  muscle dur ing  a r e f l e x  
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EXERTION FORCE AGAINST HEADBAND ( L b f )  

Figure 3-5. EMC, of sternomastoid muscle vs. exertion force levels 
RMS 

against headband by male subjects, age 35-44. 

FORCE EXERTED AGAINST HEADBAND (Lbf ) 

F i g u r e  3 - 6 .  EMGmS forced-zero regressions versus exertion force 

levels for total subject group. The mean regression slopes are for 
all males and all females; the minimum and maximum slopes are the 
extremes for individual subjects. 



t e s t .  As w i l l  be  d i scussed  i n  t h e  next c h a p t e r ,  both  t h e  r e f l e x  t ime and 

t h e  s t r e n g t h  of muscle response can be important i n  m i t i g a t i n g  t h e  e f f e c t s  

o f  a  s u r p r i s e  rear-end c o l l i s i o n .  

The method f o r  e s t i m a t i n g  muscle f o r c e  dur ing  a  r e f l e x  t e s t  was ap- 

p l i e d  t o  a subgrouping of 24 s u b j e c t s  wi th  r e p r e s e n t a t i o n  from a l l  s e x ,  

age,and s t a t u r e  groups.  The procedure f o r  e s t i m a t i n g  t h e  dynamic muscle 

f o r c e  response e n t a i l e d  d i g i t i z i n g  t h e  EMG s i g n a l s  ob ta ined  d u r i n g  t h e  

r e f l e x  t e s t s  and computing t h e  RMS amplitudes of t h e  EMG d u r i n g  t h e  

i n i t i a l  response t o  t h e  head j e r k .  These amplitude va lues  were compared 

t o  t h e  v a l u e s  ob ta ined  dur ing  t h e  s t a t i c  c a l i b r a t i o n  t e s t s ,  wherein t h e  

r e l a t i o n s h i p  EMG a S t a t i c  Load i s  assumed wi th  t h e  p r o p o r t i o n a l i t y  
RMS 

cons tan t  ( a  r e g r e s s i o n  s l o p e )  g iven by t h e  e a r l i e r  s t a t i c  t e s t s  of t h e  

i n d i v i d u a l .  Thus : 

Dynamic Muscle Load = b(EMG ) RMS 

where 
b :  p r o p o r t i o n a l i t y  cons tan t  based on s t a t i c  t e s t s  o f  same 

s u b j e c t .  

EMGms: RMS amplitude of EMG's d u r i n g  c o n t r a c t i o n  fo l lowing  
head j e r k  . 

Dynamic Muscle Load: P r e d i c t i o n  o f  l o a d  developed by a c t i v e  
muscle c o n t r a c t i o n  d u r i n g  j e r k  t e s t s  
of i n d i v i d u a l .  

Appl ica t ion  of t h e  t echn ique  i s  i l l u s t r a t e d  by t h e  fol lowing two 

examples. 

Example One: The one pound l o a d  used t o  j e r k  t h e  head was dropped 6 

i n c h e s ,  developing a  peak a c c e l e r a t i o n  (upper  acce le romete r )  of 0.95 g .  

A f t e r  40 m s  t h e  s ternomastoid  muscles became a c t i v e ,  and dur ing t h e  next  

62 ms developed an EMG of  22.4 pv. S ince  t h i s  i n d i v i d u a l ' s  s t a t i c  RMS 



EIdG/Force r e l a t i o n s h i p  showed a  regress ion  s lope of 3 .6 ,  it was estimated 

t h a t  t h e  muscles then provided an average stopping fo rce  of 6.2 l b s ,  which 

was probably t h e  major component providing dece lera t ion  of t h e  head. 

Example Two: The je rk  load was dropped i n  a s imi l a r  fash ion  a s  case 

one with a s i m i l a r  r e s u l t i n g  head acce l e ra t ion  of 1.1 g.  I n  t h i s  case,  

however, very  l i t t l e  muscle response was observed. Subsequent ana lys i s  

revealed t h a t  t h e  muscles developed an EMG of 5 . 5  pv f o r  a  per iod of 
RMS 

24 ms. The s t a t i c  EMG/Force r e l a t i o n s h i p  f o r  t h i s  i nd iv idua l  had a  re -  

gress ion  s lope  of 7 .1.  I n  t h i s  case,  t h e  muscles were est imated t o  exer t  

an average s topping force  of only 1.1 l b s . ,  i n d i c a t i n g  t h a t  t h e  muscles 

were probably not t h e  major dece l e ra to r  of t h e  head. 

This technique was appl ied t o  t h e  d a t a  from 16  s u b j e c t s .  The e s t i -  

mates ranged from a force  of v i r t u a l l y  zero (no a c t i v e  muscle r e f l e x  

generated--al l  force  d i s s ipa t ed  i n  pass ive  t i s s u e )  t o  a s  high a s  26 l b s .  

The average fo rce  estimated was 5.6 l b s .  f o r  males and 9.6 l b s .  f o r  fe -  

males. While t h e  sample s i z e  was small  and t h e  v a r i a b i l i t y  between sub- 

j e c t s  was l a r g e ,  t hese  l imi t ed  r e s u l t s  tend  t o  i n d i c a t e  t h a t  females must 

exer t  a  g r e a t e r  muscle force  than  males t o  adequately respond t o  a  given 

impulse . 

The fo rce  es t imat ion  method descr ibed above was combined wi th  obser- 

va t ions  of t h e  unprocessed EMG s i g n a l  t o  a s se s s  whether dynamic and i so-  

metr ic  muscle responses ( a s  evidenced by EMG) a r e  t h e  same. The d a t a  from 

f i v e  subjec ts  were used f o r  t h e  s tudy.  Af te r  t h e  muscle fo rce  was calcu- 

l a t e d  f o r  a  r e f l e x  t e s t ,  t h e  r e f l e x  and i sometr ic  t e s t  EMG s i g n a l s  were 

c lose ly  compared. Inva r i ab ly ,  t h e  s i g n a l  c h a r a c t e r i s t i c s  (ampli tude,  



apparent  p e r i o d ,  e t c  . ) c l o s e l y  resemble each o t h e r  a t  equivalent  f o r c e  

l e v e l s .  While t h i s  observat ion i s  c e r t a i n l y  not  p roof ,  it i s  an i n d i c a t i o n  

t h a t  t h e  response of a  muscle d e t e c t a b l e  by EMG s u r f a c e  e lec t rodes  i s  t h e  

same whether t h e  muscle i s  a c t i v a t e d  by dynamic ( s t r e t c h  r e f l e x )  cond i t ions  

o r  by i s o m e t r i c  (vo lun ta ry)  cond i t ions .  

3. Accelera t ion Resu l t s .  The a c c e l e r a t i o n s  recorded dur ing t h e  r e f l e x  

t e s t s  were in tended t o  be used only  a s  i n d i c a t o r s  of head motion f o r  t h e  

purpose o f  c a l c u l a t i n g  s t r e t c h  r e f l e x  t ime .  Since  t h e  head motions invo l -  

ved were bo th  t r a n s l a t i o n a l  and r o t a t i o n a l ,  t h e  two u n i a x i a l  accelerometers  

could no t  be expected t o  record  t h e  a b s o l u t e  l i n e a r  and angular  acce l -  

e r a t i o n s  experienced by t h e  s u b j e c t s .  However, t h e  cons i s tency  of t e s t i n g  

technique does a l low t h e  d a t a  t o  be used i n  a  r e l a t i v e  manner. Table 3-24 

i s  a  compila t ion of r e s u l t s  o f  peak d e c e l e r a t i o n  of t h e  head as  measured 

by t h e  accelerometer  a t  t h e  t o p  of t h e  headpiece .  The r e s u l t s  i n d i c a t e  

t h a t  r e l a t i v e l y  l e s s  d e c e l e r a t i o n  f o r c e  was exper ienced by t a l l e r  s u b j e c t s ,  

i n  bo th  f l e x o r  and extensor  t e s t s .  Resu l t s  a r e  s i m i l a r  between males and 

females ,nor  i s  any c o n s i s t e n t  aging e f f e c t  seen .  It i s  no tab le  t h a t  t h e  

o v e r a l l  average d e c e l e r a t i o n  f o r  b o t h  f l e x o r s  and ex tensors  was t h e  same 

a t  0.96 g  a s  measured. This matches t h e  s i m i l a r i t y  of r e a c t i o n  t ime 

r e s u l t s  (132 ms f o r  f l e x o r s ,  134 ms f o r  e x t e n s o r s ) .  The corresponding 

r e s u l t s  f o r  a c c e l e r a t i o n  o f  t h e  head due t o  impulse load ing  by t h e  weight 

were a  peak of 0.77 g  and time-to-peak of 38 m s  (same f o r  both  muscle 

g roups) .  The t e s t  procedures followed t h e  g u i d e l i n e  of dropping t h e  

weight t h e  minimum d i s t a n c e  (and thus  applying the  minimum force)  necessary 

t o  achieve a  d e f i n i t i v e  r e f l e x .  These r e s u l t s ,  t h e n ,  i n d i c a t e  t h a t  t h e  

a c c e l e r a t i o n  l e v e l s  r e q u i r e d  t o  e l i c i t  t h e  i n v o l u n t a r y  s t r e t c h  r e f l e x  o f  

t h e  neck muscles a r e  approximately t h e  same f o r  bo th  f l e x o r s  and ex tensors .  



Table 3-24 

Peak Deceleration of t h e  Head d u r i n g  Ref lex  Test 

FLEXORS * - E X T E N S O R S  * - 
Subjec t  Groups N x S.D. N x S.D. 

Females 

18-24 1-20%11e 10  1 . 1 0  . 2 4  1 0  1 . 0 5  . 2 5  

Males 

Females 

Males 

A l l  Females 

A l l  Males 

! A l l  Sub jec t s  1 7 3  . 9 6  - 1 9  1 7 3  - 9 5  . 2 1  



CHAPTER 4 

BIOMECHANICAL MODELDIG USING TEST wS?JLTS 

A .  Introduct ion and Objectives of Mathematical Modeling 

The da ta  gathered i n  this s tudy  were intended t o  be of p r a c t i c a l  

use t o  other researchers  and u l t ima te ly  t o  designers  of p ro t ec t ive  

systems. The a rea  of immediate appl ica t ion  of t he  r e s u l t s  is  t h a t  of 

biomathematical modeling of ce rv i ca l  response. The objec t ive  of t h i s  

por t ion  of t he  s tudy was t o  u s e  the r e s u l t s  with a s p e c i f i c  model and 

explore the e f f e c t s  of body s i z e ,  range of motion, and muscle s t r eng th  

on the  body's response t o  a simulated rear-end c o l l i s i o n .  

There a r e  s eve ra l  approaches t o  mathematical modeling of impact 

response. The region of the  body t h a t  i s  t o  be  s tudied  may be  i so l a t ed  

and i t s  response ca lcu la ted  based on spec i f ied  inpu t s .  This method may 

be f a i r l y  simple or  highly complex, depending on how much d e t a i l  i s  in- 

cluded. Another method is  whole-body response, i n  which the  body region 

of i n t e r e s t  i s  examined i n  i t s  r e l a t i o n  t o  t he  remainder of t h e  body. 

krhole-body response modeling, even using f a i r l y  gross  segmentation, i s  

complex, s ince  many j o i n t s  and body segments must be  incorporated.  

F ina l ly ,  whole-body modeling wi th  movement-restricting ex te rna l  sur faces  

is the  most soph i s t i ca t ed .  I n  t h i s  type of modeling, ma te r i a l  p rope r t i e s  

of the  surroundings as  we l l  a s  those of t he  occupant must be included.  

In  t he  case of the  head and neck i n  hyperextension and rebound, 

impulsive forces  must be t ransmit ted by t h e  s e a t  through t h e  to r so  t o  

the base of t he  neck, Then, depending on veh ic l e  i n t e r i o r  su r f aces  and body 

r e s t r a i n t s ,  t he  head may contact  a s e a t  o r  head r e s t r a i n t ,  t h e  g l a s s ,  

instrument panel  or  s t e e r i n g  wheel. These requirements suggest t h e  use  



of t h e  t h i r d  t y p e  of model i f  g r o s s  body rcocion an6 p o s s i b l e  c o n t a c t  w i t h  

i n t e r i o r  s u r f a c e s  a r e  t~ be  e x m i n e d .  Such a  mode? i s  t h e  HSRI Two- 

Dimensional Crash Victim SLmulatox. The occupant s i m u i a t o r  i s  composed 

of n i n e  body segments and seven j o i n t s ;  v e h i c l e  components such a s  f l o o r ,  

s e a t ,  head r e s t r a i n t ,  ins t rument  p a n e l ,  and v a r i o u s  b e l t  r e s t r a i n t  

systems may b e  s p e c i f i e d .  This  g r o s s  motion model was used by Robbins, 

e t  a 1  (1974)~ t o  i n v e s t i g a t e  i n j u r y  s u s c e p t i b i l i t y  f o r  d i f f e r e n t  popula- 

t i o n  groups.  This i n v e s t i g a t i o n  i s  d i scussed  i n  t h e  nex t  s e c t i o n .  

Gross motion s i m u l a t i o n  is  n e c e s s a r i l y  l i m i t e d  i n  t h e  amount of 

d e t a i l  t h a t  can be  i n c o r p o r a t e d ,  s i n c e  computer c o s t s  f o r  runn ing  such 

models r a p i d l y  become p r o h i b i t i v e .  The d e t a i l e d  n a t u r e  of some of t h e s e  

r e s u l t s  would permit  a  c l o s e r  s t u d y  of neck response i f  a n  a p p r o p r i a t e  

i s o l a t e d  head-neck model were a v a i l a b l e .  Such a  model i s  b e i n g  developed 

based upon t h e  r e s u l t s  from t h i s  s tudy .  When complete,  i t  w i l l  b e  

publ ished t o  supplement t h i s  r e p o r t .  

B. S imula t ions  w i t h  HSRI  2-D Crash Vict im Model 

Some of t h e  r e s u l t s  of t h i s  r e s e a r c h  were used by Robbins,  Snyder, 

Chaff in ,and Foust  (1974) f o r  a  s tudy  of how neck p h y s i c a l  pa ramete rs  

might a f f e c t  i n j u r y  s u s c e p t i b i l i t y  f o r  v a r i o u s  p o p u l a t i o n  groups .  

The model used was t h e  HSRI Two-Dimensional Crash Vict im S imula to r .  

Th i s  model s i m u l a t e s  a s e a t e d  occupant moving i n  t h e  s a g i t t a l  p l a n e ,  

w i t h  a  s i n g l e  j o i n t  a t  t h e  b a s e  of t h e  neck t o  model head-neck motion,  

two j o i n t s  i n  t h e  s p i n e ,  and j o i n t s  a t  rhe  s h o u l d e r ,  elbow, h i p ,  

and knee. Force g e n e r a t i n g  c o n t a c t  c i r c l e s  a r e  placed a t  head,  

thorax ,  h ip ,and  on t h e  e x t r e m i t i e s  t o  p rov ide  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 .  Muscle f o r c e s  a r e  inc luded  a s  m o t i o n - r e s i s t i n g  t o r q u e s  

a t  t h e  j o i n t s .  The model run  d e s c r i p t i o n s  and r e s u l t s  



presented i n  t h i s  s ec t ion  a r e  adapted from the  paper by Robbins,et a 1  

(1974). 

1. Input Data. Crash descr ip t ion ,  the vehic le  i n t e r i o r  desc r ip t ion ,  

and t h e  occupant descr ip t ion  a r e  necessary input  da t a  f o r  the  model. 

For t h i s  s tudy,  the  crash used is  representa t ive  of a  rear-end c o l l i s i o n  

with a  f i n a l  ve loc i ty  d i f f e r e n t i a l  of 30 mph. This approximates a  car- 

to-car rear-end c o l l i s i o n  with closing r a t e  of 50-60 mph. The impact pulse i s  

t h a t  described by Melvin and IlcElhaney (1972) .  The pulse ,  a s  shown i n  

Figure 4-1, has two sp ikes  with the  peak acce l e ra t ion  of 15 g  a t  60 m s ,  

decaying l i n e a r l y  t o  0 g a t  192 ms. 

The veh ic l e  i n t e r i o r  cons i s t s  of s e a t  back, s e a t  cushion, and 

f loorboard.  The s e a t  back and s e a t  cushion angles  match those of t h e  

simulated auto s e a t  from which the  da ta  were obtained. The s e a t  force- 

deformation p rope r t i e s  a r e  tbose measured during v e r i f i c a t i o n  t e s t s  f o r  

t h i s  model. A l ap  b e l t  was included t o  prevent ramping up the  s e a t  back 

and t o  reduce body motion other  than a t  t he  neck j o i n t .  

The bas i c  occupant descr ip t ion  i s  t h a t  of a 50th p e r c e n t i l e  male 

defined pr imar i ly  from Air Force Studies  (Hertzberg, 1954).  Modifications 

from t h a t  base l ine  were made using the  r e s u l t s  of t h i s  study to  spec i fy  

eighteen sepa ra t e  population groups. S i x  s t a t u r e  groups were spec i f ied  

without regard t o  sex ( sho r t ,  average, and t a l l  females,  and s h o r t ,  

average, and t a l l  males).  Body weight,  c e r v i c a l  range of motion,and 

neck muscle s t r eng th  were categorized by sex,  age, and s t a t u r e  i n t o  18 

groups, a s  reported i n  Chapter 3. The average r e s u l t s  f o r  each category 

were used t o  de f ine  an occupant f o r  model input .  Occupant i n i t i a l  posi- 

t i ons  f o r  the  populat ion s t a t u r e  extremes a r e  shown i n  Figure 4-2. 







