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13.  A ~ S T R A C T  raTLrson 
The o b j e c t i v e  of t h i s  s tudy has been t o  develop a q u a n t i t a t i v e  desc r ip -  

t i o n  of  t h e  mobi l i ty  of t h e  human t o r s o .  This  has been accomplished by a 
sys temat ic  m u l t i - d i s c i p l i n a r y  i n v e s t i g a t i o n  involving techniques  of cadav- 
e r  d i s s e c t i o n ,  anthropometry, radiography and c inef luoroscopy,  photcgramm- 
e t r i c , a n d  computer a n a l y s i s .  'seventy-two anthropometric  dimensions were 
obta ined on 28 male vo lun tee r s ,  inc lud ing  bone l e n g t h s  of t h e  e x t r e m i t i e s  
and v e r t e b r a l  landmarks. These s u b j e c t s  were s t a t i s t i c a l l y  matched f o r  
both  s t a t u r e  and weight t o  a 1967 USAF anthropometric  survey of  2385 
a d u l t  males. Both radiographs  and photographs from d i f f e r e n t  viewing 
angles  were then  taken of t h e  s u b j e c t s  while they performed s p e c i f i c  r e a d  
motions. S t a t i s t i c a l  r e g r e s s i o n s  were obta ined which d e s c r i b e  how speci f ic  
s u r f a c e  markers and bone re fe rence  p o i n t s  move i n  r e l a t i o n  t o  t h e  elbow 
p o s i t i o n  f o r  both  s e a t e d  and s t and ing  s u b j e c t s .  The major r e s u l t s  of  t h e  
s tudy a r e ,  1) p r e d i c t i o n  equat ions  and graphs d e p i c t i n g  both  s u r f a c e  
marker and bone re fe rence  p o i n t  l o c a t i o n s  f o r  a l a r g e  range of body pos i -  
t i o n s  and s p e c i f i c  anthropometric  v a r i a b l e s ,  2 )  p r e d i c t i o n  equat ions  and 
graphs d e s c r i b i n g  how t h e  base  of  t h e  s p i n e  r e f e r e n c e  p o i n t  ( f i f t h  lumbar 
s p i n a l  s u r f a c e  marker) moves i n  r e l a t i o n  t o  de f ined  s e a t e d  and s t and ing  
r e f e r e n c e  p o i n t s  f o r  given reaches ,  and 3) a s t a t i s t i c a l  t a b u l a t i o n  with 
i l l u s t r a t i o n s  of 72 anthropometric  dimensions. I t  was found t h a t  t h e  
s u r f a c e  landmarks s e l e c t e d  could p r e d i c t  p r e c i s e  l o c a t i o n s  of t h e  under- 
l y i n g  anatomical  landmarks. Both t h e  p r e d i c t i o n  equa t ions  and g r a p h i c a l  
r e s u l t s  a l l o w - t h e  c o n s t r u c t i o n  of a l t e r n a t i v e  l inkage  systems of t h e  huma~ 
t o r s o  f o r  d e s w  D- 
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SUMMARY 

A cadaver  s tudy  was i n i t i a l l y  performed t o  d e f i n e  p r e c i s e  
bone and s u r f a c e  landmarks, and t o  determine o r thogona l  r ad io -  
g r a p h i c  procedures .  Reference p o i n t s  on t h e  radiographs  of t h e  
cadaver  i n  v a r i o u s  t o r s o  c o n f i g u r a t i o n s  were marked t o  p rov ide  
a  s t a n d a r d  r e f e r e n c e  system f o r  l a t e r  i n t e r p r e t a t i o n  of l i v i n g  
s u b j e c t  r ad iographs .  A s p e c i a l  r a d i o g r a p h i c  f a c i l i t y  was con- 
s t r u c t e d  f o r  o b t a i n i n g  d imensional ly  a c c u r a t e  r ad iographs  from 
widely va ry ing  a n g l e s ,  and, a  four-camera photogrammetric f a c i l -  
i t y  was c o n s t r u c t e d .  S p e c i a l  computer programs were w r i t t e n  
t o  reduce  t h e  r a d i o g r a p h i c  and photographic  d a t a  t o  t h e  t h r e e -  
space  c o o r d i n a t e s  of  each r e f e r e n c e  p o i n t .  

Seventy-two anthropometr ic  dimensions were o b t a i n e d  on each 
of  twenty-e ight  h e a l t h y  male s u b j e c t s .  The s u b j e c t s  were s e l e c -  
t e d  t o  match t h e  1 9 6 7  USAF Anthropometric  Survey on h e i g h t  d i s -  
t r i b u t i o n .  The mean weight  o f  t h e  s u b j e c t s  a l s o  c l o s e l y  matched 
t h e  USAF survey.  Nineteen s u b j e c t s  provided t h e  f i n a l  r ad io -  
g r a p h i c  d a t a ,  and 15 provided t h e  f i n a l  photographic  d a t a ,  These 
d a t a  c o n s i s t e d  o f  bone and s u r f a c e  marker c o o r d i n a t e s  o b t a i n e d  
w h i l e  each s u b j e c t  p o s i t i o n e d  h i s  t o r s o  i n  v a r i o u s  t o r s o  conf ig-  
u r a t i o n s .  To o b t a i n  d i f f e r e h t  t o r s o  c o n f i g u r a t i o n s ,  t h e  s u b j e c t s  
reached w i t h  t h e i r  r i g h t  elbow t o  v a r i o u s  t a r g e t  l o c a t i o n s  whi le  
i n  e i t h e r  a  s e a t e d  o r  s t a n d i n g  p o s i t i o n .  

S t a t i s t i c a l  a n a l y s i s  of  t h e  r a d i o g r a p h i c  d a t a  provided pre-  
d i c t i o n  e q u a t i o n s  d e p i c t i n g  t h e  movements o f  t h e  t e n  s u r f a c e  
markers  r e l a t i v e  t o  a d j a c e n t  bone s t r u c t u r e s .  I n  a d d i t i o n ,  
normal t o r s o  s k e l e t a l  dimensions wi th  s p e c i f i c  anthropometry 
were developed f o r  a  l i m i t e d  set  of t o r s o  c o n f i g u r a t i o n s .  Graphs 
o f  t h e s e  r e s u l t s  have a l s o  been p r e s e n t e d  f o r  f u t u r e  des ign  
r e f e r e n c e .  

The photogrammetric d a t a  d e p i c t e d  t h e  s u r f a c e  marker 
c o o r d i n a t e s  f o r  a  wide range of  t o r s o  c o n f i g u r a t i o n s ,  I n  
a d d i t i o n ,  t h e y  provided a  means of  de termining t h e  whole t o r s o  
m o b i l i t y .  This  was deemed necessa ry  s i n c e  t h e  t o r s o  i s  a  group 
o f  r e l a t i v e l y  s m a l l  bone l i n k s  t h a t  f u n c t i o n  a s  a  geometr ic  
u n i t .  S t a t i s t i c a l  a n a l y s i s  of t h e  photogrammetric d a t a  ( o v e r  
4500 marker c o o r d i n a t e s  were inc luded)  r e s u l t e d  i n  p r e d i c t i o n  
e q u a t i o n s  t h a t  d e p i c t  t h e  c o o r d i n a t e s  of  each s u r f a c e  marker a s  
a  f u n c t i o n  of t h e  elbow p o s i t i o n .  These p r e d i c t i o n  equa t ions  
were developed f o r  t h e  " g e n e r a l "  male popu la t ion  (averaged over  
a l l  t h e  s u b j e c t s '  anthropornetr ic  v a r i a b i l i t y ) ,  and f o r  s p e c i f i c  
anthropometr ic  v a r i a b l e s .  Graphs of t h e  movement of each s u r -  
f a c e  marker a s  a f u n c t i o n  of elbow p o s i t i o n s  have been con- 
s t r u c t e d  f o r  bo th  g e n e r a l  and s e l e c t e d  anthropometr ic  c o n d i t i o n s .  
From i n s p e c t i o n  of t h e s e  graphs a  d e s i g n e r  can r e a d i l y  de termine  
w i t h  known dimensional  accuracy t h e  t o r s o  c o n f i g u r a t i o n  of  a 



seated or standing person whose right arm is required to be in 
various positions. The inspection of the anthropometricpre- 
diction model graphs also clearly describe the effects of 
major anthropometric variables on torso mobility. 

A statistical analysis of the sagittal plane mobility of 
the cervical neck was also available from the radiographic data. 
This provided quantification of the degree of mobility at the 
various cervical levels for various head orientations, as well 
as developing the surface-to-bone vectors. A clear indication 
of the nasion motion path has been also provided. 

This project has provided means of developing new tech- 
niques for the study of human torso mobility. These techniques 
have been applied to the quantification of torso mobility 
during one-arm reaches without a back support. The resulting 
data analysis has provided many specific concepts regarding 
torso geometry, and the effects of specific anthropometric 
variables. The use of prediction equations to describe torso 
mobility appears to be justified. The accuracy seems to be 
comparable to other "hard-link" biokinernatic models of the 
seated operator , while the speed of predicting a specific 
configuration could possibly reduce computer modeling time to 
less than 1/100th of its present value. It now remains to 
develop the torso mobility prediction models so that they will 
reflect such practical considerations as (1) varying seat con- 
ftguratlons; (2) different restraint systems; ( 3 )  tasks 
involving two hands; (4) various hand force requirements; and 
(5) different forearm and hand orientations. 
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P A R T  I 

L I N K  SYSTEM OF THE HUMAN TORSO 

SECTION I 

INTRODUCTION 

Statement  of t h e  Problem 

The o b j e c t i v e  of t h i s  s tudy has been t o  determine dimen- 
s i o n a l  d a t a  on t h e  l i n k  systems of t h e  l i v i n g  human male t o r s o .  
Three s p e c i f i c  t a s k s  have been conducted i n  t h i s  i n v e s t i g a t i o n ,  
c o n s i s t i n g  of 

(1) The development of a c c u r a t e  dimensional  and pos i -  
t i o n a l  informat ion  regard ing  t h e  segment l i n k s  of 
t h e  human male t o r s o ,  inc lud ing  t h e  neck, 
shou lde r  g i r d l e ,  t h o r a c i c  and lumbar r eg ions ,  and 
t h e  p e l v i c  g i r d l e ,  and t h e  normal excurs ions  of 
t h e s e  l i n k s  i n  t h e  l i v i n g .  

( 2 )  The c o r r e l a t i o n  of t h e  t o r s o  and limb end- 
p o s i t i o n s  ( c e n t e r  of j o i n t  r o t a t i o n ) ,  l e n g t h s  of 
f u n c t i o n a l  t o r s o  l i n k s  and l i n k  excurs ions  t o  
pa lpab le  body landmarks and l i n e a r  dimensions of 
t h e  body o b t a i n a b l e  through convent ional  anthro-  
pometr ic  t echn iques .  

(3) The development of techniques  by which t h e  
l e n g t h s  and excurs ions  of t o r s o  and limb l i n k s  
may be es t ima ted  and l o c a t e d  us ing  anthropometric  
dimensions and landmarks a s  measured on t h e  USAF 
popu la t ion  i n  1967. 

The b a s i c  d a t a  ob ta ined  i n  t h e s e  t a s k s  from t h e  cadaver and 
l i v i n g  human s u b j e c t s  a l s o  l ends  i t s e l f  t o  t h e  development of 
k inemat ic  models t o  provide  t h e  u s e r  wi th  e a s i l y  r e t r i e v a b l e  
des ign  informat ion  regard ing  f u n c t i o n a l  t o r s o  c o n f i g u r a t i o n s .  

Scope 

This  s tudy has  been approached from a systems eng inee r ing  
viewpoint .  Data were developed through t h e  i n i t i a l  d i s s e c t i o n  
and anatomical ,  an thropometr ic ,  and rad iograph ic  measurement of 
an a d u l t  male cadaver .  This  r e q u i r e d  an exper imenta l  approach 
t o  e s t a b l i s h  r e l i a b l e  and meaningful t echn iques ,  which served a s  
a  b a s i s  f o r  t h e  measurement and subsequent  d e s c r i p t i o n  of human 
t o r s o  m o b i l i t y .  



Ear ly  i n  t h i s  s tudy  it became apparen t  t h a t  t h e  cadaver d a t a  
were of more l i m i t e d  va lue  than  prev ious  s t u d i e s  had l e d  us t o  
b e l i e v e ,  and a s  a  r e s u l t  g r e a t e r  emphasis was p laced  upon rad io-  
g r aph ic  techniques  i n  t h e  l i v i n g .  Radiographic d a t a  from t h e  
i n i t i a l  cadaver r evea l ed  poor c o n t r a s t  between t i s s u e s  which made 
many contemplated measurements imposs ib le .  S i m i l a r l y ,  i n i t i a l  
r ad iog raph ic  d a t a  from p re l imina ry  t e s t  s u b j e c t s  revea led  d e n s i t y  
problems t e c h n i c a l l y  imposs ib le  t o  overcome when t h e  s u b j e c t ' s  
arm was r o t a t e d  i n  c e r t a i n  p o s i t i o n s  ( l o n g i t u d i n a l  t o  a x i s  of t h e  
humerus),  which n e c e s s i t a t e d  o m i t t i n g  c e r t a i n  planned arm move- 
ments. I n  a d d i t i o n ,  r e s t r i c t i o n s  i n  t h e  s a f e  x-ray exposures f o r  
t h e  l i v i n g  s u b j e c t s  l i m i t e d  t h e  amount of a v a i l a b l e  d a t a  from 
each s u b j e c t .  These p re l imina ry  f i n d i n g s  suggested t h e  a d d i t i o n  
of photogrammetry t o  t h e  exper imenta l  des ign .  

S p e c i f i c a l l y ,  t h e  r ad iog raph ic  s tudy  had a  two-fold objec-  
t i v e :  (1) t o  confirm t h a t  t h e  placement of s u r f a c e  markers on 
t h e  t o r s o  was i n  accordance wi th  s p e c i f i c  anthropometr ic  marker 
d e f i n i t i o n s ;  and ( 2 )  t o  q u a n t i t a t i v e l y  d e f i n e  t h e  movement of t h e  
s u r f a c e  markers i n  r e l a t i o n  t o  s p e c i f i c  bone r e f e r e n c e  p o i n t s  
over  a l i m i t e d  range of t o r s o  con f igu ra t i ons .  The photogram- 
m e t r i c  s tudy  had a s  i t s  o b j e c t i v e  t o  develop a  q u a n t i t a t i v e  de- 
s c r i p t i o n  of t h e  coo rd ina t e s  of t h e  t o r s o  s u r f a c e  markers (p laced  
on an an th ropome t r i ca l l y  w e l l  d e sc r ibed  group of people)  f o r  a  
l a r g e  range of t o r s o  c o n f i g u r a t i o n s .  

To accomplish t h e s e  o b j e c t i v e s  a  r ad iog raph ic  f a c i l i t y  was 
designed by which x-rays  of s p e c i f i c  dimensional c h a r a c t e r i s t i c s  
were ob t a ined .  These were analyzed wi th  t h e  a s s i s t a n c e  of com- 
p u t e r  programs t o  produce th ree-space  coo rd ina t e s  of t h e  s k e l e t a l  
and s u r f a c e  r e f e r e n c e  p o i n t s .  Likewise ,  a  s p e c i a l  f o u r  camera 
photogrammetry system was c m s t r u c t e d .  This  al lowed each s u r f a c e  
marker t o  be  e s t ima ted  i n  th ree-space  coo rd ina t e s  ( v i a  o t h e r  com- 
p u t e r  programs) a s  t h e  s u b j e c t s  p o s i t i o n e d  t h e i r  t o r s o s  i n  
v a r i o u s  c o n f i g u r a t i o n s .  

These r ad iog raph ic  and photographic  d a t a  were analyzed by 
developing r e g r e s s i o n s  of t h e s e  d a t a  on to  both t h e  anthropometr ic  
d a t a  and t h e  elbow p o s i t i o n s  f o r  bo th  s e a t e d  and s t and ing  
persons .  For des ign  purposes ,  t h e  ou tpu t  of t h e s e  r e g r e s s i o n s  
were p l o t t e d  f o r  va r ious  des ign  s i t u a t i o n s .  F igure  1 d e p i c t s  
t h e s e  developments. 

S ince  t r a d i t i o n a l  anthropometry has  some f u n c t i o n a l  l i m i t a -  
t i o n s  i n  c e r t a i n  workspace a p p l i c a t i o n s ,  t h e s e  measurements were 
supplemented by a d d i t i o n a l  measures a t  o t h e r  s e l e c t e d  t o r s o  land-  
marks. (Desc r ip t i ons  of t h e s e  and d a t a  formats  may be r e f e r r e d  
t o  i n  Appendix A of t h i s  r e p o r t , )  Fu r the r  measurements, be l i eved  
t o  be unique t o  an an thropomet r ic  s t udy ,  were taken  d i r e c t l y  on 
t h e  l i v i n g  s u b j e c t s  r e l a t i v e  t o  ex t r emi ty  bone l eng ths .  These 
l a t t e r  d a t a  would e n a b l e  a  u s e r  t o  c o r r e l a t e  our  t o r s o  l i nkaue  
f i n d i n g s  w i th  prev ious  s t u d i e s  by t h e  l a t e  P ro fe s so r  ~ e m ~ s t e ;  
(1955,1956,1964) f o r  t h e  e x t r e m i t i e s  s i n c e  comparable b a s i c  
measurements were ob ta ined .  F i n a l l y ,  u s ing  t h e  dimensions and 



landmarks measured on t h e  1967 USAF popu la t i on ,  a s  provided by 
t h e  Anthropology Branch, Aerospace Medical Research Laboratory,  
Wright-Pat terson A i r  Force Base,  graphs d e p i c t i n g  t h e  t o r s o  
mob i l i t y  of two extreme p e r c e n t i l e s  of t h i s  popula t ion  were 
developed f o r  des ign  r e f e r ence .  

Background 

T r a d i t i o n a l l y ,  anthropometry has  been l i m i t e d  t o  s t e r eo typed  
dimensions d e s c r i b i n g  t h e  body s u r f a c e  and has  been reproduc ib le  
through pa lpab le  and p r e c i s e l y  de f ined  landmarks. While such 
s t u d i e s  have c o n t r i b u t e d  g r e a t l y  t o  many a r e a s  of a p p l i c a t i o n ,  
such measurements a r e  o f t e n  inadequate  when dynamic o r  f u n c t i o n a l  
d e s c r i p t i o n s  a r e  necessary .  Design of a i r c r a f t  cockp i t  o r  aero-  
space crew c a p s u l e s ,  f o r  example, r e q u i r e  both kinemat ic  and 
geometr ic  ( e rgosphe r i c )  in format ion .  The a b i l i t y  of t h e  opera-  
t o r  t o  reach  c o n t r o l s  wi th  maximum e f f i c i e n c y  and minimum 
f a t i g u e ,  a s  w e l l  a s  h i s  a b i l i t y  t o  move them, perform t a s k s ,  
apply p r e s s u r e  t o rgues ,  and make r equ i r ed  motions a r e  determined 
by h i s  range of motion a t  j o i n t s  o f  t h e  body. For any popula- 
t i o n  a  range of i n d i v i d u a l  c a p a b i l i t i e s  w i l l  be found. For an 
i n d i v i d u a l ,  range of j o i n t  motion i s  determined by t h e  s k e l e t a l  
c o n f i g u r a t i o n ,  by t h e  muscle,  tendon and l igamenta l  a t t achments ,  
t h e  amount of t i s s u e ,  and t h e  a r t i c u l a t i o n .  

Some d a t a  a r e  p r e s e n t l y  known f o r  k inemat ic  c h a r a c t e r i s t i c s  
of t h e  e x t r e m i t i e s ;  however, no knowledge of t h e  l i n k  systems of 
t h e  t o r s o  a r e  a v a i l a b l e .  Such b a s i c  in format ion  of t h e  human 
body i s  of major importance t o  des ign  e n g i n e e r s ,  and can form a  
b a s i s  f o r  a major advance i n  t h e  c o n s t r u c t i o n  of anthropomorphic 
dummies, can prov ide  a  b a s i c  i n p u t  f o r  s e a t  e j e c t i o n  v e r t e b r a l  
p r o t e c t i o n  and can e s t a b l i s h  techniques  f o r  subsequent and more 
d e t a i l e d  i n v e s t i g a t i o n s .  A s  i n  any a r e a  where a  major need f o r  
d a t a  has  long been recognized ,  t h e  reasons why such informat ion 
has  remained unknown r e l a t e s  t o  t e c h n i c a l  problems, a v a i l a b i l i t y  
of suppor t  f o r  t h e  necessary  e f f o r t ,  a b i l i t y  t o  form a  mu l t i -  
d i s c i p l i n a r y  team of competent i n v e s t i g a t o r s ,  adequate f a c i l i -  
t i e s  and r e sou rces  t o  accomplish t h e  o b j e c t i v e ,  and c r e a t i v e  
a b i l i t y  t o  e s t a b l i s h  necessary techniques .  

During movements, d imensional  changes occur  l i n e a r l y  over  
body j o i n t s ,  caus ing  l i n e a r  d i s t a n c e  i n c r e a s e  over  t h e  convex 
s u r f a c e  of a  j o i n t  when it i s  b e n t ,  and a  l i n e a r  decrease  on t h e  
concave s u r f a c e  of t h e  j o i n t  a s  t i s s u e  i s  bunched up. This has  
been an impor tan t  cons ide ra t i on  i n  t h e  des ign  of p r e s su re  s u i t s  
(Emanuel and B a r t e r ,  1957) .  Mobi l i ty  of t h e  j o i n t  has  been 
found t o  decrease  only s l i g h t l y  between ages  20 and 6 0 ,  d e c l i n i n g  
about 1 0 %  by age 70 (West, 1945) .  No s i g n i f i c a n t  d i f f e r e n c e s  i n  
mob i l i t y  have been desc r ibed  between young and middle-aged sub- 
j e c t s  ( S a l t e r  and Darcus, 1953; Hewi t t ,  1928) .  Beyond age 45 
a r t h r i t i s  i n c r e a s e s ,  markedly r e s u l t i n g  i n  a  decreased j o i n t  
mob i l i t y  i n  an o l d e r  popu la t i on  (Smyth, 1959) .  While no s t u d i e s  
have compared r a c i a l  d i f f e r e n c e s ,  S ine ln iko f f  and Grigorowitsch 
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(1931) found t h a t  f emales  may exceed  males  i n  r ange  o f  motion o f  
a l l  j o i n t s  e x c e p t  t h e  k n e e ,  and female  wrist motion may exceed 
t h a t  o f  t h e  male by a s  much a s  1 4  d e g r e e s .  S i m i l a r l y ,  t h i n  i n d i -  
v i d u a l s  a p p e a r  t o  have g r e a t e r  r ange  o f  motion t h a n  more o b e s e  
i n d i v i d u a l s ,  w i t h  a v e r a g e  and muscular  body b u i l d s  b e i n g  i n t e r -  
m e d i a t e  ( B a r t e r ,  Emanuel and T r u e t t ,  1 9 5 7 ) .  S i n e l n i k o f f  and 
G r i g o r o w i t s c h  (1931) found such v a r i a t i o n s  c o u l d  exceed 10 
d e g r e e s .  P h y s i c a l  e x e r c i s e ,  i f  n o t  e x c e s s i v e ,  may a l s o  c o n t r i b -  
u t e  t o  i n c r e a s i n g  j o i n t  r ange  o f  motion (Keegan, 1 9 6 2 ) .  There  
a p p e a r s  t o  b e  l i t t l e  more t h a n  4 d e g r e e s  b i l a t e r a l  d i f f e r e n c e  
between l e f t  and r i g h t  l imb  motion ( S a l t e r  and Darcus ,  1953;  
G i l l i l a n d ,  1 9 2 1 ) .  Body p o s i t i o n  o r  movement i n  one body p a r t  
i n f l u e n c e s  r a n g e  of motion o f  a n o t h e r  p a r t ,  r e s u l t i n g  i n  g r e a t e r  
wrist f l e x i o n  w i t h  t h e  hand p r o n a t e d  t h a n  s u p i n a t e d ,  o r  i n  
g r e a t e r  hand r o t a t i o n  i f  s h o u l d e r  g i r d l e  movements a r e  added t o  
t h o s e  a t  t h e  elbow. For f l i g h t  c r e w s ,  f l i g h t  c l o t h i n g  may re- 
s t r i c t  unimpedded mot ions  ( S a u l  and J a f f e ,  1955;  N i c o l o f f ,  1 9 5 7 ) ,  
d e c r e a s i n g  them by a s  much a s  20 d e g r e e s  (Dusek, 1 9 5 8 ) .  More 
r e c e n t l y  c o n s i d e r a t i o n  of  mot ions  under  z e r o - g r a v i t y  have become 
o f  i n t e r e s t  r e l a t i v e  t o  manned s p a c e  f l i g h t  (Dzendo le t  and 
R i e v l e y ,  1 9 5 9 ) .  

I n  a  ma jo r  s t u d y  conducted  a t  The U n i v e r s i t y  o f  Michigan f o r  
t h e  Aero Medical  L a b o r a t o r y  and p u b l i s h e d  i n  1955,  Dem~ster 
s t u d i e d  t h e  s t r u c t u r e  o f  l imb j o i n t s  and t h e  r ange  and* t y p e  o f  
mot ions  u t i l i z i n g  m a t e r i a l s  from e i g h t  c a d a v e r s  r a n g i n g  from 52 
t o  83 y e a r s  o f  age  ( a v e r a g i n g  n e a r l y  69 y e a r s ) .  P r e v i o u s  work 
by Braune and F i s c h e r  ( 1 8 8 9 ) ,  and H a r l e s s  (1860) had p r o v i d e d  
o n l y  l i m i t e d  i n f o r m a t i o n  from c a d a v e r  s t u d i e s .  T h i r t y - n i n e  
l i v i n g  s u b j e c t  r e p r e s e n t a t i v e s  o f  t h e  1950 A i r  Force  p o p u l a t i o n  
were s t u d i e d ,  r e s u l t i n g  i n  maximum d imens ions  of  workspace f o r  
t h e  s e a t e d  i n d i v i d u a l ,  and o f  k i n e m a t i c  mot ions  (Dempster ,  1955,  
1 9 5 6 ) .  

I n  l a t e r  work s u p p o r t e d  by t h e  P u b l i c  H e a l t h  S e r v i c e ,  
Dempster deve loped  a  means o f  e s t i m a t i n g  l imb bone and l i n k  d i -  
mensions  from over-body measurements ( 1 9 6 4 ) .  Range of motion o f  
t h e  neck i s  s t i l l  p o o r l y  d e f i n e d .  

I n  o u r  r e v i e w  of 203 c l i n i c a l  p a p e r s  c o n c e r n i n g  c e r v i c a l  
h y p e r - e x t e n s i o n - h y p e r f l e x i o n  i n j u r y  none o f  t h e  a u t h o r s  c l a imed  
t o  have measured t h e  a c t u a l  d e g r e e  o f  d o r s a l  o r  v e n t r a l  f l e x i o n  
o f  t h e  neck ;  t h u s  t h e  l i m i t s  o f  motion beyond which t rauma o c c u r s  
i s  n o t  known. I n  animal  s u b j e c t s  a n e s t h e s i a  p roduces  an a r t i f a c t  
and h a s  been shown t o  i m p a i r  t h e  s t r e t c h  r e f l e x  ( R e i c h e l ,  1 9 6 6 ) .  
C e r v i c a l  j o i n t  mot ion h a s  been s t u d i e d  by m u l t i p l e - e x p o s u r e  f i l m s  
(Dempster ,  1 9 5 5 ) ,  and cyclograms (Dril l is ,  1 9 5 9 ) .  Othe r  photo-  
g r a p h i c  t e c h n i q u e s  were d e v i s e d  by T a y l o r  and Blaschke  ( 1 9 5 1 ) ,  
and E b e r h a r t  and Inman ( 1 9 5 1 ) .  The normal r a n g e  o f  neck f l e x i o n  
h a s  been t h e  s u b j e c t  o f  s e v e r a l  s t u d i e s ,  b u t  r e p r o d u c i b i l i t y ,  
r a n g e  of  v a r i a t i o n  i n  i n d i v i d u a l s ,  and l a c k  of adequa te  landmark 
s t a n d a r d s  have been d i f f i c u l t i e s  e n c o u n t e r e d  i n  v o l u n t a r y  human 
tes ts .  G l a n v i l l e  and K r e e z e r  (1937) demons t ra ted  range  o f  normal 
v o l u n t a r y  mot ion o f  ma les  ( a g e s  20-40) t o  b e  59.8 d e g r e e s  



(S.D. 11 .7  d e g r e e s )  v e n t r a l  f l e x i o n ,  and 61.2 d e g r e e s  d o r s a l  
f l e x i o n .  Defebaugh (1964) found a  mean f l e x i o n  of  57.9 d e g r e e s  
(S.D. 7 .9  d e g r e e s )  and 79.2 d e g r e e s  e x t e n s i o n .  The lower l i m i t  
f o r  bo th  s t u d i e s  was found t o  be  4 1  d e g r e e s .  

Sensors  a t t a c h e d  t o  t h e  s k i n  have been found t o  i n a c c u r a t e l y  
r e f l e c t  motion o f  v e r t e b r a e  i n  r e l a t i o n  t o  each o t h e r  d u r i n g  
movements of t h e  t o r s o .  Exper imenta l  work a t  Berkeley  h a s  i n -  
vo lved  i n s e r t i o n  of 3/32-inch d i a m e t e r  t h r e a d e d  s t e e l  p i n s  
th rough  t h e  s k i n  and anchor ing  them t o  t h e  sp inous  p r o c e s s e s  a t  
v a r i o u s  l e v e l s  of t h e  thoracolumbar  s p i n e  under  l o c a l  a n e s t h e t i c ,  
and u s i n g  s e n s i n g  d e v i c e s  t o  a n a l y z e  t h e  motion (Sabanas and 
P o r t e r ,  1967) . 

Other  s t u d i e s  have invo lved  range  of motion of  t h e  wrist on 
79 male s u b j e c t s  ( D a n i e l s  and H e r t z b e r g ,  1 9 5 2 ) .  While numerous 
i n v e s t i g a t o r s  have t r e a t e d  t h e  mechanics o f  j o i n t  mot ion,  gener-  
a l l y  o f  t h e  e x t r e m i t i e s ,  a  comprehensive coverage  i s  found i n  
S t e i n d l e r  (1964) .  Kinematic c h a r a c t e r i s t i c s  of t h e  l imbs  a r e  
known t o  a  l i m i t e d  e x t e n t ;  however, s i m i l a r  i n f o r m a t i o n  con- 
c e r n i n g  j o i n t  r ange  of  motion of  t h e  t o r s o  i s  c u r r e n t l y  u n a v a i l -  
a b l e .  

Th i s  s t u d y  r e p r e s e n t s  a  f i r s t  major  a t t e m p t  t o  o b t a i n  t o r s o  
m o b i l i t y  d a t a  u s i n g  a  sys tems approach.  The human t o r s o  i s  n o t  
a  few long  s o l i d  l i n k s  w i t h  s imple  a r t i c u l a t i o n s ,  b u t  r a t h e r  i s  
a  complex group o f  s h o r t  l i n k s  t h a t  move a s  a  f u n c t i o n a l  group.  
Thus o n l y  th rough  a  sys tems approach can t h e  t o t a l  f u n c t i o n a l  
m o b i l i t y  of t h e  t o r s o  be  d e s c r i b e d .  I t  i s  b e l i e v e d  t h a t  t h i s  
s t u d y  c o n t r i b u t e s  major i n s i g h t s  i n t o  t o r s o  m o b i l i t y  modeling.  

The f i r s t  p a r t  o f  t h i s  s t u d y  p r o v i d e s  t h e  t e x t  d e s c r i p t i o n  
o f  t h e  e x p e r i m e n t a l  t e c h n i q u e s  and r e s u l t s .  P a r t  I1 t a b u l a t e s  
append ices  A t h rough  G and p r o v i d e s  d a t a  r e l a t i v e  t o  anthropo-  
m e t r i c  p rocedures  and d a t a  and a  d e s c r i p t i o n  o f  t h e  photogram- 
m e t r i c  t e c h n i q u e s .  I n  p a r t i c u l a r ,  t h i s  p a r t  i l l u s t r a t e s  i n  con- 
s i d e r a b l e  d e t a i l  t h e  s p e c i f i c  t e c h n i q u e s  u t i l i z e d  and d e s c r i b e d  
i n  P a r t  I .  The t h i r d  p a r t  d e s c r i b e s  s u r f a c e  marker movement and 
r a d i o g r a p h i c  r e s u l t s  of t h e  s k e l e t a l  m o b i l i t y .  Thus,  t h e  r e a d e r  
shou ld  r e f e r  t o  t h e  append ices  p rov ided  i n  P a r t s  I1 and I11 t o  
o b t a i n  s p e c i f i c  d e t a i l e d  d a t a  upon which t h e  t e x t  d e s c r i p t i o n  i n  
P a r t  I i s  based .  