The computer e x e r c i s e s  were designed t o  s imula te  response of t h e  

e igh teen  def ined  occupants f o r  t h e  30 mph rear-end c o l l i s i o n .  Seat  p r o p e r t i e s  

and crash c o n d i t i o n s  remained constant  f o r  t h e s e  e x e r c i s e s ;  body weight ,  

s t a t u r e ,  range of motion, and neck muscle s t r e n g t h  v a r i e d  according t o  t h e  

populat ion group. I n  a d d i t i o n ,  va r ious  degrees of s u r p r i s e  were s imula ted ,  

wi th  t h e  neck muscles re laxed  throughout t h e  c rash  and wi th  t h e  muscles tensed 

a t  one-half t h e  maximum voluntary  f o r c e .  (There i s  no p rov i s ion  i n  t h i s  model 

f o r  muscle r e f l e x  and muscle f o r c e  build-up.  The muscles must e i t h e r  be  tensed 

o r  r e l a x e d . )  A l l  computer runs s imulated rear-end c o l l i s i o n s ,  w i t h  t h e  head 

and neck i n i t i a l l y  hyperextending.  

2 .  R e s u l t s .  Examination of t h e  computer run r e s u l t s  showed t h a t  two 

populat ion groups represen ted  t h e  extremes i n  response.  These were t h e  18-24 

year  male of t a l l  s t a t u r e  ( i d e n t i f i e d  a s  " t a l l  male") and t h e  62-74 year  

female of s h o r t  s t a t u r e  ("small female"). The response of t h e  35-44 y e a r  male 

of average s t a t u r e  ("average male") was chosen a s  a r e f e r e n c e  t o  which t h e  

extremes could be  compared. The r e s u l t s  were r e p o r t e d  only f o r  t h e s e  t h r e e  

occupants,  s i n c e  they demonstrate t h e  f u l l  range of responses .  

The model ou tpu t  produces many response parameters  f o r  which comparisons 

could be made, bu t  t h e  two which most g r a p h i c a l l y  i l l u s t r a t e  t h e  human dynam- 

i c s  a r e  head-torso r e l a t i v e  angle  and head r e s u l t a n t  a c c e l e r a t i o n .  The t ime 

h i s t o r y  of t h e s e  two q u a n t i t i e s  i s  p l o t t e d  f o r  each of t h e  t h r e e  occupant 

types  def ined above i n  Figures  4-3 through 4-10. 

Two c h a r a c t e r i s t i c s  of t h e  model which tend t o  a f f e c t  i n t e r p r e t a t i o n  

of  t h e  r e s u l t s  should b e  no ted .  F i r s t ,  i n  o r d e r  t o  s i m u l a t e  normal s e a t e d  

p o s i t i o n ,  an angu la t ion  between t h e  head and t o r s o  segments must be  es tab-  

l i s h e d .  Allowing 15' forward of v e r t i c a l  f o r  normal geomet r ica l  r e l a t i o n -  

s h i p s  between head and t o r s o  masses and 13" rearward from v e r t i c a l  f o r  



s e a t  back and to r so  angle,  the  i n i t i a l  head pos i t ion  i s  28" forward of 

i n i t i a l  to rso  pos i t i on .  This 28" angle is  r e f l ec t ed  i n  the f igu res  as  

the  zero time va lue  f o r  head-torso r e l a t i v e  angle.  Second, the motion 

of t he  neck j o i n t  i n  this model i s  constrained t o  be symmetrical. on 

e i t h e r  s i d e  of zero degrees.  This means t h a t  the  head w i l l  mwe a s  f a r  

forward a s  backward from a head-torso r e l a t i v e  angle of 0".  For the  

purposes of these  exerc ises ,  allowable extension of t he  neck was speci-  

f i e d  a s  one-half t he  t o t a l  range of motion from zero degrees head-torso 

r e l a t i v e  angle.  This i n  e f f e c t  adds approximately 22' t o  t h e  extension 

range of motion ( the  i n i t i a l  head-torso r e l a t i v e  angle l e s s  the  amount 

by which extension range of motion normally exceeds f l e x i o n ) .  Ille 

r e s u l t s  a r e  a f fec ted  i n  t h a t  t he  grea te r  extension allowed i n  t he  simula- 

t i o n  permits higher head v e l o c i t i e s  and acce l e ra t ions  and should tend 

t o  diminish the  inf luence  of t he  neck muscles. A s  a p r a c t i c a l  mat te r ,  

however, the  ne t  e f f e c t  of t h e  model c h a r a c t e r i s t i c s  probably produces 

a more r e a l i s t i c  s imulat ion.  Observations of extension pos i t i on  X-rays 

revea l  t h a t  t he  spinous processes of t he  v e r t e b r a l  c o l u m  seldom meet 

point-to-point a t  t he  voluntary l i m i t .  A severe c o l l i s i o n  s i t u a t i o n  

would tend t o  fo rce  them i n t o  point-to-point contac t ,  adding s ign i f i can t -  

l y  t o  the  extension range of motion. The model r e s u l t s  and conclusions 

reached a r e  therefore  probably q u i t e  c lose  t o  a r e a l - l i f e  s i t u a t i o n ,  

Cornparisions of responses from the  th ree  p r i n c i p a l  occupants a r e  

shown i n  Figures 4-3 and 4-4. I n  each case,  t h e  muscles a r e  tensed t o  

maximum voluntary s t r e n g t h  throughout t he  response per iod ,  s imulat ing 

the condition of no s u r p r i s e  and pre-tension. The e f f e c t  of t h e  neck 

musculature i n  l i m i t i n g  rearward head motion is  e a s i l y  seen i n  Figure 

4-3. Subjects  i n  t he  "average male" category were s l i g h t l y  s t ronge r ,  



- A r e i o g e  M a e  "1 ----- Toll Mole 

R e l a l ~ v e  Ang le  = B = T o r r o L - H e o d  i 
6C , 

o 50 100 i io I I 
200 

Figure 4-3 .  Head-torso r e l a t i v e  angle f o r  t h ree  occupants. Neck 
muscles a r e  tensed to  maximum voluntary l e v e l s .  The average male, t a l l  
male, and small female represent  the  range of average r e s u l t s  from the  
subjec t  population i n  sex,  age, s t a t u r e ,  and muscle s t r eng th .  

- Average Male ----- Tall Mole -- Smoll Fcmole 

Figure 4-4. Head acce l e ra t ion  response f o r  t h r e e  occupants.  These 
r e s u l t s  a r e  from the  same computer runs as those f o r  Figure 4-3. 



on the  average, than sub jec t s  i n  the  " t a l l  male" group. The "small 

f ernale" group had the  weakest neck muscles (Table 3-17). The f igu re  

shows t h a t  the  head-torso angle during tlie simulated c o l l i s i o n  is 

d i r e c t l y  proport ional  t o  muscle s t rength ,  with t h e  small  female hyper- 

extending about twice asmuch a s  the  averagemale.  One can conclude 

t h a t  these  sub jec t s  have been ab le  t o  inf luence  t h e i r  response i n  t h e  

crash s i t u a t i o n ,  but  t o  d i f f e r e n t  degrees. The head r e s u l t a n t  accelera-  

t i ons  (Figure 4-4) f o r  these  same sub jec t s  a r e  r e l a t i v e l y  s i m i l a r ,  in-  

d i ca t ing  t h a t  muscular tens ion  mi t iga t e s  acce l e ra t ion  e f f e c t s .  

The extent  t o  which var ious  degrees of muscle tension may a f f e c t  

head-neck response i s  shown i n  F i w r e s  4-5 through 4-10. For each of 

the th ree  occupants of i n t e r e s t ,  th ree  l e v e l s  of muscle tension a r e  

compared--completely untensed, tensed a t  one-half maximum voluntary 

l e v e l ,  and tensed a t  100% of maximum voluntary l e v e l ,  Figure 4-5 shows 

t h a t  the  average male wi th  high neck muscle s t r eng th  is  ab le  t o  prevent 

h i s  head from reaching the  range-of-motion limit, even wi th  p a r t i a l  

muscle tension.  Only wi th  muscles completely relaxed i s  the  head dr iven  

i n t o  the  s t i f f ,  motion-limiting s top  ( i . e . ,  the  assumed s p i n a l  l i m i t )  a t  t he  

end of the  range of motion. Figure 4-6 shows the  e f f e c t  of t he  average male's 

muscular tension on head r e s u l t a n t  acce l e ra t ion .  A l a r g e  acce l e ra t ion  sp ike  

i s  observed a s  the  end of range of motion i s  reached, bu t  the  response i s  

s imi l a r  when the muscles a r e  moderately a c t i v e .  

The combined b e n e f i c i a l  e f f e c t  of l a r g e  range of motion and good 

muscle s t r eng th  i s  shown i n  Figure 4-7 f o r  t he  t a l l  young male. For 

the  completely untensed muscles,  t he  range-of-motion lhit i s  reached, 

but  not  a s  "violent ly1 '  a s  i n  t h e  previous case. Although t h e  neck 

muscles of t h e  t a l l  male a r e  not  a s  s t rong  a s  those of t h e  average male, 
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Figure 4-5. E f fec t s  of  v a r i a t i o n  i n  neck muscle t e n s i o n  on head- 
t o r s o  re la t ive  angle (Average Male). 





Time (msec) 

Figure 4-7. Effec t  of y a r i a t i o n  i n  neckmuscle t ens ion  on head-torso 
relat ive angle  @ a l l  Male]. 



the g rea t e r  neck mobil i ty  prevents the  range of motion l i m i t  from being 

c lose ly  approached f o r  even half  muscle tension. Figure 4-8 again shows 

the l a r g e  acce lera t ion  sp ike  tha t  occurs when the s top  is  encountered, 

and the  lower-level acce lera t ions  tha t  a r e  achiwed when muscle tension 

i s  appl ied.  

The population group t h a t  would appear to  have the  g rea t e s t  dis-  

advantage under t h i s  s e t  of crash condit ions i s  the  small e lde r ly  female 

group. Figures 4-9 and 4-10 show t h a t  t he  dynamic behavior i s  d i s t i n c t -  

l y  d i f f e r e n t  from the  other two population segments. Low muscle s t r eng th  

and l imi ted  range of motion combine t o  allow the motion limit t o  be 

reached i n  a l l  cases,  though the  head acce lera t ion  shows sp ikes  only 

when the  head remains a t  t he  limit f o r  some period of time. 

3.  Summary and Conclusions. The th ree  occupant s i z e s  se lec ted  (young, 

t a l l  male; middle-aged, average s i z e  male; e lde r ly ,  shor t  female) cover 

the range of dynamic responses observed from the  e n t i r e  subjec t  popula- 

t ion .  Although average values f o r  the  major va r i ab l e s  were used a s  in- 

put to  the model, the range of responses i s  broad enough t o  point  out 

population d i f fe rences .  

The dynamic predic t ions  of the  computer model show the  e f f e c t s  of 

varying muscle s t r eng th  and ce rv i ca l  range of motion on dynamic response 

of the  head and neck. It would appear t h a t  t he  reduced mobil i ty  and 

s t r eng th  of the o lder ,  small  female would increase  s u s c e p t i b i l i t y  t o  

hyperextension i n j u r y ,  s i n c e  even wi th  muscles f u l l y  tensed,  she  could 

not prevent her  head from reaching the l i m i t  of range of motion. These 

r e s u l t s  may he lp  t o  explain the increased incidence of these  i n j u r i e s  t o  

older persons and t o  females. 
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Figure 4-9. Effect of var ia t ion i n  neck muscle tension on head-torso 
re la t ive  angle (Small Female). 





Active  neck muscular t e n s i o n  modif ies  headlneck dynamic response  

r e g a r d l e s s  of t h e  popu la t ion  group. Even f o r  t h e  smal l  e l d e r l y  females ,  

t h e  muscle f o r c e s  prevented s u s t a i n e d  loading a t  t h e  motion l i m i t .  For 

o t h e r  p o r t i o n s  of t h e  popu la t ion ,  t h e  range of motion l i m i t  was no t  

reached a t  a l l  when t h e  neck muscles were f u l l y  t ensed .  It may b e  con- 

cluded t h a t  s t r o n g  neck muscles can reduce s u s c e p t i b i l i t y  t o  hyper- 

e x t e n s i o n  i n j u r y  . 
The model does no t  p r e d i c t  i n j u r y  l e v e l s .  It i s  d i f f i c u l t  t o  

t r a n s l a t e  a s u s t a i n e d  load ing  a t  t h e  motion l i m i t  i n t o  damaged t i s s u e ,  

b u t  i t  does seem probable  t h a t  t h e  h igh  s p i k e s  of a c c e l e r a t i o n  and long 

p e r i o d s  i n  hyperextension would l e a d  t o  severe  trauma of t h e  neck s t r u c -  

t u r e s .  I f  one assumes t h a t  t h e  spinous  p rocesses  of t h e  c e r v i c a l  ve r -  

t e b r a e  a r e  con tac t ing  one ano the r  a t  t h e s e  motion l i m i t s ,  one can 

hypo thes ize  t h e  p o s s i b i l i t y  of f r a c t u r e  o r  l igamentous damage from 

s e v e r e  r e a r  impacts a s  s imula ted  by t h e  model. 





CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

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

The o b j e c t i v e s  of t h i s  s t u d y ,  a s  o u t l i n e d  i n  t h e  o r i g i n a l  p roposa l ,  

were ambi t ious .  For a  s u b j e c t  populat ion of 180 vo lun tee rs  s t r a t i f i e d  by 

s e x ,  age,  and s t a t u r e  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- 

l a t i o n ,  i t  was intended to :  

1 )  o b t a i n  comprehensive head and neck anthropometry; 

2) measure s a g i t t a l  p lane  range of motion of t h e  head and neck; 

3) impart  a  s t imulus  t o  t h e  head t o  determine neck muscle r e f l e x  

t ime i n  both  f l e x i o n  and ex tens ion ;  and 

4)  measure t h e  s t r e n g t h  of t h e  neck f l e x o r  and e x t e n s o r  muscles.  

Also,  t h e  e f f e c t  of t h e s e  measured biomechanical  p r o p e r t i e s  i n  t h e  dynamic 

c rash  s i t u a t i o n  was t o  be assessed  us ing  a  mathematical  model of a  c r a s h  

v i c t i m .  

Not only were a l l  of t h e  b a s i c  o b j e c t i v e s  accomplished, b u t  t h e  s tudy 

a l s o  produced a  g r e a t  many o t h e r  r e s u l t s .  These inc lude :  

1 )  a  comprehensive b ib l iography  of l i t e r a t u r e  r e l a t e d  t o  a l l  a s p e c t s  

of t h e  c e r v i c a l  i n j u r y  problem (Van Eck, e t  a l ,  1973, 2326 r e f e r e n c e s )  ; 

2 )  a d d i t i o n a l  anthropometry o t h e r  than  t h a t  d i r e c t l y  r e l a t e d  t o  t h e  

head and neck, inc lud ing  a  comparison of measurements ob ta ined  from bo th  

i n t e r n a l  s t r u c t u r e s  and e x t e r n a l  landmarks f o r  t h e  same popula t ion ;  

3) a  major s tudy  of c e r v i c a l  s p i n e  anthropometry and range of 

motion, us ing t h e  x-rays t h a t  were ob ta ined  from each s u b j e c t ;  



4) m u l t i p l e  t e s t  r e p l i c a t i o n s  f o r  each of t h e  major v a r i a b l e s ,  

e s p e c i a l l y  t o  a s s e s s  r e p e a t a b i l i t y  i n  a t t a i n i n g  vo lun ta ry  range of 

motion p o s i t i o n s ;  

5 )  t h e  d e v e l o p ~ e n t  of a  s o p h i s t i c a t e d  computerized d a t a  r e d u c t i o n  

system f o r  m u l t i p l e  channels of d a t a ;  

6)  a  s i g n i f i c a n t  substudy t o  use EMG a s  a  p r e d i c t o r  of muscle 

response t ime and s t r e n g t h ;  and 

7 )  t h e  d a t a  needed t o  exp lore ,  a s  a  d o c t o r a l  t h e s i s ,  t h e  i n t e r a c t i o n s  

of p a s s i v e  and a c t i v e  neck t i s s u e s  a t  low l e v e l s  of a c c e l e r a t i o n , a n d  t h e  

d e t a i l e d  modeling of neck muscula ture  and t h e  c e r v i c a l  s p i n e .  