SECTION I1 

ANTHROPOMETRY 

Cadaver D i s s e c t i o n  

An i n i t i a l  b a s i c  t a s k  i n  t h i s  s tudy  was t o  d e f i n e  and es tab-  
l i s h  t h e  r e l a t i o n s h i p  of s u r f a c e  anthropometry and landmarks t o  
anatomical  landmarks and s p a t i a l  p o i n t s  r e l a t e d  t o  j o i n t  c e n t e r s  
of r o t a t i o n .  Cadaver d i s s e c t i o n  was be l i eved  t o  be  e s s e n t i a l  t o  
d e f i n e  and e s t a b l i s h  t h e  anatomical  r e f e r e n c e  system, n o t  only  
a s  r e l a t e d  t o  t h e  s u r f a c e  anthropometry, b u t  a l s o  t o  make pre-  
c i s e  and d i r e c t  measurements a s  a check on rad iograph ic  methods. 
The cadaver  a l s o  proved t o  be of p a r t i c u l a r  va lue  i n  e s t a b l i s h i n g  
t h e  r a d i o g r a p h i c  techniques  s i n c e  it could  be s u b j e c t e d  t o  mul- 
t i p l e  r a d i a t i o n  exposures and provided necessary  b a s e l i n e  i n f o r -  
mation p r i o r  t o  use  of l i v i n g  human s u b j e c t s .  

The cadaver  used was a caucasoid  male, approximately 55 
y e a r s  o l d ,  weighing 197 pounds, and 171.2 cm s t a t u r e .  To a s s i s t  
i n  r e a l i s t i c  p o s i t i o n i n g  and j o i n t  motion of t h e  cadaver ,  it was 
prepared  by manually e x e r c i s i n g  t h e  primary j o i n t s  of t h e  c e r v i -  
c a l  ( n e c k ) ,  shou lde r  g i r d l e  (yleno-humeral j o i n t ) ,  p e l v i c  g i r d l e  
( h i p  j o i n t ) ,  elbows and knees.  Radiographs were t aken  of t h e  
e n t i r e  t o r s o  and a d j a c e n t  s t r u c t u r e s  t o  de termine  t h a t  t h e r e  
were no anomalies ,  and t o  provide  a complete set  of x-ray f i l m s  
f o r  use  a s  a b a s i c  measurement t o o l .  

S e v e r a l  exper imenta l  techniques  f o r  p r e c i s e  s p a t i a l  measure- 
ment dur ing  cadaver d i s s e c t i o n  were used.  I n  o r d e r  t o  measure 
t h e  cadaver  c e n t e r  of j o i n t  r o t a t i o n  i n  space and p r e c i s e l y  
o r i e n t  s u r f a c e  and anatomical  landmarks d i s s e c t e d  and exposed, a 
dev ice  was des igned and b u i l t  a s  i l l u s t r a t e d  i n  Figure  2 .  This  
c o n s i s t e d  of a 6 X 3 f o o t  box f i t t e d  wi th  a p l e x i g l a s s  t o p  and 
l e v e l e d  w i t h  t h e  autopsy t a b l e  upon which it was p o s i t i o n e d .  
The specimen was p laced upon t h i s  dev ice  i n  t h e  sup ine  p o s i t i o n .  
One q u a r t e r  inch  h o l e s  p laced every  1 / 4  i nch  a long t h e  p l e x i -  
g l a s s  p o r t i o n  a d j a c e n t  t o  t h e  specimen's  t o r s o  allowed e i t h e r  a 
probe t o  be i n s e r t e d  from beneath  o r  a beam of l i g h t  t o  be con- 
c e n t r a t e d  on a p o i n t  from below. An e x a c t  d i s t a n c e  along t h i s  
p o s t e r i o r - a n t e r i o r  ( X )  a x i s  could  be determined and c o r r e l a t e d  
t o  a l o n g i t u d i n a l  ( Z )  and l a t e r a l  (Y) a x i s  r eadou t  from t h e  s u r -  
f a c e  of  t h e  p l e x i g l a s s .  A micrometer equipped wi th  a d i a l  gage 
allowed read ings  t o  1 / 1 0  millimeter. This  i n i t i a l  measurement 
t echn ique  was f i n a l l y  e l i m i n a t e d  because of t o o  many disadvan- 
t a g e s .  A primary problem was t h a t  p o i n t s  n o t  d i r e c t l y  a long t h e  
l a t e r a l  border  of t h e  specimen could  n o t  be determined wi thout  
major r e p o s i t i o n i n g  of t h e  specimen, which a l s o  changed t h e  
b a s i c  r e f e r e n c e   point^. 

A t echn ique  was subsequent ly  devised  which allowed 



r e l a t i v e l y  accu ra t e  3-dimensional d i r e c t  measurements of anatom- 
i c a l  landmark r e f e rence  p o i n t s  t o  be made without  moving t h e  
specimen. This  appa ra tus ,  i l l u s t r a t e d  i n  F igures  2 and 3 ,  con- 
s i s t e d  of a  metal  framework which was l eve l ed  wi th  t h e  su r f ace  
of t h e  autopsy t a b l e  auxiliary t a b l e  t op .  Moveable s c a l e s ,  wi th  
plumb bobs a t t a c h e d ,  allowed t h r e e  coo rd ina t e  X ,  Y ,  Z a x i s  mea- 
surements r e l a t i v e  t o  t h e  ze ro  p o i n t ,  which was a r b i t r a r i l y  
s e l e c t e d  a t  t h e  ve r t ex .  A plumb bob was used t o  o b t a i n  a  pre- 
c i s e  measurement i n  t h e  X ( v e r t i c a l )  a x i s .  While t h i s  t echnique  
i s  slow, it proved t o  be simple and accu ra t e .  

The s u b j e c t  was measured i n  accordance wi th  t h e  s e l e c t e d  
USAF c r i t e r i a  and convent ional  anatomical  landmarks were l o c a t e d  
and marked, Marking of landmarks was accomplished i n  s e v e r a l  
d i f f e r e n t  ways. Round l ead  p e l l e t  markers were a f f i x e d  wi th  
Kadon t o  va r ious  s e l e c t e d  s u r f a c e  landmarks. The l e a d  markers 
were l oca t ed  on t h e  cadaver specimen a t  t h e  fo l lowing  landmarks: 
v e r t e x ,  r i g h t  and l e f t  t r a g i o n ,  n a s a l  r o o t  dep res s ion ,  op is tho-  
c ran ion ,  c e r v i c a l e ,  r i g h t  and l e f t  s t e r n o - c l a v i c u l a r  j o i n t s ,  
r i g h t  and l e f t  acromion, r i g h t  and l e f t  l a t e r a l  ep icondyles ,  
r i g h t  and l e f t  medial  ep icondyles ,  r i g h t  and l e f t  a n t e r i o r  
s u p e r i o r  i l i a c  s p i n e s ,  r i g h t  and l e f t  t r o c h a n t e r ,  and t h e  c e n t e r  
of t h e  s ~ i n o u s  processes  of each v e r t e b r a .  Thes.e marks showed 
up c l e a r l y  on x-ray f i l m  and provided accu ra t e  r e f e rence  p o i n t s .  

Landmarks were a l s o  loca t ed  i n  depth through t h e  use  of 
long p ins .  These were pos i t i oned  a t  t h e  s u r f a c e  landmark and 
d i s s e c t i o n  of under ly ing  s o f t  t i s s u e s  proceeded u n t i l  t h e  ana- 
tomical  landmark of t h e  hard t i s s u e  was l o c a t e d .  I n  each case  
t h e  s u r f a c e  landmark was found t o  have been loca t ed  almost iden-  
t i c a l l y  (w i th in  1-3 m i l l i m e t e r s )  wi th  t h e  underlying anatomical  
landmark. 

I n  t h e s e  i n i t i a l  measurements t h e  s u r f a c e  s i t e s  were 
j o i n t l y  cross-checked by t h r e e  i n v e s t i g a t o r s .  Surface anthro-  
pometry, however, could no t  be taken  a c c u r a t e l y  on t h e  cadaver 
specimen because of t i s s u e  d i f f e r e n c e s  and compres s ib i l i t y  i n  
comparison t o  t h e  l i v i n g ,  and landmarks were thus  s e l e c t e d  based 
upon c r i t i c a l  r e l a t i o n s h i p  t o  t h e  major t o r s o  hinge p o i n t s  and 
a b i l i t y  t o  o b t a i n  them. Since d e f i n i t i o n s  of landmarks a r e  a t  
va r i ance  i n  t h e  l i t e r a t u r e ,  and many may be imprecise  i n  prac- 
t i c e ,  an i n i t i a l  problem concerned agreement on anatomical  su r -  
f ace  landmark d e f i n i t i o n s ,  and subsequent ly  p r e c i s e  d e f i n i t i o n  
of t h e  i n t e r n a l  s k e l e t a l  landmarks a s  i d e n t i f i e d  and measured on 
t h e  rad iographic  f i l m  of t h e  l i v i n g  s u b j e c t s .  Descr ip t ion  of 
t h e s e  landmarks f o r  t h e  purpose of t h i s  s tudy a r e  provided i n  
Appendixes A and B. 

D i s sec t ion  of major j o i n t s  was met icu lous ly  performed 
l eav ing  t h e  s u r f a c e  p ins  i n  p l a c e  t o  determine p r e c i s i o n  wi th  
which t h e  s u r f a c e  landmark would co inc ide  wi th  anatomical  land- 
mark. Resul t s  were s u r p r i s i n g l y  a c c u r a t e ,  a s  p rev ious ly  noted.  
Once t h e  j o i n t  ( s t e r n o - c l a v i c u l a r ,  head of t h e  humerus, t r o -  
c h a n t e r ,  and a l l  d o r s a l  v e r t e b r a )  was exposed and ove r ly ing  



muscle removed a d d i t i o n a l  markers were implanted.  Centers  of 
movement i n  t h e  X ,  Y ,  Z a x i s  f o r  t h e  head of t h e  r i g h t  humerus 
and r i g h t  t r o c h a n t e r  of t h e  femur were determined and marked by 
i n s e r t i o n  of 3/4 inch  s t e e l  n a i l s  (F igu re s  4 and 5 ) .  Na i l s  were 
a l s o  i n s e r t e d  f o r  x-ray r e f e r e n c e  p l anes  a t  t h e  s t e r n o - c l a v i c u l a r ,  
ac romia l ,  l a t e r a l  a r t i c u l a r  a s p e c t  of t h e  c l a v i c l e ,  and l a t e r a l  
and medial  ep icondyles .  Subsequent x-ray e v a l u a t i o n  of t h e  loca-  
t i o n  of t h e s e  r e f e r e n c e  p o i n t s  demonstrated t h e  d i f f i c u l t y  i n  
p r e c i s e l y  o r i e n t i n g  t h e  a x i s  ( ang le )  of t h e  n a i l ,  a l though t h e  
s k e l e t a l  s u r f a c e  e n t r a n c e  p o i n t  a s  marked by t h e  n a i l  was found 
t o  be q u i t e  accu ra t e  f o r  c a l c u l a t i o n  of i n t e r s e c t i n g  p lanes  upon 
t h e  x-ray. I t  i s  no t  f e l t  t h a t  t h e  n a i l s  could be placed any 
more a c c u r a t e l y  by t h i s  t echnique .  

The cadaver  was nex t  moved t o  an x-ray t a b l e  and t h e  l e f t  
shoulder  (gleno-humeral) and h i p  j o i n t s  were t hen  pinned a s  above 
whi le  under cons t an t  f l uo roscop ic  obse rva t ion .  I n  a d d i t i o n ,  a  
1 6  mm c i n e f l u o r o s c o p i c  motion p i c t u r e  f i l m  was taken  and reviewed 
t o  ensure  t h a t  t h e  p i n s  were a c c u r a t e l y  cen t e r ed  whi le  t h e  j o i n t  
was moved i n  a l l  t h r e e  axes .  

Desp i te  t h e  accuracy ob ta ined  i n  t h e  above t echn iques ,  it 
soon became apparen t  t h a t  use  of f u r t h e r  cadavers ,  a s  o r i g i n a l l y  
planned,  would no t  p rov ide  s u f f i c i e n t  a d d i t i o n a l  u s e f u l  d a t a  t o  
be worthwhile.  Our exper ience  wi th  t h e  i n i t i a l  cadaver i n d i c a t e d  
t h a t  it was n o t  n e a r l y  a s  c r i t i c a l  f o r  r e f e r e n c e  purposes t o  t h e  
l i v i n g  s u b j e c t  s tudy  a s  had been be l i eved .  Secondly,  a l though 
cons ide rab l e  e f f o r t s  were made t o  o b t a i n  t h e  c l e a r e s t  p o s s i b l e  
x-rays of t h e  cadaver ,  i t  was found t h a t  poor d e f i n i t i o n  of 
t i s s u e  c o n t r a s t  rendered many measurements a n t i c i p a t e d  t o  be  
u s e f u l  and necessary  t o  t h i s  s tudy  imposs ib le  t o  o b t a i n .  These 
f a c t o r s ,  coupled w i th  problems i n  o b t a i n i n g  usab l e  x-rays of 
l i v i n g  s u b j e c t s  i n  c e r t a i n  arm p o s i t i o n s ,  l e d  t o  an e a r l y  dec i -  
s i o n  t o  change t h e  i n i t i a l  exper imental  des ign  t o  p l a c e  g r e a t e r  
r e l i a n c e  upon t h e  l i v i n g  s tudy  and t o  add photogrammetry a s  a  
necessary  ad junc t  t echnique .  

L iv ing  Sub jec t  S e l e c t i o n  and Measurement 

S e l e c t i o n  of t h e  exper imenta l  s u b j e c t s  was conducted i n  two 
s t a g e s .  An i n i t i a l  survey t o  e s t a b l i s h  a  s u b j e c t  sc reen ing  pool 
was conducted i n  September and October and c o n s i s t e d  of 75 male 
s t u d e n t s  of The Un ive r s i t y  of Michigan. This pool  was subse- 
q u e n t l y  added t o  du r ing  t h e  nex t  few months u n t i l  about 1 0 0  sub- 
j e c t s  were a v a i l a b l e  f o r  s e l e c t i o n .  The s u b j e c t s  were f o r  t h e  
most p a r t  eng ineer ing  undergraduates  ob ta ined  wi th  t h e  permiss ion 
of t h e  i n s t r u c t o r  d u r i n g  r e g u l a r  c l a s s  meeting.  A t  t h i s  t i m e  
only measurements of s t a t u r e  and s i t t i n g  h e i g h t  were made, and 
weight was e s t ima ted  by t h e  s u b j e c t  t o  avoid having t o  completely 
unc lo the  each i n d i v i d u a l .  

The o b j e c t i v e  of t h i s  p r e l imina ry  survey was t o  provide a  
p r o v i s i o n a l  pool  of s u b j e c t s  from which f i n a l  t e s t  s u b j e c t s  could 



Figure  2 .  Dissec t ion  measurement appara tus  used t o  
determine s p a t i a l  r e l a t i o n s h i p s .  Overhead s c a l e s  allow 
three a x i s  p l o t s  of anatomical  landmarks. 



Figure 3. View of autopsy table with dissection apparat 
in place. Specimen is positioned supine with head and t 
over plexiglass portion. 



Figure  4 .  S i t e s  of  3-axis  p i n n i n g  o f  t h e  head o f  
t h e  femur ( h i p  j o i n t )  t o  l o c a t e  t h e  c e n t e r  o f  j o i n t  
r o t a t i o n .  

F igure  5. Locat ion  of s t e e l  p i n s  p laced  i n  t h e  
head of  t h e  humerus t o  l o c a t e  t h e  c e n t e r  o f  
r o t a t i o n  of  t h e  shou lde r  (gleno-humeral) j o i n t .  



be drawn, p r imar i ly  upon a  b a s i s  of s t a t u r e  wi th  s i t t i n g  he igh t  
and weight secondary cons ide ra t ions .  This a l s o  allowed a  prel im- 
i n a r y  sc reen ing .  

I n i t i a l  arrangements f o r  t e s t  s u b j e c t s  had been made through 
l o c a l  m i l i t a r y  u n i t s ,  i n c l u d i n g  t h e  Navy and Army Reserve and 
Nat iona l  Guard. I n  p r a c t i c e ,  however, it  was found t h a t  it would 
be very  d i f f i c u l t  t o  schedule  t h e s e  personnel  due t o  c o n f l i c t s  
wi th  jobs which o f t e n  would n o t  al low then  t h e  time necessary t o  
a c t  a s  a  s u b j e c t .  An a d d i t i o n a l  cons ide ra t ion  was t h a t  t o o  smal l  
a  m i l i t a r y  pool  was a v a i l a b l e  i n  t h e  Ann Arbor a r e a ,  and, 
f u r t h e r ,  t h a t  t h e  ma jo r i t y  of t h e s e  were 18 o r  19 yea r  o l d s .  We 
a l s o  found t h a t  t h e  s u b j e c t  f e e  was n o t  s u f f i c i e n t  t o  i n t e r e s t  
t h e  m i l i t a r y  r e s e r v e  e n l i s t e d  man, many of whom would have had 
t o  t r a v e l  some d i s t a n c e  t o  p a r t i c i p a t e .  The r e s u l t  was t h a t  it 
d i d  n o t  appear u s e f u l  t o  pursue t h i s  source of s u b j e c t s ,  and we 
turned  t o  t h e  s tuden t  poo l ,  which p o t e n t i a l l y  provided ve t e rans  
o r  t h o s e  ho ld ing  m i l i t a r y  r e s e r v e  s t a t u s .  

S ince  t h e  primary requirement  of t h e  s u b j e c t  s e l e c t i o n  i s  
t h a t  t hey  must be r e p r e s e n t a t i v e  of t h e  A i r  Force popula t ion  a s  
surveyed i n  1967, two problems evolved. One involved t h e  s t a -  
t i s t i c a l  b a s i s  t o  v a l i d l y  s e l e c t  a  sample r e p r e s e n t a t i v e  of a  
known group wi th  r e s p e c t  t o  one o r  more v a r i a b l e s .  The second 
problem, which i s  perhaps more d i f f i c u l t ,  was concerned wi th  t h e  
de t e rmina t ion  of which anthropometr ics  t o  cons ide r ,  and f u r t h e r ,  
p r e c i s e  agreement upon t h e i r  d e f i n i t i o n .  

The t h r e e  measures u t i l i z e d  f o r  sample s e l e c t i o n  were 
s t a t u r e ,  s i t t i n g  h e i g h t ,  and weight .  We found, however, t h a t  
i n  many cases  t h e r e  was l i t t l e  r e l a t i o n s h i p  between the  t h r e e  
measures w i t h i n  i n d i v i d u a l  s u b j e c t s  ( e . g . ,  an i n d i v i d u a l  who 
corresponded t o  t h e  50th p e r c e n t i l e  i n  s t a t u r e  might only be 
14 th  p e r c e n t i l e  i n  s i t t i n g  h e i g h t ,  b u t  80th p e r c e n t i l e  i n  w e i g h t ) .  
Enormous v a r i a b i l i t y  was found i n  t h i s  r e s p e c t .  Thus, we 
p r i m a r i l y  s e l e c t e d  on the s i n g l e  v a r i a b l e  of s t a t u r e .  Percen- 
t i l e s  f o r  s t a t u r e ,  s i t t i n g  h e i g h t ,  and weight  f o r  t h e  1967 
A i r  Force popula t ion  a r e  shown i n  Appendix E .  

The s t a t i s t i c a l  b a s i s  f o r  s e l e c t i o n  (matching on one v a r i -  
a b l e )  i s  a f t e r  Church i l l . *  Our s u b j e c t s  were p r imar i ly  s e l e c t e d  
from t h e  pre l iminary  pool  according t o  t h e  r equ i r ed  sample f o r  
each i n t e r v a l  of s t a t u r e  shown i n  Table 1, f o r  a  t o t a l  sample of 
2 8  s u b j e c t s .  Although our  s t r a t i f i e d  sample lacked two ind iv id -  
u a l s  i n  t h e  168.75 t o  174.4 crn c l a s s  i n t e r v a l s ,  it gained two 
over  t h e  r equ i r ed  sample i n  t h e  183.75 t o  186.74 cm c l a s s  i n t e r -  
v a l ,  p rovid ing  a  very s l i g h t  b i a s  toward g r e a t e r  s t a t u r e  than 
t h e  1967 USAF popula t ion .  Mean s t a t u r e  was found t o  be 178.45 cm 
f o r  t h e  Un ive r s i t y  of Michigan sample, compared t o  177.34 cm f o r  
t h e  USAF popula t ion .  A s  p r e d i c t e d ,  t h e  Un ive r s i t y  of Michigan 
s e l e c t e d  s t a t u r e  range was wi th in  t h e  1967 USAF s t a t u r e  range.  

"unpublished manuscr ipt  by E .  C h u r c h i l l ,  S e l e c t i o n  of Experi-  
mental  Sample Sub jec t s .  Antioch Co l l ege ,  Yellow Spr ings ,  Ohio. 



The U n i v e r s i t y  of  Michigan sample compares ve ry  c l o s e l y  
w i t h  t h e  1967 USAF p o p u l a t i o n  i n  t h e  measures o f  we igh t  and 
s i t t i n g  h e i g h t .  The mean we igh t  f o r  t h e  2 8  s u b j e c t s  was 174.61 
pounds,  comparing c l o s e l y  t o  t h e  USAF mean weight  o f  173.60 
pounds. The U n i v e r s i t y  o f  Michigan sample had a  mean s i t t i n g  
h e i g h t  o f  93.11 cm, a lmos t  i d e n t i c a l  t o  t h e  USAF mean s i t t i n g  
h e i g h t  of 93.18 cm. Our sample,  a s  p r e d i c t e d ,  t h u s  i s  compara- 
b l e  t o  t h e  l a r g e r  USAF p o p u l a t i o n  i n  t h e s e  c r i t i c a l  measurements. 

TABLE 1 

STATISTICAL BASIS FOR SUBJECT SELECTION BASED UPON SINGLE 
VARIABLE OF STATURE TO MATCH 1967 A I R  FORCE POPULATION 

US AF S t a t u r e  (cm) ( 1 g G 7 )  % Sample Sample 
X 2 8  Required Obta ined 

162.75 - 165.74 48 2 .01 .56 1 1 
165.75 - 168.74 132 5.53 1 .55 1 1 
168.75 - 171.74 237 9.93 2.78 3  2  
171.75 - 174.74 40 1 1 6 . 8 1  4.71 5  4 
174.75 - 177.74 443 18.57 5.20 5  5  
177.75 - 180.74 459 19.24 5.39 5  5  
180.75 - 183.74 309 12.95 3.63 4 4 
183.75 - 186.74 198 8.3 2.32 2  4 
186.75 - 189.74 117 4.9 1 .37  1 1 
189.75 - 192.74 4 1 1 . 7 1  .48 1 - - 1 

2385" 28 - 
28 

The second ca tegory  of  problems r e q u i r i n g  s o l u t i o n  p r i o r  t o  
commencement o f  s u b j e c t  anthropometry invo lved  s p e c i f i c  d e f i n i -  
t i o n  of  landmarks,  d e c i s i o n  of  r e q u i r e d  s i t es ,  and i n s u r a n c e  t h a t  
t h e  measurements were a c t u a l l y  t aken  i n  p r e c i s e l y  t h e  same way a s  
was done i n  t h e  1967 su rvey .  For t h i s  purpose  agreement on t h e s e  
p o i n t s  was reached i n  a  meet ing  h e l d  a t  Wr igh t -Pa t t e r son  A i r  
Force  Based on November 23. Measurements were demonst ra ted  on a  
s u b j e c t  t o  s t a n d a r d i z e  t e c h n i q u e .  A t  t h i s  t ime a  number o f  add i -  
t i o n a l  measures were r e q u e s t e d  by moni tor  t o  be i n c l u d e d ,  d e a l i n g  
p r i m a r i l y  w i t h  s k e l e t a l  l i n k a g e s  of t h e  appendages,  u t i l i z i n g  t h e  
d e f i n i t i o n s  of  Dempster, "Conversion S c a l e s  f o r  E s t i m a t i n g  Humeral 
and Femoral Lenghts and t h e  Lengths of  F u n c t i o n a l  Segments i n  t h e  
Limbs o f  American Caucasoid Males" (1964) .  

The anthropometry p rocedures  and d a t a  forms developed f o r  
r e c o r d i n g  anthropometry on t h e  s u b j e c t s  i s  shown i n  Appendix A. 
To f a c i l i t a t e  measurement, 35 s u r f a c e  landmarks were i n i t i a l l y  
p a l p a t e d  and marked. A t o t a l  of  72 measurements were r e c o r d e d ,  
i ~ c l u d i n g  s e v e r a l  r e q u i r e d  f o r  de te rmin ing  physique  assessments .  
Fol lowing measurements, l e a d  markers were p l a c e d  a t  p rede te rmined  
landmarks t o  b e  u t i l i z e d  a s  s u r f a c e  r e f e r e n c e  p o i n t s  i n  t h e  

*Plus  19 men below 162.75 c m .  and 1.6 men above 192.74 cn. 



subsequent photogrammetric and radiographic analysis, as described 
in detail in Appendix B. Several measurements were rechecked 
directly from the radiographic films, and one measurement, cla- 
vicular length, was obtained solely from subject x-ray films. 
Although many measurements, particularly the bone lengths, could 
be most accurately measured from x-ray films, the restrictions 
on radiation dosage of our subjects severely limited the number 
and exposure allowable and prevented obtaining films of the ex- 
tremities for this purpose. 

Any anomalies or other comments pertinent to the subject 
were noted on the individuals' data form. For example, subject 
No. 29,  on which a 43.3 cm right calf circumference was measured, 
upon inquiry noted that he had been a baseball catcher, which 
requires unusual leg muscular development. Similarly, one 
subject with unusual biceps development had been a champion 
discus thrower. Often bilateral variances may be explained by 
congenital or accidental trauma, and we attempted to eliminate 
from the sample any subjects with pertinent obvious abnormalities 

Some comment should be made concerning the utility of dif- 
ferent landmarks, since some may be made much more accurately 
than others. Tragion, when measured relative to the floor, for 
example, is particularly susceptible to change with subject head 
movement changes in sagittal plane. Vertebral spinous processes 
were best found by asking the subject to flex forward; however, 
care must be taken to relocate the landmark in the erect posture 
due to skin excursion. ~rochanterion proved to be difficult to 
accurately locate in some subjects, due not only to tissue den- 
sity at this site, but also to the individual architecture of 
the trochanteric lateral prominence, which sometimes is not a 
distinct palpable "point." Similarly, the accuracy with which 
bitrochanteric breadth may be measured may be variable due to 
overlying tissue. Lower arm skeletal measurements required 
assistance from an assistant in order to locate and measure ra- 
dius and ulna length most accurately. 

To reduce measurement error and ensure more accurate com- 
parison with the 1967 USAF population, all measurements were 
made by the same investigator, utilizing the standardized tech- 
niques used by the Air Force Anthropology Branch where measure- 
ments were the same. Since anthropometrists may, and usually do, 
differ in technique somewhat, the initial training standardiza- 
tion session at Wright-Patterson AFB proved essential. 

Intercorrelation coefficients for the 72 anthropometric 
variables were utilized in the surface marker predictive model 
developed during the final phase of this study. A detailed de- 
scription of the procedure is discussed in Chapter 111, Photo- 
grammetric Procedures and Results. The 72 anthropometric mea- 
surements were categorized into 16 functional groupings. Each 
of these groups or subsets characterizes a different anthropo- 
metric attribute. The functional groupings were labeled: 



s t a t u r e ,  s i t t i n g  he igh t ,  t runk  circumference,  upper arm circum- 
f e rence ,  lower l e g  circumference,  c h e s t  b read th ,  lower t runk 
breadth ,  upper arm breadth ,  lower l e g  breadth ,  upper arm l eng th ,  
upper ex t remi ty  l eng th ,  lower l e g  l eng th ,  lower ex t remi ty  
l eng th ,  s k i n f o l d  th i ckness ,  weight ,  and s e a t  back - t o  - trochan- 
ter  length .  A reduced c o r r e l a t i o n  ma t r ix  was der ived  f o r  t h e  
f u n c t i o n a l  groups (see Sec t ion  111). The diagonal  elements spec- 
i f y  t h e  average c o r r e l a t i o n  between elements w i th in  t h e  same 
group. The of f -d iagonal  elements of t h e  mat r ix  s p e c i f y  t h e  cor- 
r e l a t i o n  between groups. ( s ee  Sec t ion  3 , 1  p. 32 ) .  The i n t e r -  
c o r r e l a t i o n  between elements w i th in  a  s p e c i f i c  group proved t o  be 
l a r g e .  This impl ies  t h a t  only one measurement from each group i s  
r equ i r ed  t o  desc r ibe  t h e  anthropometr ic  a t t r i b u t e s  def ined  by t h e  
groups. For example, t h e  very high i n t e r c o r r e l a t i o n  between t h e  
18 measurements grouped i n  t h e  ' s t a t u r e '  subse t  showed t h a t  
s t a t u r e ,  and weight was observed t o  be h igh ly  c o r r e l a t e d  wi th  
most of t h e  o t h e r  measurements. A s  a  r e s u l t ,  s i x  anthropometr ic  
v a r i a b l e s  were determined, 

Somatotypes 

To provide another  measure of t h e  body physique,  somatotype 
r a t i n g s  were p l o t t e d  f o r  t h e  2 8  s u b j e c t s .  The system used was 
t h e  Heath-Carter Technique, which r equ i r e s  measures of age,  
h e i g h t ,  weight ,  s k i n f o l d s ,  bone d iameters ,  and muscle g i r t h s ,  
and r e s u l t s  i n  an eva lua t ion  of "morphological components" (Heath 
and C a r t e r ,  1969) .  I t  i s  expressed a s  a  three-number r a t i n g ,  
each number r ep re sen t ing  eva lua t ion  of one of t h e  t h r e e  primary 
components of physique which desc r ibe  ind iv idua 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 s u b j e c t  i n  t h r e e  
views and then  s u b j e c t i v e l y  a s s ign ing  r a t i n g s  (Heath and C a r t e r ,  
1969) )  i n  t h a t  it i s  claimed t o  be e n t i r e l y  o b j e c t i v e  and based 
s o l e l y  on o b j e c t i v e l y  obtained measurements. A computer program 
designed by D r .  C .  C .  Snow a t  t h e  C i v i l  Aero Medical Research 
I n s t i t u t e ,  Oklahoma C i t y ,  and p r e s e n t l y  i n  use i n  a  somatotype 
s tudy a t  t h e  Univers i ty  of Oklahoma was used t o  reduce these  
somatotype da t a .  We have prev ious ly  u t i l i z e d  t h i s  technique i n  
a  s tudy  of A i r  Force t e s t  s l e d  vo lun tee r s  a t  Holloman A i r  Force 
Base (Robbins and Roberts ,  1971) .  

The f i r s t  number r e p r e s e n t s  an eva lua t ion  of t h e  s u b j e c t s '  
r e l a t i v e  f a t n e s s  (endomorphy) o r  l eanness ,  on a  s c a l e  from 1/2 
t o  9 ,  i n  i n t e r v a l s  of 1 / 2  u n i t s .  Low r a t i n g s  f o r  t h e  f i r s t  nurn- 
b e r  s i g n i f y  physiques wi th  l i t t l e  nonessen t i a l  f a t ,  whi le  high 
r a t i n g s  i n d i c a t e  high degrees of nonessen t i a l  f a t .  The second 
number i n d i c a t e s  t h e  r e l a t i v e  musculo-skeletal  development 
(mesomorphy), o r  l ean  body mass c o n s i s t i n g  of t h e  musculo- 
s k e l e t a l  system, t h e  s o f t  o rgans ,  and t o t a l  body f lu ids -or  t h e  
whole body, l e s s  f a t .  Low-second-component r a t i n g s  i n d i c a t e  
l i g h t  s k e l e t a l  frames and l i t t l e  muscle r e l i e f ,  whi le  high 



r a t i n g s  show marked musculo-skeleta l  development, a s  i n  many 
a t h l e t e s .  The t h i r d  component r e f e r s  t o  r e l a t i v e  l i n e a r i t y  of 
t h e  i n d i v i d u a l  hysique -(ectomorphy) and i s  l a r g e l y  based upon 2- t h e  h e i g h t  / 3  welght r a t i o s .  Low numbers he re  mean s h o r t  extrem- 
i t i e s  and low he igh t  /3Jweight  r a t i o s ,  whi le  high r a t i n g s  i n d i -  
c a t e  l i n e a r i t y  of -body segments. 

Ten measurements a r e  r equ i r ed  t o  compute t h e  Heath-Carter 
somatotype (Heath and C a r t e r ,  r e f  2 9 )  weight ,  s t a t u r e ,  humeral 
b i ep i condy la r  d iameter ,  femoral b iep icondylar  d iameter ,  f l e x e d  
b iceps  c i rcumference,  c a l f  c i rcumference,  and s k i n f o l d  measures 
a t  t h e  t r i c e p s ,  subscapular ,  s u p r a i l i a c ,  and c a l f  s i t e s .  Dimen- 
s i o n s  a r e  uniformly taken  on t h e  r i g h t  s i d e  of t h e  body. The 
s k i n f o l d s  were ob ta ined  wi th  t h e  Lange s k i n f o l d  c a l i  e r , *  which B i s  ad jus t ed  t o  e x e r t  a  cons t an t  p re s su re  of 10 gm/mm over an 
a r e a  of 20  t o  4 0  mm2, A t  each s i t e ,  a  double f o l d  of s k i n  i s  
l i f t e d  by f i rmly  grasp ing  a  f o l d  between t h e  thumb and f o r e f i n g e r  
about  1 cent imeter  from t h e  p o i n t  t o  which t h e  c a l i p e r  i s  t o  be 
app l i ed .  Readings a r e  made w i t h i n  3 seconds a f t e r  a p p l i c a t i o n  
of t h e  c a l i p e r ,  and t h e  average i s  t aken  of s e v e r a l  read ings .  
Q u i t e  o f t e n  t h e  c a l f  s k i n  i s  " t i g h t "  and we have found an accu- 
r a t e  read ing  d i f f i c u l t  t o  t ake .  These measurements were taken  
a t  t h e  fo l lowing  s i t e s :  r i g h t  t r i c e p s ,  r i g h t  subscapu la r ,  r i g h t  
s u p r a i l i a c ,  r i g h t  p o s t e r i o r  mid-calf ;  and r e s u l t s  a r e  t a b u l a t e d  
i n  Appendix D ,  Sec t ion  D .  

I n  g e n e r a l ,  t h e  s u b j e c t  d a t a  appeared t o  f a l l  i n t o  t h e  gen- 
e r a l  mesomorphic-endomorphic a r e a ,  normal f o r  young U.S. males 
i n  b e t t e r  than  average phys i ca l  cond i t i on ,  and a s  r e p r e s e n t a t i v e  
of a  m i l i t a r y  male popula t ion .  

Manufac tu red  by Cambridge Instrument  Company, Cambridge, 
Maryland. 



SECTION I11 

PHOTOGRAMMETRY PROCEDURE AND RESULTS 

The b a s i s  f o r  t h e  use  of photogrammetry was t o  a l low a  
s i n g l e  person t o  be s t u d i e d  i n  a g r e a t e r  number of body p o s i t i o n s  
than  was p o s s i b l e  w i t h  t h e  X-ray procedure d e s c r i b e d  i n  t h e  n e x t  
s e c t i o n .  I n  a d d i t i o n ,  t h e  l a r g e r  "viewing a r e a "  of a  photograph 
provided t h e  means t o  s t u d y  whole t o r s o  c o n f i g u r a t i o n s  r a t h e r  
t h a n  simply t h e  t o r s o  s e c t o r s  p e r m i t t e d  by t h e  X-ray exposure 
l i m i t s .  

Torso Conf igura t ions  S tud ied  

The p o s i t i o n s  each s u b j e c t  was asked t o  o b t a i n  were chosen 
t o  c r e a t e  v a r i o u s  l e v e l s  of t o r s o  s t r a i n .  This  was accomplished 
i n  t h e  fo l lowing  manner. Each s u b j e c t ,  e i t h e r  s e a t e d  o r  s t a n d i n g ,  
was asked t o  r each  o u t  ( forearm v e r t i c a l )  and touch a d u l l  s t y l u s  
t a r g e t  w i t h  t h e  m e d i a l / p o s t e r i o r  a s p e c t  of  h i s  r i g h t  elbow. 
To a s s u r e  c o n s i s t e n c y  w i t h  each s u b j e c t ,  an inked d o t  was p laced  
on each s u b j e c t ' s  elbow f o r  r e f e r e n c e .  The t a r g e t  p o s i t i o n s  
were s e l e c t e d  t o  o b t a i n  a  t o t a l  of 70 d i f f e r e n t  body conf igura -  
t i o n s ,  a s  fo l lows :  

45  T o t a l  p o i n t s  on elbow-reach envelope i n  Table  2 
3  V e r t i c a l  r e a c h e s  (two up and one down) 

T o t a l  s i t t i n g  p o s i t i o n s  

S tand ing  

5 Transverse  p l a n e s  (each 45'  a p a r t )  
2 H o r i z o n t a l  p l a n e s  (each 30° a p a r t )  
2 Dis tances  from shou lde r  (normal and medium) - 

20 T o t a l  p o i n t s  on sphere  
2 - V e r t i c a l  r eaches  

22 T o t a l  s t a n d i n g  p o s i t i o n s  

Each of t h e s e  p o s i t i o n s  was ass igned  a  code f o r  l a t e r  r e f e r e n c e ,  
a s  p r e s e n t e d  i n  Table 3 .  

The t o t a l  s e r i e s  of  70 tests  was d i v i d e d  i n t o  1 0  s e t s ,  each 
s e t  c o n t a i n i n g  7  p o s i t i o n s .  The s e t s  a r e  d e f i n e d  i n  Table 4 .  
There were 20 s u b j e c t s  a s s igned  t o  t h i s  s t u d y ,  and each s u b j e c t  
was r e q u i r e d  t o  perform 35 t e s t s ,  w i t h  one r e p l i c a t i o n  on each 
of  t h r e e  s e t s  and two r e p l i c a t i o n s  on a  f o u r t h  s e t .  The a s s i g n -  
ment of s e t s  t o  s u b j e c t s  i s  given i n  Table 5 .  This  redundant  
method of a s s i g n i n g  tests  t o  s u b j e c t s  was necessa ry  because i t  
was n o t  known a t  t h e  o u t s e t  how many of t h e  35 t e s t s  could  be 



TABLE 2  

 he envelopes w e r e  obtained by checking both 2  and 9 8  percent i le  ( s t a t u r e )  
i nd iv idua l s '  e l b o w  excursions for  t h e  f i v e  transversal planes and three 
hor izon ta l  planes w i t h  condit ions of " c o m f o r t a b l e , "  " m e d i u m  ex tens ion , "  
and " m a x i m u m  possible f o r  2  pe r cen t i l e  ind iv idua l .  " 

HO R I  Z ONTAL 
PLANE 

UPPER 

HEIGHT O F  ELBOW 
TARGET FROM 
FLOOR ( I n c h e s  ) 

S i t t i n g  4 4 .  

HORIZONTAL DISTANCE FROM CENTER L I N E  O F  SHOULDER 
JOINT ( R E S T I N G )  TO TARGET ( I n c h e s )  FOR VARIOUS 
S T R A I N  CONDITIONS 

COMFORTABLE 
NORMAL 
ENVELOPE 

11. 

13. 

11. 

NORMAL 

LOWER 

MEDIUM 
EXTENDED 
ENVELOPE 

15.3 

1 8 . 0  

15.3 

I S tanding 6 2 .  

S i t t i n g  37. 
Standing 55. 

S i t t i n g  30. 
Standing 4 8 .  

MAXIMUM EXTENDED ENVELOPE 
FOR TWO P E R C E N T I L E  MALE 

T r a n s v e r s a l  P o s i t i o n  f r o m  
S a g i t t a l  P lane  

-45O 

2 4 . 5  

2 4 . 5  

2 4 . 5  

O0 

2 1 . 5  

2 4 . 5  

2 4 . 5  

+ 1 3 5 O  

18 .0  

2 1 . 0  

2 1 . 0  

+45O 

18 .0  

2 1 . 0  

2 1 . 0  

' +90° 

17 .0  

2 0 . 0  

2 0 . 0  



TABLE 3 

POSITION CODES 

N - Normal h o r i z o n t a l  p lane  through shou lde r  
U - *per p l a n e  (30' arm up . a t  normal reach) 
L - Lcwer p l a n e  (30' arm down a t  normal reac1J 
s - S t a n d i n g  
1 - 45O from shoulder  s a g i t t a l  plane ( l e f t )  
2 - 0' shoulder  ( i n  s a g i t t a l  p l ane )  
3 - 45" from shou lde r  s q i t t a l  p lane  ( r i g h t )  
4 - 90 O from shoulder  s a g i t t a l  p l ane  ( i n  f r o n t a l  p lane)  
5 - 135" from s b u l d e r  s a g i t t a l  p l ane  (behind f r o n t a l  p l a n ? )  
e - Extended n~ dium 
m - ?laxima1 extended 

B 
3 
p1 

GI 

2 
E " 
2 
E 
3 
I? 
A 
!3 
8 , .  
A 
Fr 
0 

4 

2 

w z 
z 
E 
m 

u .  
W E  

n 
W Z  

2 
m 

Transvers a 1  Plane Angle (degrees)  
Measured from S a g i t t a l  P l a m  Through 

- 
135' 

9 0' 

4 5" 

Verti- 

c a l  

135' 

45O 

Verti- 

c a l  

45 

Right  

U3 

U3 e 

u3m 

N 3 

N3e 

N3m 

L 3 

L3e 

L 3m 

Us3e 

us3m 

L s  3e 

Ls3m 

90 
Fron- 

t a l  

U 4 

U4e 

U 4m 

N 4 

N 4e 

N 4m 

L 4 

L 4e 

L4m 

Us4e 

U s 4 m  

Ls4e 

Lsrlm 

Shou Ids 
-45O 

L e f t  

U 1  

U le  

U l m  

N 1  

Nle 

N l m  

L1 

L l e  

Llm 

VU 

Wm 

U s  l e  

U s l m  

Ls le  

Lslm 

C 5 U  

V s  Um 

135 
(max) 

Behind 

U 5 

U 5e 

U 5m 

N5 

N 5e 

N 5m 

L 5 

L 5e 

L 5m 

Us5 e 

Us5m 

Ls5 e 

Ls5m 

r 
0 

S a g i t -  
t a l  

U2 

U2e 

U 2m 

N2 

Y2e 

N2m 
----------, 

L 2 

L2 e 

L 2m 

VL 

Us2 e  

us2m 

Ls2 e  

Ls2m 



T A B L E  4 

D I V I S I O N  OF P O S I T I O N S  I N T O  S E T S  

S E T  
NUMBER 

S 1  

S2 

S 3  

S4 

S5 

S 6 

S 7  

S8  

S9 

S 1 0  

T E S T  P O S I T I O N S  

VU U 1  U 2 m  U s  3e N 3  L 5  L s 4 m  

U 4 e  U s 5 m  N l e  N 5 m  L3e  L l m  L s 2 e  

VUm U 2  U 3 m  U s 4 e  N 4  L 1  L s 5 m  

U 5 e  U s l m  N 2 e  N l m  L 4 e  L 2 m  L s 3 e  

V L  U 3  U 4 m  U s 5 e  N 5  L 2  L s  l m  

U l e  U s 2 m  N 3 e  N 2 m  L 5 e  L 3 m  L 3 4 e  

V s U  U 4  U 5 m  U s  l e  N 1  L 3  L s 2 m  

U 2 e  U s 3 m  N 4 e  N 3 m  L l e  L 4 m  L s 5 e  

V s U m  U 5  U l m  U s  2e N 2  L4 L s  3m 

U 3 e  U s 4 m  N 5 e  N 4 m  L 2 e  L 5 m  L s l e  

A 



TABLE 5 

TEST SETS FOR EACH SUBJECT 

SUBJECT 
NUMBER 

1 & 11 

2 & 12 

3 & 1 3  

4 & 14 

5 & 15  

6 & 16 

7 & 1 7  

8 & 1 8  

9 & 19  

10 & 20 

SEQUENCE OF SETS FOR EACH SUBJECT 

S 1  S2 S3  S4 S 1  

S5 S6 S7 S8 S5 

S 9 S10 S 1  S 2 S9 

S 3  S 4 S5 S6 S 3  

5 7  S8 S9 S 10 S7 

S1  S2 S4 S3 S2 

S5  S6 S 8 S7 S6 

S9 ,310 S2 S 1  S10 

S3 S4 S 6 S 5 S4 

S7 S8 S10 S 9  S 8 



analyzed. The data reduction of the photographs is a very expen- 
sive, time-consuming process. Due to the availability of an 
"off-line" photo analysis system, the excessive "on-line" com- 
puter Rime was not needed to reduce the photographs to X-Y 
reference point locations. Thus all 35 frames of each subject 
were capable of economical analysis, 

The capability of determing both the inter-subject and 
intra-subject variance was provided by the repetitions. Each 
subject was required to perform seven tests twice. The choice 
of test conditions in and between sets was statistically balanced 
thus; there was no risk of having the angles or distances con- 
founded by the subject's height and weight. No subject performed 
more than two tests at one particular shoulder angle or at one 
particular reach distance. 

The subjects were assigned to the test sequences in Table 5 
according to their height and weight measurements. Although a 
one-dimensional ranking was not very precise, it was possible to 
contrast subjects at the top and bottom of the ranking scale, 
thus further reducing the chance that an intra-subject variance 
might change general inferences about the torso mobility. 

Photographic Test Sequence 

Each subject was brought to the photogrammetry laboratory 
after being X-rayed. Hence, the surface markers were in known 
locations, and his anthropometric dimensions had been estab- 
lished. He was instructed as to the procedure. The four ortho- 
gonal cameras were checked to assure that the first frame was 
positioned, and each camera was focused. The subject was then 
positioned as described above. With the subject in position, 
the photographer simultaneously triggered all four cameras by an 
electronic shutter release. The films were then automatically 
indexed while the subject was instructed as to the position for 
the next photograph. The frame identification numbers were 
changed, and the procedure was repeated until all 35 positions 
were recorded. The photographs in Figures6-9 depict a subject 
from the three orthogonal views (front, side, above), and a rear 
view . 
Subjects Used in Photogrammetry Study 

As described in the preceding section, not all of the 28 
measured subjects were included in the subsequent photogrammetric 
and X-ray studies. The design of the photogrammetric study re- 
quired 20 persons at the onset. The design was such that subject 
size and position effects were balanced, thus greatly reducing 
the chance of a particular body position effect on mobility being 
biased due to the accidental loss of photographic data on one 
specifically sized individual. 

Because all the surface points on the body had to be clearly 



-- 

Figure 6. Frontal view of subject as seen by 
camera No. 1. 



Figure 7 .  Side  view of s u b j e c t  as seen by l a t e r a l  
camera No. 2 ,  w i t h  subject i n  same p o s i t i o ~ s  as  i n  
preceding f i g u r e .  



- -  - 

F i g u r e  8. Rear view of  s u b j e c t  a s  seen  by r e a r  
camera No. 3 ,  w i t h  s u b j e c t  i n  same p o s i t i o n  a s  
i n  p reced ing  f i g u r e s .  



Figure  9 .  V i e w  from overhead camera No. 4 of s u b j e c t  
i n  same p o s i t i o n  a s  i n  p reced ing  f i g u r e s .  

28 



v i s u a l i z e d  by a t  l e a s t  two cameras f o r  each p o s i t i o n ,  t h e r e  was 
a h igh  p r o b a b i l i t y  of l o s i n g  d a t a .  A s  it was, 15 of t h e  o r i g i n a l  
2 0  s u b j e c t s  d i d  supply adequate  photographic  d a t a  f o r  t h e  f o l -  
lowing a n a l y s i s .  The i r  s t a t u r e  and weight d i s t r i b u t i o n s  a r e  de- 
p i c t e d  i n  F igure  10.  These s u b j e c t s  provided dimensional  d a t a  
on t h e  l o c a t i o n s  of t h e  fo l lowing  s u r f a c e  markers f o r  a l l  35 
t o r s o  p o s i t i o n s  (Appendix B d e s c r i b e s  each p o i n t  i n  d e t a i l ) :  

*Right acromion 
*Lef t  acromion 
*Supras t e rna l e  
*C7 s u r f a c e  sp ine  marker -cerv ica le  
*TI, s u r f a c e  s p i n e  marker 
*To s u r f a c e  s p i n e  marker 
*T12 s u r f a c e  sp ine  marker 
*L2 s u r f a c e  sp ine  marker 
*Ls s u r f a c e  s p i n e  marker 
*Right a n t e r i o r  s u p e r i o r  i l l i a c  s p i n e  

P h o t o a r a ~ h  Data Reduction 

The l o c a t i o n  of each of t h e  s u r f a c e  markers i n  each photo- 
graph i s  obta ined  by r e a r  p r o j e c t i n g  each photograph onto  a 
Datacoder,  produced by t h e  BBN Company of Los Angeles,  C a l i f o r n i a .  
By moving a c u r s o r  over  t h e  p o i n t  of i n t e r e s t  and a c t i v a t i n g  t h e  
system, a punched-paper t a p e  of t h e  coo rd ina t e s  i s  prepared .  A 
photograph of t h i s  system i s  conta ined  i n  F igure  11. 

The punched-paper t a p e s  from t h e  Datacoder were then  ana- 
lyzed  by a s p e c i a l  computer a lgor i thm.*  This  a lgor i thm s o l v e s  
f o r  t h e . t h r e e  space  coo rd ina t e s  of each p o i n t  by s imul taneous ly  
cons ide r ing  t h e  two-dimensional l o c a t i o n s  of each p o i n t  viewed 
from two or thogonal  d i r e c t i o n s .  The mean r e p e a t a b i l i t y  of t h e  
procedure and equipment has been found t o  be 0 . 4  i nch .  A b r i e f  
d e s c r i p t i o n  of t h e  a lgo r i t hm i s  presen ted  i n  Appendix F. 

The ou tpu t  of t h e  computer a lgo r i t hm i s  a l i s t i n g  of t h e  
three-dimensional  (3-space) coo rd ina t e s  of bo th  t h e  t e n  s u r f a c e  
markers and t h e  corresponding elbow t a r g e t  l o c a t i o n s ,  Punched- 
ca rd  ou tpu t  was a l s o  provided f o r  t h e  development of p r e d i c t i o n  
models, a s  desc r ibed  i n  t h e  nex t  s e c t i o n .  

P r e d i c t i o n  Model Development 

The photogrammetric d a t a  of t h e  s u r f a c e  markers p rev ious ly  
l i s t e d  f o r  t h e  t runk  and shoulders  were analyzed by developing 
l i n e a r  and non l inea r  l ea s t - squa red  e r r o r  r e g r e s s i o n s  of t h e  

*The b a s i s  f o r  t h i s  a lgo r i t hm i s  desc r ibed  i n  a Ph.D. D i s se r t a -  
t i o n  by Kerry K i l p a t r i c k ,  e n t i t l e d  "A Model f o r  t h e  Design of 
Manual Work S t a t i o n , "  UNIVERSITY MICROFILMS, August, 1970. 
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Figure  11. O f f - l i n e  photographic data reduction 
system. 
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c o o r d i n a t e s  of  each jth s u r f a c e  marker (Xj ,Yj , Z  # )  on each of  t h e  
elbow c o o r d i n a t e s  ( X e , Y e , Z e ) ,  d e s c r i b e d  i n  ~ a b l d  2 .  This  
modeling does n o t  i n c l u d e  an th ropomet r i c  v a r i a b l e s ,  and hence it 
i s  r e f e r r e d  t o  a s  a  Genera l  Model o f  t h i s  form: 

The f u n c t i o n s  Fa were e s t i m a t e d  by s t epwise  r e g r e s s i o n s .  
To perform t h e s e  r e g l e s s i o n s t  each s u r f a c e  marker was cons ide red  
i n i t i a l l y  t o  be e m p i r i c a l l y  r e l a t e d  t o  t h e  elbow c o o r d i n a t e s ,  
elbow c o o r d i n a t e s  squared ,  and elbow c o o r d i n a t e s  cubed. Admis- 
s i b l e  v a r i a b l e s  i n  t h e  f i n a l  f u n c t i o n s  were de termined from con- 
s i d e r a t i o n  of  bo th  t h e  c o e f f i c i e n t  of d e t e r m i n a t i o n ,  R', and t h e  
s t a n d a r d  e r r o r ,  Se. When e i t h e r  Se f e l l  below 0.75 i n c h  o r  t h e  
i n c l u s i o n  of  an a d d i t i o n a l  v a r i a b l e  d i d  n o t  i n c r e a s e  R~ by more 
t h a n  1 p e r c e n t ,  t h e  s t e p w i s e  i t e r a t i o n  was t e r m i n a t e d ,  

s i n c e  t h e  sample s ize  exceeded 400 d a t a  p o i n t s  f o r  each of  
t h e  r e g r e s s i o n s ,  the r e s u l t i n g  General  Model b f  Torso  Mobi l i ty  
has  p r e d i c t i o n  c a p a b i l i t y  i n  t h e  w i d e s t  s e n s e .  I n  most c a s e s ,  

' o n l y  a  l i m i t e d  number of  v a r i a b l e s  were s i g n i f i c a n t  i n  t h e  r e -  
g r e s s i o n s ; - t h u s  t h e  d e g r e e s  of  freedom of  t h e  model remained 
q u i t e  h i g h .  

A second p r e d i c t i v e  model was developed t o  i n c l u d e  anthro-  
pomet r i c  v a r i a b l e s .  Th i s  model i s  r e f e r r e d  t o  a s  t h e  Anthropo- 
metric Model. I ts  development involved t h e  fo l lowing :  

1. Reviewing t h e  i n t e r - c o r r e l a t i o n  m a t r i x  of  each of  
t h e  an th ropomet r i c  v a r i a b l e s  d e s c r i b e d  i n  S e c t i o n  
11. This  was done t o  d e f i n e  s e t s  of  v a r i a b l e s  
d i r e c t l y  a p p r o p r i a t e  t o  t o r s o  geometry, and v a r i -  
a b l e s  which cou ld  p r e d i c t  t h e  o t h e r  v a r i a b l e s  w i t h  
s t a t e d  and a c c e p t a b l e  accuracy.  This  procedure  
al lowed i d e n t i f i c a t i o n  of t h e  fo l lowing  s i x  d i f -  
f e r e n t  s e t s  of v a r i a b l e s  which were both  geomet- 
r i c a l l y  c o n t r a s t i n g  and had s i g n i f i c a n t  i n t e r c o r -  
r e l a t i o n s  (average  r > 0 . 4 )  : 

*Standing S t a t u r e  ( v a r :  # 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9  , l o ,  
13,14,17,18,19,20,21,23, and 24) . 

* S i t t i n g  Height  ( v a r :  #58,59,60,  and 61) . 
*Trunk Circumference ( v a r :  #47 and 4 8 ) .  
*Upper Trunk Breadth ( v a r :  #12 and 1 5 ) .  
*Upper Limb Length ( v a r :  #27 and 2 8 ) .  
*Weight ( v a r :  #l) . 



~ n t h r o p o m e t r i c  v a r i a b l e s  n o t  included i n  t he  above 
groups ( e .g . ,  those  descr ib ing  l e g  bread th ,  f o o t  
and hand widths ,  head circumference) were e i t h e r  
h ighly  c o r r e l a t e d  with o t h e r  v a r i a b l e s  i n  t h e  
groups o r  were func t iona l ly  un re l a t ed  t o  t he  pres-  
e n t  problem. 

2 ,  Se l ec t ing  a  s e t ,  S  of r e p r e s e n t a t i v e  v a r i a b l e s  
wi th in  each group . j tThis  was based on the  v a r i a b l e  
which had a  c o n s i s t e n t l y  high c o r r e l a t i o n  wi th  the  
o the r  v a r i a b l e s  i n  t h e  group. This r e s u l t e d  i n  t h e  
fol lowing v a r i a b l e s  being r e p r e s e n t a t i v e  of each 
group : 

*Standing S t a t u r e  (var :  # 2  - s t a t u r e )  
* S i t t i n g  Height (var :  #58 - s i t t i n g  he igh t )  
*Trunk Circumfererlce (var :  #47 - ches t  c i r -  

cumference) 
*Upper Trunk Breadth (var :  #15 - biacromial  
b read th)  

*Upper Limb Length (var :  #27 - humeral l eng th)  
*Weight (var :  #1 - body weight)  

Fur ther  j u s t i f i c a t i o n  f o r  t he se  measures i s  based on 
t h e i r  ease  of measurement and apparent  consis tency,  s i n c e  they 
c o r r e l a t e d  (avg.r  = .7)  wi th  o t h e r  v a r i a b l e s  i n  each func t iona l  
group. 

The above s i x  anthropometric v a r i a b l e s  were then is- 
cluded ( a s  l i n e a r ,  squared and cubed t ransformat ions)  i n  a  second 
s tepwise  r eg re s s ion  of each su r f ace  marker l oca t ion .  The r e s u l t  
of these  regress ions  was a  t o r s o  mobi l i ty  p red ic t i on  model which 
included s i g n i f i c a n t  anthropometry. This i s  r e f e r r e d  t o  as  t he  
~ n t h r o p o m e t r i c  Model and i s  of t he  form: 

The determinat ion of  whether a  s p e c i f i c  anthropometric 
v a r i a b l e  ( o r  i t s  t ransformat ion)  adds any s i g n i f i c a n t  con t r ibu t ion  
t o  t he  p r e d i c t i o n  of t o r s o  conf igura t ions  was decided by again 
i n spec t ing  both t h e  c o e f f i c i e n t  of determinat ions  and the  
s tandard  e r r o r  es t imat ion .  I f ,  i n  t h e  process  of t h e  s tepwise  
r eg re s s ion ,  t h e  c o e f f i c i e n t  of determinat ion became g r e a t e r  than 
70 pe rcen t ,  an a d d i t i o n a l  v a r i a b l e  was no t  included i f  i t  only 
added one percen t  t o  the  p red ic t ed  var iance i n  t he  su r f ace  po in t  
l oca t ions .  Also, a  v a r i a b l e  was no t  included i f  t he  s tandard  
e r r o r  of es t imat ion  became l e s s  than 1.5 inches ,  which i s  
approaching t h e  



average wi th in - sub jec t  v a r i a b i l i t y .  I f  t h e  s t anda rd  e r r o r  of  
e s t i m a t i o n  was g r e a t e r  than  1 . 5  i n c h e s ,  and t h e  c o e f f i c i e n t  of 
de te rmina t ion  was l e s s  than  70 p e r c e n t ,  t h e n  v a r i a b l e s  were 
added u n t i l  t h e  i n c r e a s e  i n  t h e  c o e f f i c i e n t  of de t e rmina t ion ,  
averaged over  t h e  l a s t  t h r e e  v a r i a b l e s ,  was l e s s  than  0.5 p e r c e n t ,  

Resu l t s  of P r e d i c t i o n  Models 

General  Model Resu l t s  

The use of s tepwise  r e g r e s s i o n s  w i th  a s  many d a t a  p o i n t s  a s  
were a v a i l a b l e  from t h e  photogrammetry s tudy  ( a t  l e a s t  4 0 0  f o r  
each s u r f a c e  p o i n t )  provided good e s t i m a t e s  ( a s  d i scussed  i n  t h e  
nex t  subsec t ion )  of how each s u r f a c e  p o i n t  moves a s  a  func t ion  
of t h e  elbow p o s i t i o n s .  The p r e d i c t i o n  equa t ion  c o e f f i c i e n t s  
a r e  p re sen ted  i n  Appendix G .  For des ign  purposes ,  a  s e t  of 
graphs d e p i c t i n g  s u r f a c e  marker l o c a t i o n s  a s  a  func t ion  of t h e  
elbow p o s i t i o n s  has  been prepared .  For t h e  s e a t e d  person ,  
wi thout  cons ide r ing  s p e c i f i c  anthropometry ( i . e . ,  gene ra l  model) 
t h e  g raph ic  r e s u l t s  a r e  d e p i c t e d  i n  Appendix H. A s i m i l a r  s e t  
of g raph ic  r e s u l t s  f o r  t h e  s t and ing  person i s  presen ted  i n  
Appendix I. 

Examination of t h e s e  graphs d i s c l o s e s  numerous s p ' a t i a l  con- 
c e p t s  r ega rd ing  t h e  f u n c t i o n a l  mob i l i t y  of t h e  human t o r s o  when 
reaching  o u t  i n t o  t h e  immediate environment wi th  one arm. Some 
of t h e s e  concepts  have been l i s t e d  wi th  t h e  s e t  of graphs de- 
p i c t i n g  each s u r f a c e  marker movement i n  t h e  a p p r o p r i a t e  appen- 
d i c e s .  Thus a  des igne r  can r e f e r  t o  t h e s e  comments t o  a s s i s t  i n  
t h e  expected i n t e r p o l a t i o n  and e x t r a p o l a t i o n  of t h e  g raph ic  
r e s u l t s .  

A n t h r o ~ o m e t r i c  Model Resu l t s  

The s tepwise  r e g r e s s i o n  procedure developed good e s t i m a t e s  
of t h e  combined e f f e c t s  of elbow l o c a t i o n s  and anthropometry ( a s  
d i scussed  i n  t h e  next  s u b s e c t i o n ) .  The r e s u l t i n g  p r e d i c t i o n  
equa t ion  c o e f f i c i e n t s  a r e  p re sen ted  i n  Appendix G, 

To demonstrate  t h e  e f f e c t s  of s p e c i f i c  anthropometr ic  v a l u e s ,  
both 5- and 95 -pe rcen t i l e  va lues  were chosen from t h e  1 9 6 7  USAF 
anthropometr ic  survey of USAF r a t e d  o f f i c e r s  f o r  t h e  anthropo- 
m e t r i c  v a r i a b l e s  t o  e v a l u a t e  t h e  Anthropometric Model. The d a t a  
and t h e  graphs d e p i c t i n g  t h e  p r e d i c t e d  l o c a t i o n s  of t h e  s u r f a c e  
markers a r e  summarized i n  Appendix J. 

I n  g e n e r a l ,  t h e  major anthropometr ic  v a r i a b l e s  i n  t o r s o  mo- 
b i l i t y  modeling a r e  t h e  s i t t i n g  and/or s t and ing  h e i g h t s .  These 
p a r t i c u l a r  v a r i a b l e s  have a  d i r e c t l y  p r o p o r t i o n a l  e f f e c t  on t h e  
v e r t i c a l  h e i g h t  of t h e  s u r f a c e  markers ,  and a  secondary b u t  



s i g n i f i c a n t  e f f e c t  on t h e  h o r i z o n t a l  movements of t h e  s u r f a c e  
markers.  The o t h e r  anthropometr ic  v a r i a b l e s  used i n  t h e  s t e p -  
wise  r e g r e s s i o n s  have l e s s e r  e f f e c t s ,  a s  can be seen  from t h e i r  
c o e f f i c i e n t s  summarized i n  ~ p p e n d i x  J. 

p r e d i c t i o n  Model E r r o r  Es t imates  

There a r e  two major components t o  t h e  a n a l y s i s  of how w e l l  a  
p r e d i c t i o n  model e s t i m a t e s  t h e  va lue  of a  dependent v a r i a b l e  
( i . e . ,  t h e  s u r f a c e  marker c o o r d i n a t e s ) .  The f i r s t  component w i l l  
be r e f e r r e d  t o  a s  t h e  i n h e r e n t  d a t a  va r i ance ;  i . e . ,  f o r  t h e  same 
s e t  of  independent  c o n d i t i o n s ,  t h e r e  i s  some unpred ic t ab l e  var-  
i a n c e  i n  t h e  dependent v a r i a b l e ,  due t o  a  combination of such 
f a c t o r s  a s  mot iva t ion ,  coo rd ina t ion  and b a s i c  measurement e r r o r .  
The second component f o r  e v a l u a t i o n  of a  model i s  t h e  va r i ance  i n  
t h e  d a t a  about  t h e  p r e d i c t e d  va lues .  This  l a t t e r  component com- 
b ines  t h e  i n h e r e n t  d a t a  va r i ance  wi th  va r i ance  owing t o  t h e  
model ' s  n o t  account ing f o r  c o n s i s t e n t  v a r i a b i l i t y  i n  t h e  d a t a ,  
i . e . ,  model e r r o r .  