B. Anthropometry 

It i s  be l i eved  t h a t  t h e  s u b j e c t  popu la t ion  was r e p r e s e n t a t i v e  of 

those  people  whose s t a t e  of h e a l t h  and neck c h a r a c t e r i s t i c s  could be 

c a l l e d  "normal" f o r  t h e i r  age .  Normal a r t h r i t i c  degenera t ion  w i t h  

age was def ined  by t h e  r a d i o l o g i s t  consu l tan t  t o  t h e  s tudy .  Approxi- 

mately one-third of those  p o t e n t i a l  e l d e r l y  sub j  e c t s  x-rayed were 

not  allowed t o  complete t h e  study--that  is ,  t o  perform t h e  r e f l e x  and 

s t r e n g t h  t es t s - -p r imar i ly  because  of degenera t ive  a r t h r i t i s .  Only 

5.5% of o t h e r  s u b j e c t s  were unacceptable ,  most o f t e n  because  of 

unusual s p i n e  c o n f i g u r a t i o n .  X-rays and phctographs of t h e s e  s u b j e c t s  

a r e  not  included i n  t h e  range-of-motion d a t a  p resen ted  h e r e i n ,  s i n c e  

s t r e n g t h  and r e f l e x  t ime d a t a  were n o t  ob ta ined  from them. While i t  

is recognized t h a t  t h e s e  persons  c o n s t i t u t e  a  p r o p o r t i o n  of t h e  popula- 

t i o n  exposed t o  p o s s i b l e  i n j u r y  i n  automobi les ,  i t  i s  n o t  p o s s i b l e  t o  

a s s e s s  t h e i r  p o t e n t i a l l y  d i f f e r e n t  i n j u r y  s u s c e p t i b i l i t i e s  due t o  



exper imental  s a f e t y  cons idera t ions .  It has  a l ready  been noted,  however, 

t h a t  one  aspect  of s u s c e p t i b i l i t y - - t h a t  of range of motion--was n o t  

conc lus ive ly  a f f e c t e d  by degenerat ive  a r t h r i t i s .  

The experimental  design f o r  s t a t u r e  was based on t h e  r e s u l t s  of 

nat ionwide s t a t i s t i c a l  sample of a d u l t s .  The t h r e e  s t a t u r e  groups 

s e l e c t e d  were each intended t o  r e p r e s e n t  20% of t h e  populat ion.  A s  

a  p r a c t i c a l  mat te r ,  i t  was much e a s i e r  t o  r e c r u i t  t a l l  s u b j e c t s  than 

s h o r t  ones.  O f  those  who volunteered,  i t  seemed t h a t  much more than 202 of 

t h e  popula t ion  was " t a l l "  and much l e s s  than 20% was "short",  which may in -  

d i c a t e  something about t h e  e t h n i c  and socio-economic s i t u a t i o n  i n  t h e  

Ann Arbor, Michigan a r e a .  

The hypothesis  t h a t  c e r t a i n  anthropometr ic  measures would be  

good i n d i c a t o r s  of biomechanical p r o p e r t i e s  was not  supported by 

t h e  r e s u l t s .  Table 3-16 showed t h a t  e x t e r n a l  measurements of t h e  

neck were not  h igh ly  c o r r e l a t e d  w i t h  range o f  motion of t h e  neck. 

Table 3-18 showed s i m i l a r  r e s u l t s  f o r  anthropometry c o r r e l a t e d  w i t h  

s t r e n g t h ;  whi le  c o r r e l a t i o n  c o e f f i c i e n t s  were h i g h e r ,  they were n o t  

good enough f o r  anthropometry t o  be a  r e l i a b l e  p r e d i c t o r  of s t r e n g t h .  

Kelkar (1973) a l s o  developed p r e d i c t i o n  equa t ions  f o r  c e r v i c a l  s p i n e  range of 

motion us ing an exhaust ive  a n a l y s i s  of t h e  coded x-ray d a t a .  He 

found t h a t  i n t e r n a l  f l e x i o n  and ex tens ion  could be  successf  u l l y  

p red ic ted  from e x t e r n a l l y  measured range of motion,  b u t  t h a t  c e r v i c a l  

s p i n e  range of motion could not  be  p r e d i c t e d  from head,  neck, o r  body 

anthropometry a lone.  Another i n t e r e s t i n g  o b s e r v a t i o n  was t h a t  t h e  

two neck l e n g t h  measures devised f o r  t h i s  s t u d y  had very  low c o r r e l a t i o n  

wi th  s t a t u r e .  This demonstrates t h e  d i f f i c u l t y  i n  d e f i n i n g  " the  neck" 



from an anthropometric point  of  view; the neck has no eas i ly-def inable  

ex t e rna l  lendmarks. 

The f a c t  t h a t  c e r t a i n  of the  anthropometric measurements were 

propor t iona l  t o  other  measurements, with very l i t t l e  var iance ,  i s  a 

p o t e n t i a l l y  valuable  t o o l  f o r  the  biomechanical modeler. I f  t he  

ava i l ab l e  da t a  a r e  l imi ted  t o  a few of the  more bas ic  (or more popular) 

measurements, i t  is  s t i l l  poss ib l e  to def ine  body segment s i z e s  w i th in  

reasonable accuracy l i m i t s  by using proport ions such a s  those  presented 

i n  Table 3-10. Of course,  t h i s  technique does not  spec i fy  i n e r t i a l  

p rope r t i e s  f o r  modeling of occupant dynamics, but l imi ted  d a t a  of t h a t  

na ture ,  r e l a t e d  t o  anthropometry, a r e  now becoming a v a i l a b l e  (Chandler, 

e t  a l ,  1975). 

The anthropometric measurements obtained i n  t h i s  s tudy  were a 

blend of appl ied measures and t r a d i t i o n a l  more general  measures. 

The v a l i d i t y  of t h i s  subjec t  populat ion a s  being r ep resen ta t ive  of t h e  

u . S .  population was es tab l i shed  by comparing t h r e e  common measures. 

BY extension i t  is  assumed t h a t  o the r  measures a r e  l i kewise  r ep re sen ta t ive .  

There a r e  s eve ra l  re ferences  a v a i l a b l e  t h a t  would allow t h i s  assumption 

t o  be t e s t e d ,  p a r t i c u l a r l y  f o r  t he  younger age group. Clauser, e t  a l ,  

Anthropometry of Air Force Women (1972) and Gar re t t  and Kennedy A Col l a t ion  

of Anthropometq (1971), i n  p a r t i c u l a r ,  conta in  da t a  f o r  many measurements 

s i m i l a r  t o  those taken i n  t h i s  s tudy,  although the  populat ions a r e  not 

as  sharply s t r a t i f i e d .  

C.  Range of Motion 

The combination of radiographic and photographic techniques t o  



obta in  range of motion da ta  provided a unique opportunity t o  compare 

measurements from both i n t e r n a l  s t r u c t u r e s  and ex terna l  landmarks f o r  

the  same study population. This approach has no t ,  t o  t he  authors '  

knowledge, been previously reported.  The r e s u l t s  i n d i c a t e  t h a t ,  d e s p i t e  

experimental precaut ions,  much motion a f f e c t i n g  the  f i n a l  pos i t i on  of 

t he  head i n  hyperflexion or  hyperextension takes  p lace  i n  the upper 

torso .  This accentuates  the  neck motion problem f o r  designers  of 

human analogs (dummies and mathematical models) s ince  these  devices a r e  

usua l ly  designed to  produce a l l  "neck" motion i n  t he  components above 

the  to r so .  The kinematics of head and neck motion a r e  therefore  more 

d i f f i c u l t  t o  reproduce. 

Several  i n t e r e s t i n g  observat ions were made about head/neck movements 

i n  the  s a g i t t a l  plane. The f i r s t  i s  t h a t  voluntary motion can ,be  

r e s t r i c t e d  t o  almost pure s a g i t t a l  plane motion, Review of the  

front-view photographs ind ica ted  t h a t  t he  head turned very l i t t l e  as  

the  sub jec t  moved i n t o  the  extreme pos i t i ons .  A subsequent 

study of t hese  and other  pos i t i ons  by Schneider,  e t  a1  (1975), using 

three-dimensional orthogonal photogrammetry wi th  s i m i l a r  sub jec t s ,  

subs t an t i a t ed  those observat ions.  He measured average r o t a t i o n  of 

l e s s  than one degree i n  extension and l e s s  than  f i v e  degrees i n  

f l ex ion  . 
Another observation about head motion was t h a t  t he  sub jec t s  were 

usua l ly  repea tab le  i n  achieving both i n i t i a l  and extreme pos i t i ons .  

The i n i t i a l  head pos i t i on  and range of motion f o r  a given subjec t  

were, a s  a r u l e ,  wi th in  a few degrees of each o ther  f o r  t h e  four 

r e p l i c a t i o n s .  The most v a r i a t i o n  was observed t o  occur between t h e  



x-ray r e s u l t s  and t h e  photographic r e s u l t s .  The probable causes f o r  

t h i s  v a r i a t i o n  a r e  t h a t  t h e  s u b j e c t  was required t o  hold a p o s i t i o n  

longer  t o  a l low t h e  x-ray t o  be taken,  could no t  be observed f o r  changes 

i n  p o s i t i o n  immediately p r i o r  t o  t h e  x-ray exposure, and moved from 

one l a b o r a t o r y  t o  another wi th  a s h o r t  time l a p s e  between t h e  f i r s t  and 

second r e p l i c a t i o n s .  There was a s l i g h t  " t ra in ing"  e f f e c t  observed 

s i n c e  t h e  average range of motion tended t o  inc rease  s l i g h t l y  wi th  

more r e p l i c a t i o n s .  This was no t  s t a t i s t i c a l l y  s i g n i f i c a n t .  

Third ,  t h e  unpadded s e a t  was found t o  be  s t a t i s t i c a l l y  no d i f f e r e n t  

from a padded s e a t  of s i m i l a r  back and cushion angles i n s o f a r  a s  i n i t i a l  

head p o s i t i o n  was concerned. The e f f e c t  of cushioning on t o r s o  and 

p e l v i c  p o s i t i o n i n g  i n  t h e  s e a t  w h i l e  looking s t r a i g h t  ahead, o r  of 

cushioning in f luence  on range of motion, were beyond t h e  scope of t h e  

s tudy and were no t  explored.  

This was no t  t h e  f i r s t  s tudy of range of motion of t h e  c e r v i c a l  

s p i n e .  Some twenty-two have been p rev ious ly  repor ted  i n  t h e  Engl ish  and 

non-English t e c h n i c a l  l i t e r a t u r e .  Avai lable  r e s u l t s  were summarized i n  

t h e  f i r s t  two Technical  Quar te r ly  Reports (Snyder, Robbins, and Chaf f in ,  

March 1972 ; Snyder and Chaff i n ,  June 1972) . However, most of t h e s e  s tud-  

i e s  e i t h e r  d i f f e r e d  g r o s s l y  i n  technique,  were ve ry  l i m i t e d  a s  t o  s t u d y  

populat ion,  o r  used non-comparable landmarks. Only one s t u d y ,  t h a t  of 

F e r l i c  (1962), had a wide popula t ion  age range and roughly comparable 

measurement methods. F e r l i c  summarized h i s  r e s u l t s  only  by age and 

sex  and f o r  most groups t h e  r e s u l t s  were i n  e x c e l l e n t  agreement. 

Only i n  t h e  young female group, where F e r l i c  r e p o r t e d  t e n  degrees  

g r e a t e r  range of motion, and f o r  e l d e r l y  females ( F e r l i c  24 degrees  



g r e a t e r )  were t h e  r e s u l t s  s u b s t a n t i a l l y  d i f f e r e n t  . For young females ,  

t h e  d i f f e r e n c e  i s  poss ib ly  due t o  s t a t u r e  d i s t r i b u t i o n .  F e r l i c  r e p o r t s  

no s t a t u r e  d i s t r i b u t i o n ,  but  a  s i g n i f i c a n t  s t a t u r e  t r end  was noted i n  

t h e  young female group of t h i s  s tudy .  I n  f a c t ,  t h e  t a l l  young female re -  

s u l t s  match F e r l i c ' s  almost e x a c t l y .  For e l d e r l y  females ,  F e r l i c  had a  

sample s i z e  o f  only 3 ,  compared t o  31 i n  t h i s  s t u d y ,  and t h e  d i f f e r e n c e  

i n  range of motion i s  probably due l a r g e l y  t o  sample s i z e  d i f f e r e n c e s .  

It i s  l i k e l y  t h a t  t h e  r e s u l t s  of t h e  p r e s e n t  s t u d y  a r e  more r e p r e s e n t a t i v e  

of t h e  e f f e c t i v e  range of motion of t h e  s e a t e d  automobile occupant.  

The biomechanical  modeling r e s u l t s  sugges t  t h a t  l i m i t e d  range of 

motion i s  a  f a c t o r  i n  i n j u r y  s u s c e p t i b i l i t y .  I f  t h i s  i s  t r u e ,  t h e n  c e r -  

t a i n  popula t ion  segments would seem t o  be  more s u s c e p t i b l e  t o  i n j u r y  t h a n  

o t h e r s .  I n  hyper f l ex ion ,  e l d e r l y  males and females have s i g n i f i c a n t l y  

r e s t r i c t e d  range.  I n  hyperextension,  i n d i v i d u a l s  of s h o r t  s t a t u r e ,  males,  

and e s p e c i a l l y  e l d e r l y  persons a r e  l i m i t e d  i n  m o b i l i t y .  Considering only  

range of motion r e s u l t s ,  t h e  popula t ion  group most l i k e l y  t o  r e c e i v e  cer-  

v i c a l  i n j u r i e s  i n  a  rear-end c o l l i s i o n ,  t h e n ,  a r e  o l d e r  persons  and es -  

p e c i a l l y  o l d e r  males.  

D .  Neck Muscle S t reng th  

Due t o  t h e  p o s i t i o n i n g  of t h e  headband and f o r c e  r i n g ,  t h e  f o r c e s  

measured and repor ted  i n  t h i s  s t u d y  a r e  e f f e c t i v e  f o r c e s  generated by 

grouped neck muscles and a p p l i e d  through t h e  c e n t e r  of g r a v i t y  of t h e  

head.  Because of t h e  l a r g e  numbers of muscles invo lved ,  i t  i s  imprac- 

t i c a l  t o  d i s t r i b u t e  t h e s e  f o r c e s  among i n d i v i d u a l  muscles and a t t empt  by 

a l g e b r a i c  means t o  determine a c t u a l  muscle f i b e r  t e n s i o n s .  This  problem 

i s  accen tua ted  somewhat i n  t h e  c a s e  of t h e  s t e rnomas to id  muscle.  Since  

t h e  muscle i s  i s o l a t e d  and prominent,  t h e  EMG s i g n a l  ob ta ined  from 



the  f l exo r  muscle i s  almost e n t i r e l y  due to  s ternonastoid ac t ion .  

However, t h e  i n s e r t i o n  of t he  sternomastoid is  ac tua l ly  pos t e r io r  t o  t h e  

o c c i p i t a l  condyles--the point  a t  which the  s k u l l  p ivots  on t.he c e r v i c a l  

spine.  It i s  c l e a r  t h a t  t he  prever tebra l  muscles (and poss ib ly  -muscles 

at tached t o  t h e  hyoid bone) must provide the  tension t o  keep t h e  

head e r e c t  during a  muscle f l exo r  s t r eng th  t e s t ,  while  the  sternomastoids 

prevent extension i n  the  c e r v i c a l  spine.  The est imates  of muscle f o r c e  

during a  r e f l e x  t e s t  which a r e  obtained from ana lys i s  of DIG a m p l i t ~ d e  

a r e  t he re fo re  subjec t  t o  the same r e s t r i c t i o n s  a s  o ther  fo rce  measurements. 

The e n t i r e  force  cannot be a t t r i b u t e d  only t o  the  sternomastoid muscles, 

but must be considcred an e f f e c t i v e  fo rce  from seve ra l  muscle groups. 

The cons i s t en t ly  higher  s t r e n g t h  of t he  extensor muscles is 

probably r e l a t ed  t o  both increased muscle bulk and mechanical advantage. 

Cross-sectional anatomy references  such a s  Eycleshymer (1970) show t h a t  

there  a r e  more neck muscles of g rea t e r  c ross -sec t iona l  a r ea  t o  prevent 

f l ex ion  of t he  head than t o  prevent extension.  The extensors  a r e  a l s o  

located well  pos t e r io r  t o  t he  c e r v i c a l  sp ine  and can exer t  a  g r e a t e r  

torque about the  head-neck p ivot  than can the  f l e x o r s ,  which a r e  a t tached  

t o  the s k u l l  very near the  super ior  por t ion  of t he  c e r v i c a l  sp ine .  

Marotzky (1972) reported t h a t  the  fo rce  exerted through the  head- 

neck j o i n t  was increased approximately 20% by pu l l i ng  o r  pushing wi th  

the  arms. It is  unclear  whether t h i s  increased fo rce  was due t o  increased  

s t a b i l i t y  o r  t he  inf luence  of t he  long s p i n a l  muscles which extend w e l l  

i n t o  t he  t c r so .  However, i t  does r e l a t e  t o  a  quest ion of i n t e r e s t  t o  

those who would s imula te  dynamic response, t h a t  of t h e  d i f f e r e n c e  

between voluntary s t r eng th  and absolu te  phys io logica l  ("panict') s t r e n g t h .  



Chaff i n  and Baker (1970) c i t e  s tud ie s  t h a t  i n d i c a t e  demonstrated maximum 

s t r eng th  i s  always somewhat l e s s  than absolu te  physiological  capaci ty.  

This would seem espec ia l ly  t r u e  i n  the  case of voluntary neck s t r eng th  

t e s t i n g ,  s i n c e  i t  i s  unl ike ly  t h a t  t e s t  volunteers  would want t o  induce 

neck muscle s t r a i n .  Marotzky's measurements with arms braced, although 

s t i l l  a  voluntary e f f o r t ,  provide an est imate of t h i s  maximum capab i l i t y .  

It is  t h e  present  au thors '  opinion tha t  the voluntary s t r eng th  r e s u l t s  

represent  about 70% of the  maximum ava i l ab l e  s t r eng th  capac i ty .  As input  

t o  dynamic response models, a  cor rec t ion  f a c t o r  based on t h i s  percentage 

would seem reasonable i n  est imating muscle tens ions  f o r  pre-tensed 

occupants. 

E. Muscle Response and EMG 

~ o b b i n s '  work (1974) has indicated t h a t  neck muscles which a r e  

f u l l y  tensed can mi t iga t e  t he  e f f e c t s  of a  rear-end c o l l i s i o n .  Knowing 

t h i s ,  i t  then becomes important t o  know i f  the  muscles can inf luence  

response i n  t he  s u r p r i s e  accident  s i t u a t i o n  when the  muscles a r e  i n i -  

t i a l l y  relaxed.  For the c rash  pulse of Figure 4-1 and with the  muscles 

completely relaxed,  Robbins' r e s u l t s  demonstrate t h a t  both peak r e s u l t a n t  

acce l e ra t ion  and peak angulat ion of t h e  head occur 75-100 ms a f t e r  t he  

s t a r t  of the  pulse.  The experimental r e s u l t s  (Table 3-22) i n d i c a t e  

t h a t  t he  muscles could be of l i t t l e  a s s i s t ance .  Only young males and 

females and middle-age females have average reElex times of l e s s  than 

75 m s .  Even i f  t he  muscles were ab l e  t o  genera te  maximum tension 

i n s t a n t l y ,  a t  l e a s t  half  the  population s t i l l  could not  in f luence  

response p r i o r  t o  f e e l i n g  the  f u l l  e f f e c t  of t he  impact. In  r e a l i t y  



however, a d d i t i o n a l  t ime beyond r e f l e x  time i s  needed t o  b u i l d  up maximum 

muscle t e n s i o n .  Approximately 50 m s  of muscle f o r c e  bu i ldup  t ime was 

measured from t h e  s u b j e c t s  i n  t h i s  s tudy but  maximum t e n s i o n  was not  

needed t o  adequate ly  respond t o  t h e  head j e r k .  A l i m i t e d  experiment 

w i t h  two males age 32 demonstrated t h a t  120 m s  was needed from o n s e t  

of muscle EMG t o  per iod of maximum f o r c e .  Since  t h e  f o r c e  bu i ldup  

t ime was c o n s i s t e n t  throughout t h e  s u b j e c t  popu la t ion ,  i t  seems 

reasonable  t o  a l low 120 m s  p l u s  r e f l e x  t ime f o r  t o t a l  muscle r e a c t i o n  

t ime . 
The HSRI Crash Victim Simulator  l a c k s  t h e  c a p a b i l i t y  t o  i n c l u d e  

muscle r e f l e x  and r e a c t i o n  t imes i n  t h e  s imula t ion .  However, subsequent 

work us ing a  d i f f e r e n t  model w i t h  t h a t  c a p a b i l i t y  was ~ e r f o r m e d  by 

Bowman us ing  d a t a  obta ined s i m i l a r l y  bu t  i n  t h e  l a t e r a l  d i r e c t i o n .  

He repor ted  (Bowman, e t  a l ,  1975) t h a t  f a s t  muscle r e f l e x  and f o r c e  

bui ldup was a b l e  t o  modify response compared t o  t h e  complete ly  re laxed  

case ,  provided t h e  muscles were a l s o  s t r o n g .  Younger s u b j e c t s  and males 

had t h i s  type of modified response.  A t  t h e  o t h e r  extreme, e l d e r l y  

females having a  combination of slowed r e f l e x e s  and weak neck muscles 

were no t  a b l e  t o  l i m i t  head angu la t ion .  Again t h e  i n c r e a s e d  i n j u r y  

s u s c e p t i b i l i t y  of t h i s  segment of t h e  popula t ion  was demonstra ted.  

The t e c h n i c a l  complex i t i e s  of us ing  t h e  electromyogram a s  a n  e s t i -  

mator of muscle f o r c e  have been d i scussed  i n  Chapter 3 .  EMGmS 

amplitude has  been demonstrated by s e v e r a l  r e s e a r c h e r s  t o  be propor- 

t i o n a l  t o  muscle f o r c e ,  s u b j e c t  t o  c e r t a i n  l i m i t a t i o n s  and c o n s t r a i n t s .  

I n  t h e  experiments desc r ibed ,  many important  f a c t o r s ,  such a s  f a t i g u e ,  

e l e c t r o d e  p o s i t i o n ,  and i n d i v i d u a l  r esponses ,  were c o n t r o l l e d .  Other 



f a c t o r s ,  e s p e c i a l l y  t h e  e f f e c t s  of t i s s u e  movement, could n o t  be con- 

t r o l l e d  i n  t h e  dynamic experiments.  While movement a r t i f a c t s  were 

o c c a s i o n a l l y  no ted ,  they took t h e  form of b a s e l i n e  s h i f t s  r a t h e r  than  

g ross  ampl i tude changes. Based on t h e  r e s u l t s  of t h e  previous  s t u d i e s  

c i t e d  a s  t o  t h e  e f f e c t s  of muscle movement on EMG ampl i tudes ,  i t  i s  be- 

l i e v e d  t h a t  t h e  movements were n o t  s u f f i c i e n t  i n  terms of magnitude and 

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

A s  d i scussed  i n  Sec t ion  3 . E . 2 ,  muscle f o r c e  e s t i m a t e s  from EMG ampli- 

tudes  a r e  v a l i d  only  f o r  an i n d i v i d u a l .  This  impl ies  t h a t  t h e  major source  

of p o t e n t i a l  measurement e r r o r  i s  due t o  what might b e  termed an i n d i -  

v i d u a l ' s  " e l e c t r i c a l  e f f i c i e n c y .  " This f a c t o r  can e a s i l y  account f o r  

a  5 : l  d i f f e r e n c e  i n  EMG amplitudes f o r  a  g iven l o a d .  The e f f e c t  has  been 

known f o r  y e a r s ,  having been repor ted  by Grossman and Weiner i n  1966. It 

simply means t h a t  each i n d i v i d u a l  must be  c a r e f u l l y  " c a l i b r a t e d "  t o  de- 

termine h i s  s p e c i f i c  EMG amplitude ou tpu t  f o r  a  g iven load  p r i o r  t o  pe r -  

forming v a r i o u s  kinemat ic  exper iments .  A s  i l l u s t r a t e d ,  however, i f  such 

c a r e  i s  t aken ,  t h e  r e s u l t i n g  d a t a  can be  u s e f u l  i n  f u r t h e r i n g  t h e  under- 

s t a n d i n g  of muscu loske le ta l  biomechanics.  The demonstra t ion of t h i s  pro- 

cedure i n  t h i s  s t u d y  i s  be l i eved  t o  b e  a  c o n t r i b u t i o n  of a  fundamental 

n a t u r e .  

F. Suggest ions  f o r  Fu ture  Work 

The l a r g e  amount of d a t a  c o l l e c t e d  i n  t h i s  s t u d y  would b e  imprac t i -  

c a l ,  i f  n o t  imposs ib le ,  t o  analyze complete ly .  With many d i s c i p l i n e s  in-  

volved,  r e s e a r c h e r s  from var ious  f i e l d s  may f i n d  t h a t  d a t a  of p a r t i c u l a r  

i n t e r e s t  have n o t  been p resen ted .  Anthropo log i s t s  would f i n d  s u f f i c i e n t  

in fo rmat ion  t o  c a l c u l a t e  Heath-Carter somatotypes o r  compare anthropome- 

t r i c  measurements between p o p u l a t i o n s ,  b iomechan is t s  could  ana lyze  f o r  t h e  



components of head a c c e l e r a t i o n  f o r  low g-forces ;  b i o s t a t i s t i c i a n s  could 

examine s u b t l e  r e l a t i o n s h i p s  i n  t h e  d a t a .  The o r i g i n a l  d a t a  a r e  be ing  

preserved s o  t h a t  such ana lyses  could be accomplished i f  thought d e s i r a b l e .  

There i s  s t i l l  much work t h a t  could be done wi th  t h e  x-rays. I n  

p a r t i c u l a r ,  Kelkar ' s (1973) p r e d i c t i o n  equat ions  could be  reanalyzed t o  

p r e d i c t  c e r v i c a l  s p i n e  range of motion r e l a t i v e  t o  t h e  F r a n k f o r t  p lane  

i n s t e a d  of t h e  a r b i t r a r y  s k u l l  p lane .  The so-cal led  maximum physiologi-  

c a l  range of motion i n  ex tens ion  and f l e x i o n  could be b e t t e r  e s t imated  

f o r  use a s  motion l i m i t e r s  i n  mathematical  models. Also,  t h e  changes i n  

v e r t e b r a l  body m i d - s a g i t t a l  s i z e  and shape due t o  age and a r t h r i t i s  could 

be  summarized from t h e  d i g i t i z e d  d a t a .  A l l  of t h e s e  ana lyses  have been 

beyond t h e  scope of t h e  p r o j e c t ' s  r e s o u r c e s ,  b u t  they could p rov ide  

v a l u a b l e  in format ion  t o  t h e  r e s e a r c h e r  w i t h  a  p a r t i c u l a r  need.  

The neck muscle r e f l e x  was e l i c i t e d  by j e r k i n g  t h e  head i n  t h e  p lane  

of i t s  c e n t e r  of g r a v i t y .  In an a c t u a l  c r a s h ,  however, t h e  neck s t r e t c h  

r e f l e x  i s  induced by a c c e l e r a t i o n  of t h e  t o r s o .  The h y p o t h e s i s  used i n  

des igning t h e  t e s t  p r o t o c o l  was t h a t  t h e  neck responses  would b e  s i m i l a r  

i n  e i t h e r  case .  S ince  t h e  experiment could be  c o n t r o l l e d  more c l o s e l y  

by moving t h e  head, t h a t  method was chosen. An i n t e r e s t i n g  substudy 

would be  t o  t e s t  t h a t  hypo thes i s  w i t h  a  s e l e c t e d  group of v o l u n t e e r s  by 

us ing t h e  same i n s t r u m e n t a t i o n  and moving t h e  s e a t  s l i g h t l y  t o  c r e a t e  

t h e  c o n t r o l l e d  low-level head j e r k .  

AII important  s t u d y  c u r r e n t l y  being conducted i s  a t t empt ing  t o  

r e l a t e  t h e  low-level a c c e l e r a t i o n  response from t h i s  g e n e r a l  p o p u l a t i o n  

t o  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  c u r r e n t l y  b e i n g  

conducted by t h e  Navy. These s l e d  t e s t s  p rov ide  a  means f o r  improving 

our unders tanding of t h e  complex r e a c t i o n s  of t h e  head and neck,  b u t  



they must be conducted with a  s e l e c t  population (young mi l i t a ry  males).  

A soph i s t i ca t ed  biomechanical model (Bowman, e t  a l ,  1974) i s  being used t o  

r e l a t e  t h e  low-level and high-level acce lera t ion  responses from an i d e n t i -  

c a l  sample group. I f  d e f i n i t e  r e l a t i onsh ips  can be es tab l i shed ,  i t  may then 

be poss ib le  t o  pred ic t  the probable responses of o ther  segments of t h e  

population which cannot be d i r e c t l y  t e s t ed .  

This s tudy,  i n  attempting t o  i den t i fy  biomechanical proper t ies  of 

the  neck which may be r e l a t ed  t o  i n ju ry ,  has  pointed up the  need f o r  a  

de t a i l ed  parametric study using a  mathematical model. The objec t ive  of 

such a  s tudy would be t o  pinpoint the  biomechanical p rope r t i e s  which 

inf luence  the  response of t h e  model and t o  quant ify t h e  extent  of t h a t  

inf luence.  However, i n  order to  e s t a b l i s h ,  f o r  example, the  percentage 

e f f e c t  of increased j o i n t  s t i f f n e s s  on head r e s u l t a n t  acce l e ra t ion ,  i t  

would be necessary t o  run many simulat ions,  incremental ly  varying only 

t h a t  parameter. This type of study would be very expensive but would be 

most valuable  because i t  would order  parameters which could then be exper- 

imental ly  s tud ied ,  thus gaining e f f e c t i v e  use of l imi t ed  research funds. 

G .  General Conclusions and Applications 

The purpose of t h i s  research was t o  measure c e r t a i n  c h a r a c t e r i s t i c s  

of the human head and neck t h a t  were hypothesized t o  a f f e c t  whether or  

not a  person might be in jured  i n  a  rear-end c o l l i s i o n .  Those q u a n t i t i e s  

were measured f o r  a  given population and t h e i r  e f f e c t s  were s tudied  using 

a  mathematical model. Each of the  primary dependent va r i ab l e s  (range 

of motion, r e f l e x  time, and s t r eng th )  was found t o  inf luence  i n j u r y  

s u s c e p t i b i l i t y  t o  a  d i f f e r e n t  degree. The e f f e c t  of each was a l so  found 

t o  be r e l a t ed  t o  the  t h r e e  independent v a r i a b l e s  (sex, age, and s t a t -  

u re ) ,  again t o  d i f f e r e n t  degrees.  



Of the  th ree  dependent va r i ab l e s ,  the r e s u l t s  suggest t h a t  t he  neck 

muscle s t r e t c h  re f lexes  a r e  l e a s t  l i k e l y  to  be e f f e c t i v e  i n  reducing or  

preventing ce rv i ca l  hyperextension. They only come i n t o  play during a  

s u r p r i s e  c o l l i s i o n  and then r eac t  too slowly t o  g rea t ly  a l t e r  the  

response. A l a rge  ce rv i ca l  range of motion i s  somewhat more b e n e f i c i a l  

bu t  i n  a  more passive sense.  Range of motion does not change the  re- 

sponse p a t t e r n  so  much as  i t  allows the  respon:;e t o  take p lace  over a  

longer d is tance  and time. The primary modifiers of head/neck response 

a r e  the  neck muscles. Strong neck muscles have a  subs t an t i a l  mi t iga t ing  

e f f e c t  on both forces  and motion of the  head, while  weak neck muscles 

scarce ly  modify the  response a t  a l l .  

The r e s u l t s  a l so  suggest t h a t  c e r t a i n  por t ions  of t he  U.S. adu l t  

population a r e  more l i k e l y  than o the r s  t o  s u s t a i n  neck i n j u r i e s  i n  a  

given rear-end accident  s i t u a t i o n .  Stature-related e f f e c t s  a r e  minimal, 

except t ha t  range of motion i s  a  f a c t o r  f o r  young adu l t s .  A person 's  

sex may have a  bearing on in ju ry ,  and t h i s  e f f e c t  i s  due t o  t he  average 

male 's  g rea t e r  neck muscle s t r eng th .  Females, who a re  not a s  s t rong ,  

a r e  observed t o  incur  more c e r v i c a l  hyperextension in ju ry  than 

males, and t h i s  observat ion i s  supported by the  modeling r e s u l t s .  The 

e lde r ly ,  i t  would appear, s u f f e r  t h e  g rea t e s t  r i s k  of i n j u r y  by v i r t u e  

of the  s u b s t a n t i a l  degradation of r e f l e x  time, range of motion, 

and muscle s t r eng th .  Based on these th ree  biomechanical f a c t o r s ,  i t  

may be concluded t h a t  e lde r ly  females a r e  t h e  one population group a t  

g rea t e s t  r i s k  during a  rear-end c o l l i s i o n .  

F ina l ly ,  t h e  r e s u l t s  suggest t h a t  provis ions t o  account f o r  aging 

and f o r  sexual  d i f f e r ences  should b e  included i n  any human analog (dum- 

my or  computer model) i n  which dynamic humanlike response of t h e  head 



and neck is  desired.  The losses  of range of motion and muscle s t rength  

a r e  probably s u f f i c i e n t  t o  cause d i f f e r en t  responses i n  d i f f e r en t  popula- 

t i on  groups. These d i f fe rences  should be r e f l ec t ed  i n  product t e s t i n g .  

The implicat ions of these r e s u l t s  a r e  important t o  researchers  who 

must a s s i s t  i n  s e t t i n g  performance standards f o r  occupant pro tec t ion  and 

to  the  designers  who must t r a n s l a t e  research r e s u l t s  t o  metal and padding, 

Since persons involved i n  a  crash may ne i the r  r eac t  f a s t  enough nor be 

s t rong enough to  p ro t ec t  themselves from poss ib le  i n j u r y ,  occupant pro- 

t e c t i o n  devices must be designed t o  accommodate t he  physiological  

l imi t a t ions  of t he  occupant and provide e f f e c t i v e  pro tec t ion ,  
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APPENDIX A 

DESC'IIPTION OF ANTHROPOMETRIC DLMENSIONS 

A .  SUBJECT I N  STANDING POSITION (ERECT) 

1. WEIGHT - Taken on standard medical type 
s c a l e  t o  nearest  one-half pound. Subject 
unclothed except f o r  shor t s  and s leeve less  
s h i r t  . 