Usua l ly ,  d a t a  a r e  p re sen ted  i n  one dimensional  form, t hus  
i t s  v a r i a b i l i t y  i s  e a s i l y  eva lua t ed .  The s u r f a c e  marker d a t a  
i n  t h r e e  dimensions,  however, and t h u s  
a long  a  s i n g l e v e c t o r , b u t  i n  an i n f i n i t e n u m b e r  of v e c t o r s  
r a d i a t i n g  from i t s  expected va lue .  F igure  12 i l l u s t r a t e s  t h i s  
concept .  

An in fo rma t ive  three-dimensional  i n t e r p r e t a t i o n  can be de- 
veloped. Such an i n t e r p r e t a t i o n  r e q u i r e s  t h a t  t h e  concepts  of a  
" f e a s i b i l i t y  volume" and an average f e a s i b i l i t y  sphere  be 
de f ined .  I f  t h e  same s u b j e c t  performs t h e  same t e s t  tw ice ,  h i s  
t o r s o  c o n f i g u r a t i o n  w i l l  n o t  be e x a c t l y  t h e  same f o r  t h e  second 
t e s t .  I f  t h e  same reach  t e s t  was r e p l i c a t e d  s e v e r a l  thousand 
t imes ,  t h e  observed coord ina t e s  f o r  a  given s u r f a c e  marker would 
g e n e r a t e  an egg shaped volume i n  space ,  This  egg shaped volume 
can be c a l l e d  a  f e a s i b i l i t y  volume. A d i f f e r e n t  f e a s i b i l i t y  
volume would be genera ted  f o r  each s u r f a c e  marker f o r  each reach 
p o s i t i o n .  Each p o i n t  i n  a  g iven  f e a s i b i l i t y  volume i s  no t  
e q u a l l y  l i k e l y ,  b u t  each i s  e q u a l l y  accep tab le .  The frequency 
of p o i n t s  i s  g r e a t e r  i n  t h e  c e n t e r  t han  on t h e  o u t e r  s u r f a c e  of 
t h e  volume, bu t  any of t h e  d e l i m i t e d  p o i n t s  could be r e a l i z e d  by 
performing t h e  reach t e s t  normally.  A u s e f u l  approximation f o r  
t h e  f e a s i b i l i t y  volume i s  developed by d e f i n i n g  an average f e a s i -  
b i l i t y  sphere .  An average f e a s i b i l i t y  sphere  i s  a  sphere  i n -  
s c r i b e d  w i t h i n  t h e  f e a s i b l e  volume. This approximation has  two 
advantages .  F i r s t ,  t h e  i r r e g u l a r  volume i s  r ep l aced  by a more 
manageable e n t i t y ,  a  p e r f e c t  sphere .  Second, s i n c e  t h e  sphere  
i s  i n s c r i b e d  w i t h i n  t h e  volume, it c o n c e n t r a t e s  a t t e n t i o n  on t h e  
high d e n s i t y  segment of t h e  t o t a l  f e a s i b i l i t y  volume. The o r i g -  
i n a l  i r r e g u l a r  volume d e f i n e s  what could happen, whi le  t h e  
sphere  s t a t e s  what does happen i n  a  ma jo r i t y  of ca ses .  
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FIGURE 12 
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The s i z e  of t h e  sphere  used t o  r ep re sen t  t h e  d a t a  depends 
upon t h e  va r i ance  of t h e  d a t a  and t h e  propor t ion  of t h e  d a t a  t o  
be encompassed wi th in  t h e  sphere .  Three d i f f e r e n t  d i s t r i b u t i o n s  
were assumed-uniform, t r i a n g u l a r ,  and exponential- to determine 
t h e  propor t ion  of t h e  d a t a  i n  a  volume encompassed by spheres  of 
varying r a d i i .  The fo l lowing  d i s p l a y s  t h e  e s t ima te s  of t h e  
e f f e c t s  of t h e  t h r e e  d i s t r i b u t i o n s .  

1. Uniform d i s t r i b u t i o n :  -r < x,y & z < r 

d x d y d z  =4.rrr3 

2 .  T r i angu la r  d i s t r i b u t i o n :  -r < x,y  & z < r 

3 .  Exponent ia l  d i s t r i b u t i o n :  "< X,y & Z < w  

Because t h e  volume of p o i n t s  encompassed by a  sphere  of a  
given r a d i u s  i s  no t  s e n s i t i v e  t o  t h e  d i s t r i b u t i o n  of p o i n t s ,  a s  
shown above, t h e  i n h s r e n t  d a t a  var iance  and t h e  p r e d i c t i o n  model 
accuracy can now be repor ted  by two s t a t i s t i c s  which have a  con- 
c i s e  i n t e r p r e t a t i o n .  These a r e :  

- 
R - The r a d i u s  of a  sphere  encompassing approxi-  

mately 50% of t h e  observed d a t a  about an ex- 
pected o r  p r ed i c t ed  va lue ,  

'A+or - The r a d i u s  of a  sphere  encompassing approxi-  
mately 8 0 %  of t h e  observed d a t a  about an ex- 
pected o r  p r e d i c t e d  va lue .  

Both of t h e s e  s t a t i s t i c s  were es t imated  f o r  each s u r f a c e  
marker t o  i l l u s t r a t e  t h e  i n h e r e n t  s u b j e c t  var iance  w i t h i n  t h e  
d a t a ,  t h e  General Model p r e d i c t i o n  e r r o r ,  and t h e  Anthropometric 



Model p r e d i c t i o n  e r r o r .  Table 6  summarizes t h e s e  va lues .  By 
comparing t h e  va lues  of i n  t h e  t a b l e ,  it can be seen t h a t  t h e  
v a r i a b i l i t y  of t h e  anthropometr ic  model i s  two t o  t h r e e  t imes 
l a r g e r  than  f o r  t h e  s u b j e c t s  a lone.  The v a r i a b i l i t y  of t h e  gen- 
e r a l  model i s  2.5 t o  3 .5  t imes l a r g e r  than  t h e  pure s u b j e c t  v a r i -  
a b i l i t y .  

Numerical t e s t s  f o r  goodness of f i t  of t h e  models were not  
performed. These t e s t s  p l ace  severe  r e s t r i c t i o n s  on t h e  form of 
t h e  var iance-covar iance mat r ix  and r e q u i r e  t h e  use  of a  non- 
c e n t r a l  chi-square  d i s t r i b u t i o n .  However, v i s u a l  i n s p e c t i o n  of 
Table 6  imp l i e s  t h a t  t h e  n u l l  hypothes i s  t h a t  t h e  v a r i a b i l i t y  
of t h e  model i s  t h e  r e s u l t  of t h e  s u b j e c t s  a lone  would be 
r e j e c t e d .  

The p r e c i s i o n  of t h e  p r e s e n t  model i s  probably b e t t e r  than 
i s  i n d i c a t e d  i n  Table 6. I n  ana lyz ing  t h e  d a t a ,  it  i s  very d i f -  
f i c u l t  t o  determine i f  o u t l i e r s  a r e  c o r r e c t  o r  bogus. A vec to r  
r e s i d u a l  of 3.00 inches  could r e p r e s e n t  a d r a s t i c  l ack  of f i t  o r  
an e r r o r  i n  t h e  m u l t i p l e  s t a g e  d a t a  reduc t ion  process .  The 
e l imina t ion  of any of t h e s e  ques t i onab le  o u t l i e r s  could n o t  be 
j u s t i f i e d  f o r  t h e  non- rep l ica ted  d a t a  p o i n t s .  For t h e  r e p l i c a t e d  
p o i n t s  about  95% of t h e  o u t l i e r s  g r e a t e r  than 3.00 inches  were 
e l imina t ed .  An e s t i m a t e  of t h e  t r u e  va lue  of a  d a t a  p o i n t  can 
be achieved from t h e  r e p l i c a t e d  d a t a .  O u t l i e r s  can be ques t ioned  
and r e j e c t e d  wi th  confidence when necessary.  The e x i s t e n c e  of 
r e l a t i v e l y  few bogus o u t l i e r s  i n  t h e  d a t a  base  f o r  t h e  models 
could e a s i l y  account f o r  t h e  imper fec t  f i t .  One r e s i d u a l  of 5  
inches  i s  equ iva l en t  t o  20  normal r e s i d u a l s .  

From t h e  engineer ing  des ign  viewpoint ,  however, t h e  pred ic -  
t i o n  accuracy of t h e  model i s  w e l l  w i th in  t h e  s t a t e - o f - t h e - a r t .  
Though it i s  d i f f i c u l t  t o  compare t h e s e  p r o j e c t  r e s u l t s  wi th  
o t h e r  human geometry p r e d i c t i o n  model r e s u l t s ,  some ana log i e s  
w i l l  be a t tempted.  The l a r g e s t  s i n g l e  problem i n  t h i s  regard  i s  
t h a t  e x i s t i n g  computerized man-models have s l i g h t l y  d i f f e r e n t  
end o b j e c t i v e s  than  t h i s  p r o j e c t .  Two of t h e  b e s t  developed com- 
p u t e r i z e d  man-models a r e  t h e  r e s u l t s  of t h e  Boeing Company's 
Cockpit  Geometry Eva lua t ion  P r o j e c t  ( f o r  J A N A I R  under ONR con- 
t r a c t  N00014-68-0289 and NR213-065), and a  Univers i ty  of Michigan 
Ph.D. t h e s i s  p r o j e c t  completed by K i l p a t r i c k  (1969) ( f o r  t h e  MTM 
Assoc ia t ion  and t h e  Western E l e c t r i c  Company, I n c . ) .  Both of 
t h e s e  e f f o r t s  assume a  l i nkage  r e p r e s e n t a t i o n  of t h e  body (two- 
l i n k  t o r s o ) ,  which i s  then  o r i e n t e d  i n  space by both empi r i ca l  
and logic-based a l g e b r a i c  f u n c t i o n s  of t h e  hand p o s i t i o n s  r e l a -  
t i v e  t o  t h e  s e a t  ( o r  p e l v i s ) .  Tes t s  of t h e  p r e d i c t i o n  accu rac i e s  
of t h e s e  two models have been completed f o r  s p e c i f i c  t a s k s  and 
s u b j e c t  groups ( 4  t a s k s  wi th  25 s u b j e c t s  f o r  Boeing Model, and 
35 t a s k s  wi th  5  s u b j e c t s  f o r  K i l p a t r i c k  Model). I n  g e n e r a l ,  it 
appears  t h a t  t h e s e  models can p r e d i c t  t h e  three-space coord ina tes  
of t h e i r  def ined  shoulder  and elbow j o i n t s  t o  w i t h i n  a  mean 
v e c t o r  r e s i d u a l  of about 4 inches .  I n  both of t h e s e  va l i da -  
t i o n s  a  f u l l  back suppor t  was p r e s e n t ,  a s  opposed t o  only t h e  



TABLE 6 

VALUES OF 6 AND R+a, (Inches) FOR VARIOUS SURFACE MARKERS 

Surface 
Marker 

- 
Right 
Acromion 

Left 
Acromion 

Supraster- 
nale 

C7 

Position 

Seated 
Standing 

Seated 
Standing 

Seated 
Standing 

Seated 
Standing 

T4 

T12 

L2 

L5 

Rt. Anter. 
Sup. Illiac 

, 

Seated 
Standing 

Seated 
Standing 

Seated 
Standing 

Seated 
Standing 

Seated 
Standing 

Seated 
Standing 

Within 
Subjects 
ii %-ar 

.71 1.11 

.85 1.51 

.91 1.28 

.83 1.27 

.73 1.00 

.77 .98 

.78 1.39 

.70 1.32 

.59 .92 

.84 1.36 

.48 .77 

.52 .81 

.38 .57 

.38 .52 

.35 .54 
-27 .36 

-53 .78 
,64 1.08 

.75 1.36 

.44 .68 

General 
Mode 1 

K E+o, 

2.19 3.13 
2.00 2.95 

2.46 3.45 
2.66 3.85 

2.09 2.98 
1.95 2.90 

2.36 3.45 
1.97 2.88 

Anthropometric 
Mode 1 

B k, 

1.79 2.69 
1.76 2.57 

h 

2.03 2.91 
2.05 2.93 

1.79 2.59 
1.70 2.45 

2.17 3.20 
1.77 2.57 

1.98 2.85 
1.82 2.76 

1.58 2.32 
1.41 2.10 

1.11 1.64 
.95 1.45 

.95 1.35 

.81 1.14 

1.11 1.68 
1.68 2.59 

1.82 2.97 
1.58 2.51 

1.62 2.42 
1.50 2.13 

1.29 1.94 
1.12 1.69 

.90 1.36 

.78 1.15 

.69 1.04 

.49 .73 

.99 1.51 
1.37 2.06 

1.47 2.53 
1.19 2.01 



pelvic support used in the present project. In addition, the 
validations of these other models did not include the extreme 
reaches forward or the side and back reaches utilized in this 
project. However, the prediction models developed in this proj- 
ect are based on an elbow position rather than hand positions. 
The elimination of the forearm and hand links in this project 
certainly reduces the subjects' freedom of selection. Perhaps 
this is compensated for by the fact that the lack of a back sup- 
port gave the subjects a greater degree of torso mobility than 
in the validations of the other two models by Boeing and 
Kilpatrick. 

Jn summary, the torso prediction models developed in this 
projecc appear to give good representations of torso mobility 
over a large number of elbow positions, though a great deal of 
variability between subjects is not explained by the models, 
Thus the variance in torso mobility which is not explained by 
the Anthropometric Model is probably related to a combination of 
such subtle individual differences as muscular development, 
neurological coordination (learning) of muscle actions, joint/ 
ligamentous structures, bone articulation geometries, and sur- 
face marker movements due to variable skin movements. This 
latter factor is discussed in the next section of the report. 
In general, though, subject anthropometry does not account for 
the noted differences in skeletal mobility. Thus skin movements 
and resulting marker movements are not believed to be major con- 
tributors to the residual errors of the prediction models. 

Finally, two important practical aspects of the torso geom- 
etry prediction models should be noted. First, the models con- 
tain ten surface markers which describe the geometry of the 
torso, as opposed to the often-used two or three internal links. 
With a computer graphics capability, these prediction models 
could be used to depict a more human-like form on a CRT for de- 
sign reference than the commonly used stick figures. To be capa- 
ble of doing this, however, computer speed (i.e., program sim- 
plicity) is needed. The prediction model approach used in this , 

project provides the fastest possible means to torso mobility 
determination. This technique could provide complete torso geom- 
etry predictions in two or three milliseconds, and with a minimum 
of computer memory. Thus a designer of a man-machine system 
could easily work "on-line" for the evaluation of various work 
place layouts and other manual task design variables. 

Physical Environment Reference Point ~eterminations 

The preceding torso surface marker coordinates have all been 
developed in reference to the location of the Ls spine surface 
marker. Since the major orientation of the project was to model 
human torso geometry, this is justified. From the viewpoint of 
a person concerned with designing a work station, this means of 



p r e s e n t i n g  t h e  d a t a  r e s t r i c t s  t h e  immediate u se  of the d a t a ,  and 
t h u s  i s  n o t  w e l l  j u s t i f i e d .  I n  an a t tempt  t o  a s s i s t  t h e  de- 
s i g n e r ,  a  p r e d i c t i o n  model h a s  been developed which d e s c r i b e s  
how t h e  L 5  s u r f a c e  marker moved i n  r e l a t i o n  t o  t h e  s e a t  r e f e r -  
ence p o i n t  (SRP) f o r  t h e  s e a t e d  o p e r a t o r ,  and t h e  f l o o r  r e f e r -  
ence p o i n t  (FRP) ( t h e  i n t e r s e c t i o n  of t h e  m i d - s a g i t t a l  p l ane  
w i t h  t h e  f l o o r  d i r e c t l y  between t h e  p o s t e r i o r  a s p e c t s  of t h e  
h e e l s )  f o r  t h e  s t and ing  o p e r a t o r ,  

I t  i s  obvious t h a t  any r e l a t i o n s h i p  between a  body p o i n t  
and a  r e f e r e n c e  p o i n t  i n  t h e  phys i ca l  environment w i l l  be  
g r e a t l y  dependent upon how t h e  body i s  supported a g a i n s t  g r a v i t y  
and r e s t r a i n e d .  For example, a  s o f t l y  padded s e a t  w i l l  cause 
v a r i a t i o n s  i n  t h e  body-to-SRP d i s t a n c e s  due t o  body weight ,  
whereas a  hard bench can cause s u b j e c t s  t o  s h i f t  t h e i r  p e l v i c  
p o s i t i o n s  t o  a l l e v i a t e  p r e s s u r e  p o i n t s .  Thus t h e  fo l lowing  r e -  
l a t i o n s h i p s  must be unders tood t o  be dependent upon t h e  s p e c i f i c  
p h y s i c a l  environment used i n  t h e  s tudy .  

A hard s e a t  was used f o r  t h e  s e a t e d  o p e r a t o r .  I t  had a  
s e a t  pan angle  of  6O from t h e  h o r i z o n t a l .  The s e a t  pan was 15 
inches  deep by 16 inches  wide. The low back suppor t  used was a t  
13O from t h e  v e r t i c a l  and r o s e  only s i x  inches  above t h e  s e a t  
pan, t h u s  s e rv ing  a s  a  p e l v i s  suppor t  on ly .  No s e a t  b e l t  was 
used,  b u t  t h e  s u b j e c t s  were i n s t r u c t e d  t o  keep t h e i r  t h i g h s  i n  
c o n t a c t  w i t h  t h e  s e a t  pan. The SRP was considered t o  be a t  t h e  
c e n t e r  of t h e  i n t e r s e c t i o n  of t h e  s e a t  pan and s e a t  back. When 
t h e  s u b j e c t s  s a t  down i n  t h e  c h a i r  t hey  were p o s i t i o n e d  s o  t h e  
v i s u a l i z e d  m i d - s a g i t t a l  p lane  of t h e  t o r s o  passed through t h e  
SRP. D i r e c t  measures of t h e  SRP t o  Lg s u r f a c e  marker d i s t a n c e s  
of  persons  s e a t e d  w i t h  t h e i r  hands i n  t h e i r  l a p s  ( i , e . ,  a  normal 
s e a t e d  rest p o s i t i o n )  r e s u l t e d  i n  a  va lue  of 5.7 i nches  i n  t h e  
v e r t i c a l  a x i s  be ing  assumed a s  r e p r e s e n t a t i v e  of t h e  s u b j e c t /  
s e a t  cond i t i on .  This  va lue  was t h e n  added t o  t h e  p r e d i c t i o n  
equa t ions  developed t o  d e s c r i b e  how t h e  L s  s u r f a c e  marker f o r  
t h e  s e a t e d  person moved a s  a  f u n c t i o n  of elbow p o s i t i o n s .  The 
r e s u l t s  of t h i s  procedure a r e  desc r ibed  i n  Appendix L. 

For t h e  s t and ing  o p e r a t o r  s t u d i e s ,  t h e  s u b j e c t s '  f e e t  were 
p o s i t i o n e d  a s  demonstrated e a r l i e r  i n  F igures  6-9, They were 
i n s t r u c t e d  t o  keep both  h e e l s  on t h e  f l o o r .  The average 
FRP-to-L5 s u r f a c e  marker d i s t a n c e  was 4 1 . 4  i nches  i n  t h e  v e r t i c a l  
a x i s  w i th  t h e  s u b j e c t s  i n  a  r e l axed  s t and ing  p o s i t i o n ,  arms a t  
t h e i r  s i d e s .  This  va lue  was added t o  t h e  p r e d i c t i o n  equa t ions  
developed t o  d e p i c t  t h e  L5 s u r f a c e  marker movements f o r  t h e  
s t and ing  o p e r a t o r s  a s  a  f u n c t i o n  of  r i g h t  elbow p o s i t i o n s .  The 
r e s u l t s  of t h i s  procedure a r e  a l s o  desc r ibed  i n  Appendix K .  

I n spec t ion  of t h e  graphs of t h e  L g  s u r f a c e  marker moiions 
i n  Appendix K r e v e a l s  t h a t  a s  an u n r e s t r a i n e d  person reaches  
about  h i s  immediate environment,  a  s i g n i f i c a n t  movement of t h e  
lower t o r s o  t a k e s  p l a c e .  This  movement d i s t a n c e  must be vec- 
t o r a l l y  added t o  t h e  coo rd ina t e s  of t h e  o t h e r  s u r f a c e  markers 
dep ic t ed  i n  Appendices H through L i f  a  r e f e r e n c e  p o i n t  i n  t h e  



p h y s i c a l  environment i s  t o  be  used f o r  de s ign  pu rposes ,  However, 
because of  t h e  obvious i n t e r a c t i o n  of t h e  t y p e  of  body suppor t  
and r e s t r a i n t  t h a t  e x i s t s  i n  d i f f e r e n t  p h y s i c a l  environments ,  i t  
i s  recommended t h a t  f u t u r e  d e s i g n e r s  e s t i m a t e  t h e  p o s i t i o n  of 
t h e  L 5  s u r f a c e  marker f o r  t h e i r  p a r t i c u l a r  de s ign  s i t u a t i o n .  
Then t h e  p r e v i o u s l y  p r e s e n t e d  d a t a  r ega rd ing  t h e  geometry of t h e  
o t h e r  s u r f a c e  markers  becomes of  more d i r e c t  b e n e f i t  t o  t h e  
d e s i g n e r .  



SECTION I V  

RADIOGRAPHIC STUDIES 

One of t h e  most d i f f i c u l t  problems i n  t h e  c o n s t r u c t i o n  o f  
human l i n k a g e  r e p r e s e n t a t i o n s  ( e . g . ,  computerized b iok inemat ic  
models o r  anthropomorphic durnmies)is t h e  l a c k  of  d a t a  r e g a r d i n g  
how t h e  j o i n t s  move d u r i n g  v a r i o u s  v o l i t i o n a l  elbow p o s i t i o n s .  
Th i s  s e c t i o n  d e s c r i b e s  how major a r t i c u l a t i o n s  of t h e  human 
t o r s o  a r e  conf igured  i n  r e l a t i o n s h i p  t o  t h e  p o s i t i o n  of t h e  body 
s u r f a c e  markers d e s c r i b e d  i n  t h e  preceding s e c t i o n s .  S p e c i f -  
i c a l l y ,  t h i s  s e c t i o n  p r e s e n t s  t h e  procedure  and r e s u l t s  o b t a i n e d  
from a  s y s t e m a t i c  r a d i o g r a p h i c  s tudy  of t h e  s k e l e t a l  forms of  a  
group of  pe r sons  m a i n t a i n i n g  v a r i o u s  p o s t u r e s .  The r e s u l t s  a r e  
p r e s e n t e d  a s  bo th  graphs  and p r e d i c t i o n  e q u a t i o n s  which d e s c r i b e  
t h e  v e c t o r  d i s t a n c e s  between v a r i o u s  bone a r t i c u l a t i o n s  and sur- 
f a c e  markers .  Some g e n e r a l  conc lus ions  r e g a r d i n g  human s k e l e t a l  
t o r s o  m o b i l i t y  a r e  drawn from t h e s e  r e s u l t s .  

Radiographic Procedure 

The f i r s t  s t e p  i n  developing t h e  s k e l e t a l  t o  s u r f a c e  r e l a -  
t i o n s h i p s  was t o  a s s u r e  t h a t  a  wide range  of shou lde r  conf igura -  
t i o n s  would be o b t a i n e d .  This  was accomplished by d e s i g n i n g  a  
f i x t u r e  which would l o c a t e  t h e  r i g h t  elbow i n  a  s e t  of  p redef ined  
p o s i t i o n s ,  much l i k e  t h a t  used f o r  t h e  photograrnmetric s t u d i e s .  
F i g u r e  13  d e p i c t s  t h e  elbow p o s i t i o n s  chosen.  I t  was l a t e r  de- 
te rmined t h a t  t h e  arm blocked t h e  v i s u a l i z a t i o n  of many t o r s o  
bone r e f e r e n c e  p o i n t s  i n  s e v e r a l  p o s i t i o n s ,  s o  t h a t  t h e  fo l lowing  
s p e c i f i c  p o s i t i o n s  were used: 

1. A Plane  (Upper) , P o s i t i o n s  2 , 3 , 4 , 5  
2 .  B P lane  (Normal) , P o s i t i o n s  3 ,4 ,5  
3. C P lane  (Lower) ,  P o s i t i o n s  1 , 2 , 3 , 4  
4 .  A r m  v e r t i c a l  upward 
5.  A r m  r e l a x e d  a t  s i d e  ( v e r t i c a l  down) 

For each  of t h e s e  arm p o s i t i o n s ,  a  p a i r  of o b l i q u e  X-rays 
were t aken  (anode o f f s e t  from t h e  m i d - s a g i t t a l  p lane  by +30°), 
a s  i l l u s t r a t e d  i n  F i g u r e  1 4 .  The bone p o s i t i o n  d a t a  a n a l y s i s  
procedure  i s  d i s c u s s e d  i n  t h e  n e x t  s u b s e c t i o n .  

To determine  how t h e  t o r s o  bone- to-surface  d i s t a n c e s  could  
change w i t h  d i f f e r i n g  t r u n k  c o n f i g u r a t i o n s ,  a  s e t  of f i v e  lumbar 
and t h r e e  t h o r a c i c  c o n f i g u r a t i o n s  was o b t a i n e d .  These a r e :  

1. Lumbar e x t e n s i o n  ( i n  s a g i t t a l  p l a n e )  
2 .  Lumbar normal s e a t e d  rest 
3 .  Lumbar f l e x i o n  
4 .  Lumbar h y p e r f l e x i o n  
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Figure 14, View of subject in seated position for 
30' radiograph.  



5 .  Lumbar l a t e r a l  f l e x i o n  
6 .  Thorac ic  hyperex tens ion  
7. Thorac ic  normal s e a t e d  rest  
8. Thorac ic  f l e x i o n  

These p o s i t i o n s  were d u p l i c a t e d  w i t h  an i n s t r u c t i o n  f o r  t h e  
person t o  r o t a t e  t o  t h e  r i g h t  " a s  f a r  a s  p o s s i b l e "  t hus  a l lowing  
t h e  e v a l u a t i o n  of t runk  r o t a t i o n  p e r  s e .  For each of t h e s e  po- 
s i t i o n s  e i t h e r  l a t e r a l  ( s a g i t t a l  p l ane )  o r  A/P ( f r o n t a l  p l a n e )  
o r  bo th  views were X-rayed, depending upon which would produce 
t h e  c l e a r e s t  d e p i c t i o n  of t h e  bone p o s i t i o n .  For example, i f  
t h e  movement was i n  t h e  s a g i t t a l  p l a n e ,  a  l a t e r a l  X-ray was ob- 
t a i n e d .  The r o t a t e d  t runk  p o s i t i o n s  r e q u i r e d  bo th  views. 

We be l i eved  t h a t  t h e  c o n f i g u r a t i o n  of  t h e  c e r v i c a l  neck 
would a l s o  a f f e c t  t h e  surface- to-bone d i s t a n c e s  a s  low a s  t h e  
C 7 / T 1  l e v e l .  I n  a d d i t i o n ,  we be l i eved  t h a t  it was p o s s i b l e  t o  
v i s u a l i z e  t h e  c e r v i c a l  s p i n e  on X-rays ( a t  l e a s t  i n  l a t e r a l  
views of s a g i t t a l  movement) t o  t h e  degree  t h a t  i t s  mob i l i t y  
could be q u a n t i f i e d .  This  would a s s i s t  i n  modeling t h e  nas ion  
p o s i t i o n  f e a s i b i l i t y .  To s tudy  t h e  c e r v i c a l  s p i n a l  column, f i v e  
p o s i t i o n s  of t h e  neck were sought :  

1. Cerv ica l  hyperex tens ion  
2 .  Ce rv i ca l  normal s e a t e d  
3 .  C e r v i c a l  f l e x i o n  
4 .  C e r v i c a l  hype r f l ex ion  
5. Ce rv i ca l  l a t e r a l  f l e x i o n  

Like t h e  t h o r a c i c  and lumbar s t u d i e s ,  both l a t e r a l  and A/P X-rays 
were ob ta ined .  

Sub iec t  A l l o c a t i o n  

Because of a  d e s i r e  t o  main ta in  a s  low an X-ray exposure- a s  
p o s s i b l e ,  on ly  n i n e  14" x  17" X-ray p l a t e s  were ob ta ined  from 
each s u b j e c t .  This  meant t h a t  t h e  X--ray schedule  would need t o  
be c o n s t r u c t e d  s o  a s  t o  a s s u r e  t h a t  a l l  of t h e  d e s i r e d  body con- 
f i g u r a t i o n s  were inc luded  i n  t h e  t o t a l  s tudy  by a l l o c a t i n g  d i f -  
f e r e n t  c o n f i g u r a t i o n s  t o  d i f f e r e n t  s u b j e c t s .  A t o t a l  of 22  sub- 
j e c t s  were inc luded  i n  t h e  X-ray s t u d y ,  t h u s  g iv ing  t h e  p o t e n t i a l  
f o r  198 X-rays. Because t h e  shoulder  X-rays had t o  be taken  i n  
p a i r s ,  a s  w e l l  a s  d i d  some of t h e  lumbar and t h o r a c i c  exposures ,  a  
t o t a l  of  84  body c o n f i g u r a t i o n s  could be s t u d i e d .  This  allowed 
some r e p e t i t i o n  of c e r t a i n  p o s i t i o n s  be l i eved  t o  be more c r i t i c a l  
t han  o t h e r s .  For i n s t a n c e ,  t h e  s tudy  of t h e  e f f e c t  of t runk  ro-  
t a t i o n  and l a t e r a l  f l e x i o n  was deemed of lesser importance than  
q u a n t i f y i n g  t h e  e f f e c t  of  shou lde r  c o n f i g u r a t i o n  on su r f ace - to -  
bone d i s t a n c e s .  The schedule  d e p i c t i n g  t h e  body p o s i t i o n s  f o r  
each  s u b j e c t  i s  depicted i n  Table .  7 ,  page 47. 



TABLE 7 

X-RAY POSITIONS 

(C-F.N-S,N; T-F.N-S,N and L-F.N-S.N) 
Taken f o r  a l l  subjects ( l a t e r a l )  

Subject 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

C-F.N-S.HE (Lat) 

Lr-F.N-S.F (AP&Lat) 

C-F.N-S.F (Lat) 

L-F.F-S.N (AP) 

C-F.N-S.HF (Lat) 

C-F.F-S.N (AP) 

Lr-F.N-S .N (AP&Lat) 

C-F .N-S .HE (Lat) 

C-F.N-S.F (Lat) 

Lr-F.N-S.He(AP&Lat 

C-F.N-S.HF (Lat) 

C-F.F-S.N (AP) 

Lr-F.N-S.F (AP&Lat) 

T-F.N-S.F (Lat) 

T-F.N-S.HF (Lat) 

Lr-F .N-S.N (AP&Lat) 

T-F.N-S.HE (Lat) 

T-F. N-S. F (Lat) 

Lr-F.N-S.HE(AP&Lat 

T-F.N-S.HF (Lat) 

T-F.N-S.HE (Lat) 

Tr-F.N-S .N (AP&Lat) 

Third 
Position 

L-F.N-S.HF (Lat) 

First 
Position 

LI (L&R) 

U3 

U2 " 

L2 'I 

L2 " 
U3 " 
N3 " 
N3 " 
L3 " 
L3 

U4 " 
N4 " 

U4 " 
L1 I' 

U2 " 
N4 'I 

L4 " 
U5 " 

L4 

VU " 
VL " 
US 

Fourth 
Position 

Ls-F.F-S.N (AP) 

L-F.F-S.N (AP) 

Second 
Position 

VU (L&R) 

Cr-F.N-S.N(AP&Lat) 

VL(L&R) 

Cr-F.N-S. HE (AP&Lat) 

U4 (L&R) 

VL (L&R) 

Cr-F.N-S.F (AP&Lat) 

U5 (L&R) 

VU (L&R) 

Cr-F.N-S.HF (AP&Lat) 

L1 (L&R) 

L2 (L&R) 

Tr-F.N-S.N(AP&Lat) 

N3 (L&R) 

N4 (L&R) 

Cr-F. N-S. HE (AP&Lat) 

U2 (L&R) 

L3 (L&R) 
Cr-F.N-S.N (AP&Lat) 

U3 (L&R) 

L4 (L&R) 

Cr-F.N-S.F (AP&Lat) 

L-F.F-S.N (AP) 

1 L-F.HG-S.N (AP) 

ShoulAer Studies (One Letter Component) : 
L - lower plane (30' below shoulder) 
N - normal-plane (through shoulder) 
U - upper plane (30° above shoulder) 
VU- vertical up 
VL- vertical low (down) 
The numbers designate the degree of 
rotation about the trunk axis--see 
photogrammetry. 

Trunk 

Body Sector 
Moved 

C - Cervical 
T - Thoracic 
L - Lumbar 
s - Standing 
r - rotation 

(Three 
Studies Components) : 

S-Sagittal 
~ovement 

HE-Hyperextension 
N -Norman erect 
F -Flexion 
HF-Hyperflexion 

I F - Frontal Movement 
F - Lateral Flexion I 
HF- Lateral Hyperflexion 1 



Radiographic  Data Reduction 

The procedure f o r  reduc ing  t h e  X-ray d a t a  t o  s p e c i f i c  bone 
p o s i t i o n  d a t a  i s  d e s c r i b e d  i n  t h i s  subsec t ion .  The f i r s t  s t e p  
i n  deve loping  t h e  procedure e n t a i l e d  p l a c i n g  a cadaver  i n  t h e  
p o s i t i o n s  d e s c r i b e d  i n  t h e  preceding  subsec t ion .  X-rays were 
t h e n  t a k e n  a s  o u t l i n e d  i n  Table  7 and c a r e f u l l y  reviewed, Based 
on t h e  p a r t i a l  d i s s e c t i o n  from which smal l  l e a d  s h o t  markers 
were p laced  on t h e  p a l p a b l e  bone p o i n t s ,  and i n  r e f e r e n c e  t o  
general anatomical  bone geometry d a t a ,  t h e  cadaver  X-rays were 
marked wi th  a f e l t  t i p  ink  pen. S p e c i f i c a l l y ,  depending upon 
which sector of  t h e  body was be ing  viewed ( i . e . ,  lumbar, tho-  
r a c i c ,  s h o u l d e r ,  o r  c e r v i c a l ) ,  a smal l  c r o s s  mark and r e f e r e n c e  
number was p laced  over  each  bone o r  s u r f a c e  marker of i n t e r e s t .  
Table  8 d e s c r i b e s  t h e  X-ray r e f e r e n c e  marks. 

To p rov ide  bo th  a c o n s i s t e n t  a l ignment  of d i f f e r e n t  X-rays 
and t o  s c a l e  t h e  X-rays t o  t h e  a c t u a l  dimensions of t h e  body, 
( i . e . ,  p a r a l l a x  causes  d i s t o r t i o n  magn i f i ca t ion )  a f i x t u r e  was 
b u i l t  which would d i s p l a y  a s e t  of  r e f e r e n c e  p o i n t s  i n t o  each 
X-ray. By having t h e  X-ray anode, f i l m  p l a n e ,  and r e f e r e n c e  
p c i n t s  a t  known d i s t a n c e s  from a r e f e r e n c e  p o i n t  on t h e  body 
( i . e . ,  t h e  r i g h t  a n t e r i o r  s u p e r i o r  i l l i a c  s p i n e ) ,  it was p o s s i b l e  
t o  compute t h e  a c t u a l  bone d i s t a n c e s  of s u b j e c t s .  I n  a c t u a l  
p r a c t i c e ,  t h e  measurements were e s t a b l i s h e d  by " c a l i b r a t i n g "  t h e  
X-ray room. This  was accomplished by p l a c i n g  markers on t h e  
w a l l s  and f l o o r  from which dowel p i n s  could be p r o j e c t e d  t o  pre-  
c i s e l y  p o s i t i o n  t h e  X-ray anode wi th  r e f e r e n c e  t o  t h e  f i l m  and 
s u b j e c t .  Once t h e s e  measurements were e s t a b l i s h e d  f o r  t h e  d i f -  
f e r e n t  viewing a n g l e s ,  t hey  were e n t e r e d  i n t o  a computer program 
which was w r i t t e n  t o  compute t h e  bone l o c a t i o n s .  The computer 
program f low c h a r t  i s  d i sp l ayed  i n  F igu re  15.  The g e n e r a l  a lgo-  
r i t h m  i s  s i m i l a r  t o  t h e  photogrammetric procedure desc r ibed  i n  
t h e  preceding  s e c t i o n .  

A f t e r  t h e  X-rays were marked, a l a b o r a t o r y  a s s i s t a n t  
read  t h e  X-Y coo rd ina t e s  of  t h e  marked l o c a t i o n s ,  and 
wi th  t h e  fo l lowing  informat ion  punched it i n t o  t h e  computer 
c a r d s .  The f i r s t  two c h a r a c t e r s  punched were d i g i t s  i d e n t i f y i n g  
t h e  s u b j e c t s  (numbers on Table  7 ) .  The t h i r d  c h a r a c t e r  was a 
l e t t e r  d i s p l a y i n g  t h e  body s e c t o r  X-rayed a s  fo l lows :  

L - l e f t  s i d e ,  30° o f f  m i d - s a g i t t a l  p l ane  
R - r i g h t  s i d e ,  30° o f f  m i d - s a g i t t a l  p l ane  
F - f r o n t  view, A/P 
S - s i d e  view, l a t e r a l  

The f o u r t h  and f i f t h  d i g i t s  denoted t h e  body p o s i t i o n s  s t u d i e d ,  
p e r  Table  9 .  The nex t  two d i g i t s  s p e c i f y  which p o i n t  was being 
r ead  on t h e  X-ray, and correspond t o  t h e  code numbers i n  Table  8 .  
The l a s t  d i g i t  i n d i c a t e s  t h e  "va lue"  of  a marker,  t h u s  provid ing  
a means t o  s e p a r a t e  t h o s e  d a t a  which a r e  capab le  of be ing  con- 
s i s t e n t l y  l o c a t e d  on t h e  X-rays from t h o s e  t h a t  a r e  h i g h l y  sub- 
j e c t i v e .  A r a t i n g  of 1, 2 ,  o r  3 was g iven  by t h e  r a d i o l o g i c a l  



TABLE 8 

X-RAY REFERENCE MARKS 

CODE 
NUMBER MARKER DESCRIPTIONS 

Alignment and scaling points - common to all 
body sectors. 

Shoulder Sector 

Surface Markers (see Table 

C5 spine marker 
C7 " I1 - cervicale 
T4 I' 

II 

T4 I' 
I1 

Right acromion 
Suprasternale 
Humerus mark - 2 inches below right acromion 
Skeletal Points 

C4/C5 interspace, intersection of disc center lines 
C5/C6 11 11 11 

$1 I t  I1 

C6/C7 II II II II 
I1 #I 

C7/T1 II II 11 II II II 

Tl/T2 11 II II 11 11 II 

T2/T3 II 11 11 II 
I1 II 

T3/T4 II 
I1 II I1 I1 I1 

T4/T5 II II II II II II 

T5/T6 II 11 II II II II 

T6/T7 II II II 11 II II 

T7/T8 I t  I t  11 11 11 11 

T8/T9 I1 11 I1 II II I1 

Sterno-clavicular junction 
Acromion-clavicular junction 
Projected center of humeral head-bisection of area 

of head 
Proximal point on humeral center line-selected for 

shaft angle est. 
Distal point on humeral center line-selected for 

shaft angle est. 
C5 posterior aspect of spine 
C7 posterior aspect of spine 
T4 II I1 I1 II 

T8 I1 I1 II I1 

Right acromion-most lateral and superior aspect 

(continued on next page) 



TABLE 8 (cont inued)  

C5 surface marker corrected position-initial 3 x-rays 
C7 I1  I I  I I  I I  I 1  I I  

T4 " I1  I I  I I  I1  II  I1 

T8 It  
I I  I I  I1 I I  11 I I  

Cervical Sector 

Surf ace Markers 
T4 spine marker 
C7 spine marker - cervicale 
C5 spine marker 
Right tragion 
Left tragion 
Nasal root depression 
Right acromion 
C2 spine marker 

Skeletal Points 
C2/C3 
c3 jc4 
C4/C5 
C5/C6 
C6/C7 
C7/T1 
Tl/T2 
T2/T3 
T3/T4 
T4/T5 
T4 spine 
C7 posterior aspect of spine 
C5 II I t  I! I I  

Right tragion 
Left tragion 
Nasal root depression 
Right acromion-most lateral and superior aspect 
C2 posterior aspect of spine 
C2 surface marker corrected position-initial 3 x-rays 
C5 I1 

I I  I1 11 I I  II  11 

C 7 !I I I  I1 II  I I  I I  I1  

T4 II I t  I1 I1  11 I I  I I  

Thoracic Sector 

External Surface Markers 
T12 spine marker 
T4 spine marker 
C7 spine marker (cervicale) 
Right acromion 
T8 spine marker 



TABLE 8 (continued) 

Skele ta l  Points 
T2/T3 interspace - in te rsec t ion  of d i s c  center l ines  
T3/T4 I' II 

I t  I t  I t  

T4/T5 It II 
11 I t  I1 

T5/T6 It II 
I1 I t  I t  

T6/T7 tt 
I t  I1 t I  

T7/T8 " II 
I1 11 I! 

T8/T9 " II 
II I t  I t  

T9/T10 " II 11 II 11 

~ 1 0 / ~ 1 1  fl  I# It I# I# 

T l l / T 1 2  " tt 
t I  I1 I! 

T12/L1 tt II II II 

Right acromion-most l a t e r a l  and superior  surface 
C 7  pos te r ior  aspect of spine 
T4  I t  II It  I t  

T12 " It 11 I t  

T8 It 
It I t  t I  

C7 surface marker corrected pos i t i on - in i t i a l  3 x-rays 
T4  " tI I1 I1 I t  II If 

T8 " tI I t  I t  I t  I t  I! 

T12 I' 
I1 I1 I1 II I t  I t  

Lumbar Sector 

Surface Markers 
L5 spine marker 
L2 spine marker 
Left  an t e r io r  superior  i l i a c  spine 
Right " It It It 

Right t rochanter  

Skele ta l  Points 
L l / L 2  interspace-intersect ion of d i s c  center l ine  
L2/L3 II II 11 II II 

L3/L4 II tI 11 I t  I t  

L4/L5 I t  II 11 I1 I t  

L5/S1 II 
It I t  I t  I1 

Projected center  of head of r i g h t  femur-bisection 
of area of head 

L5 pos te r ior  aspect of spine 
L2 It 

I1 II I1 

Left  an t e r io r  superior  i l i a c  spine 
Right " !I I! II 

L2 surface marker corrected loca t ion - in i t i a l  3 x-rays 
L5 " 

I1 II tI  !I II II 
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TABLE 9 

X-RAY AND POSITION CODES 

X-RAY CODE POSITION CODE X-RAY ORIENTATION 

(AP & Lat) 
(AP & Lat) 
(AP & Lat) 
(AP & Lat) 
(AP & Lat) 
(AP & Lat) 
(AP & Lat) 
(AP & Lat) 

30/30 Obliques 
I1 11 



t e c h n i c i a n  f o r  each mark on t h e  X-ray, o r  he could no te  t h a t  a  
p o i n t  was "missing."  

The preceding X-ray d a t a  f o r  each bone and s u r f a c e  p o i n t  of 
i n t e r e s t  was then  reduced t o  a  l i s t i n g  of 3-space coo rd ina t e s  
r e l a t i v e  t o  t h e  r i g h t  a n t e r i o r  s u p e r i o r  i l i a c  s p i n e  f o r  each 
s u b j e c t  and p o s i t i o n  by t h e  computer program. An example f o r  
one s u b j e c t ' s  d a t a  ( p l o t t e d  f o r  v i s u a l i z i n g )  i s  presen ted  i n  
F igure  16. 

The marker p o s i t i o n s  a l s o  were punched onto  ca rds  which were 
i n p u t t e d  t o  a  second program. This  program simply develops a  
l i s t i n g  of v e c t o r  d i s t a n c e s  and d i r e c t i o n s  between p a i r s  of 
p o i n t s .  I n  essence ,  t h e s e  v e c t o r s  a r e  t h e  " l i n k s "  dep ic t ed  i n  
F igure  1 6 .  This v e c t o r  ou tpu t  has  proved t o  be very u s e f u l  i n  
determining how t h e  s u r f a c e  markers move r e l a t i v e  t o  t h e  s k e l e t a l  
p o i n t s ,  and w i l l  be d i scussed  i n  d e t a i l  i n  t h e  subsequent sub- 
s e c t i o n s .  

Sub jec t s  Used i n  X-ray Study 

A s  o u t l i n e d  above, 22 s u b j e c t s  were r equ i r ed  i n  t h e  t o t a l  
des ign .  These s u b j e c t s  were t h e  same a s  t hose  used i n  t h e  photo- 
grammetric s tudy.  However, because of t i s s u e  d e n s i t y  v a r i a t i o n s  
from one s u b j e c t  t o  ano the r ,  some X-rays were n o t  c l e a r  enough 
t o  provide  good bone d e f i n i t i o n s ,  even though extreme c a r e  was 
taken  i n  t h e  t a k i n g  and process ing  of t h e  X-rays. The r e s u l t  
was t h a t  19 s u b j e c t s  provided t h e  b a s i c  d a t a .  The s t a t u r e  and 
weight d i s t r i b u t i o n s  of t h e s e  s u b j e c t s  i s  presen ted  i n  Figure  17,  
Even though d a t a  f r o m - t h r e e  s u b j e c t s  were l o s t ,  a  good popula t ion  
v a r i a b i l i t y  was s t i l l  achieved, 

A more s p e c i f i c -  problem was encountered when t h e  X-rays of 
bone p o i n t s  were developed. On-an average,  18 c l e a r  bone read- 
i n g s  were ob ta ined  from each X-ray. This  was about a  50% l o s s  
r a t e .  I n  r e t r o s p e c t ,  it i s  n o t  be l ieved  t h a t  t h i s  could be 
avoided by b e t t e r  procedures  o r  equipment, The problem stems 
from a  number of i n h e r e n t  l i m i t a t i o n s .  F i r s t ,  X-rays of a  sub? 
j e c t  could no t  be  repea ted  due t o  t h e  exposure l i m i t .  Hence, 
even when it i s  known t h a t  a  l o s s  of s e v e r a l  p o i n t s  occur red ,  it 
could no t  be c o r r e c t e d .  Second, t o  e s t a b l i s h  a  vec to r  d i s t a n c e ,  
a p a i r  of bone and s u r f a c e  p o i n t s  must be v i s u a l i z e d .  Many vec- 
t o r s  were l o s t  due t o  one p o i n t  being covered by s i m i l a r l y  dense 
t i s s u e ,  o r  by t h e  l i m i t e d  f i l m  s i z e  f o r c i n g  i t s  s a c r i f i c e  t o  
g a i n  a  few o t h e r  p o i n t s  on t h e  oppos i t e  s i d e  of t h e  f i l m ,  I n  
g e n e r a l ,  t h e  r e s u l t s  a r e  s t i l l  be l i eved  t o  be q u i t e  adequate t o  
i n f e r  how on an average t h e  s k e l e t a l  bones move r e l a t i v e  t o  t h e  
s u r f a c e  markers when a  person i s  execut ing  va r ious  s p e c i f i c  arm 
and t o r s o  p o s i t i o n s ,  Some s p e c i f i c  recommendations a r e  proposed 
a t  t h e  end of t h i s  r e p o r t  t o  a s s i s t  t hose  planning f u t u r e  s t u d i e s  
of t h i s  type .  
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Resu l t s  of X-rav S tud ie s  

This  subsec t ion  summarizes t h e  r e s u l t s  of t h e  X-ray s t u d i e s .  
I t  p r e s e n t s  t h e  r e s u l t s  i n  both p r e d i c t i o n  equa t ion  and graphic  
form, t h u s  a l lowing a  person t o  most e a s i l y  d e f i n e  how t h e  sur -  
f ace  t o  s k e l e t a l  p o i n t s  of i n t e r e s t  a r e  pos i t i oned  f o r  g iven  
body conf igu ra t ions .  S p e c i f i c a l l y ,  t h e  r e s u l t s  a r e  r epo r t ed  i n  
r e f e rence  t o  t h e  body s e c t o r s  s t u d i e d ,  i . e . ,  t h e  lumbar, tho-  
r a c i c ,  shou lde r ,  and c e r v i c a l  a r e a s .  For each body s e c t o r ,  t h e  
v e c t o r  d i s t a n c e s  between t h e  major s k e l e t a l  p o i n t s  and t h e  su r -  
f ace  p o i n t s  a r e  desc r ibed .  Both means and s tandard  d e v i a t i o n s  
f o r  t h e s e  averaged over  a l l  p o s i t i o n s  a r e  presen ted .  An analy- 
s i s  of t h e  e f f e c t  of t h e  s p e c i f i c  body pos tu re s  descr ibed  a t  t h e  
beginning of t h i s  s e c t i o n  i s  then  r e p o r t e d ,  

Lumbar X-ray Study Resu l t s  

The lumbar X-ray s tudy  d a t a  was s u f f i c i e n t  t o  i n f e r  how t h e  
lumbar column i s  pos i t i oned  r e l a t i v e  t o  t h e  two s u r f a c e  markers 
over  t h e  L 5  and Lp sp ines .  The mean and s t anda rd  d e v i a t i o n  of 
t h e  v e c t o r  d i s t a n c e s  and d i r e c t i o n s  r e l a t i n g  both t h e  su r f ace -  
t o - d i s c  c e n t e r s  ( c e n t e r s  of v e r t e b r a l  i n t e r s p a c e s )  and t h e  d i s c  
cen te r s - to -cen te r sa re  dep ic t ed  i n  Table 1 0  averaged over a l l  t h e  
s ea t ed  p o s i t i o n s  analyzed: ex t ens ion ,  normally s e a t e d ,  and 
s l i g h t l y  f l exed .*  

TABLE 1 0  

LUMBAR X-RAY DATA SUMMARY 
(Averaged over  P o s i t i o n s )  

Dis tance Vector -19 - I - ~ - - ~ ,  Ang. From 
L Vector ( Inches)  LL U G L U G J  

1 8 - m- -1 - - - -  - 
k r  = a a c ~ w a r d s )  

Mean S.D. Me an S. D. 

L 5 / s 1  I n t .  To L s  Sur f .  3.56 0.52 
L ~ / L ~  I n t .  To L2 Su r f .  3.46 0.30 
L5 Su r f .  To L2 Su r f .  3.70 0.97 
L ~ / S I  I n t .  To L ~ / L ~  I n t .  4.37 0.24 
L5/S1 I n t .  To L ~ / L ~  I n t .  1 . 4 4  0.09 
L 4 / L s  I n t .  To L3/L4 I n t .  1 .43  0.31 
L ~ / L ~  I n t .  To L 2 / L 3  I n t .  1.52 0.32 
L 2 / L 3  I n t .  To L I / L ~  I n t .  1 .43  0 . 1 0  
L5/S1 I n t .  To L1/L2 I n t .  5.78 0.33 

A f u l l - s c a l e  drawing of t h e  lumbar X-ray d a t a  i s  dep ic t ed  
i n  Figure  18. 

*These body conf igu ra t ions  a r e  r i go rous ly  def ined  l a t e r  i n  t h e  
subsec t ion  when t h e  e f f e c t  of lumbar movement i s  sepa ra t ed .  
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The a n a l y s i s  of t h e  e f f e c t  of f l ex ion  and ex tens ion  of t h e  
lumbar sp ine  on t h e  sur face- to-d isc  c e n t e r  vec to r s  was accom- 
p l i shed  by f i r s t  d e f i n i n g  a  vec to r  which would desc r ibe  t h e  de- 
g ree  of lumbar f l e x i o n  and ex tens ion .  This lumbar r e f e rence  
vec to r  was chosen t o  be t h e  vec to r  from t h e  L5/S1 v e r t e b r a l  
i n t e r s p a c e  t o  t h e  L2/L3 v e r t e b r a l  i n t e r space .  Thus, t h e  s a g i t t a l  
p lane angle  between t h i s  vec to r  and a  v e r t i c a l  upward a x i s  
through t h e  L5/S1 i n t e r s p a c e  would desc r ibe  t h e  degree of lumbar 
column f l e x i o n  o r  ex tens ion  t h a t  each s u b j e c t  d i sp layed .  This 
angle  w i l l  be r e f e r r e d  t o  a s  t h e  lumbar r e f e rence  angle  ( A N G ) .  
It i s  measured from t h e  v e r t i c a l  a x i s ,  wi th  p o s i t i v e  being mea- 
sured  i n  t h e  forward-facing d i r e c t i o n .  

To determine how t h e  v e c t o r s  connecting va r ious  bone and 
s u r f a c e  p o i n t s  change r e l a t i v e  t o  t h e  lumbar r e f e rence  angle ,  
both t h e  vec to r  d i s t a n c e s  and d i r e c t i o n s  were regressed  onto  t h e  
lumbar r e f e rence  a x i s .  P l o t s  of t hese  d a t a  and t h e  r e s u l t i n g  
r eg re s s ion  l i n e s  a r e  depic ted  i n  Appendix M. A summary of t h e  
r e s u l t i n g  p r e d i c t i o n  equa t ions  i s  depic ted  i n  Table 11. Af te r  
p l o t t i n g  t h e  d a t a ,  a s  i n  Appendix M I  only l i n e a r  r eg re s s ions  
appeared t o  be j u s t i f i e d .  Both t h e  simple c o r r e l a t i o n  c o e f f i -  
c i e n t ,  r ,  and t h e  F s t a t i s t i c ( t 0  determine whether 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  i s  d i f f e r e n t  than  z e r o ) a r e  depic ted .  The s i g -  
n i f i c a n c e  l e v e l  of t h e  F s t a t i s t i c  i s  s e t  h igh ,  a = 0.05 and 
a = 0 . 0 1 ,  based on t h e  r a t i o n a l e  t h a t  i nc lus ion  of an e f f e c t  i n  
a  f u t u r e  t o r s o  mob i l i t y  a lgori thm which i s  not  v a l i d  could be 
c o s t l y ,  s i n c e  it would be adding unnecessary complexity t o  an 
a l ready  complex syn thes i s .  I n  o t h e r  words, a t  t h i s  time, only 
major e f f e c t s  should be included t o  keep t h e  development of 
t o r s o  mobi l i ty  models as  simple a s  poss ib l e .  

I n t e r ~ r e t a t i o n  of ~ u m b a r  Mobil i ty  Resul t s  

Three genera l  r e s u l t s  a r e  be l ieved  t o  be worthy of s p e c i f i c  
comment : 

1. The v e c t o r  d i s t a n c e s  (both from the  sur face- to-  
t he - sp ina l  i n t e r s p a c e s  and from v e r t e b r a l  i n t e r -  
space t o  i n t e r s p a c e )  d i d  no t  s i g n i f i c a n t l y  vary 

7 with t h e  gene ra l  inclination of t h e  lumbar sp ine  
from t h e  v e r t i c a l .  

2 .  The v e r t e b r a l  column and t h e  su r f ace  markers 
move c o n s i s t e n t l y  w i th  t h e  genera l  lumbar sp ine .  
The r eg re s s ion  s lopes  show t h a t  approximately 2 0  
percent  more mobi l i ty  i s  cont r ibu ted  by t h e  lower 
segments ( L ~ / S ~  t o  L 3 / ~ 4  l e v e l s )  than  by t h e  
upper segments (L3/L4 t o  L1/L2 l e v e l s ) .  

3 .  The su r f ace  markers remained s t a t i s t i c a l l y  con- 
s t a n t  i n  d i r e c t i o n  from t h e  v e r t e b r a l  i n t e r s p a c e s .  
T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  t h e  Lg su r f ace  
marker. Apparently s k i n  movement over t h e  sp ines  





d u r i n g  lumbar f l e x i o n  compensates f o r  t h e  a n g u l a r  
changes  o f  t h e  v e r t e b r a e .  

The c o n s i s t e n c y  o f  t h e  v e c t o r  d i s t a n c e s  w i t h  t h e  a n g l e  o f  
t h e  lumbar s p i n e  s u g g e s t s  t h a t  i n  b i o k i n e m a t i c  models a  s i n g l e  
v e c t o r  r e p r e s e n t i n g  t h e  lumbar s p i n a l  column i s  a p p r o p r i a t e ,  and 
t h a t  i t s  l e n g t h  and p o s i t i o n  i s  well p r e d i c t e d  by t h e  l o c a t i o n s  
o f  LZ and L5 s u r f a c e  markers .  

T h o r a c i c  X-ray Study R e s u l t s  

The d a t a  from t h e  t h o r a c i c  X-rays were s u f f i c i e n t  t o  i n f e r  
how t h e  s u r f a c e  markers  o v e r  t h e  T12, T8, and T4 s p i n e s  move re- 
l a t i v e  t o  t h e  a d j a c e n t  v e r t e b r a l  i n t e r s p a c e s .  The $means and 
s t a n d a r d  d e v i a t i o n s  o f  t h e  ma jo r  t h o r a c i c  d imensions  a r e  p r e -  
s e n t e d  i n  T a b l e  12, ave raged  o v e r  t h e  p o s i t i o n s  d e s c r i b e d  l a t e r  
i n  t h e  s u b s e c t i o n .  (The s h o u l d e r  m o b i l i t y  s t u d y  i n c l u d e s  t h e  
upper  p a r t  o f  t h e  t h o r a c i c  s p i n e , )  

TABLE 12 

THORACIC X-RAY DATA SUMMARY 
(Averaged o v e r  P o s i t i o n s )  

D i s t a n c e  Vector  Ang. From 

Vec to r  ( I n c h e s )  12 o ' c l o c k  
(+  = Backwards) 

Mean S.D. Mean S.D. 

T12/L1 I n t .  To 
T8/T9 I n t .  To 
T 4 / ~ 5  I n t .  To 
T I 2  S u r f .  To 
T  a S u r f .  To 
T12/L1 I n t .  To 
T 8 / ~ 9  I n t .  TO 
T12/L1 I n t .  To 

T12 S u r f .  3.06 0.33 +102.46 19.50 
T8 S u r f .  3.16 0.29 +104.40 19.80 
TI+ S u r f .  2.98 0.27 -7.35 18.13 
T8 S u r f .  4.33 0 .81  -8.35 13.44 
Th S u r f .  4.85 0.39 11.30 11.10 
T8/Tg I n t .  4.44 0.29 -2.88 6.96 
T4/T5 I n t .  3.73 0.27 16.22 1 0 . 1 1  
TI , /T~ I n t .  8.04 0.54 6.14 8.12 

A p l o t  of t h e  d a t a  i s  p r e s e n t e d  i n  F i g u r e  19 .  

The a n a l y s i s  o f  t h e  e f f e c t  o f  f l e x i o n  and e x t e n s i o n  o f  t h e  
t o r s o  on t h e s e  d imens ions  was completed u s i n g  t h e  same p rocedure  
a s  o u t l i n e d  f o r  t h e  lumbar s t u d y .  I n  e s s e n c e ,  a  r e f e r e n c e  
v e c t o r  was d e f i n e d  t o  p r o v i d e  a  q u a n t i f i e d  measure o f  t h e  d e g r e e  
o f  t h o r a c i c  f l e x i o n  o r  e x t e n s i o n .  T h i s  v e c t o r  i s  from t h e  
TL2/L1 v e r t e b r a l  i n t e r s p a c e  t o  t h e  T4/T5 v e r t e b r a l  i n t e r s p a c e .  
The r e f e r e n c e  a n g l e  (ANG) f o r  t h e  t h o r a c i c  s p i n e  t h e n  i s  t h e  
a n g l e  measured from a v e r t i c a l  upwards a x i s  ( t h r o u g h  t h e  T 1 2 / L 1  

i n t e r s p a c e )  t o  t h i s  r e f e r e n c e  v e c t o r .  A p o s i t i v e  a n g l e  means 
t h a t  t h e  second p o i n t  t o  d e f i n i n g  any v e c t o r  ( e x :  T4/T5  i n t e r -  
s p a c e  f o r  t h e  r e f e r e n c e  v e c t o r )  l i e s  forward  of  t h e  f i r s t  p o i n t  
( ex :  T I  2/L1 i n t e r s p a c e )  . 
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Once a g a i n ,  t h e  v e c t o r  d i s t a n c e s  and d i r e c t i o n s  between t h e  
va r ious  s u r f a c e  and bone p o i n t s  were r eg re s sed  by a  l e a s t  squared 
e r r o r  t echnique  onto  t h e  degree of t h o r a c i c  tilt ( a s  measured by 
ANG f o r  t h e  t h o r a c i c  s p i n e ) .  P l o t s  of t h e s e  d a t a  a r e  presen ted  
i n  Appendix M Simple r e g r e s s i o n s  were completed and a r e  sum- 
marized i n  Table  13 .  

I n t e r p r e t a t i o n  of Thoracic  Mobi l i ty  Resu l t s  

The X-ray s tudy of t h o r a c i c  movement has  i n d i c a t e d  t h e  f o l -  
lowing gene ra l  r e s u l t s :  

1. The d i s t a n c e s  between both assumed l a r g e  l i n k s  of 
t h e  column, and s u r f a c e  t o  column l i n k s ,  remain 
cons t an t  wi th  va r ious  degrees  of f l e x i o n  and ex- 
t e n s i o n .  

The d i s t a n c e s  of t h e  sur face- to-sur face  v e c t o r s  
vary wi th  t h e  degree of f l e x i o n  and e x t e n s i o n ,  
t h u s  d i s p l a y i n g  t h a t  t h e r e  i s  a  s e p a r a t e  movement 
of t h e  s k i n  over  t h e  t h r e e  s p i n e s  of i n t e r e s t .  
The r e g r e s s i o n  s l o p e s  f o r  t h e  d i r e c t i o n  of t h e  
v e c t o r s  between t h e  s u r f a c e  markers and v e r t e b r a l  
i n t e r s p a c e s  i n d i c a t e  t h a t  t h e r e  i s  more movement 
r e l a t i v e  t o  t h e  column a t  t h e  T e  l e v e l  than  a t  
t h e  T I Z  o r  T4 l e v e l s .  Thus, t h e  T12 and TL, 
markers would be b e t t e r  f o r  determining t h e  d i -  
r e c t i o n  of t h e  t h o r a c i c  s p i n e ,  

3 .  The h igh ly  c o n s i s t e n t  movement of t h e  two v e r t e -  
b r a l  l i n k s  w i th  t h e  r e f e r e n c e  v e c t o r  i n d i c a t e s  
t h a t  t h e  t h o r a c i c  s p i n e  moves a s  a  u n i t .  

I n  g e n e r a l ,  t h e  t h o r a c i c  s p i n a l  column can be cons idered  t o  
be a  s i n q l e  l i n k  whose magnitude and d i r e c t i o n  can be determined 
from s u r f a c e  measurements, provided a  c o r r e c t i o n  i s  g iven  f o r  
t h e  o r i e n t a t i o n  of t h e  column when t h e  measurements a r e  t aken .  