2 .  STATURE - The subject  maintains an e rec t  
s tanding posture,  f ee t  together ,  arms hanging 
a t  the  s i d e ,  looking s t r a i g h t  ahead with head 
held i n  the  Frankfort  Plane.* The v e r t i c a l  
d i s tance  i s  measured with the wall-mounted 
anthropometer from the f loo r  t o  t h e  highest  
point  on the  subjec t ' s  head with the  anthro- 
pometer arm f i rmly contacting the  sca lp .  The 
measurement i s  taken a t  maximum normal in- 
s p i r a t i o n .  

3 .  CERVICALE - The subject  maintains an 
e rec t  posture,  f e e t  toge ther ,  arms hanging 
a t  the  s i d e ,  looking s t r a i g h t  ahead with 
head held i n  the  Frankfort  Plane. The 
v e r t i c a l  d i s tance  i s  measured with a  wall- 
mounted anthropometer from the f l o o r  t o  
t he  previously marked palpable  spinous 
process of the seventh ce rv i ca l  ve r t eb ra .  

*See at tached glossary (Section E) f o r  a l l  technica l  terms underlined 
i n  the  measurement descr ip t ions .  



4 .  CHIN-NECK INTERSECT - The subject  maintains 
an e rec t  posture,  f ee t  toge ther ,  arms hanging 
a t  the  s i d e ,  looking s t r a i g h t  ahead with head 
held i n  the Frankfort  Plane. The v e r t i c a l  
d i s tance  i s  measured with a wall-mounted 
anthropometer from the f l o o r  t o  the chin-neck 
i n t e r s e c t .  This i n t e r sec t ion  i s  located by 
observing the  subject  from the  s i d e  and 
placing the point of the anthropometer arm 
a t  the highest  point on the neck in t e r sec t ed  
by  the chin. 

B. SUBJECT I N  SEATED POSITION (ERECT) 

5. SITTING HEIGHT (e rec t )  - The subjec t  si ts 
e rec t  with arms hanging a t  s i d e s ,  hands r e s t -  
ing on upper l egs ,  f e e t  together  and lower 
l egs  a t  r i g h t  angles t o  upper legs .  The head 
i s  held i n  the  Frankfort  Plane. The v e r t i c a l  
d i s tance  i s  measured with an anthropometer 
from the  s i t t i n g  sur face  t o  ve r t ex  with the  
anthropometer arm f i rmly touching the scalp.  

6 .  SITTING CERVICALE HEIGHT - The subjec t  
s i t s  e r e c t ,  with arms hanging a t  s i d e s ,  
hands r e s t i n g  on upper l egs ,  f e e t  together  
and lower legs  a t  r i g h t  angles t o  upper 
l e g s .  The head i s  held i n  t h e  Frankfort  
Plane. The v e r t i c a l  d i s tance  i s  measured 
wi th  an anthropometer from the  s i t t i n g  
sur face  t o  cerv ica le .  



7 .  SITTING RIGHT SHOULDER (acrornion) HEIGHT - 
The subject  maintains an e rec t  posture,  with 
arms hanging a t  s ides ,  hands r e s t i ng  on upper 
l egs ,  f e e t  together and lower l egs  a t  r i g h t  
angles  t o  upper legs .  The v e r t i c a l  d i s tance  
is  measured from behind the  subjec t ,  with an 
anthropometer, from the s i t t i n g  sur face  t o  
t h e  acromion. 

8. 
The 

SITTING LEFT SHOULDER (acromion) HEIGHT - 
subj ec t  maintains an e rec t  posture,  with 

arms hanging a t  s ides ,  hands r e s t i n g  on upper 
l e g s ,  f e e t  together  and lower l egs  a t  r i g h t  
angles  t o  upper legs .  The v e r t i c a l  d i s tance  
is  measured from behind the  subjec t ,  with an 
anthropometer, from the s i t t i n g  sur face  t o  
t he  acromion . 

9 .  LEFT TRAGION - The subjec t  maintains an 
e r e c t  posture,  with arms hanging a t  s i d e s ,  
hands r e s t i n g  on upper l e g s ,  l egs  spread 
s l i g h t l y ,  and head held i n  the Frankfort  
Plane. The v e r t i c a l  d i s tance  is  measured 
with an anthropometer on the  l e f t  s i d e  of 
the  subject  from the  s i t t i n g  sur face  t o  
t he  l e f t  t ragion.  



10. RIGHT TRAGION - The sub jec t  maintains 
an e r e c t  posture,  with arms hanging a t  s ides ,  
hands r e s t i n g  on upper l e g s ,  l e g s  spread 
s l i g h t l y ,  and head held i n  t he  Frankfort  
Plane. The v e r t i c a l  d i s t ance  i s  measured 
with an anthropometer on t h e  r i g h t  s i d e  
of t h e  subjec t  from the  s i t t i n g  sur face  t o  
t h e  r i g h t  t ragion.  

11. NASAL ROOT DEPRESSION - The subjec t  
maintains  an e r e c t  pos ture ,  with arms hang- 
ing  a t  s ides ,  hands r e s t i n g  on upper l e g s ,  
l e g s  spread s l i g h t l y ,  and head held i n  t h e  
Frankfort  Plane. Facing t h e  s u b j e c t ,  t he  
v e r t i c a l  d i s t ance  i s  measured wi th  an anthro- 
pometer from the  s i t t i n g  su r f ace  t o  s e l l i o n .  

12. SITTING LEFT EYE HEIGHT (e rec t )  - The 
subjec t  s i t s  e r e c t ,  with arms hanging a t  
s i d e s ,  hands r e s t i n g  on upper l e g s ,  f e e t  
toge ther ,  and lower l egs  a t  r i g h t  angles  
t o  upper legs .  The head i s  held i n  t h e  
Frankfort  Plane. The v e r t i c a l  d i s t a n c e  is  
measured with an anthroporneter from t h e  
s i t t i n g  sur face  t o  t he  inner  corner ( in-  
t e r n a l  canthus) of the  l e f t  eye. 



13. SITTING SUPRASTERNALE HEIGHT - The 
subjec t  s i t s  e r ec t  with arms a t  s ides ,  
hands r e s t i ng  on upper legs ,  l egs  spread 
s l i g h t l y ,  and head held i n  the Frankfort 
Plane. Facing the  subject ,  the v e r t i c a l  
d i s tance  i s  measured with an anthropometer 
from the  s i t t i n g  surface t o  the  supra- 
s t e r n a l e  landmark. 

1 4 .  BIACROMIAL BREADTH - The subject  main- 
t a i n s  an e rec t  posture,  with arms hanging 
a t  s ide ,  hands r e s t ing  on upper l egs ,  
looking s t r a i g h t  ahead. From behind the  
sub jec t ,  the horizontal  d i s tance  i s  mea- 
sured with an anthropometer between the  
acromion landmarks of the  l e f t  and r i g h t  
scapulae. 

15. SHOULDER BREADTI! (b ide l to id)  - The 
subjec t  s i t s  e r e c t ,  with arms hanging a t  
s ides ,  and hands r e s t i n g  on upper l egs .  
Using the  anthropometer, t he  hor izonta l  
d i s tance  i s  measured across  t h e  de l to id  
muscles. 



16 .  LATERAL NECK BREADTH (mid) - The subject  
i s  seated i n  e r ec t  posture,  with head held i n  
Frankfort  Plane. The breadth i s  measured 
with anthropometer a t  mid-point of neck from 
l e f t  t o  r i g h t  s ide .  

1 7 .  ANTERIOR-POSTERIOR NECK BREADTH (mid) - 
The sub jec t  i s  seated i n  e r ec t  pos ture ,  with 
head i n  Frankfort  Plane. The breadth i s  mea- 
sured wi th  anthropometer a t  the l eve l  of the  - 
i n f e r i o r  aspect of t he  Adam's apple.  

18. ANTERIOR NECK LENGTH - The subjec t  i s  
seated i n  e r e c t  posture,  with head i n  
Frankfort  Plane. Distance from supra- 
s t e r n a l e  t o  the chin-neck i n t e r s e c t  i s  
measured with s l i d i n g  ca l ipe r s .  

19. POSTERIOR NECK LENGTH - The subjec t  
i s  seated i n  e r ec t  posture,  with head i n  
Frankfort  Plane. ~ i s t a n c e  i s  measured 
from cerv ica le  t o  nuchale with s l i d i n g  
c a l i p e r s .  



20. S I T T I N G  HEIGHT (slumped) - The seated 
subjec t  i s  allowed t o  assume normal slumped 
posture,  with arms hanging a t  s ides ,  hands 
r e s t i n g  on upper legs ,  f e e t  together ,  and 
lower l egs  a t  r i g h t  angles t o  upper legs .  
The v e r t i c a l  d i s tance  i s  measured from the  
s i t t i n g  sur face  t o  top of head, with t h e  
anthropometer b lade  f i rmly touching the  
sca lp .  

21. LEFT SITTING EYE HEIGHT (slumped) - 
The seated subjec t  i s  allowed t o  assume 
normal slumped s i t t i n g  posture,  with arms 
hanging a t  s i d e s ,  hahds r e s t i ng  on upper 
l e g s ,  f e e t  toge ther ,  and lower l egs  a t  
r i g h t  angles  t o  upper l egs .  The v e r t i c a l  
d i s t ance  i s  measured from the  s i t t i n g  
su r f ace  t o  t he  inner  corner ( i n t e rna l  
canthus) of t he  l e f t  eye. 

2 2 .  SUPERIOR NECK CIRCUMFERENCE - The 
subjec t  i s  seated i n  relaxed posture.  
The circumference i s  measured with s t e e l  
tape a t  the l e v e l  of chin-neck i n t e r s e c t  
and nuchale.  



2 3 .  INFERIOR NECK CIRCUMFERETICE - The subject  
i s  sea ted  i n  relaxed posture.  The circum- 

24. HEAD CIRCUMFERENCE - The subjec t  i s  
seated i n  relaxed posture.  The maximum 
circumference of the head is  measured 
with a s t e e l  tape passing over the  brow 
r idges  and held perpendicular t o  t h e  
mid-sagi t ta l  plane (but no t  neces sa r i l y  
ho r i zon ta l ly ) .  

25. HEAD ELLIPSE CIRCUMFERENCE (BENNETT) - 
The subjec t  i s  seated i n  relaxed posture.  
The head circumference from menton t o  
po in t  on back of head a t  maximum d i s t ance  
i s  measured with a s t e e l  tape. 



2 6 .  HEAD BREADTH - The subject i s  seated 
i n  a  relaxed posture.  The maximum breadth 
of t he  head i s  measured with the spreading 
c a l i p e r s  perpendicular t o  the  mid-sagi t ta l  
plane of the  head. 

27. HEAD LENGTH - The subject  i s  seated i n  
a  relaxed posture.  The maximum length of 
t he  head i s  measured from g l a b e l l a  to  t he  
o c c i p i t a l  region i n  the mid-sagittal  plane 
of t he  head with the spreading ca l ipe r s .  

28. HE49 HEIGHT - The subject  i s  seated i n  
a relaxed posture.  The v e r t i c a l  d i s tance  
i s  measured from t rag ion  t o  the h ighes t  
point  of t he  s k u l l  with the anthropometer. 



2 9 .  SAGITTAL ARC - The subjec t  i s  seated i n  
a relaxed Dosture. The a r c  i s  measured with - - - - -. - - 

t he  s t e e l  tape i n  the  mid-sagi t ta l  plane of 
t h e  head, from g l a b e l l a  t o  inion.  

30. CORONAL ARC - The subjec t  i s  seated i n  
a  relaxed posture,  looking s t r a i g h t  ahead. 
The a r c  i s  measured from r i g h t  t o  l e f t  
t r ag ion  over t he  top of t he  s k u l l  wi th  t h e  
s t e e l  t ape  i n  a  v e r t i c a l  plane. 

- r 
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31. BITRAGION DIAYETER - The subjec t  i s  
sea ted  i n  a  relaxed posture.  The diameter 
between r i g h t  and l e f t  t rag ions  i s  mea- 
sured wi th  l i g h t  contact  while  holding 
the  spreading c a l i p e r s  i n  a ho r i zon ta l  
plane. 

3 2 .  :IINMU?I FRONTAL DIAMETER - The subjec t  
i s  seated i n  a  relaxed posture.  The minimum 
diameter i s  measured wi th  the  spreading 
c a l i p e r s  across  t h e  temporal c r e s t s  a t  t h e i r  
po in t  of g r e a t e s t  indenta t ion .  Care i s  
taken t h a t  t h e  measurement i s  made on the  
c r e s t s  and not over t he  temporal muscles. 



33. MINIMlM FRONTAL ARC - The subject  i s  
seated i n  a  relaxed posture.  A s t e e l  tape 
i s  used t o  measure the  a r c  across  the  fore- 
head, above the  brow r idges ,  between the  
poin ts  of g rea t e s t  indentat ion of the 
temporal c r e s t s .  

34 .  BITRAGION-MINIMUM FRONTAL A-RC - The 
subjec t  is seated i n  a  relaxed posture.  
The a r c  i s  measured from r i g h t  t o  l e f t  
t rag ion  with a  s t e e l  tape a t  the  l e v e l  
a t  which the  minimum f r o n t a l  a r c  was 
measured . 

35. BITRAGION-INION ARC - The subjec t  
i s  seated i n  a  relaxed posture.  The a r c  
is  measured from r i g h t  t o  l e f t  t rag ion  
with the  s t e e l  t ape  passing over inion.  

36. POSTERIOR ARC - The subject  i s  
seated i n  a  relaxed posture.  The a r c  
i s  measured from r i g h t  t o  l e f t  t r ag ion  
with t h e  s t e e l  t ape  passing over nuchale.  



37 .  SITTING KNEE-HEIGHT - The subject  
s i t s  i n  relaxed posture,  hands r e s t i ng  
on upper l egs ,  f e e t  together ,  and lower 
l egs  a t  a  90' angle t o  upper legs .  The 
v e r t i c a l  d i s tance  is  measured with an 
anthropometer from the f loo r  t o  the 
super ior  aspect of the p a t e l l a .  

38. SITTING KNEE-HEIGHT (maximal c lear -  
ance) - The subject  s i t s  i n  relaxed 
posture,  hands r e s t i n g  on upper l egs ,  
f e e t  toge ther ,  and lower l egs  a t  a 90' 
angle t o  upper legs .  The v e r t i c a l  
d i s tance  i s  measured with an anthro- 
pometer from the  f loo r  t o  the h ighes t  

I 
point of the s i g h t  knee. This po in t  
w i l l  be superior  t o  t h a t  of t he  pre- 
ceding measurement and provides maximum 
knee clearance d is tance .  I 

39. SEATED HEIGHT OF RIGHT ANTERIOR ILIAC 
SPINE - The subject  i s  seated i n  an e rec t  - 
posture.  The v e r t i c a l  d i s tance  i s  measured 
with an anthropometer from the  s i t t i n g  sur- 
face  t o  the  a n t e r i o r  superior  i l i a c  spine 
of the  r i g h t  iliuin. 



40.  SEATED H I P  BRFDTH - The subject  i s  
seated i n  an e r e c t  posture.  The horizon- 
t a l  d i s tance  is  measured with an anthro- 
pometer across  t he  maximum breadth of 
t h e  h ips ,  applying only l i g h t  contact 
pressure.  Subject i s  l i g h t l y  clothed. 

4 1 .  BICEPS FLEXED CIRCLMFERENCE ( r igh t )  - 
The seated subjec t  maintains a  relaxed posture 
with h i s  arms hanging f r ee ly  a t  the  s ide .  The 
subjec t  f l exes  h i s  r i g h t  arm a t  l e a s t  9 0 ° ,  
makes a  f i s t  while holding h i s  upper arm hori- 
zonta l  t o  the  f l o o r ,  and f lexes  h i s  biceps t o  
the maximum. The measurement i s  made with a  
s t e e l  tape a t  the  maximum circumference of 
the  upper r i g h t  arm. 

D . STANDING POSIT ION (RELAXED) 

42. CALF CIRCUMFERENCE - The standing sub- 
j e c t  maintains a  relaxed posture with the  I 4  
weight equally d i s t r i bu ted  on both f e e t ,  
and legs  s l i g h t l y  apa r t .  The maximum 
circumference of the  r i g h t  calf  i s  mea- 
sured with a  s t e e l  tape. 

4 3 .  FENORAL BIEPICONDYLAR DIAMETER - The 
subject  maintains a  relaxed posture with 
f e e t  spread s l i g h t l y  apa r t .  Using an 
anthropometer , t he  hor izonta l  d i s t ance  i s  
measured between the  medial and l a t e r a l  
epicondyles of t h e  r i g h t  femur. 



4 4 ,  HUMERUS BIEPICOlJDYLAR DIAMETER - 
The d i s t ance  between the  l a t e r a l  and 
medial epicondyles of the r i g h t  humerus 
i s  measured with a  s l i d i n g  ca l ipe r  with 
the  arm hanging f r e e l y  a t  the s ide .  

45 .  RIGHT TRICEPS SKINFOLD - The point  of 
measurement i s  located on the do r sa l  aspect 
of t h e  r i g h t  arm of the  standing sub jec t ,  
midway between the acromion and t i p  of t he  
elbow (olecranon) when the  forearm i s  flexed 
a t  90 ' .  The sub jec t ' s  arm i s  then extended 
t o  hang f r e e l y ,  the skinfold i s  l i f t e d  
p a r a l l e l  t o  the long ax i s  of t he  arm by 
f i rmly grasping a  fo ld  between the thumb 
and foref inger  about one cen.timeter from the  
point  t o  which the Lange ca l ipe r  is  appl ied.  
A reading i s  made wi th in  th ree  seconds a f t e r  
app l i ca t ion  of h e  c a l i p e r ,  and the average 
i s  taken of severa l  readings. 