Shoulder X-ray Study Resu l t s  

The d a t a  from t h e  shoulder  X-rays provided t h e  most cha l -  
l eng ing  a n a l y s i s  problem due t o  t h e  complex mob i l i t y  of t h e  
shou lde r .  The d a t a  were ob ta ined  from p a i r s  of ob l ique  X-rays. 
Each person was pos i t i oned  s o  t h a t  h i s  r i g h t  elbow was system- 
a t i c a l l y  l o c a t e d  i n  widely va ry ing  angular  d e v i a t i o n s  from a  
r e s t i n g  p o s i t i o n .  (F igure  13  a t  t h e  beginning of t h i s  s e c t i o n  
d e s c r i b e s  t h e s e  p o s i t i o n s . )  Thus t h e  v e c t o r  d i s t a n c e s  and d i -  
r e c t i o n s  between va r ious  s u r f a c e  and bone p o i n t s  were a l l  depen- 
d e n t  upon t h e  placement of t h e  elbow, i . e . ,  t h e  humeral r e f e r e n c e  
angle ,  This  r e f e r e n c e  ang le  was s p e c i f i e d  i n  a  h o r i z o n t a l  p lane  
through t h e  r e s t i n g  shou lde r ,  i . e . ,  two inches  below t h e  r i g h t  
acromion of a  person a t  average he igh t .  I t  ranged from - 4 S 0  
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( l e f t  of t h e  s a g i t t a l  p l ane )  t o  t135O ( r i g h t  and back of t h e  
f r o n t a l  p l a n e ) .  Also,  some p o s i t i o n s  of  t h e  elbow above and 
below t h e  normal h o r i z o n t a l  p l ane  were checked, a s  i n d i c a t e d  i n  
t h e  procedure desc r ibed  a t  t h e  beginning of t h i s  s e c t i o n .  

Because of t h e  3-space a s p e c t s  of shoulder  m o b i l i t y ,  a 
method of s p e c i f y i n g  t h e  v e c t o r s  of i n t e r e s t  i n  t h r e e  dimensions 
had t o  be devised .  This  was accomplished by d e f i n i n g  two a n g l e s ,  
4 and 8 .  E s s e n t i a l l y ,  (I r e f e r s  t o  t h e  angle  of  t h e  v e c t o r  mea- 
sured  i n  t h e  h o r i z o n t a l  p lane  from a r e f e r e n c e  a x i s  i n  t h e  
s a g i t t a l  p l ane ,  wi th  p o s i t i v e  be ing  measured t o  t h e  l e f t .  Figure  
20 d i s p l a y s  t h e  ang le s .  The 0 angle  i s  measured i n  t h e  v e r t i c a l  
p l ane  r o t a t e d  through 4 angle .  I n  o t h e r  words, it i s  measured 
i n  t h e  4 plane  from a v e r t i c a l  upwards r e f e rence  a x i s .  

Using t h i s  n o t a t i o n ,  t h e  means and s t anda rd  d e v i a t i o n s  of 
v e c t o r s  connect ing va r ious  s u r f a c e  and bone p o i n t s  were deve l -  
oped, averaged over  a l l  humeral p o s i t i o n s .  Table  1 4  d i s p l a y s  
t h e s e  va lues .  I n  g e n e r a l ,  t h e s e  va lues  r e p r e s e n t  t h e  conf igura-  
t i o n  of a s e a t e d  person wi th  h i s  r i g h t  arm abducted i n t o  a h o r i -  
z o n t a l  p lane  a t  a 2 0 °  angle  t o  t h e  r i g h t  of t h e  s a g i t t a l  p lane .  
F igures  21 and 2 2  d i s p l a y  t h e  major v e c t o r s  of i n t e r e s t .  

Examination of t h e  mean v e c t o r  l o c a t i o n s  provides  t h e  f o l -  
lowing i n s i g h t s :  

1. With forward abduct ion of t h e  arm, t h e  acromion 
becomes loca t ed  s l i g h t l y  p o s t e r i o r  t o  both t h e  
c e n t e r  of t h e  proximal humeral head and t h e  
acromio-c lav icu la r  j unc t ion .  

2. The acromio-c lav icu la r  j unc t ion  and C7/T1  i n t e r -  
space v e c t o r  l i e s  almost  i n  t h e  f r o n t a l  p l ane .  

3. The humeral s u r f a c e  marker i s  i n  a p o s i t i o n  
above t h e  p r o j e c t e d  head of t h e  humerus, a s  op- 
posed t o  be ing  i n  l i n e  wi th  t h e  humeral head 
when t h e  arm i s  a t  t h e  s i d e  of t h e  body. 

The major r e s u l t s  of t h e  shoulder  X-ray s tudy a r e  based upon 
t h e  r e g r e s s i o n  of t h e  va r ious  v e c t o r  d i s t a n c e s  and d i r e c t i o n s  
on to  t h e  humeral r e f e r e n c e  angle .  This  provides  a d d i t i o n a l  i n -  
s i g h t  a s  t o  how t h e  shoulder  moves a s  a func t ion  of arm p o s i t i o n  
( i . e . ,  elbow l o c a t i o n s ) .  Once aga in ,  simple l i n e a r  r e g r e s s i o n s  

were used a f t e r  i n s p e c t i o n  of t h e  p l o t t e d  d a t a  presen ted  i n  
Appendix 0. The r e s u l t s  of  t h e s e  r e g r e s s i o n s  a r e  summarized i n  
Table  1 5 .  Both a c o r r e l a t i o n  c o e f f i c i e n t ,  r ,  and an F s t a t i s t i c  
were developed t o  determine t h e  p o s s i b i l i t y  of an e f f e c t  of t h e  
h o r i z o n t a l  p l ane  arm angle .*  

* I t  should be noted t h a t  a s e p a r a t e  s t a t i s t i c a l  a n a l y s i s  of t h e  
t h e  e f f e c t  of be ing  i n  t h e  upper ,  normal, o r  lower elbow p lane  
was n o t  p o s s i b l e  due t o  t h e  h igh  d a t a  l o s s  i n  both t h e  upper and 
lower p l anes .  I n s p e c t i o n  of t h e  g raphs ,  however, shows l i t t l e  
e f f e c t  . 
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TABLE 1 4  

SHOULDER AND 

r 

Re] -a t i onsh ip  -- 
T4/T I n t e r s p a c e  t o  

c ~ ? T ~  T n t e r s p a c e  

C /T I n t e r s p a c e  t o  
7 ~ c ~ o m i o - ~ l a v i c u l a r  

j u n c t i o n  

P r o j e c t e d  Head o f  
Humerus t o  C7/T1 
I n t e r s p a c e  

P r o j e c t e d  Head o f  
Humerus t o  Acromio- 
C l a v i c u l a r  j u n c t i o n  

Acromion S u r f a c e  t o  
C S u r f a c e  7  

C /T I n t e r s p a c e  t o  
7 ~ 7 1 ~ u r f a c e  

A c r o m i o - C l a v i c u l a r  
J u n c t i o n  t o  Hune ra l  
Marlc 

S t e r n o - C l a v i c u l a r  
J u n c t i o n  t o  Supra -  
s t e r n a l e  

P r o j e c t e d  Head o f  
Hw.erus  t o  Acromion 

Acromio -Clav icu l a r  
J u n c t i o n  t o  Acromion 

P r o j e c t e d  Head o f  
Humerus t o  Humeral 
Mark 

S t e r n o - C l a v i c u l a r  
J u n c t i o n  t o  Acromio- 
C l a v i c u l a r  J u n c t i o n  

UPPER THORACIC X-RAY DATA SUMMARY 

Mean * 

3 .51  

5 .73  

6.47 

1 .62  

6.84 

2.49 

2.97 

1 . 1 3  

2.12 

1 . 4 3  

2.76 

6 .50  

D i s t a n c e s  .----. 
S.D. 

0.10 

0 .72  

0 .55  

0.24 

1 . 2 1  

0 . 4 1  

0.80 

0.14 

0 .28  

0 . 6 1  

0.17 

0.99 

V e c t o r  h n o l e s  --..- 
41 measured  i n  
- H o r i z o n t a l  P l a n e  - - -  

b ~ n n * -  S.D. 

-0 .31  15.10 

-91.08 9 .03  

102 .13  6.67 

147.29 17 .70  

0 measured  
9A-ane 

Mean 

24.85 

90.08 

79 .47  

49.39 

86 .47  

71.52 

122.60 

1 1 0 . 3 3  

47.76 

27 .71  

52.25 

70.17 

103.26 

174.19 

-71.40 

58.17 

-3.57 

-151 .41  

-83.25 

-126.75 

1 n  

S.D. 

8.34 

9 .32  

9.26 

16 .83  

11 .82  

19 .70  

13 .75  

11 .80  

35 .51  

25.56 

12 .53  

1 3 . 5  

13.61. 

9 .68  

21 .11  

7.00 

31.52 

18 .14  

22 .41  

11.19 



SUPRAST RNALE 5 
STERNOCLAVICULAR SCALE: 

VECTORS REPRESENTATIVE OF 
LTERNATIVE SHOULDER LINKS 

PROJECTED LINK 

I 

REFERENCE VECTORS FROM 
SURFACE POINTS. 

FIGURE 2 1  

MEAN LOCATIONS O F  VECTORS PROJECTED I N T O  HORIZONTAL PLANE FROM SHOULDER X-RAYS 
( F o r  o r ien ta t ion  See Figure 2 3 )  

( D a t a  i n  T a b l e  1 4 )  
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TABLE 15 

SHOULDER VECTOR PFSCDICTION EQUATIONS 

C7/T In t e r space  t o  Acromio 
~ i a v i c u l a r  Junc t i on  1 5.59+0.004(ANG) I 0.27 

Reference Poin ts :  

T /T In t e r space  t o  C , / T ~  
~ J t e r s p a c e  

P ro j ec t ed  Head o f  Humerus 
t o  C7/T1 In t e r space  I 6.40+0.003(ANG) 0.21 I 

Pro j ec t ed  Head o f  Humerus t 
Acromio-Clavicular Junc.q 1.68-0 -002 (ANG) 1 0.31 

Vector  Dis tance  
( Inches )  

DIST= 
3.45+0.002 (ANG) 

Acromion Sur face  t o  C, 
Sur face  16.82+0.001(AN~) 1 0.31 

r 

0.50 

T4 Sur face  t o  C, Su r f ace  1 4.35+0 -002 (ANG) I 0.13 

C7/T In t e r space  t o  C7 
sir f ace  I 2.56-0.003 (ANG) I 0.37 

Acromio-Clavicular Junc. t o  
Humeral Mark I 3.02-0.004 (ANG) 0.14 I 

T8/T9 In t e r space  to  T8 s u r f  .I 3.00-0 -002 (ANG) 1 0 -15  

T4/T5 In t e r space  t o  T4 s u r f .  1 2.72-0.002 (ANG) 1 0.16 

S te rno-Clav icu la r  Junc. t o  
Supras t e r n a l e  I 1.00+0.002 (ANG) 0.76 I 

P r o j e c t e d  Head o f  Humerus 
t o  Acromion 12.16-0.002(AN'G) 1 0.27 

Acromio-Clavicular Junc. t o  
Acromion I 1.40+0.001(ANG) 1 0.07 

I 1 

Sig.  E f f e c t  Levels: ANCkHumeral A m  Angl 
'0.05 

P r o j e c t e d  Head o f  Humerus t o  
Humeral Mark 

- 
Sterno-Clav icu la r  Junc. t o  

Acromio-Clavicular Junc. 

@=Vector D i r e c t i o n  
from Forward 

S a g i t t a l  P l ane  

0.16 -66.22-0.383 (ANG) 

0.25 182.55-0.083 (ANG) 

0.40 181.33-0.084 (ANG) 

2.79-0.004 (ANG) 

6.36+.0015(ANG) 
1 

i n  Hor i zon t a l  P l ane  measured f rc  
(-45O L e f t  to +135O Right )  

0.66 

0.07 

8=Vector D i r e c t i o n  i 
@ Plane  Measured f r o  

5.93* 87.55-0.263 (ANG) I 

22.02** 75.53-0.093 (ANG) 

I Forward S a g i t t a l  P l ane  



Interpretation of Shoulder Mobility Results 

The shoulder X-ray studies provide the following general 
results : 

1. The distances for all the bone-to-bone vectors 
remain constant, regardless of the arm angle. 

2. The lack of consistent directional movement in 
the horizontal plane ( $  angle) of the two long 
vectors from the spine to the distal shoulder 
during arm horizontal movement combined with the 
very consistent movement of the "clavical" vector 
suggests that the subjects executed the movements 
by rotating the shoulder about a point closer to 
the sternum than the spine. Since the clavical 
forms a "hard" link for this rotation, it appears 
that the data is consistent with anatomical con- 
siderations. 

The major objective of determining skin-to-bone 
movement was satisfied in that a large amount of 
consistent skin movement about the shoulder and 
upper thorax was documented. This is shown by 
the prediction equations of the vector directions 
of the: (a) vertebral interspaces-to-surface 
markers; and (b) the acromio-clavicular-to- 
acromion and humeral surface markers as a func- 
tion of the humeral angles. 

4. The one bone-to-surface vector distance that 
changed consistently with the arm angle was the 
vector from the projected humeral head ta the 
humeral surface marker. There is a tendency for 
this distance to become smaller as the right arm 
rotates back (i.e., towards +135O from the for- 
ward sagittal plane). Because the surface marker 
is on the arm, its direction relative to the pro- 
jected head of the humerus is directly correlated 
with the arm horizontal location. This skin 
movement is also displayed in the vector direc- 
tion change from the acromio-clavicular junction. 

In general, these results show that even when shoulder bone 
movement is not required for a large range of horizontal arm po- 
sitions, consistent skin movement occurs at: (1) the C7/T1 
level; (2) the acromion; and (3) the humeral marker. Thus, pro- 
jections of bone positions with respect to these three surface 
points should consider the arm position. The prediction equa- 
tions and associated graphs in Appendix N should assist in these 
developments. 



Subject Anthropometry Effects on Surface-To-Bone Distances 

Figure 17, presented earlier in this section, displayed the 
distributions of stature and weight of the subjects used to gain 
the X-ray data. Section I1 describes their specific anthropo- 
metric dimensions. In an attempt to explain the variation in 
the bone-to-surface distances that could not be explained by 
movement of the torso or arms, the following analysis of the sub- 
ject effect on the data was instigated. 

First, bone-to-surface marker distance data were identified 
that did - not have any specific body position variation in them. 
Specifically this amounted to distance data on the following 
surface-to-bone vectors: 

C7 Surface-to-C,/T1 Interspace i = l  
Cs Surface-to-C5/C6 Interspace i = 2  
C2 Surface-to-C2/Cs Interspace i = 3 
Ls Surface-to-Ls/S1 Interspace i = 4  
L2 Surface-to-Lz/Ls Interspace i = 5  
T12 Surface-to-T12/L1 Interspace i = 6  
To Surfa~e-to-T~/~~ Interspace i = 7  
Tq Surface-to-Ts/T5 Interspace i = 8  
Suprasternale-to-Sterno-clavicular 
Acromion-to-Acromio-clavicular 
Acromion-to-Humeral Head Center 
Humeral Surface Marker-to-Humeral Head Center 

The distance data were chosen from those studies where arm 
or torso positional effects were insignificant, as determined by 
the previous analyses (F values for body position effects were 
all smaller than 1,0).* 

The subject effect for the spinal markers was first esti- 
mated by completing Two-Way Analysis of Variances on the data 
groupe'd into the three major spinal levels: cervical, thoracic, 
and lumbar. The two major effects tested were that there was no 
subject or reference point variance in the data, i.e., 

1. Ho: all the subjects had equal distances 

2. Ho: all the reference points had equal distances 

The interaction term was used as the error estimate for the F 
tests. The results are presented in Table 16 for an a level of 
0.05. 

From this analysis, it is concluded that the thoracic and 

 h he cervical spine data are described in the Section on Cervical 
Mobility. Only the resting normal position cervical data were 
used for this analysis. 



TABLE 16 

Analys is  of Variance 

E f f e c t  on Surface-to-Bone Dimensions 

Conclusion: 

The surface-to-bone d i s t a n c e 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  

f o r  t h e  t h o r a c i c  and lumbar s p i n e s  f o r  d i f f e r e n t  people and a t  

d i f f e r e n t  s p i n a l  segmental l e v e l s .  

. 
C e r v i c a l  Spine E f f e c t s :  

Sub jec t  

P o i n t  

Thoracic Spine E f f e c t s :  

Sub jec t  

P o i n t  

Lumbar Spine E f f e c t s :  

Subjec t  

P o i n t  

! 

F 
S t a t i s t i c  

1 .7  

0 . 8  

11.3 

3.7 

4 .65  

5.23 

S ig .  a t  ( 
= O .  05 

No 

No 

Yes 

Yes 

Yes 

Yes 



lumbar s p i n a l  columns have d i f f e r e n t  surface- to-bone d i s t a n c e s  
f o r  t h e  v a r i o u s  s u b j e c t s  and a t  t h e  d i f f e r e n t  s p i n a l  l e v e l s .  
This  second r e s u l t  was t o  be expec ted ,  s i n c e  both t h e  v e r t e b r a  
i n c r e a s e d  i n  s i z e  and t h e  muscle bulk inc reased  i n  mass towards 
t h e  lower s p i n a l  l e v e l s .  The major q u e s t i o n  r e l a t e s  t o  ex- 
p l a i n i n g  t h e  now-documented s u b j e c t  e f f e c t .  

One p o s s i b l e  exp lana t ion  f o r  v a r i e d  s u b j e c t  d i s t a n c e s  
between t h e  s p i n a l  s u r f a c e  markers and t h e  v e r t e b r a  i n t e r s p a c e s  
i s  t h e  muscle f a t  v a r i a n c e  i n  humans. An e v a l u a t i o n  of t h i s  pos- 
s i b i l i t y  was completed by r e g r e s s i n g  t h e  lumbar and t h o r a c i c  d a t a  
o n t o  f i v e  independent measures of body f a t  ( s e e  Sec t ion  I1 f o r  
d e f i n i t i o n )  : 

1. Tr i ceps  s k i n f o l d  t h i c k n e s s  
2 .  Subscapular  s k i n f o l d  t h i c k n e s s  
3 .  S u p r a i l i a c  s k i n f o l d  t h i c k n e s s  
4 .  Calf  s k i n f o l d  t h i c k n e s s  
5. Heath-Carter Endomorphic Component 

The r e s u l t s  of t h i s  procedure were t h a t  on ly  t h r e e  of t h e  
t e n  p o s s i b l e  r e l a t i o n s h i p s  were s i g n i f i c a n t  a t  t h e  a = 0.05 
l e v e l ,  These were: 

1. Lumbar Vector Dis tances  t o  S u p r a i l i a c  Skinfo ld  
2 .  Lumbar Vector Dis tances  t o  H-C Index 
3 .  Thorac ic  Vector Dis tances  t o  Calf Skinfo ld  

From a des ign  s t a n d p o i n t ,  t h e  s u p r a i l i a c  s k i n f o l d  t h i c k n e s s  
provides some p r e d i c t i v e  power ( r  = 0 .61 ) .  The l i n e a r  r e g r e s s i o n  
model is (us ing  inches )  

Lumbar Surf  ace  t o  = 2, 
+ 52  I Ver t .  I n t e r s p a c e s  C Sk in fo ld  

The s t anda rd  e r r o r  e s t i m a t e  i s  s t i l l  r e l a t i v e l y  l a r g e :  0.38 
inches .  

Another measure be l i eved  t o  e x p l a i n  some of  t h e  d i s t a n c e  
v a r i a t i o n  was t h e  s t a t u r e  of t h e  s u b j e c t s ,  s i n c e  a  p ropor t ion  of 
t h i s  dimension i s  due t o  t h e  s p i n a l  v e r t e b r a l  s i z e s .  Regressions 
of a l l  of t h e  s p i n a l  su r f ace - to - in t e r space  d i s t a n c e s  on to  t h e  
s u b j e c t  s t a t u r e s  were completed,  This  d i s c l o s e d  a  s i g n i f i c a n t  
r e l a t i o n s h i p  a t  t h e  a = 0 . 0 5  l e v e l .  The r e g r e s s i o n  equa t ion  for 
each i s p i n a l  l e v e l  i s :  (see Table 17 f o r  P i  va lues  a t  each 
l e v e l )  

ppinal Surface-to- = -0.61 t Pi t 0.055 V e r t .  I n t e r s p a c e s  J 
The e s t i m a t e  of t h e  s t anda rd  e r r o r  i s  0.37 inches .  Consider ing 



TABLE 17 

S p i n a l  Leve l  S u r f a c e - t o - I n t e r s p a c e  

C o r r e c t i o n  Values  f o r  S t a t u r e  Based P r e d i c t i o n s  

S tanda rd  E r r o r  E s t i m a t e  = 0.37 i n c h e s  

i 

i t h  S p i n a l  Su r face - to -  

V e r t i c a l  I n t e r s p a c e  = -0.64 + PA + 0.055 f~zq 
D i s t a n c e  ( I n c h e s  ( I n c h e s )  

i 

1 

2 

3 

4 

5 

6 

7 

8 

V e r t e b r a l  Leve l s  

C7 Surface-to-c7/T1 I n t e r s p a c e  

C5 surface-to-C5/C6 I n t e r s p a c e  

C2 sur face- to-c2 /C3 I n t e r s p a c e  

L5 S u r f a c e - t o - ~ ~ / S ~  I n t e r s p a c e  

L2 S u r f a c e - t o - ~ ~ / L ~  I n t e r s p a c e  

T12  S u r f a c e - t o - ~ ~ ~ / L ~  I n t e r s p a c e  

T8 Surface-to-T8/Tg I n t e r s p a c e  

T 4  Surface- to-T /T I n t e r s p a c e  4 5 

Me an  
Di s t ances  

2.98 

3.05 

3.16 

3.70 

3.45 

3.02 

3.24 

3.00 

Pi 

- . 2 1  

-. 1 8  

0'. 0 

t . 4 8  

t . 2 7  

-. 15  

0.0 

-. 21  



t h a t  t h i s  i s  f o r  t h e  su r f ace - to - in t e r space  d i s t a n c e s  f o r  t h e  
e n t i r e  column, t h e  r e g r e s s i o n  equa t ion  i s  be l i eved  t o  be of good 
enough p r e c i s i o n  t o  warran t  i t s  c o n s i d e r a t i o n  i n  t h e  p r e d i c t i n g  
of t h e  s p i n a l  column c o n f i g u r a t i o n  from t h e  va r ious  s u r f a c e  
markers.  These r e s u l t s ,  i n  g e n e r a l ,  i n d i c a t e  t h a t  t h e  v e r t e b r a l  
segment s i z e s  c o n t r i b u t e  more t o  t h e  surface- to-bone d i s t a n c e s  
t h a n  g e n e r a l  body f a t .  

The s u p r a s t e r n a l ,  acromial ,  and humeral s u r f a c e  markers d i s -  
t a n c e s  from va r ious  a d j a c e n t  bone p o i n t s  were a l s o  r eg re s sed  o n t o  
t h e  f o u r  s k i n f o l d  t h i c k n e s s  measures,  t h e  Heath-Carter Endomor- 
p h i c  Component, and s t a t u r e .  The F s t a t i s t i c s  a r e  given i n  Table 
1 8 .  The conc lus ion  i s  t h a t  t h e  an thropometr ic  dimensions which 
would be suspec ted  of e x p l a i n i n g  some of  t h e  d i s t a n c e  v a r i a t i o n s  
cannot  be shown t o  a f f e c t  t h e  d i s t a n c e s .  Hence t h e  v a r i a t i o n  i n  
t h e s e  surface- to-bone measurements must f o r  now be a t t r i b u t e d  t o  
such i l l - d e f i n e d  problems a s :  (1) measurement e r r o r ;  ( 2 )  s k e l e -  
t a l  and subcutaneous t i s s u e  geometry v a r i a t i o n s ;  and/or ( 3 )  marker 
l o c a t i o n  v a r i a t i o n .  From t h e  des ign  s t a n d p o i n t ,  t h e  sur face- to-  
bone r e l a t i o n s h i p s  expressed  i n  Table  13 f o r  t h e s e  v e c t o r s  a r e  
j u s t i f i e d  wi thou t  an thropometr ic  c o n s i d e r a t i o n s .  

Example of Use of Combined Photogrammetry and X-ray Data 

To a s s i s t  t h e  person concerned w i t h  u s ing  t h e  preceding 
d a t a  f o r  eng inee r ing  des ign ,  t h e  fo l lowing  i l l u s t r a t i o n  d e p i c t i n g  
how both  t h e  photogrammetric and X-ray d a t a  can be combined i s  
p re sen ted .  The g e n e r a l  procedure f o r  de te rmin ing  such a  t o r s o  
c o n f i g u r a t i o n  from t h e  g r a p h i c a l  d a t a  p re sen ted  i s :  

Given t h e  r i g h t  elbow coord ina t e s  r e l a t i v e  t o  t h e  
Ls s u r f a c e  marker l o c a t i o n ,  c o n s u l t  d a t a  i n  Appen- 
d i x  I t o  e s t i m a t e  t h e  p o s i t i o n  of t h e  s e a t  o r  
f l o o r  r e f e r e n c e  marks. ( I t  should be noted t h a t  
t h e  s e a t  convers ion d a t a a r q  h igh ly  dependent on 
t h e  t ype  of s e a t  configuration and g e n e r a l  r e -  
s t r a i n t ,  and t h a t  t h e  inc luded  d a t a  i s  f o r  only 
one p a r t i c u l a r  s e a t .  ) 

2. Determine t h e  s u r f a c e  marker l o c a t i o n s  a t  L 2 ,  T 1 2 ,  

T o r  TI+, C7, acromion, and s u p r a s t e r n a l e  from e i t h e r  
Appendix H ( f o r  "average" s e a t e d  m a l e ) ,  ~ p p e n d i x  I 
( f o r  "average" s t and ing  m a l e ) ,  o r  from ~ p p e n d i x  J 
( f o r  " t a l l "  o r  " s h o r t "  ma le ) .  

. P r o j e c t  a d j a c e n t  bone r e f e r e n c e  p o i n t s  from s u r f a c e  
r e f e r e n c e  p o i n t s  de f ined  i n  S t ep  2 ,  by r e f e r r i n g  t o  
graphs  i n  Appendices L through 0 .  ( I n  u s ing  t h e s e  
d a t a  it i s  recommended t h a t  t h e  mean v e c t o r  d i s -  
t a n c e s  and d i r e c t i o n s  be used ( a s  p re sen ted  i n  t h e  
preceding  Tables  10.. 1 2 ,  and 1 4 1 ,  u n l e s s  t h e  cor-  
r e l a t i o n s  i n  Tables  11, 13 ,  and 15 a r e  s i g n i f i c a n t .  
I f  t hey  a r e ,  t h e n  t h e  g e n e r a l  o r i e n t a t i o n  of  t h e  
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v a r i o u s  body s e c t o r s  ( i . e . ,  t h e  ang le  o f  t h e  r e f -  
e r ence  v e c t o r s )  should  be cons idered ,  ( a s  d e p i c t e d  
by t h e  graphs a s s o c i a t e d  w i th  t h e  p r e d i c t i o n  equa- 
t i o n s  i n  Tables  11, 13  and 15)  when p r o j e c t i n g  
t h e  a d j a c e n t  bone r e f e r e n c e  p o i n t  p o s i t i o n s . )  
When d e f i n i n g  a  person  of o t h e r  t han  mean s t a t u r e ,  
t h e  surface- to-bone v e c t o r  d i s t a n c e  c o r r e c t i o n s  
conta ined  i n  Table 16 should  be cons idered .  

Because t h e  dimensions d e p i c t e d  i n  a l l  of  t h e  graphs a r e  
e m p i r i c a l l y  d e f i n e d ,  a s  opposed t o  assuming a  s e t  of "hard"  
l i n k s  which have s p e c i f i c  known degrees  of freedom, t h e  undef ined 
v a r i a b i l i t y  i n  t h e  d a t a  w i l l  cause some "misal l ignment"  o f  t h e  
bone r e f e r e n c e  p o i n t s  when they  a r e  p r o j e c t e d  from two o r  more 
a d j a c e n t  p o i n t s .  Thus a  s i n g l e ,  unique l i nkage  d e s c r i b i n g  t h e  
t o r s o  m o b i l i t y  i s  n o t  p o s s i b l e  from t h i s  r e p o r t  b u t  r a t h e r  a l t e r -  
n a t i v e  i n t e r n a l  l i n k a g e s  can be de f ined  by t h e  des igne r .  The 
complexity and accuracy of  each l i nkage  assumed by t h e  d e s i g n e r  
w i l l  n e c e s s a r i l y  depend on t h e  range and type  of reach  s imula-  
t i o n .  

To i l l u s t r a t e  one a l t e r n a t i v e  l i nkage  t h e  g e n e r a l  model 
s e a t e d  p o s i t i o n  (Appendix I )  was used t o  determine t h e  t o r s o  s u r -  
f a c e  marker l o c a t i o n s  i n  F igu re  23. The r i g h t  elbow marker was 
assumed t o  be 20 i nches  above, 1 0  i nches  t o  t h e  r i g h t ,  and 20 
inches  i n  f r o n t  of t h e  L s u r f a c e  marker.  The s e a t  r e f e r e n c e  
p o i n t  was l o c a t e d  w i t h  r a f e r e n c e  t o  t h e  d a t a  i n  Appendix L. The 
i n t e r n a l  bone r e f e r e n c e  p o i n t s  were p r o j e c t e d  from t h e  s u r f a c e  
marker l o c a t i o n s  by r e f e r r i n g  t o  t h e  d a t a  p re sen t ed  e a r l i e r  i n  
t h i s  s e c t i o n .  The g e n e r a l  head p o s i t i o n  was assumed t o  be i n  
t h e  normal r e s t i n g  p o s i t i o n  desc r ibed  i n  t h e  nex t  s e c t i o n .  For 
r e f e r e n c e ,  t h e  p o s i t i o n  of t h e  g r e a t e r  t r o c h a n t e r  ( a s  de f ined  
by dimensions 66 and 68 i n  Appendix D) i s  p re sen t ed  a s  an approx- 
imate  Hip J o i n t .  The mean l o c a t i o n  i s  3.96 inches  above and 4.63 
inches  i n  f r o n t  of t h e  SRP. 

One f i n a l  comment on u s ing  t h e  t o r s o  m o b i l i t y  d a t a  f o r  de- 
s i g n  purposes .  The g r a p h i c a l  d i s p l a y s  of t h e  p r e d i c t e d  t o r s o  
s u r f a c e  marker movement may be of some a s s i s t a n c e  t o  a  d e s i g n e r ,  
b u t  they  w i l l  r e q u i r e  bo th  e x t r a p o l a t i o n  and i n t e r p o l a t i o n  f o r  
d i f f e r e n t  de s ign  problems. The l e n g t h  of t h e  l i n e s  of t h e  
p r e s e n t  graphs d e p i c t  t h e  excu r s ions  t o  which t h e  d a t a  a r e  ame- 
nab le .  The pages of  comments i n s e r t e d  b e f o r e  t h e  graphs de- 
p i c t i n g  each s u r f a c e  marker movement d e s c r i b e  s p e c i f i c  f a c t o r s  
r ega rd ing  t h e  m o b i l i t y  o f  each r e f e r e n c e  p o i n t .  Because t h e r e  
a r e  s o  many i n t e r a c t i v e  f a c t o r s  t h a t  a f f e c t  t h e  movements of both 
t h e  i n t e r n a i  and s u r f a c e  r e f e r e n c e  p o i n t s ,  i t  i s  expec ted  t h a t  
t h e  g r e a t e s t  b e n e f i t  from t h i s  p r o j e c t  w i l l  be  i n  t h e  improvement 
o f  computerized man-geometry s i m u l a t i o n s .  These models w i l l  be 
based on t h e  m o b i l i t y  p r e d i c t i o n  equa t ion  c o e f f i c i e n t s  of Appen- 
d i x  H ,  combined w i t h  i n t e r n a l  l i n k s  gene ra t ed  from t h e  bone move- 
ment d a t a  p r e sen t ed  e a r l i e r  i n  t h i s  s e c t i o n .  Once t h e s e  models 
a r e  c o n s t r u c t e d ,  t hen  t h e  t r a d e - o f f s  between d i f f e r e n t  l i n k  rep-  
r e s e n t a t i o n s  of t h e  t o r s o  can be r e sea rched .  



SECTION V 

CERVICAL SPINE MOBILITY STUDY 

Like  t h e  arms, movement of t h e  head and neck cou ld  c e r t a i n l y  
a f f e c t  t h e  surface- to-bone v e c t o r s ,  t h u s  changing i n f e r e n c e s  re- 
g a r d i n g  t h e ' s k e l e t a l  c o n f i g u r a t i o n  based on t h e  l o c a t i o n  of  
v a r i o u s  s u r f a c e  markers ,  The s t u d y  r e p o r t e d  i n  t h i s  s e c t i o n  had 
t h i s  a s  i t s  primary o b j e c t i v e .  I n  a d d i t i o n ,  c e r v i c a l  s p i n e  con- 
f i g u r a t i o n s  were a l s o  determined f o r  s a g i t t a l  p l a n e  f l e x i o n  and 
e x t e n s i o n .  T h i s  l a t t e r  r e s u l t  p rov ides  f u r t h e r  d e s i g n  d a t a  a s  
t o  t h e  v i s u a l  a r e a ,  g iven  t h e  upper t o r s o  l o c a t i o n .  