46. RIGHT SUBSCAPULAR SKINFOLD - This  s i t e  
i s  located on the  s tanding subjec t  below 
t h e  i n f e r i o r  angle of t h e  r i g h t  scapula.  
The sk info ld  i s  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  the r i b s ,  with t he  sk info ld  
angled upward medially and downward 
l a t e r a l l y  a t  about 45' from the  ho r i zon ta l .  
A reading i s  made with the  Lange c a l i p e r  
within t h r e e  seconds a f t e r  app l i ca t ion  of 
the  c a l i p e r ,  and t h e  average is  taken of 
severa l  readings,  



4 7 .  RIGHT SUPRAILIAC SKINFOLD - This s i t e  
i s  located on the  standing subject  superior  
t o  t he  l a t e r a l  aspect  of the i l i a c  c r e s t  on 
t h e  r i g h t  s i d e .  The skinfold i s  l i f t e d  
p a r a l l e l  t o  t he  pe lv i s  and angled s l i g h t l y  
upward medially.  A reading is  made with 
the  Lange ca l ipe r  wi th in  three  seconds 
a f t e r  app l i ca t ion  of the  ca l ipe r ,  and the  
average i s  taken of severa l  readings. 

48. RIGHT POSTERIOR MID-CALF SKINFOLD - 
This s i t e  i s  located on the  s tanding sub- 
j e c t  on t h e  dorsa l  aspec t  of the  lower l eg ,  
midway between the  ankle and the  knee. The 
sk info ld  i s  l i f t e d  p a r a l l e l  t o  t he  l e g ,  and 
a  t i g h t  s k i n  adhesion i s  most commonly found 
here .  A reading is  made with the  Lange 
ca l ipe r  wi th in  t h r e e  seconds a f t e r  applica- 
t i o n  of t he  c a l i p e r ,  and the average is  
taken of s eve ra l  readings,  



E. Glossary of Anatomical Landmarks 

Acromion - the  superior  l a t e r a l  margin on the acromion process of the  
scapula.  

Cervicale  - t he  dorsa l  t i p  of t he  spinous process of the  seventh 
c e r v i c a l  ver tebra .  

Chin-neck i n t e r s e c t  - the most pos te r ior  pro jec t ion  of the  chin upon 
the neck when viewed from the  s ide .  

Frankfort  Plane - the  head i s  or iented such t h a t  the  t rag ion  and the 
lowest point  on the  bony o r b i t  of the  eye form a  ho r i zon ta l  plane 
p a r a l l e l  t o  t he  f loo r  sur face .  

Glabel la  - t he  most an t e r io r  point  on the  brow r idge  i n  the  mid- 
s a g i t t a l  plane. 

I n f r a o r b i t a l e  - the lowest po in t  on the  i n t e r i o r  margin of t he  bony 
eye o r b i t .  

Inion - the most pos te r ior  point  on the  ex t e rna l  o c c i p i t a l  protuberance 
i n  the mid-sagi t ta l  plane. 

Menton - the  point  a t  the t i p  of the chin i n  t h e  mid-sagi t ta l  plane. 

Nuchale - the lowest point  i n  the  mid-sagi t ta l  plane of the  occiput t h a t  
can be  palpated among the muscles i n  the  poster ior-superior  p a r t  of 
the  neck. This point i s  o f t en  v i s u a l l y  obscured by h a i r .  

Occip i ta l  - t he  pos te r ior  bone of the s k u l l .  

P a t e l l a  - t he  knee cap. 

Se l l i on  - the point  of g rea t e s t  indenta t ion  where t h e  br idge  of t he  
nose meets the  forehead. 

Suprasternale  - the lowest po in t  on the  super ior  margin of t h e  sternum. 

Tragion - the  a n t e r i o r  l i m i t  of the ca r t i l ag inous  notch loca ted  superior  
t o  t he  t ragus  of the l e f t  ea r .  

Vertex - the  h ighes t  point  on t h e  head i n  t h e  mid-sagi t ta l  p lane  when 
the  head i s  aligned i n  the  Frankfort  Plane. 



APPENDIX B 

Summary descriptive statistics from the anthropometry 

portion of the study are contained in this appendix. These 

data are reported in the following order: 

TABLE 

~ . 1  All Subjects Combined 
B.2 Subjects grouped by Sex--Females 
B.3 --Males 
B.4 Subjects Grouped by Sex and Age--Females, 18-24 
B.5 --Females, 35-44 
B.6 --Females, 62-74 
B.7 --Males, 18-24 
B. 8 --Males, 35-44 
B. 9 --Males, 62-74 
B.10 Subjects Grouped by Sex, Age, and Stature 

--Females, 18-24, 1-20%ile 
B.11 --Females, 18-24, 40-60%ile 
B. 12 --Females, 18-24, 80-99%ile 
B.13 --Females, 35-44, 1-208ile 
B.14 --Females, 35-44, 40-60%ile 
B. 15 --Females, 35-44, 80-99%ile 
B. 16 --Females, 62-74, 1-208ile 
B.17 --Females, 62-74, 40-60%ile 
B.18 --Females, 62-74, 80-99%ile 
B.19 --Males, 18-24, 1-208ile 
B.20 --Males, 18-24, 40-60%ile 
B.21 --Males, 18-24, 80-99%ile 
B.22 --Males, 35-44, 1-20%ile 
B.23 --Males, 35-44, 40-60%ile 
B.24 --Males, 35-44, 80-99%ile 
B.25 --Males, 62-74, 1-20%ile 
B. 26 --Males, 62-74, 40-608ile 
B.27 --Males, 62-74, 80-99%ile 

The data tables are in the format produced by the 

University of Michigan Statistical Laboratory Michigan 

Interactive Data Analysis System (MIDAS). Each of the 

measurements is given a code name; the measurement name 

associated with the code names are identified on the follow- 

ing page. All dimensions are in centimeters unless other- 

wise noted. 

1 8 7  



COOE 

WT (KG) 

WT (LB) 

STATURE 

PONDINDX 

C7HT 

CHNKINT 

ERS ITHT 

SITC7HT 

RTACR 

LTACR 

LTTRAG 

RTTRAG 

NASRTDEP 

LTEY E 

SLTSTREN 

BIACRBR 

BIDELT 

LATNKBR 

APNKBR 

ANTNKLG 

POSTNKLG 

SLMPSIT 

SLLTEYE 

SUPNKCIR 

INFNKC I R  

HEADC I R  

HEADELP S 

HEADBR 

HEADLG 

HEADHT 

SAGARC 

CORARC 

BITRGDI 

MEASUREMENT NAME MEAS. 11 
(App. A) 

WEIGHT I N  Kg w t  ( l b s )  / 2 . 2  

WEIGHT I N  LBS 

STATURE 2 

PONDERAL INDEX 

CERVICAL HT 

CHIN-NECK INTERSECT HT 

ERECT SITTING HT 

SITTING CERVICALE HT 

SITTING RT ACROMION HT 

SITTING LT ACROMION HT 

LT TRAGION 

RT TRAGION 

NASAL ROOT DEPRESSION 

LT SITTING EYE HT (ERECT) 

SITTING SUPRASTERNALE HT 

B IACROMIAL BREADTH 

SHOULDER BREADTH (BIDELTOID) 

LATERAL NECK BREADTH 

ANTERIOR-POSTERIOR NECK BREADTH 

ANTERIOR NECK LENGTH 

POSTERIOR NECK LENGTH 

SLUMPED S I T T I N G  HT 

LT SITTING EYE HT (SLUMPED) 

SUPERIOR NECK CIRCUMFERENCE 

INFERIOR NECK CIRCUMFERENCE 

HEAD CIRCUMF'ERENCE 

HEAJI ELLIPSE CIRCUMFERENCE 

HEAD BREADTH 

HEAD LENGTH 

HEAD HT 

SAGITTAL ARC 

CORONAL ARC 30 

BITRAGION DIAMETER 3 1 



CODE 

MINFRTDI 

MINFRTAR 

B ITRGMFA 

BITRGINA 

POSTARC 

SITKNEE 

K N E W  

RTILAC SP 

HIPBR 

BICFLCIR 

CALFCIR 

FEMDIA 

HUMDIA 

TRICEPSF 

SUBSCPSF 

SUPILSF 

CALFSF 

MEASUREMENT NAME 

MINIMUM FRONTAL DIAMETER 

MINIMUM FRONTAL ARC 

BITRAGION-MINIMUM FRONTAL ARC 

BITRAGION-INION ARC 

POSTERIOR ARC 

SITTING KNEE HT 

SITTING KNEE HT (MAX CLEARANCE) 

SEATED HT OF RT ILIAC SPINE 

SEATED HIP BREADTH 

BICEPS FLEXED CIRCUMFERENCE 

CALF CIRCUMFERENCE 

FEMORAL BIEPICONDYLARIA-METER 

HUMERUS BIEPICONDYLAR DIAMETER 

RT TRICEPS SKINFOLD 

RT SUBSCAPULAR SKINFOLD 

RT SUPRAILIAC SKINFOLD 

RT POSTERIOR MID-CALF 

MEAS. # 

The remaining measurements are the distances between 

t h e  cervical vertibrae as measured from the X-rays, in inches. 

C2 LINK 

C3 LINK 

c4 LINK 

C5 LINK 

C6 LINK 

C7 LINK 

TOTLENG 

C1-C2 LINK DISTANCE (in inches) 

C2-C3 LINK DISTANCE 

C3-C4 LINK DISTANCE 

C4-C5 LINK DISTANCE 

C5-C6 LINK DISTANCE 

C6-C7 LINK DISTANCE 

TOTAL CERVICAL NECK LENGTH 



The fo l l owing  summary s t a t i s t i c s  a r e  r e p o r t e d  f o r  each 

measurement : 

Column Heading S t a t i s t i c  

N 
M I N I M U M  
MAXIMUM 
MEAN 
STD DEV 
COEF VAR 

Number of Sub j ec t s  i n  t h e  Group 
Smal les t  Observat ion 
Larges t  Observat ion 
Numerical Average 
Standard  Devia t ion  
C o e f f i c i e n t  of V a r i a t i o n  

(Mean/Std Dev) 
F i f t h  P e r c e n t i l e  (Ca l cu l a t ed )  
F i f t i e t h  P e r c e n t i l e  (Ca l cu l a t ed )  
N ine ty - f i f t h  P e r c e n t i l e  (Calcu- 
l a t e d )  

Note: MIDAS s p e c i f i e s ,  a s  t h e  p e r c e n t i l e ,  t h e  i n d i v i -  

d u a l  measurement which i s  c l o s e s t  t o  t h e  r eques t ed  p e r c e n t i l e .  

For example; i n  a  d a t a  set of 178 o b s e r v a t i o n s ,  t h e  9 t h  

s m a l l e s t  i s  c a l l e d  t h e  5 th  p e r c e n t i l e ,  t h e  89th  i n  rank is 

t h e  50th p e r c e n t i l e  and t h e  169th  i s  t h e  95 th  p e r c e n t i l e .  

This  approach can cause  mis leading e r r o r s  when s m a l l  sub- 

sets of t h e  d a t a  a r e  analyzed;  t h e r e f o r e ,  on ly  t h e  50th  per-  

c e n t i l e  i s  inc luded  i n  Tables  B . 4  through B.9 and no per-  

c e n t i l e s  a r e  inc luded  f o r  Tables  B.10 through B.27. 
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VAQ I ABLE 

, W T l U G #  

. STATIJRE 

. PONDINDX 

IC?HT 

.CHNK TNT 

. E R S I  T H T  

S I T C 7 H T  

. POSTNKL; 

. S L Y P S I T  

. SLLTEYE 

. SUPNKCIR 

. I N F N K C I R  

TABLE B . 4  

N M I N I M U M  

30 45.909 

33 10i:tib- 

30 144.80 

30 11.760 

35 .ozr.so 

30 12?.80 

30 76.000 

30 53.900 

30 48.300 

30 48.800 

30 63.000 

30 63.100 

30 65.500 

30 64.500 

30 47.000 

30 31.000 

30 37.000 

30 B - ~ O O O  

30 8.0000 

30 6.0000 

30 6.7000 

30 73.300 

30 52.700 

30 29.800 

30 32.500 

TO 5 7 . 4 U U  

30 60.800 

30 13.700 

ANTHROPOMETRY 

MAX l MUM MEAN 

-BY SEX AND 

S T D  DEV 

AGE FEMALES 18-24 

C O E F  V A R  50TH % I L E  

.13.271 -~ 57.5CG 

13.272 l2i,.?<)O 

5 . 4 5 4  1 6 1 . 6 2 3  

i . 1 0 3  12.556 

5 .P.~z 1 2 7  .'oo 

'. 95'+ ! 'P.300 

4.370~ ; i G . l C O  

4 . 7 6 3  61. 7(i0 

': . 5 0 5 ' .; . . 1 I! :> 

'. . 7 ,. q 5 r ,  ./.!?) 

rf.c7Ll 7 2 .  (.'I3 

5 . 1 - 7  7 ,? . 7 0 ,.> 

7.111 7 4  .<,!I  > 

5.1 - 5  73. f. co 

5 . 0 . i U  %(. .: I!!! 
5 .  ',?? ?5.'12:1 

7.074 /.r. O C . )  

5 . 7 ; ; 3  . % 0 :I 

5 . P 3 '  c. 3(: ,> 

lf..<l2 ".?( 'J 

15-07 I In. ',:)'> 

4 - 5 1 : ;  1:2. 3 C r )  

5.03 ' )  7 0 .  (> 9:) 

't . 4 t: 7 3 1  . i O ~ l  

5.330 75. 7CJ 

3 . 1 0 1  5 Tj . 5 :)'I 

. e x 7 2  ( , 3 .  5il.') 

3.077 7 4 . < 1.'- 1 



.HFADLG 

. HEADHT 

. SAGARC 
- . COPARC 

. fl1 TRGDI  

. M I N F R T O I  

. MI N F R T A R  

- 0 I T R G M F 4  

. KNEEMAX 

P 
U3 
L a  

. H I  PRR 

. CALFC I R  

- T P I C F P S F  

. SIIBSCP SF 

. C 3  L I N K  

. C 4  L I N K  

. C 5  L I N K  

. C b  L I N K  

;C7 L I N K  



L? 

1 P ,  

I 

P k l  
P r: 
I" 

n 
m 
.t 

N 
C 

0 
0 
N 

r 

b 
0 m 

I- 9 

0 
m 

E 
l;' 









V A R I A B L E  

.WT(KG) 

. w ~ t i a ~  

.STATURE 

- PONOINOX 

.C7HT 

-CHNK I N T  

. F R S I T H T  

. S I  TC7t4T 

. L T F Y E  

. SUPSTREN 

. APNKRR 

.ANTVKLG 

. Pfl5TNKLG 

TABLE 8.7 ANTHRDPDMETRY BY SEX A N 0  

N M I N I M U M  

3 0  5 0 . 2 2 7  

30-  liO - 5 0  

3 0  1 6 2 . 4 0  

3 0  11 .789  

3 0  1 3 6 . 3 0  

3 0  137 .70  

3 0  8 5 . 1 0 0  

MAXIMUM 

1 1 1 . 1 4  

244;50- 

1 8 9 . 9 0  

-. HE *!L S T K  DEV 

7 1 . 3 9 4  14.106 

- - - - - - -. - -- 
157 -07 3 1 . 0 3 4  

ST. 663 

AGE MALES 

COEF V A R  

1".75P 

1 q . 7 5 5  

4 .  R 3 4  

3 . 8 3 3  

5.4'31 

18-24 

50TH X I L E  

6 P .  1 8 2  

1 5 0 . U J 3  

? 7 4 . ' 2 J  

12.880 

1 4 7  ."0 1 





VnPI ARLF 

.WTIKG) 

. W T I  L R )  

.STATUP€ 

. DONOINOX 

.C 7HT 

.CHNY INT 

-EQ<ITHT 

. S TTC7HT 

. PTACP 

.L T A Z D  

.NASRTOFD 

.LTFYF 

.SIIPSTPEN 

. BIACRBR 

.R IDEIT  

.LATVKSF' 

. APYKRR 

.ANTUKLC 

. PnSTF'KLG 

. cLMPSIT 

.qLLTEYF 

. TIIPFJYCI F 

. INFNKCIR 

. H E A ~ C  IR 

.HrA>FLPZ 

. H F A D V R  

TABLE B .  8 

N MINIMUM 

30 61.364 

30 135.00 

30 153.00 

3 0  10.689 

30 129.30 

30 129.60 

3 0  83.100 

30 59.100 

30 52.100 

30 54.300 

30 70.100 

3 0  70.600 

30 71.400 

30 70.100 

30 52.800 

30 35.600 

30 44.300 

30 9. 5000 

3 0  10.500 

3 0  5.0000 

30 7.1000 

30 80.900 

30 69.500 

30 36.100 

30 38.700 

30 55.200 

3 0  63.500 

30 14.700 

ANTHROPOMETRY 

MAXIMUM ME AN 

BY SEX AN0 

ST0  DEV 

13.977 

30.750 

AGE MALES 35-44 

C O E F  V A R  5 0 T H  % I L E  

16.753 79.773 
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TABLE B .  11 

VARIABLE N MINIMUM 

.WTIKG) 1 0  50.000 

- - 
.W T(L8) 10 110.00 

.STATURE 10 158.20 

.PDNDINDX 10 11.760 

.C7HT 10 136.50 

.CHNK INT 10 136.90 

.SITC7HT 

. RTACR 

.LTAL,R 

N 
P . RTTRAG 
N 

. N A S R T O E D  

. SUPSTREN 

.BIACRRR 

.RIDELT 

.L ATNKRR 

. APNKeR. 