'Procedure 

The procedure  fo l lowed i n  t h i s  s t u d y  was s i m i l a r  t o  t h a t  
used i n  t h e  p r e v i o u s l y  r e p o r t e d  X-ray s t u d i e s ,  The s u b j e c t s  were 
asked t o  p o s i t i o n  t h e i r  necks i n t o  t h o s e  d e s c r i b e d  i n  Table 8 
( i , e . ,  normal ly  s e a t e d ,  comfor tably  extended,  medium f l e x e d  f o r -  
ward, and hyper-f l exed  forward ) * * L a t e r a l  X-rays were o b t a i n e d  
i n  each p o s i t i o n .  

Mean and s t a n d a r d  d e v i a t i o n s  of t h e  r e s u l t i n g  dimensions 
were o b t a i n e d .  These a r e  d i s p l a y e d  i n  Table 1 9 .  

What i s  of  pr imary  importance i s  t h e  movement of  t h e  c e r v i -  
c a l  column r e l a t i v e  t o  head i n c l i n a t i o n  and i n  p a r t i c u l a r  t o  
nas ion  ( n a s a l  r o o t  d e p r e s s i o n )  l o c a t i o n .  To q u a n t i f y  t h i s  r e l a -  
t i o n s h i p ,  a r e f e r e n c e  v e c t o r  from t h e  C 7  s u r f a c e  marker ( c e r v i -  
c a l e )  t o  t h e  nas ion  marker was f i r s t  c o n s t r u c t e d ,  A l l  of t h e  
o t h e r  v e c t o r s  were then  r e g r e s s e d  o n t o  t h e  a n g u l a t i o n s  of  t h i s  
v e c t o r .  The r e s u l t s  of  t h e s e  r e g r e s s i o n s  a r e  summarized i n  Table 
20. P l o t s  o f  t h e s e  d a t a  a r e  con ta ined  i n  Appendix P ,  

F i g u r e s  24-28 i l l u s t r a t e  f o u r  p o s i t i o n s  achieved by t h e  sub- 
j e c t s  ( a s  q u a n t i f i e d  by t h e  C7-to-Nasion v e c t o r  d i r e c t i o n s ) .  For 
each head p o s i t i o n ,  t h e  expected  v a l u e s  of  t h e  c e r v i c a l  s p i n e  
d i s c  i n t e r s p a c e  and s u r f a c e  marker l o c a t i o n s  p r e d i c t e d  from t h e  
e q u a t i o n s  i n  Table 20 a r e  p l o t t e d .  From i n s p e c t i o n  of t h i s ,  t h e  
m o b i l i t y  o f  t h e  v a r i o u s  s k e l e t a l  components can be noted .  

R e s u l t s  o f  C e r v i c a l  Spine  Study 

The s t u d y  of movement of  t h e  c e r v i c a l  s p i n e  i n  t h e  s a g i t t a l  
p l a n e  has  r e s u l t e d  i n  t h e  fo l lowing :  

*A few l a t e r a l  f l e x i o n  and c e r v i c a l  r o t a t i o n s  were a t t empted ,  b u t  
t h e  r e s u l t i n g  X-ray d a t a  was i n s u f f i c i e n t  t o  draw reasonab le  
i n f e r e n c e  r e g a r d i n g  neck m o b i l i t y .  



TABLE 1 9  

Mean Cervical X-Ray Data Summary 

(+=Backwards) 
Distance Direction from 

Vert. Upwards Axis 
Vectors : Mean S .D .  Mean S.D. 

C /T Interspace to  
c:/c~ Interspace 

C /T Interspace to  
c:/c~ Interspace 

to  

C /C Interspace to  
c ~ / c ~  Interspace 

to 

C Surface to  Nasion 7 
C /C Interspace to  

C: Surface 

C /C Interspace to  
C: Surface 

C /T Interspace to  
C: Surface 

C /T Interspace to 
c;/c6 Interspace 

C3/C4 Interspace to  
C2/C3 Interspace 

C /T Interspace to  
c ~ / c ~  Interspace 

C /C Interspace t o  
c;/c6 Interspace 

C /C Interspace t o  
c ~ / c ~  Interspace 

C /C Interspace to  
c:/c~ Interspace 



* 
i i * 
* + * m i  L 2, 

o m w  
? = ? ? * - ? ' 7 ' 9 ' 9  

10 m  - w w o w - m -  
F m  b m  m  m  



(EXTENSION) 

FOR ORLIMTATlON OF THl8  AND 
?OLLOWiN@ I I Q U R I 8  SEE f l @ U R E  2 3 

FIGURE 2 4  

AVERAGE VALUES FOR REFERENCE 
ANGLE (C, SURFACE TO NASION) 



FIGURE 2 5  

CERVICAL D I S C  CENTER LOCATIONS 
FOR EXTENS ION 

( R e f .  Angle = -25O f r o m  V e r t i c a l )  



9 
RT. TRAOION NASION 

I 

/ 
SOALE: 1-4 

/ 
1 INOH 
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FIGURE 26 

CERVICAL DISC CENTER LOCATIONS 
FOR EXTENSION 

(Ref. Angle = -55. from Vertical) 



RT. TRAOION 

A 

FIGURE 27 

CERVICAL DISC CENTER LOCATIONS 
FOR FLEXED POSITION 

(Ref. Angle = - 8 0 °  from Vertical) 



I 

RT. TRAOlON 

I C2 SURFAOE 

C s  SURFAOE 

C7 ' T~ 

FIGURE 28  

CERVICAL D I S C  CENTER LOCATIONS 
FOR HYPERFLEXED POSITION 

( R e f .  A n g l e  = -90' f r o m  V e r t i c a l )  



1. The surface- to-bone d i s t a n c e s  of both t h e  C g  and 
C Z  markers do not  change s i g n i f i c a n t l y  wi th  t h e  
head i n c l i n a t i o n ,  though t h e  C 7  d i s t a n c e  does.  
The d i r e c t i o n s  of a l l  t h r e e  of t h e  su r f ace - to -  
bone v e c t o r s  change wi th  t h e  i n c l i n a t i o n  of t h e  
head, wi th  t h e  g r e a t e s t  change a t  t h e  upper C 2  
l e v e l  and t h e  l e a s t  change a t  t h e  C 7  l e v e l .  

2 .  The c e r v i c a l  s p i n e  above t h e  Cs /C6  l e v e l  cons is -  
t e n t l y  moved wi th  t h e  degree of head i n c l i n a t i o n .  
By comparing t h e  r e g r e s s i o n  c o e f f i c i e n t s  of t h e  
p r e d i c t i o n  equa t ions  of v e c t o r  d i r e c t i o n s  i n  Table 
20 ,  t h e  g r e a t e s t  mob i l i t y  was achieved a t  t h e  
C 2 / C 3  and C3/C4  l e v e l s  (average 0.6 degree  per  
degree of head tilt). 

I n t e r m e t a t i o n  of Ce rv ica l  Studv Resu l t s  

The preceding r e s u l t s  show t h a t  a s  t h e  head i s  i n c l i n e d  
forward from an upward gaze (neck extending p o s i t i o n ) ,  t h e  pos- 
t e r i o r  s o f t  t i s s u e  of  t h e  neck " t i g h t e n s "  i n  such a  way a s  t o  
s i g n i f i c a n t l y  change both t h e  d i s t a n c e  and d i r e c t i o n s  of v e c t o r  
from t h e  C 7 / T 1  interspace-to-C7 s u r f a c e  marker. Because t h e  C 7  
s u r f a c e  marker ( c e r v i c a l e )  i s  o f t e n  used a s  t h e  " top-of- the-  
t o r s o "  r e f e r e n c e  p o i n t ,  t h i s  r e s u l t  means t h a t  c o n t r o l  of head 
p o s i t i o n  should be considered i n  f u t u r e  s t u d i e s  of t o r s o  s u r f a c e  
geometry. The p r e d i c t i o n  equa t ions  given i n  Table 20 f o r  t h i s  
v e c t o r  should be of d i r e c t  a s s i s t a n c e .  

The s tudy  r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  nas ion  p o i n t  moves 
i n  an approximate a r c  about a  p o i n t  l oca t ed  about  1 / 2  inch  pos- 
t e r i o r  and one inch  above t h e  C7  s u r f a c e  marker,  a s  dep ic t ed  i n  
F igures  24-28, This  r e s u l t ,  combined wi th  t h e  t rag ion- to-nas ion  
v e c t o r  p l o t t e d  on F igures  24-28 (which moved d i r e c t l y  wi th  t h e  
l i n e - o f - s i g h t ) ,  should be of a s s i s t a n c e  t o  f u t u r e  eva lua t ions  of 
v i s u a l  i n t e r f e r e n c e  problems. 



P A R T  I1 

ANTHROPOMETRIC DATA AND PHOTOGRAMMETRIC TECHNIQUE 

APPENDIX A 

OUTLINE OF ANTHROPOMETRIC PROCEDURES, AND DATA FORMS 

Mark S tand ing  S u b j e c t  a t  Fol lowing  S u r f a c e  P o i n t s  w i t h  a  
Marking Pen: 
1. Nasa l  r o o t  d e p r e s s i o n  
2 .  Chin-neck i n t e r s e c t  
3. L e f t  acromion 
4 .  Right  acromion 
5 .  L e f t  s t e r n o - c l a v i c u l a r  
6.  R igh t  s t e r n o - c l a v i c u l a r  
7. S u p r a s t e r n a l e  
8 .  Right  l a t e r a l  ep icondy le  o f  humerus 
9 .  R igh t  media l  ep icondy le  of humerus 

10.  G r e a t e r  t u b e r o s i t y  o f  r i g h t  humerus ( 2 "  i n f e r i o r  
and l a t e r a l  t o  r i g h t  acromion) 

11. C2 s p i n o u s  p r o c e s s  
1 2 .  Cs sp inous  p r o c e s s  
13.  C e r v i c a l e  (C7 s p i n o u s  p r o c e s s )  
1 4 .  T 4  s p i n o u s  p r o c e s s  
15. T8 s p i n o u s  p r o c e s s  
16. T I  2 sp inous  p r o c e s s  
17.  L2 sp inous  p r o c e s s  
1 8 .  L 5  sp inous  p r o c e s s  
1 9 .  L e f t  a n t e r i o r  s u p e r i o r  i l i a c  s p i n e  
20. R igh t  a n t e r i o r  s u p e r i o r  i l i a c  s p i n e  
21. L e f t  t r o c h a n t e r  
2 2 .  R igh t  t r o c h a n t e r  
23. S u p e r i o r  edge of  p a t e l l a  
2 4 .  Mid -pa te l l a  
25. R igh t  l a t e r a l  ep icondy le  o f  femur 
2 6 .  R igh t  media l  ep icondy le  o f  femur 
2 7 .  Right  f i b u l a r e  
2 8 .  T i p  s t y l o i d  p r o c e s s  o f  r i g h t  f i b u l a  
29. D i s t a l  t i p  of  r i g h t  l a t e r a l  m a l l e o l u s  o f  f i b u l a  
30. R i g h t  t i b i a l e  
31 Most l a t e r a l  p a i p a ~ i e  p o i n t  on  t n e  r i g n c  femorai greater 

t r o c h a n t e r  
32. S u p e r i o r  edge media l  r i g h t  t i b i a  condyle  
33. S u p e r i o r  edge l a t e r a l  r i g h t  t i b i a  condyle  ( l a t e r a l  

p r o j e c t i o n  t i b i a l e )  
34. D i s t a l  t i p  o f  t i b i a  media l  m a l l e o l u s  

Mark s e a t e d  s u b j e c t  a t  f o l l o w i n g  s u r f a c e  p o i n t  w i t h  a  
marking pen; 35. S e a t e d  r i g h t  t r o c h a n t e r ,  



3-  Complete s u r f a c e  anthropometry according t o  fo l lowing  sub- 
j e c t  form. Add comments r e l a t i v e  t o  s u b j e c t ,  such a s  
"weight l i f t e r ,  " " le f t -handed ,  I' o r  anomoly which might be 
important .  

4 .  P o s i t i o n  s u r f a c e  markers f o r  photogrammetric and x-ray s t u d i e s  
a s  fo l lows:  
1. Nasal r o o t  dep re s s ion  
2 .  L e f t  t r a g i o n  
3. Right  t r a g i o n  
4 .  L e f t  acromion 
5 .  Right  acromion 
6 .  Sup ra s t e rna l e  
7 .  L a t e r a l  epicondyle  of t h e  humerus 
8.  Right  medial  epicondyle  of t h e  humerus 
9 .  Head of t h e  r i g h t  humerus 

1 0 .  C2 
11. cs 
1 2 .  Ce rv i ca l e  ( ~ 7 )  
13. TI+ 
1 4 .  Te 
15. Ti2 
16. Lp 
17. L 5  
18. L e f t  a n t e r i o r  s u p e r i o r  i l i a c  sp ine  
19. Right  a n t e r i o r  s u p e r i o r  i l i a c  sp ine  
2 0 .  L e f t  t r o c h a n t e r  
2 1 .  Right  t r o c h a n t e r  

5. Read and mark s u b j e c t  x-rays ,  record  d a t a .  

6 .  Obtain computer readout  f o r  Somatotype. 



SURFACE ANTHROPOMETRY FORM 

Torso-Link Study 

Subject No. 

Name Sex N,C,M 

Address (Business) Telephone (bus) 

(Residence) 

Age (yrf mo) Date 

Military Service Social Security No. 

STANDING : 
1. Weight 
2. Stature 
3. Rt. Tragion 
4. Lt. Tragion 
5. Nasal Root Depression 
6. Chin-Neck Intersect 
7. Cervicle (C,) 
8. Suprasternale 
9. Rt. Sterno-clavicular 
10. Lt. Sterno-clavicular 
11. Bisterno-clavicular 
12. Suprasternale-acromion (Rt.) 
-13. Rt. Acromion 
14. Lt. Acromion 
15. Biacromial Breadth 
16. Rt, clavical length (x-ray) 
17. Nipple Height 
18. Omphalion 
19. Rt. Ant. Sup. Iliac Sp. 
20. Lt. Ant. Sup. Iliac Sp. 
21. Iliocristale Height 
22. Bispinous Breadth 
23. Rt. Trochanter 
24.  Lt. Trochanter 
25. Bitrochanteric Diameter 
26. Humerus Biepicondylar Diam. 
27. ~cromion-Radiale Length 

(elbow flexed 90°) 
28.  Head of Humerus-Radiale 
29.  Radius Length 
30. Ulna Length 
31. Forearm - Hand Length 
32. Forearm-grip distance 



Wrist b read th  (bone) 
Hand l e n g t h  
Troch. - t o  - Lat .  Fern. 
F i b u l a  l e n g t h  
F i b u l a r e  h e i g h t  
Femoral b iep icondy la r  

d iameter  

Condyle 

39.  Mid-pate l la  h e i g h t  
4 0 .  T i b i a l e  Height (media l )  
4 1 .  T i b i a l e  Height ( l a t e r a l )  
4 2 .  Medial Sphyrion Height 
43. L a t e r a l  Sphyrion Height 
4 4 .  R t .  Foot  Length 
45. L t .  Foot  Lensth 

CIRCUMFERENCE : 

Head C i r c .  
Chest  C i rc .  
A x i l l a r y  C i r c .  ( c h e s t )  
A x i l l a r y  C i r c .  (arm) 
Biceps ( r e l a x e d )  r i g h t  
Biceps ( r e l a x e d )  l e f t  
Biceps ( f l e x e d )  r i g h t  
Biceps ( f l e x e d )  l e f t  
Forearm C i r c .  
Wrist C i r c .  
Calf  C i r c .  
Ankle C i r c .  

SEATED : 

S i t t i n g  Height 
C e r v i c l e  
S u p r a s t e r n a l e  
Acromion 
Buttock-Knee 
Knee Height (mark) 
Knee Height ( a c t u a l )  
S e a t  Back - t o  - Troch. ( ~ r e c t )  * 

(Trochanter  p a l p a t e d  and 
marked i n  t h e  e r e c t  p o s t u r e . )  

66 .  S e a t  Back - t o  - Troch. (Seated)  * 
(Trochanter  p a l p a t e d  and marked 
i n  t h e  s e a t e d  p o s t u r e . )  

* Measured w i t h  t h e  s u b j e c t  i n  t h e  s e a t e d  pos tu re .  



67. Sea t  Surface  - t o  - Trochanter  
(E rec t )  * (Troch. pa lpa ted  and 
marked i n  t h e  e r e c t  pos ture . )  

68. Seated Surface  - t o  - Trochanter  
(Sea ted)*  (Troch. pa lpa ted  and 
marked i n  t h e  s ea t ed  pos tu re . )  

SKINFOLDS: 

69. R t .  Tr iceps  
70.  R t .  Scapula 
71. R t .  S u p r a i l i a c  
72. R t .  Calf 

COMMENTS : 

* Measured wi th  t h e  s u b j e c t  i n  t h e  s ea t ed  pos ture .  



Appendix B 

DESCRIPTION OF SURFACE MARKER LOCATIONS USED AS 
REFERENCE POINTS FOR PHOTOMETRIC 

AND RADIOGRAPHIC ANALYSIS 

L e f t  Tragion .... On t h e  l e f t  e a r ,  t h e  a n t e r i o r  p o r t i o n  of 
t h e  c a r t i l o g i n o u s  notch  s u p e r i o r  t o  t h e  
t r a g u s  . 

Right  Tragion.  ... On t h e  r i g h t  e a r ,  t h e  a n t e r i o r  p o r t i o n  of  
t h e  c a r t i l o g i n o u s  notch s u p e r i o r  t o  t h e  
t r a g u s  . 

Nasal  Root Depression ...... The p o i n t  of g r e a t e s t  inden ta -  
t i o n  where t h e  b r i d g e  of  t h e  nose j o i n s  t h e  
s u p r a o r b i t a l  r i d g e  of  t h e  forehead.  

Head o f  t h e  Humerus...... Measured from t h e  r i g h t  acromion 
over  t h e  l a t e r a l  s u r f a c e  of  t h e  arm on a  l i n e  
p r o j e c t e d  i n f e r i o r a l l y  from t h e  acromion t o  
t h e  l a t e r a l  epicondyle  a  d i s t a n c e  of 2 i n c h e s .  

C2, . . . , .The  most s u p e r i o r  d o r s a l  p o i n t  on t h e  sp inous  
p r o c e s s  o f  t h e  second c e r v i c a l  ( a x i s )  
v e r t e b r a .  

Cerv ica le . . . . .The  p o i n t  of  t h e  sp inous  p r o c e s s  of t h e  
seven th  c e r v i c a l  v e r t e b r a .  

T4.... . . .The most s u p e r i o r  d o r s a l  p o i n t  on t h e  sp inous  
p rocess  of t h e  f o u r t h  t h o r a c i c  v e r t e b r a .  

T 8 . . . . . .  The most s u p e r i o r  d o r s a l  p o i n t  on t h e  sp inous  
p rocess  of t h e  e i g h t h  t h o r a c i c  v e r t e b r a .  

T 1 2  ....... The most s u p e r i o r  d o r s a l  p o i n t  on t h e  sp inous  
p rocess  o f  t h e  t w e l f t h  t h o r a c i c  v e r t e b r a .  

LZ. . . . . . . . .The most s u p e r i o r  d o r s a l  p o i n t  on t h e  sp inous  
p rocess  of  t h e  second lumbar v e r t e b r a .  

L5. . . . . . . . .The most s u p e r i o r  d o r s a l  p o i n t  on t h e  sp inous  
p rocess  of  t h e  f i f t h  lumbar v e r t e b r a .  

Supras te rna le . . . . . .The  s u p e r i o r  margin of t h e  J u g u l a r  
notch  of t h e  Manubrium. 



13. Right Sterno-clavicular Junction.......The most superior 
medial point on the sternal extremity of 
the right clavicle. 

14. Left Sterno-clavicular Junction.......The most superior 
medial point on the sternal extremity of 
the left clavicle. 

15. Right Acromion.. .... The superior and external border of 
the acromion process of the right scapula. 

16. Left Acromion...... The superior and external border of 
the acromion process of the left scapula. 

17. Right Lateral Epicondyle ...... The lateral epicondyle of 
the distal right humerus. 

18. Left Lateral Epicondyle ....... The lateral epicondyle of 
the distal left humerus. 

19. Right Medial Epicondyle ...... The medial epicondyle of the 
distal right humerus. 

20. Left Medial Epicondyle ....... The medial epicondyle of the 
distal left humerus. 

21. Right Anterior Superior Iliac Spine ........ The point 
palpable at the right anterior superior 
iliac spine of the pelvis. 

22. Left Anterior Superior Iliac Spine ....... The point 
palpable at the left anterior superior 
iliac. spine of the pelvis. 

23. Right Trochanter..........Most lateral palpable point on 
the right femoral greater trochanter. (To 
be located from P-A pelvis radiograph.) 

24. Left Trochanter..........Most lateral palpable point on the 
left femoral greater trochanter. (To be 
located from P-A pelvis radiograph. ) 



Appendix C 

D e s c r i p t i o n  o f  bone t o  bone measurements made d i r e c t l y  from 
rad iographs .  Other  measurements a r e  d e f i n e d  i n  Appendixes B and D. 

1. Acromio-c lavicular  J u n c t i o n .  B i l a t e r a l l y  l o c a t e d  a t  
t h e  a r t i c u l a t i o n  o f  t h e  acromion of  t h e  s c a p u l a  and t h e  
ac romia l  e x t r e m i t y  o f  t h e  c l a v i c l e .  

2 .  S t e r n o - c l a v i c u l a r  J u n c t i o n .  b i l a t e r a l l y  l o c a t e d  a t  t h e  
a r t i c u l a t i o n  of  t h e  l a t e r a l  a s p e c t  o f  t h e  c l a v i c u l a r  notch  
o f  t h e  manubrium w i t h  t h e  s t e r n a l  e x t r e m i t y  o f  t h e  c l a v i c l e .  

3 .  C l a v i c l e  Length. The maximum d i s t a n c e  between t h e  
s t e r n a l  and ac romia l  e x t r e m i t i e s  of  t h e  r i g h t  c l a v i c l e .  

4 .  Proximal  Head of  t h e  Humerus. The c e n t e r  of  mass 
o f  t h e  proximal  (gleno-humeral)  head of  t h e  humerus, a s  
de termined by t h e - i n t e r s e c t i o n  of  l i n e s  drawn p e r p e n d i c u l a r  
t o  t h e  s h a f t  and a t  90' a c r o s s  t h e  head of t h e  humerus i n  
an a n t e r i o r - p o s t e r i o r  view o f  t h e  s u b j e c t ' s  r ad iograph .  

5.  V e r t e b r a l  I n t e r s p a c e s .  Located a t  t h e  c e n t e r  of  i n t e r -  
v e r t e b r a l  d i s c s  and determined by t h e  i n t e r s e c t i o n  o f  a  
p e r p e n d i c u l a r  p l a n e  drawn through t h e  c e n t e r  o f  t h e  a d j o i n i n g  
v e r t e b r a l  b o d i e s ,  and a  h o r i z o n t a l  p l a n e  e q u a l l y  d i v i d i n g  t h e  
i n t e r v e r t e b r a l  space .  



1. WEIGHT 

Taken on s t a n d a r d  m e d i c a l  t y p e  s c a l e  t o  n e a r e s t  o n e - h a l f  
pound. S u b j e c t  u n c l o t h e d .  

KILOGRAMS N=2 8 POUNDS 

79.37 Mean 1 7 4 . 6 1  

12.40 S D 27.28 

62.95-104.55 Range 138.5-230.0 

Appendix D 

DESCRIPTION OF ANTHROPOMETRIC DIMENSIONS 

I 



2 .  STATURE 

The s u b j e c t  ma in ta ins  an e r e c t  s t and ing  p o s t u r e ,  f e e t  t o g e t h e r ,  
arms hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead wi th  head he ld  
i n  t h e  F rankfu r t  plane: which i s  determined by l i n i n g  up t h e  i n f r a -  
o r b i t a l  margins wi th  t r a g i o n  i n  t h e  same h o r i z o n t a l  p l ane .  The 
v e r t i c a l  d i s t a n c e  i s  measured wi th  t h e  anthropometer from t h e  f l o o r  
t o  t h e  h i g h e s t  p o i n t  on t h e  s u b j e c t ' s  head wi th  t h e  anthropometer 
arm f i rmly  c o n t a c t i n g  t h e  s c a l p .  

N=28 

Me an 

S D 

Range 

PERCENTILES 

"Frankfu r t  P lane  o r  h o r i z o n t a l  (F.H.) - t he  p l ane  determined by t h e  
p o i n t s  on t h e  i n f r a - o r b i t a l  margins and t h e  t r a g i o n .  



The s u b j e c t  ma in ta ins  an e r e c t  s t a n d i n g  p o s t u r e ,  f e e t  t o g e t h e r ,  
arms hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead,  w i th  head he ld  
i n  t h e  F r a n k f u r t  P lane .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  
an anthropometer from t h e  f l o o r  t o  t h e  a n t e r i o r  l i m i t  of t h e  
c a r t i l a g i n o u s  notch  s u p e r i o r  t o  t h e  t r a g u s  of t h e  r i g h t  e a r .  

N=2 8 

151.2-176.5 Range 59.53-69.49 

The s u b j e c t  mainta ins  an e r e c t  s t a n d i n g  p o s t u r e ,  f e e t  t o g e t h e r ,  
arms hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead wi th  head he ld  
i n  t h e  F r a n k f u r t  P lane .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  
an anthropometer from t h e  f l o o r  t o  t h e  a n t e r i o r  l i m i t  of t h e  
c a r t i l a g i n o u s  notch l o c a t e d  s u p e r i o r  t o  t h e  t r a g u s  o f  t h e  l e f t  

151.0 - 176.8 Range 59.45 - 69.61 



5 .  NASAL ROOT DEPRESSION 

The s u b j e c t  mainta ins  an e r e c t  p o s t u r e ,  f e e t  t o g e t h e r ,  arms hanging 
a t  h i s  s i d e ,  looking s t r a i g h t  ahead wi th  head he ld  i n  t h e  F rankfu r t  
P lane .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  an anthropometer 
from t h e  f l o o r  t o  t h e  p o i n t  of  g r e a t e s t  i n d e n t a t i o n  where t h e  b r idge  
of t h e  nose j o i n s  t h e  s u p r a o r b i t a l  r i d g e  of t h e  forehead.  

N=2 8 

Me an 

SD 

Range 

6 .  CHIN-NECK INTERSECT 

The s u b j e c t  mainta ins  an e r e c t  pos tu re ,  f e e t  t o g e t h e r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead wi th  head he ld  i n  
t h e  F rankfu r t  P lane .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  an 
anthropometer from t h e  f l o o r  t o  t h e  p o i n t  of i n t e r s e c t i o n  of 
t h e  c h i n  and neck a t  t h e  mid-l ine.  This  i n t e r s e c t i o n  i s  l o c a t e d  
by observing t h e  s u b j e c t  from t h e  s i d e  and marking t h e  h i g h e s t  
p o i n t  on t h e  neck i n t e r s e c t e d  by t h e  ch in .  

N=2 8 

Me an 

SD 

Range 



7 .  CERVICALE 

The s u b j e c t  mainta ins  an e r e c t  pos tu re ,  f e e t  toge the r ,  arms hanging 
a t  h i s  s i d e ,  looking s t r a i g h t  ahead wi th  head he ld  i n  the  Frankfur t  
Plane.  The v e r t i c a l  d i s t a n c e  i s  measured wi th  an anthropometer 
from t h e  f l o o r  t o  t h e  palpable  spinous process  of t h e  seventh 
c e r v i c a l  ve r t eb ra .  

SD 

Range 

8 .  SUPRASTERNALE HEIGHT, STANDING 

The s u b j e c t  mainta ins  an e r e c t  pos tu re ,  f e e t  toge the r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead. Facing the  s u b j e c t ,  
t h e  v e r t i c a l  d i s t ance  i s  measured wi th  an anthropometer from t h e  
f l o o r  t o  t h e  s u p e r i o r  margin of t h e  jugular  notch of t h e  manubrium. 

CM - N=2 8 - IN 

145 .73  Mean 57 .37  

S D 

Range 



1 

9 .  RIGHT STERNO-CLAVICULAR HEIGHT 

The s u b j e c t  mainta ins  an e r e c t  pos tu re ,  f e e t  toge the r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead. The v e r t i c a l  d i s t ance  
i s  measured on t h e  s u b j e c t  wi th  an anthropometer from t h e  
f l o o r  t o  t h e  s u p e r i o r  medial r i g h t  s t e rno-c lav icu la r  prominence, 
a s  pa lpa ted  on t h e  a n t e r i o r  super io r  a spec t  of t h e  proximal end 
of the  c l a v i c l e .  

CM - N=2 8 - I N  

146.78 Mean 57.79 

5.80 S D 2.28 

134.6 - 158.4 Range 52.99 - 62.36 

#.t 

10. LEFT STERNO-CLAVICULAR HEIGHT 

The s u b j e c t  maintains an e r e c t  pos tu re ,  f e e t  t o g e t h e r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead. The v e r t i c a l  d i s t ance  
i s  measured on t h e  s u b j e c t  wi th  an anthropometer from t h e  
f l o o r  t o  the  s u p e r i o r  medial l e f t  s t e rno-c lav icu la r  prominence, as  
palpated on t h e  a n t e r i o r  s u p e r i o r  a spec t  of the  proximal end of 
the  c l a v i c l e .  

CM - N=2 8 - I N  

146.92 Mean 57.84 

5.87 s D 2.31 

134.6 - 158.8 Range 52.99 - 62.52 

i 



11. BISTERNO-CLAVICULAR DISTANCE 

The subjec t  maintains an e rec t  posture,  f e e t  together ,  arms hanging 
a t  h i s  s i d e ,  looking s t r a i g h t  ahead. The hor izonta l  d is tance  between 
the  super ior  medial l e f t  and r i g h t  sterno-clavicular prominences i s  
measured with a s l i d ing  ca l ipe r .  

Me an 

S D 

Range 

12 .  SUPRASTERNALE - ACROMION DISTANCE (RIGHT) 

The subjec t  maintains an e rec t  pos ture ,  f e e t  together ,  arms hanging a t  
h i s  s i d e ,  looking s t r a i g h t  ahead. The hor izonta l  d is tance  between the  
super ior  margin of the  jugular notch of the  manubrium and the  r i g h t  acromion 
i s  measured with an anthropometer. 

Mean 

S D 

Range 



The subjec t  maintains an e rec t  posture,  f e e t  together,  arms hanging a t  
h i s  s ide ,  looking s t r a i g h t  ahead. The v e r t i c a l  d is tance  from the  f l o o r  
t o  the superior l a t e r a l  border palpable on the  margin of t he  acromial process 
of the r i g h t  scapula i s  measured with an anthropometer. 

146.78 Mean 

134.6 - 160.4 Range 52.99 - 63.15 

14. LEFT ACROMION HEIGHT 

The subject  maintains an e rec t  posture,  f e e t  together,  arms hanging a t  
h i s  s ide ,  looking s t r a i g h t  ahead. The v e r t i c a l  d is tance  from the  f l oo r  
t o  the  superior l a t e r a l  border palpable on the  margin of t he  acromial 
process of the  l e f t  scapula i s  measured with an anthropometer. 

134.6 - 161.5 Range 52.99 - 63.58 



15. BIACROMIAL DIAMETER 

The subjec t  maintains an e rec t  posture,  f e e t  together,  arms hanging a t  
h i s  s ide ,  looking s t r a i g h t  ahead. The hor izonta l  d is tance  between t h e  
super ior  l a t e r a l  border of the  acromial processes of the  l e f t  and r i g h t  
scapulae i s  measured with an anthropometer. 