. ANTFIKLG 

. PDSTNKLG 

ANTHROPOMETRY BY SEX, AGE 

MAXIMUM __ MEAN STD DEV 

72.273 60.000 7.0516 

1J2700 - -- ----- 
159.00 15.513 

164.40 161 -52- - 1.7409 

13.395 12.524 .47773 

139.20 137 -77 .96730 

141.50 138.90 1.6344 

87.800 85.240 1.5869 

62.600 61.410 -79505 

56.400 54.22 0 1.6383 

56.500 54.300 1.9125 

74.200 72.030 1 - 7 1  66 

74 -400 72.120 1.6240 

77.3 00 74.470 1.6104 

76.500 73.120 1.8624 

55.300 54 -070 1.1156 

37.500 35.520 1.7587 

45.100 40.950 1.8603 

10.800 - 9.9500 -46963 
- 

9 .BOO0 9.3000 .46667 

9.9000 8.2600 -97205 

12.700 10.180 1.8023 

AND STATURE FEMALES 18-24 40-604ile 

COEF V A R  



.R ITRGMFA 
- 

. 8 I T R G I N A  

 S ST ARC 

. S I T K N E E  - 

.KNEEMAX 

T R T I L A C S P  

. H I P B R  

. R I C F L C I R  

. CAL FC I R  

. F F M O I A  

. HUM0 I L 

. C C I F S F  

. C 7  L I N K  

. C 3  L I N K  

. C 4  L I N K  

.C5 L I N K  

. C 6  L I N K  

.C7 L I N K  

. TOTLENG 
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. B I T R G _ O I  -- 

..MI N F R T D  

.MINF%TAR 

. R I T R G M F &  

. B I T R G I N A  

. P O S T A R C  

. S I T K U E E  

. K N F F M A X  

.m L X  SP 

. H I P B R  

. B I C F L C I R  

. C A L F C I R  

. F F M D I A  

.HUM 0 I A 

. T R T t E P S  F  

. SUB SCP S' 

. S U P I L S F  

. C I L F S F  

. c 2  L r y  

. C 3  L I N K  

;t- Ti NK 

.C5  L I N K  

.Ch L I N K  

.T7 

. TOTLENG 



VARIABLE- 

. POND1 NDX 

. C 7HT 

.CHNK I N T  

. RTACR - -. 

.LTPCR 

;L T E Y E  

. SUPSTREN 

. R I ACRBR 

. O I O E L T  

.L ATVKBR 

. APNKBR 

;AN Tm K L G  

. POSTNKLG 

. S L H P S I T  

~ S C L T E Y E  

. SUPNKC I R 

. I N F Y K C 1 4  

TABLE 8 - 1 3  ANTHROPOMETRY 

MAXIMUM _ MEAN- 

59.318 52.932 

-- 

130.50 116 .45  

157 .20  154 2 3  

BY SEX.  AGE AND S T A T U R E  FEHALES 35-44 1 - 2 0 ~ i l ~  

S T 0  OEV COEF V A R  



. H F A ~ L G  

. H F A n H T  

. SAGPRC 

.COP ARC 

. @ I T P G D l  

. Y I N F R T O I  

. M I N F R T P F  

. R l  T R G M F 4  

. R I T R G l N A  

. P O S T A R C  

. S I T K N E E  

. K N E E M A X  

. P T I L A C S P  

. H I P O P  

. R l C F L C I R  

. CAL F C  I R  

. F F M D  I d  

. H U M 0  I A  

. T R I C i P S F  

. 5t lP  ST P  SF 

. S U P T L S F  

. C A L F S F  

. C 2  L I N K  

. C 3  L I N K  

. C 4  L I N K  

. C S  L I N K  

. C b  L I N K  

. C 7  L I N K  

. T n T L F h l G  







VARIABLE 

.WT(KGl 

. W T ( L B )  

. ST4TURE 

.POIIOINDX 

.r7HT 

.CHYKINT 

. ERSITHT 

. S I T C  7HT 

. RTACR 

. L T A C R  

. L T T Q A G  

-1  ATNKBR 

. APNURR 

.ANTNKLG 

. POSTNKLG 

. SLMPSI T 

-5LLTEYE 

. SUDNUC I R 

. INFNKCI9 

. HKADCIR 

TABLE B . 1 5  

N MINIMUM 

11  51.136 

11 112.50 

11 164.10 

11 10.789 

11  138.10 

11 138.20 

11  85.700 

11  59.700 

11 54.600 

11  53.400 

11  72.500 

11  72.100 

11 75.300 

11 74.200 

11  53.200 

11 34.700 

11  38.700 

11 9.4000 

11 9.1000 

11 4.6000 

11 8.1000 

11 83.600 

11 69.800 

1 1  31.300 

11 33.400 

11 53.000 

1 1  t l .000  

11 14.300 

ANTHROPOHETRY 

MAXIMUM MEAN 

101.14 67.066 

222.50 147.55 

172.90 168 -19 

13,580 12.680 

146.10 143.36 

149.60 144.18 

91.500 88.118 

66.100 63.918 

60.800 57.091 

61.600 57.436 

78.200 74.691 

77.500 74.436 

79.800 76.482 

78 -600 75.436 

57.50C 55 -645 

39.600 36.573 

48 -800 42.327 

11.000 10.191 

12.200 9.8636 

11.400 9.1182 

11.100 9.7636 

90.000 85 -627 

74.800 72.873 

40.500 33.555 

BY S E X r  AGE AN0 STATURE FEMALES 35-44 80-99Xile 

STO- DEV COEF V A R  

17.665 26.33Q 

38.862 ? C . ' 3 ' 7  

2 -4664 1 . 4 ', 5 

.95253 7.512 

2.6082 1. '19 

3.4058 1.3'7 

1.8170 7 . O h 7  

1.9838 2.101. 

1.6574 -. Q03 
2.1500 ' - 7 4 3  

1.6177 ' . I  - 
1.4009 1 . f  

1.4105 l . 'i 4 

1-3193 I .  7'v0 

1.2160 7 . 1 - 5  

1.5749 4 .3Ch  

3.0473 7 . 1 ' 0  

.47844 . I o ,, 

-91353 r. 

1.8846 - d . t  t I! 

-87667 ".177 
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VAR-IABLF 

. W T ( K G I  

. W T ( l  8 1  

. YTATURE 

.PONDINOX 

. f 7 Y T  

.CHNKINT  

. E R S I T H T  

. S f  T 3 7 H T  

.PTACR 

. LTACR 

. R l r I E L T  

.L PTNKRR 

. APNKBR 

. S L L T E Y E  

. SUPNKC I R 

. I N F N K C I R  

TABLE B .17 

N M I N I M U M  

10 f1.364 

10 1 3 5 . 0 0  

ANTHROPOHETRY BY SEX.  AGE A N 0  S T A T U R E  FEMALES 62-74 40-60%11e 

M A X  IMUM MEAN STD OEK C O E F  V A R  - - - - 
7 1 - 8 1 8  66.705 3.8958 5.843 

1 5 8 . 0 0  146.75 8 .5108-  5 .ti40 









VAQ I A H L E  - -- 

- W T ( K G )  

- . W T ( L 6 )  

- 5 T A T C l P E  

. P n N o I  N n X  

. C 7n-T 

. CHNK I N T  - 

. F R S I T H T  

- 

. C I T C l H T  

. R T A C P  
- - 

.L TACR 

. L T T R A G  

. S I J P F T R E Y  

- 81 ACRRP 

. R I ~ F L T  

. L ATVKRR 
- - 
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. A N T  N K L 6  

. P O S T N K L G  - - 

. S L Y P 5  I T  

. SLL T E Y E  

. S I I P U K C I ?  

. I N F N K C I P  

TABLE R. 19 

N M I N I M U M  
-- 

10 5 0 . 2 2 7  

r 1 1 0  -50- 

A N T H R O P O M E T R Y  

M A X I  MUM MKA!!- 

68 .182  59.36 4 

150  .OO r30.6C 

B Y  S E X .  AGE A N D  S T A T U R E  MALES 18-24 1-20%i1e 

S T D  OEV COEF V A R  . 

6 .4173  1 L . s l ~  

17;;118 l ~ . i l i o  

1 .7161  1 - 0 3 ' '  

- 4 9 4 7 1  3 .  f d  (+'> 

2.1541 1.535 

2.1735 I .&2 1 

1.6083 1 . ,a ,. '2 
1.3697 2 .ZO'> 

2 . 3 8 4 7  4 . L' 2 3 

2 . 4 8 8 7  4. > <  7 

1 .7891  2 . 4 ' 1  
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.MINFRTDI 

. M l N F R T A Q  

. T R I C c P S F  

. S I I R S C P S F  .- 

. S U P I L S F  

. C A L F S F  

. C 2  L I N K  

. C 3  L I N K  

. C 4  L I N K  

C S  I I N K  

. C 6  L I N K  

. C 7  I I N K  

. T ~ T L E N G  
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. Pf lNOI NO: 

. C 7HT 

.C HNK I NT 

. E R S I T H T  

- 5 I T C 7 H T  

. R T A t P  

.LTACR 

. LTTRAG 

lu .RTTPAG 
LJ 
00 . NASRTOEP 

. ANTNKLG 

. PP<TF:KL; 

. S I  MPS I T  

TABLE B . 2  4 ANTHROPOMETRY BY SEX.  AGE 

MA X I  MUM ME AN S T 0  OEV 

121.14 88.932 15.892 

- --- 
266.50 1 9 5 . l r  34 - 9 6 3  

195.00 182.40 5.0142 

13.512 -2.438 -57077  

169.70 156.62 5.2291 

168.30 157.21 4.6479 

97.100 94.700 1.5839 

72.700 69.300 2.1669 

64.900 6 2  - 6 2 0  2.2856 

65 .700  f 3.250 1.6588 

84.400 81.060 1.9873 

83.600 80. 82 0 1.8689 

85.700 82.800 1.8821 

84.500 8 1  - 5 1 0  1 . P 7 Q 7  

63.500 60.620 2.0154 

42.900 40.350 1.6834 

56.000 49.420 3.5383 

12.800 11.630 - 7 7 0 3 5  

13.900 12.360 -89716  

10.800 8.4200 1.6745 

11 - 5 0 0  10 - 7 2 0  -59404  

92.600 90.080 2.4948 

8 1  -700  77.360 3.2908 

46.2CO 40.730 3.1948 

51.500 '13.740 3.8561 

64.600 5 E . 8 U F  Z;8- 

72.300 68.480 
- - -  2.2215 

16.800 15.660 - 5 3 7 9 0  

AND STATURE MALES 35-44 80-99Xile 

COEF V A R  

17.@70 

17. R7C 

7 -749 

4 . 5 P 9  

3 . 3 3 9  

2 . C I 5 7  

? . ( 7 3  

'.127 

3.(53 

7./,73 

7.45: 

2 .  =12 

2 . 2 7 3  

2 . 2 4 5  

3 . > 2 5  

4.177 

7 . ? C J  

h . t  2 4  

7.259 

1 ' ) . " O 7  

5.c11 

1.77j 

4-25', 

7 .R44 

0.816 

4.t79 

3.244 

3 .435 
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.CHNKINT 

.FRS ITHT 

. 'iITC7HT 

. 2 T A T P  

.LT4CP 

. L T T Q  4c 

.RTTQPG 

.FIASPTPEP 

. L T F Y F  

. TIIPZTRFN 

.RJACPRR 

. R F l F [ T  

.L AThlKRP 

. ADPIKOR 

.4NThlKLT: 

. PPSTNKLG 

. CLMPCIT 

. SL L T F Y F  

. clJPNYC I R  

. INFNKCl I t  

. H F A D C  TP 

. H F A ~ E L P T  

I A X  I Y l J Y  ' I F  4hl 

8 9 . 5 4 5  76  7 1 9  

1 9  7.00 1 6 7 . 6 6  

R Y  S ~ X ,  a;- 

STr) D F V  

4 . 6 4 1 3  

1 4 . 0 1 1  

1 . 7 9 5 2  

. s1,775 

? .orK, 

ar.D <TIIT", MALES 62-74 40-60Xi le  

C O E F  V A R  

1 1 . 1 3 7  

1 1 . 3 1 7  

1 . 0 5 4  

3 . 6 P 5  

1 . 3 4 7  

- 7 6 7  

1 . 9 5 9  

3 . 2 4 9  

4 . 6 6 1  

3 . 2 9 6  

2 . 7 7 3  

7 . 0 5 2  

2.159 

2.097 

3 . 1 1 7  

4 . 5 1 4  

4.617 

T. 11 -% 

6.7 C >  

8.877 

R.87h 

2.182 

3.71 3 

6 . 6 4 0  

5 . 6 0 4  

2 . 0 4 9  

2 . 4 W  

3 . 7 7 7  











APPENDIX C 

RANGE OF MOTION - DESCRIPTIVE STATISTICS 

Summary d e s c r i p t i v e  s t a t i s t i c s  from t h e  r ange  of  

motion p o r t i o n  o f  t h e  s t u d y  a r e  c o n t a i n e d  i n  t h i s  appendix.  

These d a t a  a r e  r e p o r t e d  i n  t h e  f o l l o w i n g  o r d e r :  

TABLE 

C . l  A l l  s u b j e c t s  Combined 
C.2 S u b j e c t s  grouped by Sex--Females 
C.  3  --Males 
C.4 S u b j e c t s  grouped by Sex and Age--Females, 18-24 
C .  5  --Females,  35-44 
C .  6  .--Females, 62-74 
C.7 --Males, 18-24 
C.8 --Males, 35-44 
C.9 --Males, 62-74 
C.10 S u b j e c t s  grouped by Sex ,  Age, and S t a t u r e  

--Females,  18-24, 1 - 2 0 % i l e  
C . l l  --Females, 18-24, 40 -60%i le  
C.12 --Females, 18-24, 80 -99%i le  
C.13 --Females,  35-44, 1 - 2 0 % i l e  
C.14 --Females, 35-44, 40 -60%i le  
C.15 --Females, 35-44, 8 0 - 9 9 % i l e  
C.16 --Females, 62-74, 1-2O%ile  
(2.17 --Females,  62-74, 4 0 - 6 0 % i l e  
C.18 --Females,  62-74, 8 0 - 9 9 % i l e  
C .  19 --Males, 18-24, 1 - 2 0 % i l e  
C .  20 --Males, 18-24, 40 -60%i le  
C .  21 --Males, 18-24, 8 0 - 9 9 % i l e  
C .  22 --Males, 35-44, 1 - 2 0 % i l e  
C.23 --Males, 35-44, 40 -60%i le  
C.24 --Males, 35-44, 8 0 - 9 9 % i l e  
C .  25 --Males, 62-74, 1 - 2 0 % i l e  
C.26 --Males, 62-74, 4 0 - 6 0 % i l e  
C.27 --Males, 62-74, 8 0 - 9 9 % i l e  

The d a t a  t a b l e s  a r e  i n  t h e  f o r m a t  produced  by t h e  Uni- 

v e r s i t y  o f  Michigan S t a t i s t i c a l  L a b o r a t o r y  Michigan I n t e r -  

a c t i v e  Data  A n a l y s i s  System (MIDAS). Each o f  t h e  measure- 

ments i s  g i v e n  a  code name; t h e  measurement name a s s o c i a t e d  

w i t h  t h e  code names a r e  i d e n t i f i e d  on t h e  f o l l o w i n g  page.  

A l l  d imens ions  a r e  i n  d e g r e e s .  



CODE MEASURENENT NAME 

XNTANG 

XFLEX 

XEXT 

XROM 

P I T A N G  

P l n x  

PlEXT 

P l R O M  

P 2NTANGE 

P2F'LX 

P 2 E X T  

P 2 ROM 

P3NTANGE 

P 3 F L X  

P 3 E X T  

P 3 ROM 

XPAVGNT 

XP AVGFLX 

XPAVGEXT 

XPAVGROM 

PAVGNT 

PAVGFLX 

PAVGEXT 

PAVGROM 

X RAY-NEUTRAL HEAD P O S I T I O N  

X RAY-FLEXION 

X RAY-EXTENSION 

X RAY-RANGE O F  MOTION 

PHOTO 1-NEUTRAL HEAD P O S I T I O N  

PHOTO 1 - F L E X I O N  

PHOTO 1 - E X T E N S I O N  

PHOTO 1-RANGE O F  MOTION 

PHOTO 2-NEUTRAL HEAD P O S I T I O N  

PHOTO 2 - F L E X I O N  

PHOTO 2 - E X T E N S I O N  

PHOTO 2-RANGE O F  MOTION 

PHOTO 3-NEUTRAL HEAD P O S I T I O N  

PHOTO 3 - F L E X I O N  

PHOTO 3-EXTENSION 

PHOTO 3-RANGE O F  MOTION 

AVERAGE NEUTRAL HEAD P O S I T I O N  FROM X-RAYS 
AND 3 PHOTOS 

AVERAGE F L E X I O N  FROM X-RAYS AND 3 PHOTOS 

AVERAGE E X T E N S I O N  FROM X-RAYS AND 3 PHOTOS 

AVERAGE RANGE O F  MOTION FROM X-RAYS AND 3 PHOTOS 

AVERAGE NEUTRAL HEAD P O S I T I O N  FROM 3 PHOTOS ONLY 

AVERAGE F L E X I O N  FROM 3 PHOTOS ONLY 

AVERAGE E X T E N S I O N  FROM 3 PHOTOS ONLY 

AVERAGE RANGE O F  MOTION FROM 3 PHOTOS ONLY 



The fo l lowing  summary s t a t i s t i c s  a r e  r e p o r t e d  f o r  

each measurement: 

Column Heading S t a t i s t i c  

N 
M I N I M U M  
MAXIMUM 
MEAN 
STD DEV 
COEF VAR 

Number of  S u b j e c t s  i n  t h e  Group 
S m a l l e s t  Observa t ion  
L a r g e s t  Observa t ion  
Numerical Average 
S tandard  Dev ia t ion  
C o e f f i c i e n t  of  V a r i a t i o n  

(Mean/S t d  Dev) 
F i f t h  P e r c e n t i l e  ( C a l c u l a t e d )  
F i f t i e t h  P e r c e n t i l e  ( C a l c u l a t e d )  
N i n e t y - f i f t h  P e r c e n t i l e  (Calcu- 
l a t e d )  

Note: MIDAS s p e c i f i e s ,  a s  t h e  p e r c e n t i l e ,  t h e  i n d i v i -  

u a l  measurement which i s  c l o s e s t  t o  t h e  r e q u e s t e d  p e r c e n t i l e .  

For example: i n  a  d a t a  s e t  of 178 o b e e r v a t i o n s ,  t h e  9 t h  

s m a l l e s t  i s  c a l l e d  t h e  5 t h  p e r c e n t i l e ,  t h e  89th  i n  rank i s  

t h e  50 th  p e r c e n t i l e  and t h e  169th  i s  t h e  95 th  p e r c e n t i l e .  

Th i s  approach can  cause  mis l ead ing  e r r o r s  when s m a l l  sub- 

s e t s  o f  t h e  d a t a  a r e  ana lyzed;  t h e r e f o r e ,  o n l y  t h e  50th 

p e r c e n t i l e  i s  inc luded  i n  Tab les  C . 4  through C . 9  and no 

p e r c e n t i l e s  a r e  inc luded  f o r  Tab le s  C.10 through C.27. 





\ I @ F l A n L F  

. XP.ITArlC 

. XFLEX 

. XFXT 

. x v r i ~  

.nlTAb!G 

. " l F L X  

. ~ ' l r x ~  

. o l r i 7 k l  

. ~ ? r < ~ r  ~ I C .  

.112FLX 

.PZFXT 

. ")" 3 " '  

. P 7 ~ ~ r . v ~  

. I 7 3 f l  X 

. r 3 c x T  

1>3i?n;' 

.Y"!VS'I- 

. x~-r,v,;r I x 

, . X " & V G F k T  

. YI3CVC'IP ' 

I .  ,' 2 VC,! 

. L'dv';GLX 

' . ' 7 P , , < ; b  K T  

? \ , ! , , ? , . A .  

TABLE C. 1 

h' ' I I N I Y U * *  

1 7 6  55  - 5 0 0  

1 7 7  1 8 . 0 0 0  

1 7 7  25.' iCI(! 

1 7 r  5').50Ll 

1 7 3  55 .500 

1 7 0  22. 0 ' ) O  

171 i C . 0 0 0  

1 7 5  57.00(: 

1 7 8  'jG.OC0 

1 7 7  2 5 . 3 0 0  

1 7 6  5 . 0 0 0 0  

1 7 f  ? ~ ? . C L ~ U  

1 7 6  T 3 . . ) ( 1 0  

1 7 6  2 1 .  5UC 

7  ? ' t .  ) C C  

1 7 6  4r).t:C0 

1 7 0  - 7 5  

171; / 5 . ~ : 3 ~ 1  

1  I J I  i u . 7 5 r 1  

1 7 i l  5 3 . 6 2 5  

I I P  5'.. 2 3 0  

1 7 6  25 .500 

17.1 15 .667 

1 7 "  /,'>.?(,(l 

P nhGF CF I'OT ION 

r . 1 ~  XI MUM ~t A ~ I  

i 'J .500 15-11 '>  

71.000 5 4 . 5 1 4  

112.50 6Z.YLS 

1 7 4 . 0 0  1 1 7 . 3 6  

f 9.ilCO 13 .465  

l!Q . , )do 5 6 . 5 7 4  

117.59  60 .47  1  

l b H . 5 0  1 1 5 . 2 1  

I't'.CCC 7 2 . 3 q 3  

40.5CO 56. I 2 0  

1 .Ic> - 5 0  6 0 . 0 5 7  

17O.CJ 116.  76 

r 9 . 5 0 0  7 2 . 2 7 8  

F O . 5 C C  5 7 . 4 1 1  

I G 3 . : ~ : 1  6 l . U t i 6  

1 6 3 . 5 0  l l t i . f + 1  

< ? I < .  1 2 5  7 3 . 3 1 0  

n 2  . , I  7 i 5 5 . 7 5 7  

l l l . . 2 c >  61. 1 6 5  

166 .50  ~ i ( , . n s  

L!J. 5 G C  7_'.6!33 

t? 5 .  5 C ' l  5 h .  2 1 0  

1 1 1 . 6 7  6 3 . 5 9 7  

1 6 5 -  53  1 1 6 . 7 6  

A l  L S I I R  IrCTS COMBINED 

S'C O E V  COEF V A R  5 T H  % I L E  

6 . 4 9 7 0  8.649 64.500 

12.116 22.229 33.000 

l e . 0 2 4  28.648 37.500 

24.391 20.783 78 - 0 0 0  

6 . 1 7 4 1  8.404 65 .000  
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TABLE C .  1 0  

r j  \ I I N I . I L I ~ ~ ~  :. 

1, )  tO.Cti0 

1 0  3 8  - 5 0 0  

1 0  51 .000 

1 0  sa.090 

9 66. 5 0 0  

4 7 . 3 J 0  

q 51.500 

9 SR.'iOO 

1 0  t4.OOO 

1 0  5 0 . 5 0 0  

1 0  55 .000 

1J  105.50  

1 0  t 2 .  5 0 0  

10 4'>.0(>!) 

10 5 ! .  5 9 0  

1 0  101.03 

10 tfi . 6 2 5  

1 J  '4b.375 

1 3  5h.625 

13 1d0.75  

1U c 4 . 3 : I I  

1 0  40.000 

10  52.067 

1 3  101.67  

Q ? h C E  

' * A  I Y O Y  

Wb.~100 
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APPENDIX D 

X-RAY RANGE OF MOTION - DESCRIPTIVE STATISTICS 

Summary descriptive statistics from the X-ray range of 

motion portion of the study are contained in this appendix. 

These data are angular relationships between anatomical coor- 

dinate systems and between individual vertebrae and were all 

obtained from analysis of the X-rays. The order of report- 

ing is as follows: 

TABLE 

All Subjects Combined 
Subjects grouped by Sex--Females 

--Males 
Subjects grouped by Sex and Age--Females, 18-24 

--Females, 35-44 
--Females, 62-74 
--Males, 18-24 
--Males, 35-44 
--Males, 62-74 

The data tables are in the format produced the Univer- 

sity of Michigan Statistical Laboratory Michigan Interactive 

Data Analysis System (MIDAS). Each of the measurements is 

given a code name; the measurement name associated with the 

code names are identified on the following page. All dimen- 

sions are in degrees. 



CODE 

FPVERTN 

FPC7EXT 

EWGVERTN 

FPEWG 

MEASUREMENT NAME 

Angle from v e r t i c a l  t o  F r a n k f o r t  P l a n e ,  
head i n  n e u t r a l  p o s i t i o n  

R e l a t i v e  f l e x i o n  between F r a n k f o r t  P lane  
and t h e  v e n t r a l  s u r f a c e  of t h e  C7 
v e r t e b r a  

R e l a t i v e  ex tens ion  between F r a n k f o r t  P lane  
and t h e  v e n t r a l  s u r f a c e  of t h e  C 7  
v e r t e b r a  

Angle from v e r t i c a l  t o  t X-axis of Ewing's 
s p i n e  anatomical  c o o r d i n a t e  sys tem,*  
head i n  n e u t r a l  p o s i t i o n  

Angle between F r a n k f o r t  P lane  and t x-axis  
of Ewing's s p i n e  anatomical  c o o r d i n a t e  
system, head i n  n e u t r a l  p o s i t i o n  

R e l a t i v e  f l e x i o n  between F r a n k f o r t  P lane  
and C 2  l i n k .  This  measurement accoun t s  
f o r  r e l a t i v e  motion b o t h  between t h e  
s k u l l  and C 1  and between C 1  and C 2 .  

R e l a t i v e  e x t e n s i o n  between F r a n k f o r t  P lane  
and C 2  l i n k .  Th i s  measurement accoun t s  
f o r  r e l a t i v e  motion b o t h  between t h e  
s k u l l  and C 1  and between C 1  and C 2 .  

T o t a l  range of motion of s k u l l  r e l a t i v e  t o  
t h e  C2  l i n k  

C2C3FL R e l a t i v e  f l e x i o n  between C2  and C3 l i n k s  

C2C3EXT R e l a t i v e  e x t e n s i o n  between C 2  and C3 l i n k s  

T o t a l  range  of motion of C 2  l i n k  r e l a t i v e  
t o  C3 l i n k  

C3C4FL R e l a t i v e  f l e x i o n  between C3 and C 4  l i n k s  

C3C4EXT R e l a t i v e  e x t e n s i o n  between C3 and C 4  l i n k s  

C3C4ROM T o t a l  range  of motion of C 3  l i n k  r e l a t i v e  
t o  C 4  l i n k  

*The p o s i t i v e  X-axis of t h i s  c o o r d i n a t e  sys tem i s  e s t a b l i s h e d  
by p r o j e c t i n g  a  v e c t o r ,  from t h e  midpo in t  of a  l i n e  con- 
n e c t i n g  t h e  s u p e r i o r  and i n f e r i o r  c o r n e r s  of  t h e  sp inous  
p rocess  of T1 through t h e  m i d - s a g i t t a l  a n t e r i o r  s u p e r i o r  
co rne r  of t h e  T 1  v e r t e b r a l  body. See Ewing and Thomas 
( 1 9 7 2 ) ,  p.  2 2 .  
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CODE MEASUREMENT NAME 

C4C5FL R e l a t i v e  f l e x i o n  between C 4  and C5 l i n k s  

C4C5EXT R e l a t i v e  ex tens ion  between C 4  and C5 l i n k s  

T o t a l  range of motion of C 4  l i n k  r e l a t i v e  
t o  C5 l i n k  

C5C6FL R e l a t i v e  f l e x i o n  between C5 and C6 l i n k s  

C5C6EXT R e l a t i v e  ex tens ion  between C5 and C6 l i n k s  

T o t a l  range  of motion of C5 l i n k  r e l a t i v e  
t o  C 6  l i n k  

C6C7FL R e l a t i v e  f l e x i o n  between C 6  and C7 l i n k s  

C6C7EXT R e l a t i v e  e x t e n s i o n  between C 6  and C 7  l i n k s  

T o t a l  range  of motion of C6 l i n k  r e l a t i v e  
t o  C7 l i n k  

The fo l lowing  summary s t a t i s t i c s  a r e  r e p o r t e d :  

Column Heading S t a t i s t i c  

N 
MINIMUM 
MAXIMUM 
MEAN 
STD DEV 

Number of Observat ions  
S m a l l e s t  Observat ion  
L a r g e s t  Observat ion  
Numerical Average 
Standard  Devia t ion  

Note: Minimum and maximum v a l u e s  f o r  t h e  range  of mo- 

t i o n  of i n d i v i d u a l  l i n k s  have been omi t t ed .  Th i s  was done 

because  t h e  combination of l a r g e  sample s i z e  and p r e c i s i o n  

of t h e  X-ray coding d e v i c e  r e s u l t e d  i n  unusual  ext remes .  

The X-ray coding d e v i c e  does  produce randomly-d i s t r ibu ted  

e r r o r s ,  however, s o  t h e  e s t i m a t e  of t h e  mean may be con- 

s i d e r e d  r e l i a b l e  f o r  t h e  numbers of o b s e r v a t i o n s  r e p o r t e d .  











TABLE 

VAR I A S L E  

. F P V E P T N  

. FPC 7 F  L  

. F P C 7 F X T  

. F P T 7 R r M  

. C h ~ ~ r ~ ~ v  

. FPCb' r .  

. F P C I r L F X  

. ' P C 2 r X T  

. F P C  2 F I M  

. T ? C 3 F L  

. C : C ? F X T  

D. 4 

N M I N I  MOM 

2 5  67.400 

31) 18.500 

2'1 52.000 

2'1 P6.000 

2 5  76,400 

2 3  -16.300 

3 0  

X PAY RANGE O F  

M A X I M U M  YE AN 

M O T I O N  BY S E X  AND AGE FEMALES 18-24  

S T C  DEV 

6.3608 

10.697 

11.196 

12.355 

8.3803 

10.070 

6.7512 

6 . 3 2 3 7  

7.0989 

7.4775 

8.1293 

7 - 8 2 7 6  

9.8509 

9.5247 

R. 1999 

7.6958 

9.8628 

6.4955 

6 - 7 0 6 3  

10.377 

9 .HH70  

9 .5231  

10.664 

10 - 9 2 2  
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APPENDIX E 

STRENGTH AND REFLEX TIME - DESCRIPTIVE STATISTICS 

Summary descriptive statistics from the anthropometry 

portion of the study are contained in this appendix. These 

data are reported in the following order: 

TABLE 

E. 1 All Subjects Combined 
E.2 Subjects grouped by Sex--Females 
E.3 --Males 
E.4 Subjects Grouped by Sex and Age--Females, 18-24 
E.5 --Females, 35-44 
E.6 --Females, 62-74 
E.7 --Males, 18-24 
E.8 --Males, 35-44 
E.9 --Males, 62-74 
E.10 Subjects Grouped by Sex, Age, and Stature 

--Females, 18-24, 1-20%ile 
E.ll --Females, 18-24, 40-60%ile 
E.12 --Females, 18-24, 80-99%ile 
E.13 --Females, 35-44, 1-20%ile 
E.14 --Females, 35-44, 40-60%ile 
E. 15 --Females, 35-44, 80-99%ile 
E.16 --Females, 62-74, 1-20%ile 
E.17 --Females, 62-74, 40-60%ile 
E.18 --Females, 62-74, 80-99%ile 
E. 19 --Males, 18-24, 1-20%ile 
E.20 --Males, 18-24, 40-60%ile 
E.21 --Males, 18-24, 80-99%ile 
E. 22 --Males, 35-44, 1-20%ile 
E.23 --Males, 35-44, 40-60%ile 
E.24 --Males, 35-44, 80-99%ile 
E.25 --Males, 62-74, 1-20%ile 
E. 26 --Males, 62-74, 40-60%ile 
E.27 --Males, 62-74, 80-99%ile 

The data tables are in the format produced by the 

university of Michigan Statistical Laboratory Michigan 

Interactive Data Analysis System (MIDAS). Each of the 

measurements is given a code name; the measurement names 

associated with the code names are identified on the follow- 

ing page. units of measurement are indicated in the third 

column . 



Code Measurement Name Units of Measurement 

FLXRAVG 

EXTAVG 

FLEMlRT 
FLMAXGTM 

FLCONTM 
EXEMG2RT 
EXMAXGTM 

EXCONTM 

FLMAXG 

EXMAXG 

Strength of flexor muscles, 
average of three trials per 
subject 
Strength of extensor muscles, 
average of three trials per 
subject 
Flexor muscle reflex time 
Time to peak deceleration 
(response time) 
Flexor muscle contraction time 
Extensor muscle reflex time 
Time to peak deceleration 
(response time) 
Extensor muscle contraction 
time 
Peak deceleration of head as 
measured at the top of the head- 
piece .during flexor muscle test 
Peak deceleration of head as 
measured at the top of the head- 
piece, during extensor muscle 
test 

lbs. Force 

II 

Milliseconds 

The following summary statistics are reported for each 

measurement: 

Column Heading 

N 
MINIMUM 
MAXI MUM 
MEAN 
STD DEV 
COEF VAR 

Statistic 

Number of Subjects in the Group 
Smallest Observation 
Largest Observation 
Numerical Average 
Standard Deviation 
Coefficient of Qariation 

(Mean/Std Dev) 
Fifth Percentile (Calculated) 
Fiftieth Percentile (Calculated) 
Ninety-fifth Percentile (Calculated) 

Note: MIDAS specifies, as the percentile, the indivi- 

dual measurement which is closest to the requested percentile. 

For example: in a data set of 178 percentile, the 89th in rank is 

the 50th percentile and the 169th is the 95th percentile. 

This approach can cause misleading errors when small sub- 

sets of the data are analyzed; therefore, only the 50th per- 

centile is included in Tables E.4 through E.9 and no per- 

centiles are included for Tables E.10 through E.27. 
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