N=2 8 

Me an 

S D 

Range 

16. RIGHT CLAVICLE LENGTH I 
The subjec t  maintains an e rec t  posture,  f e e t  together,  arms hanging a t  
h i s  s i d e ,  looking s t r a i g h t  ahead. The d is tance  from the  s t e r n a l  a r t i c u l a r  
surface  of the r i gh t  c l av i c l e  t o  i t s  acromial extremity i s  measured with 
an anthropometer. 

Me an 

S D 

Range 



1 7 .  NIPPLE HEIGHT 

The sub jec t  maintains an e r e c t  pos ture ,  f e e t  together ,  arms hanging a t  
h i s  s i d e ,  looking s t r a i g h t  ahead. The v e r t i c a l  d i s t ance  from t h e  f l o o r  
t o  t h e  center  of t he  r i g h t  n ipple  i s  measured wi th  an anthropometer. 

130.31 Me an 51.30 

5.12 s D 2.02 

117.9 - 140.0 Range 46.42 - 55.12 

i 

18. OMPHALION HEIGHT 

The sub jec t  maintains an e r e c t  pos ture ,  f e e t  together ,  arms hanging a t  
h i s  s i d e ,  lookfng s t r a i g h t  ahead. The v e r t i c a l  d is tance  from the  f l oo r  
t o  t h e  center  of t he  umbilicus i s  measured with an an th rapmete r .  

CM N=2 8 I N  - - 
107.54 Mean 42.34 

4.70 SD 1.85 

98.8 - 116.3 Range 38.90 - 45,79 





ILIOCRISTALE HEIGHT 

The s u b j e c t  main ta ins  an e r e c t  p o s t u r e ,  f e e t  t o g e t h e r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead. The v e r t i c a l  d i s t a n c e  
i s  measured w i t h  an anthropometer from t h e  f l o o r  t o  t h e  most 
l a t e r a l l y  p r o j e c t i n g  p o i n t  p a l p a b l e  on t h e  c r e s t  of  t h e  r i g h t  
i leum. 

108.43 Mean 42-69 

4.64 SD 1.83 

101.0 - 118.8 Range 39.76 - 46.77 

2 2 .  BISPINOUS BREADTH 

The s u b j e c t  main ta ins  an e r e c t  p o s t u r e ,  f e e t  t o g e t h e r ,  arms 
hanging a t  h i s  s i d e ,  look ing  s t r a i g h t  ahead. The h o r i z o n t a l  
d i s t a n c e  i s  measured wi th  an anthropometer between t h e  l a t e r a l  
margins o f  t h e  a n t e r i o r  s u p e r i o r  i l i a c  s p i n e s .  

CM - N=27 

25.94 Mean 10.21 

SD 1.09 

Range 8.66 - 12.72 



r- 2 3 .  RIGHT TROCHANTERIC HEIGHT 

The s u b j e c t  mainta ins  an e r e c t  pos tu re ,  f e e t  toge the r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead. The v e r t i c a l  
d i s t a n c e  i s  measured wi th  an anthropometer between t h e  f l o o r  
and t h e  most l a t e r a l  p o i n t  palpable  on t h e  g r e a t e r  t rochan te r  
of t h e  r i g h t  femur. 

92.24 Mean 36.31 

4.55 s D 1.79 

84.6 - 102.7 Range 33.31 - 40.43 

24 .  LEFT TROCHANTERIC HEIGHT 

The s u b j e c t  mainta ins  an e r e c t  pos tu re ,  f e e t  toge the r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead. The v e r t i c a l  
d i s t a n c e  i s  measured wi th  an anthropometer between t h e  f l o o r  
and t h e  most l a t e r a l  p o i n t  palpable  on t h e  g r e a t e r  t rochan te r  
of the  l e f t  femur. 

92.40 Mean 36.38 

4.96 s D 1.95 

82.7 - 104.3 Range 32.56 - 41-06 



25. HIP BREADTH 

The s u b j e c t  ma in ta ins  an erect p o s t u r e ,  f e e t  t o g e t h e r ,  arms 
hanging a t  h i s  s i d e ,  looking s t r a i g h t  ahead.  Facing t h e  s u b j e c t ,  
t h e  h o r i z o n t a l  d i s t a n c e  i s  measured wi th  a n  anthropometer between 
t h e  most l a t e r a l  p o i n t  p a l p a b l e  on t h e  g r e a t e r  t r o c h a n t e r s  of t h e  
l e f t  and r i g h t  femora. Firm p r e s s u r e  i s  a p p l i e d  t o  t h e  in s t rumen t .  

CM - N=2 8 I N  - 
13.32 33.83 Me an 

2.31 SD 0.91 

29.7 - 38.3 Range 11.69 - 15.08 

2 6 .  HUMERUS BIEPICONDYLAR DIAMETER 

The d i s t a n c e  between t h e  l a t e r a l  and medial  ep icondy les  of t h e  
r i g h t  humerus is measured wi th  a s l i d i n g  c a l i p e r  w i th  t h e  arm 
hanging f r e e l y  a t  t h e  s i d e .  

Me an 

S D 

Range 



27. ACROMION-RADIALE ,LENGTH (ELBOW FLEXED 90') 

The s u b j e c t  mainta ins  an e r e c t  p o s t u r e ,  f e e t  t o g e t h e r ,  looking 
s t r a i g h t  ahead. With t h e  r i g h t  arm hanging f r e e l y  a t  t h e  s i d e ,  
t h e  head o f  t h e  r a d i u s  i s  l o c a t e d  by p a l p a t i o n  a t  t h e  c e n t e r  of  
t h e  s k i n  dimple.  The r i g h t  forearm i s  f l exed  90' s o  t h a t  it i s  
h o r i z o n t a l  w i th  t h e  f l o o r .  Using an anthropometer,  t h e  d i s t a n c e  
i s  measured between t h e  r i g h t  acromion and t h e  head of t h e  r a d i u s  

Me an 

S D 

Range 

28 .  HEAD OF HUMERUS TO RADIALE 

The s u b j e c t  mainta ins  an e r e c t  p o s t u r e ,  f e e t  t o g e t h e r ,  looking 
s t r a i g h t  ahead. With t h e  r i g h t  arm hanging f r e e l y  a t  t h e  s i d e ,  
t h e  head of t h e  r a d i u s  i s  l o c a t e d  by p a l p a t i o n  a t  t h e  c e n t e r  of 
t he  s k i n  dimple. The r i g h t  forearm i s  f l exed  90' s o  t h a t  it i s  
h o r i z o n t a l  wi th  t h e  f l o o r .  Using an anthropometer t h e  d i s t a n c e  
i s  measured from the  r i g h t  r a d i a l e  t o  a  p o i n t  corresponding 
t o  t h e  c e n t e r  of  r o t a t i o n  of t h e  humerus. This  p o i n t  i s  l o c a t e d  
2 inches  i n f e r i o r  t o  t h e  r i g h t  acromion on t h e  l a t e r a l  s u r f a c e  
of  t h e  upper arm. 

CM - N=2 8  I N  - 
31.57 Mean 12.43 

2.98 SD 1.17 

23.2-38.7 Range 9.13-15.24 





31. FOREARM - HAND LENGTH 

The s u b j e c t  ma in ta ins  an e r e c t  p o s t u r e ,  f e e t  t o g e t h e r ,  looking 
s t r a i g h t  ahead. The r i g h t  forearm i s  f l e x e d  90' s o  t h a t  it i s  
h o r i z o n t a l  w i th  t h e  f l o o r ,  wi th  t h e  f i n g e r s  extended.  Using 
an anthropometer,  t h e  d i s t a n c e  i s  measured from t h e  t i p  of t h e  
r i g h t  elbow (olecranon)  t o  t h e  t i p  o f  t h e  l o n g e s t  f i n g e r .  

CM - IN N=28 - - 48.72 Mean 19.18 

1.92 SD 0.76 

45.4 - 52.9 Range 17.87 - 20.83 

32. FOREARM GRIP DISTANCE 

The sub jec t  maintains an e r e c t  posture,  f e e t  together,  looking s t r a i g h t  
ahead. The r i g h t  forearm i s  f lexed 90' so  t h a t  i t  is ho r i zon ta l  with t h e  
f l o o r ,  and a penci l  is grasped so  t h a t  i t  i s  held perpendicular t o  t he  
a x i s  of t h e  forearm and i s  measured with an anthropometer between t h e  t i p  
of t he  elbow (olecranon) and the  cen te r  of t h e  a x i s  of t he  penci l .  

CM - N=2 8 I N  - 
36.34 Mean 14.31 

1.68 SD 0.66 

33.4 - 39.6 Range13.15 - 15.59 

1 



33.  WRIST BREADTH (Bone) 

The sub jec t ' s  r i g h t  hand i s  extended with the  palm up and, with a  s l i d ing  
c a l i p e r ,  the  maximum diameter of t he  r i g h t  wr i s t  i s  measured from the  
s ty lo id  process of the radius  t o  the  s ty lo id  process of the  ulna.  Pressure 
i s  applied t o  measure bone breadth.  

CM - N = 2 8  

5.59 Mean 2.20 

0.37 SD 0.15 

5.0 - 6.4 Range 1.97 - 2.52 

34 .  HAND LENGTH I 
The sub jec t ' s  hand i s  extended with the  palm up. The d is tance  from the  
proximal edge of t he  navicular bone a t  t he  wr i s t  t o  the  t i p  of t he  middle 
f inger  i s  measured with a  s l i d ing  ca l ipe r .  

N=28 fi 
Mean 7.64 

S D  0.32 

Range 6.97 - 8.15 



3 5 .  TROCHANTER - TO - LATERAL FEMORAL CONDYLE 

The s u b j e c t  ma in ta ins  an  e r e c t  p o s t u r e  wi th  f e e t  t o g e t h e r  and 
weight  evenly  balanced.  The d i s t a n c e  i s  measured wi th  an 
anthropometer from t h e  most l a t e r a l  p o i n t  p a l p a b l e  on t h e  
g r e a t e r  t r o c h a n t e r  of  t h e  r i g h t  femur t o  t h e  d i s t a l  t i p  of  t h e  
l a t e r a l  condyle.  To l o c a t e  t h e  l a t t e r  p o i n t  t h e  l a t e r a l  
ep icondy le  i s  p a l p a t e d  and p r e s s u r e  i s  a p p l i e d  d i s t a l l y  u n t i l  
t h e  most d i s t a l  l a t e r a l  t i p  i s  found and marked for measurement. 

fi N=27 I N  - 
43.37 Mean 17.07 

3.40 SD 1.34 

36.1 - 50.5 Range 14.21 - 19.88 

36. FIBULA LENGTH 

The subject maintains an erect  posture with f e e t  together and weight 
evenly balanced. The ver t i ca l  distance from the palpable t i p  of the 
s tyloid process of the r ight  f ibula  t o  the  palpable d i s t a l  t i p  of the 
infer ior  border of the l a t e r a l  malleolus i s  measured with an anthropo- 
meter. 

N=2 8 I N  - 
Mean 17.20 

SD 1.20 

7 Range 13.78-19.57 



37. FIBULARE HEIGHT I 
The subjec t  maintains an e rec t  posture with f e e t  together and weight 
evenly balanced. With an anthropometer, the  v e r t i c a l  d is tance  i s  measured 
from the  f l oo r  t o  t he  most l a t e r a l  projec t ion  of t he  head of t he  f i bu la .  

CM - N=2 8 IN - 
Me a n  

S D 

R a n g e  

38. FEMORAL BIEPICONDYLAR DIAMETER 

The subjec t  maintains an e r e c t  posture with f e e t  spread s l i g h t l y  apa r t .  
With an anthropometer, the  hor izonta l  d is tance  is measured between the  
medial and l a t e r a l  epicondyles of t he  r i g h t  femur, applying firm pres- 
sure .  

SD 0.19 

1 R a n g e  3.54 - 4.37 



39. MID-PATELLA HEIGHT (Standing) 

The subjec t  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apar t .  
With an anthropometer, the  d is tance  i s  measured from the  f l oo r  t o  the  
mid-patella point .  This point  was previously found and marked by loca- 
t i ng  the  center of the  pa t e l l a  with the  rec tus  femoris muscle relaxed, 
allowing the  kneecap t o  "drop down." 

Mean 19.54 

SD 1.03 

Range 18.03 - 21.93 

40. TIBIALE HEIGHT (Standing) 

The subject  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apar t .  
With an anthropometer, the  v e r t i c a l  d is tance  i s  measured from the f loor  
t o  the  superior t i p  of the medial condyle of the  r i g h t  t i b i a .  

CM - N=2 8 - IN 

47.88 Mean 18.85 

3.10 SD 1 - 2 2  

42.2 - 54.7 Range 16.61 - 21. 



41. LATERAL T I B I A L  HEIGHT (Standing) I 
The subjec t  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apa r t .  
Using an anthropometer, t he  v e r t i c a l  d is tance  i s  measured from the  f l oo r  
t o  the  superior t i p  of t he  l a t e r a l  condyle of the  r i g h t  t i b i a .  

42.6 - 54.2 Range 16.77 - 21.34 

42. MEDIAL MALLEOLUS HEIGHT 

The subjec t  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apa r t .  
With a foot  measuring block, with mi l l imeter  s c a l e  mounted along the  
v e r t i c a l  edge, t he  v e r t i c a l  d is tance  i s  measured from the  f l o o r  to  the  
most medial projec t ion  of t he  r i g h t  medial malleolus. 

Mean 

SD 

Range 



43. LATERAL MALLEOLUS HEIGHT 

The subjec t  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apa r t .  
With a foot  measuring board, with mill imeter s ca l e  mounted along the  
v e r t i c a l  edge, t he  v e r t i c a l  d is tance  i s  measured from the  f l oo r  to  the 
most l a t e r a l  projec t ion  of the  r i g h t  l a t e r a l  malleolus.  

Me a n  

SD 

Range  

44. RIGHT FOOT LENGTH 

The subject  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apa r t  
and weight equally d i s t r i bu ted .  With an anthropometer, t he  d is tance  
i s  measured from the heel  t o  the  most d i s t a l  toe  of the  r i g h t  foo t .  

CM - N=2 8 - I N  

26.68 Mean 10.50 

SD 

Range  



45. LEFT FOOT LENGTH 

The subjec t  maintains an e rec t  posture with f e e t  spread s l i g h t l y  apar t  
and weight equally d i s t r i bu ted .  With an anthropometer, the  d is tance  i s  
measured from the  hee l  t o  t he  most d i s t a l  t oe  of the  l e f t  foot .  

CM - N=15 IN - 
26.81 Mean 10.56 

SD 

Range 

46. HEAD CIRCUMFERENCE 

The subject  maintains an e rec t  posture with the  head held i n  t he  Frank- 
f u r t  Plane. With a s t e e l  tape posit ioned superior t o  t he  brow r idges ,  
t he  maximum circumference of the  head i s  measured. 

SD 

Range 



47. CHEST CIRCUMFERENCE 

The s u b j e c t  ma in ta ins  an e r e c t  p o s t u r e  and i s  r e q u i r e d  t o  i n i t i a l l y  
r a i s e  and then lower both  arms t o  p o s i t i o n  t h e  t ape .  The 
c i rcumference  i s  t aken  wi th  t h e  t a p e  h e l d  h o r i z o n t a l  a t  n i p p l e  
l e v e l ,  and i s  measured du r ing  normal b r e a t h i n g  a t  maximum 
i n s p i r a t i o n .  

CM - N=2 8 IN - 
Me an 

S D 

Range 

48.  AXILLARY CHEST CIRCUMFERENCE 

The s u b j e c t  ma in ta ins  an e r e c t  pos tu re  and i s  r equ i r ed  t o  i n i t i a l l y  
r a i s e  and then  lower both  arms t o  a l low p o s i t i o n i n g  of t h e  t a p e  
i n  a  h o r i z o n t a l  p l ane  about  t h e  c h e s t  a t  t h e  a x i l l a r y  l e v e l  
du r ing  normal b r e a t h i n g  a t  maximum i n s p i r a t i o n ,  

S D 

Range 



4 9 .  AXILLARY ARM CIRCUMFERENCE 

The s u b j e c t  m a i n t a i n s  an e r e c t  p o s t u r e  and r a i s e s  and lowers  
h i s  r i g h t  arm t o  a l low h o r i z o n t a l  p o s i t i o n i n g  t o  t h e  t a p e .  The 
c i rcumference  i s  t a k e n  a t  t h e  a x i l l a  l e v e l .  

CM - N=21 I N  - 
34.38 Mean 13.54 

3.56 S D 1.40 

28.9 - 41.2 Range 11.38 - 16.22 

50.  BICEPS RELAXED CIRCUMFERENCE ( ~ i g h t )  

The s u b j e c t  m a i n t a i n s  an e r e c t  p o s t u r e  w i t h  h i s  arms hanging a t  
t h e  s i d e .  The c i r c u m f e r e n c e  i s  measured w i t h  a  s t e e l  t a p e  a t  
mid-point  between t h e  elbow ( d i s t a l  t i p  of  t h e  o l e c r a n o n )  and 
s h o u l d e r  (acromion) of  t h e  r i g h t  arm. 

N=2 7 

Mean 

SD 

Range 



BICEPS RELAXED CIRCUMFERENCE ( L e f t )  

The s u b j e c t  mainta ins  an e r e c t  pos tu re  wi th  h i s  arms hanging 
f r e e l y  a t  t h e  s i d e .  The circumference i s  measured wi th  a s t e e l  
t ape  a t  mid-point between t h e  elbow ( d i s t a l  t i p  of t h e  o lecranon)  
and shoulder  (acromion) of t h e  l e f t  arm. 

Me an 

S D 

Range 

5 2 .  BICEPS FLEXED CIRCUMFERENCE (Right )  

The s u b j e c t  mainta ins  an e r e c t  pos ture  wi th  h i s  arms hanging 
f r e e l y  a t  t h e  s i d e .  The s u b j e c t  f l e x e s  h i s  r i g h t  arm a t  l e a s t  
90°, makes a f i s t  whi le  hold ing h i s  upper arm h o r i z o n t a l  t o  t h e  
f l o o r ,  and f l e x e s  h i s  b iceps  t o  t h e  maximum. The measurement 
i s  made wi th  a s t e e l  t ape  a t  t he  maximum circumference of t h e  upper 
r i g h t  arm. 

33.53 Me an 13.20 

2.68 SD 1.06 

28.6 - 39.1 Range 11.26- 15.39 



5 3 .  BICEPS FLEXED CIRCUMFERENCE Ú� eft) 

The s u b j e c t  mainta ins  an e r e c t  pos tu re  wi th  h i s  arms hanging 
f r e e l y  a t  t he  s i d e .  The s u b j e c t  f l e x e s  h i s  l e f t  arm a t  l e a s t  
90°, makes a  f i s t  whi le  hold ing h i s  upper arm h o r i z o n t a l  t o  
t h e  f l o o r ,  and f l e x e s  h i s  b iceps  t o  the  maximum. The measurement 
i s  made wi th  a  s t e e l  t a p e  a t  t h e  maximum circumference of t h e  
upper l e f t  arm. 

N=2 8 

Me an 

S D 

Range 

5 4 .  FOREARM CIRCUMFERENCE 

The s u b j e c t  mainta ins  an e r e c t  pos tu re  wi th  h i s  arms hanging 
f r e e l y  a t  t he  s i d e .  Using a  s t e e l  t ape  the  r i g h t  forearm i s  
measured a t  i t s  maximum circumference.  

CM - N=28 - I H 

27.85 Mean 10.96 

1.74 SD 0.69 

25.5 - 31.9 Range 10.04 - 12.56 



, 

5 5. WRIST CIRCUMFERENCE 

The s u b j e c t  ma in ta ins  an e r e c t  pos tu re  wi th  h i s  arms hanging 
f r e e l y  a t  t h e  s i d e .  The c i rcumference  of t h e  r i g h t  wrist i s  
measured wi th  a  s t e e l  t ape  j u s t  proximal of  t h e  s t y l o i d  p rocess  
of t h e  u lna .  

CM 
7 

N=28 IN - 
17.08 Me an 6.72 

0.91 S D 0.36 

15.5 - 18.7 Range 6.10 - 7.36 

5 6 .  CALF CIRCUMFERENCE 

The s u b j e c t  mainta ins  an e r e c t  pos tu re  wi th  h i s  weight  e q u a l l y  
d i s t r i b u t e d  and l e g s  s l i g h t l y  a p a r t .  The maximum ci rcumference  
o f  t h e  r i g h t  c a l f  i s  measured wi th  a  s t e e l  t ape .  

CM - N=2 8 IN - 
37.48 Mean 14.76 

2.08 S D 0.82 

34.2 - 43.3 Range 13.46 - 17.05 



57. ANKLE CIRCUMFERENCE 

The s u b j e c t  ma in ta ins  an e r e c t  p o s t u r e  wi th  h i s  weight e q u a l l y  
d i s t r i b u t e d  and l e g s  s l i g h t l y  a p a r t .  The minimum ci rcumference  
o f  t h e  r i g h t  ank le  i s  taken s u p e r i o r  t o  t h e  l a t e r a l  ma l l eo lus  
p r o j e c t i o n .  

CM N=2 8 IN - 
23.28 Mean 9.17 

S  D 

Range 

58 .  SITTING HEIGHT 

The s u b j e c t  s i t s  e r e c t  and s l i g h t l y  forward from back r e s t  
( t o  al low placement of anthropometer between s e a t  back and s u b j e c t )  , 

wi th  arms r e s t i n g  on upper l e g s ,  f e e t  t o g e t h e r  and lower l e g s  a t  
r i g h t  ang le s  t o  upper l e g s .  The head i s  h e l d  i n  t h e  F r a n k f u r t  
Plane.  The v e r t i c a l  d i s t a n c e  i s  measured wi th  an anthropometer 
from t h e  s i t t i n g  s u r f a c e  t o  v e r t e x  wi th  t h e  anthropometer arm 
f i rmly  touching t h e  s c a l p .  

N=2 8 

Mean 

SD 

Range 



I 

59, SITTING CERVICALE HEIGHT 

The s u b j e c t  s i t s  e r e c t  and s l i g h t l y  forward from back r e s t  
( t o  a l low placement o f  anthropometer between s e a t  back and s u b j e c t ) ,  

w i th  arms r e s t i n g  on upper l e g s ,  f e e t  t o g e t h e r  and lower l e g s  a t  
r i g h t  ang le s  t o  upper l e g s .  The head i s  h e l d  i n  t h e  F r a n k f u r t  
P lane .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  an anthropometer 
from t h e  s i t t i n g  s u r f a c e  t o  t h e  pa lpab le  spinous process  of t h e  
seventh  c e r v i c a l  v e r t e b r a .  

CM - N=2 8 

67-44 Mean 

2.68 S  D 

61.7 - 71.8 Range 

60. SITTING SUPRASTERNALE HEIGHT 

The s u b j e c t  s i t s  e r e c t  wi th  bu t tocks  a g a i n s t  s e a t  back,  arms r e s t i n g  
on upper l e g s ,  l e g s  sp read  s l i g h t l y ,  and head h e l d  i n  t h e  F rankfu r t  
P lane .  Facing t h e  s u b j e c t ,  t h e  v e r t i c a l  d i s t a n c e  i s  measured wi th  
an anthropometer from t h e  s i t t i n g  s u r f a c e  t o  the  s u p e r i o r  margin 
of t h e  jugu la r  notch of t h e  manubrium. 

N=2 8 

Me an 

SD 

Range 



61. SITTING SHOULDER (Acromion) HEIGHT 

The s u b j e c t  s i t s  e r e c t  wi th  but tocks  a g a i n s t  s e a t  back, arms 
r e s t i n g  on upper l e g s ,  and head he ld  i n  t h e  F rankfu r t  Plane.  The 
v e r t i c a l  d i s t ance  i s  measured wi th  an anthropometer from t h e  
s i t t i n g  su r face  t o  r i g h t  acromion. 

CM - N=2 8 - I N  

60.67 Mean 23.89 

3.41 SD 1 ,  

53.4 - 66.0 Range 21.02 - 

62. BUTTOCK-KNEE LENGTH 

The s u b j e c t  s i t s  e r e c t  wi th  but tocks  s l i g h t l y  forward from the  
s e a t  back, arms r e s t i n g  on upper l e g s ,  and lower l egs  a t  a  90 '  
angle t o  upper l egs .  The h o r i z o n t a l  d i s t ance  i s  measured wi th  
an anthropometer from t h e  r i g h t  but tock t o  t h e  most a n t e r i o r  
a spec t  of  t he  r i g h t  kneecap. 

Me an 

SD 

Range 



I 63. SITTING KNEE HEIGHT 

The s u b j e c t  s i t s  e r e c t  wi th  bu t tocks  a g a i n s t  t h e  s e a t  back, 
arms r e s t i n g  on upper l e g s ,  and lower l egs  toge the r  and a t  a  90" 
angle  t o  upper l e g s .  The v e r t i c a l  d i s t a n c e  i s  measured with an 
anthropometer from t h e  f l o o r  t o  the  s u p e r i o r  p o i n t  of  t h e  p a t e l l a .  

Me an 

SD 

Range 

- 
64. SITTING KNEE HEIGHT (Maximal c l ea rance )  

The s u b j e c t  s i t s  e r e c t  wi th  but tocks  a g a i n s t  t h e  s e a t  back, arms 
r e s t i n g  on upper l e g s ,  and lower l e g s  toge the r  and a t  a  90° 
angle  t o  upper l e g s .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  an 
anthropometer from the  f l o o r  t o  t h e  h i g h e s t  p o i n t  of t h e  r i g h t  
knee. This  p o i n t  w i l l  be s u p e r i o r  t o  the  preceding measurement 
and provides  maximum knee c l ea rance  d i s t ance .  

Me an 

SD 

Range 



CM - N=28 IN 
15.13 Mean 5.96 

2.20 S D 0.87 

11 .1 - 20.3 Range 4.37 - 7.99 

65. SEAT BACK - TO - TROCHANTER (ERECT) 

The gub jec t  s i t s  e r e c t  wi th  but tocks  a g a i n s t  t h e  s e a t  back, arms 
r e s t i n g  on upper l e g s ,  and lower l e g s  together  and a t  a 90° 
angle  t o  upper l egs .  The h o r i z o n t a l  d i s t a n c e  i s  measured wi th  
an anthropometer from t h e  su r face  mark previous ly  l o c a t i n g  t h e  
t rochan te r  while t h e  s u b j e c t  was s tanding e r e c t ,  t o  t he  a n t e r i o r  
edge of t h e  s e a t  back. The s e a t  back angle  i s  13O back from t h e  
v e r t i c a l  and t h e  s e a t  pan angle i s  6O up from the  ho r i zon ta l .  

k 
66. SEAT BACK - TO - TROCHANTER (SEATED) 

The s u b j e c t  s i t s  e r e c t  wi th  but tocks  a g a i n s t  t h e  s e a t  back, 
arms r e s t i n g  on upper l e g s ,  and lower l e g s  toge the r  and a t  a  
900 angle  t o  upper l egs .  The h o r i z o n t a l  d i s t a n c e  i s  measured 
w i t h  an anthropometer from t h e  t rochan te r  mark, l oca t ed  while 
t he  s u b j e c t  is  sea t ed ,  t o  t h e  a n t e r i o r  edge of t h e  s e a t  back. 
The s e a t  back angle  i s  13O back from t h e  v e r t i c a l  and t h e  s e a t  
pan angle  i s  60 up from t h e  h o r i z o n t a l .  

CM - IN N=27 - 

14.06 Mean 5.54 

1.67 S D 0.66 

11.1 - 19.0 Range 4.37 - 7.48 



The s u b j e c t  s i ts  e r e c t  wi th  but tocks  a g a i n s t  t h e  s e a t  back, arms 
r e s t i n g  on upper l e g s ,  and lower l e g s  toge the r  and a t  a  90° angle  
t o  upper l egs .  The v e r t i c a l  d i s t a n c e  i s  measured w i t h  an 
anthropometer from t h e  s u r f a c e  mark previously  l o c a t i n g  t h e  
t rochan te r  whi le  t h e  s u b j e c t  was s t and ing  e r e c t ,  t o  t h e  supe r io r  
s u r f a c e  of t h e  s e a t .  The s e a t  back angel  is 13O back from t h e  
v e r t i c a l  and t h e  s e a t  pan angle  i s  6O up from t h e  hor i zon ta l .  

N = 2  8 

Mean 

S D 

Range 

68. SEAT SURFACE - TO - TROCHANTER (SEATED) 

The s u b j e c t  s i ts  e r e c t  wi th  but tocks  a g a i n s t  t h e  s e a t  back, arms 
r e s t i n g  on upper l e g s ,  and lower l egs  toge the r  and a t  a  90° 
angle  t o  t h e  upper l egs .  The v e r t i c a l  d i s t a n c e  i s  measured wi th  
an anthropometer from t h e  t rochan te r  mark, loca ted  while t h e  
s u b j e c t  i s  s e a t e d ,  t o  t h e  s u p e r i o r  s u r f a c e  of t h e  s e a t .  The s e a t  
back angle  i s  13O back from t h e  v e r t i c a l  and t h e  s e a t  pan angle i s  
6 O  up from t h e  hor i zon ta l .  



I D.  S k i n f o l d  Measurements: I 
I 69. RIGHT TRICEPS SKINFOLD I 

The p o i n t  of  measurement i s  l o c a t e d  on t h e  d o r s a l  a s p e c t  of  t h e  
r i g h t  arm o f  t h e  s t a n d i n g  s u b j e c t ,  midway between t h e  acromion 
and t i p  of  t h e  elbow (o lecranon)  when t h e  forearm i s  f l e x e d  a t  
90'. The s u b j e c t s  arm i s  t h e n  ex tended  t o  hang f r e e l y ,  t h e  sk in-  
f o l d  i s  l i f t e d  p a r a l l e l  t o  t h e  long  a x i s  o f  t h e  arm by f i r m l y  
g r a s p i n g  a  f o l d  between t h e  thumb and f o r e f i n g e r  about  1 c e n t i -  
mete r  from t h e  p o i n t  t o  which t h e  Lange c a l i p e r  i s  a p p l i e d .  
A r e a d i n g  i s  made w i t h i n  3 seconds a f t e r  a p p l i c a t i o n  of t h e  
c a l i p e r ,  and t h e  average  i s  taken  of  s e v e r a l  r e a d i n g s .  

N=2 8 

Mean 7.31 mrn 

SD 4 . 9 4  mm 

Range 2.5-19.0 nun 

70. RIGHT SUBSCAPULAR SKINFOLD 

T h i s  s i t e  i s  l o c a t e d  on t h e  s t a n d i n g  s u b j e c t  below t h e  i n f e r i o r  
a n g l e  o f  t h e  r i g h t  s c a p u l a .  The s k i n f o l d  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  t h e  r i b s ,  w i t h  t h e  s k i n f o l d  a n g l e d  upward 
m e d i a l l y  and downward l a t e r a l l y  a t  about  45 degrees  from t h e  
h o r i z o n t a l .  A r e a d i n g  i s  made w i t h  t h e  Lange c a l i p e r  w i t h i n  
3 seconds a f t e r  a p p l i c a t i o n  o f  t h e  c a l i p e r ,  and t h e  average  i s  
taken  of  s e v e r a l  r e a d i n g s .  

N=2 8 

Me an 

SD 

Range 



71. RIGHT SUPRAILIAC SKINFOLD 

This s i t e  i s  l o c a t e d  on the  s t and ing  s u b j e c t  s u p e r i o r  t o  the  
l a t e r a l  a s p e c t  of  t h e  i l i a c  c r e s t  on t h e  r i g h t  s i d e .  The skin-  
f o l d  i s  l i f t e d  p a r a l l e l  t o  t h e  p e l v i s  and angled s l i g h t l y  upward 
media l ly .  A reading i s  made wi th  the  Lange c a l i p e r  w i th in  3 
seconds a f t e r  a p p l i c a t i o n  of t h e  c a l i p e r ,  and t h e  average i s  
taken of s e v e r a l  readings .  

N=28 

Mean 14.66 mm 

SD 10.18 nun 

Range 3.0-38.0 mm 

72. R I G H T  POSTERIOR MID-CALF 

This  s i t e  i s  loca ted  on the  s t and ing  s u b j e c t  h a l f  way between 
t h e  p o p l i t e a l  and a l t e r a l  mal leolus  of t h e  d o r s a l  a s p e c t  of t h e  
lower l e g ,  midway between t h e  ankle  and knee. The s k i n f o l d  is 
l i f t e d  p a r a l l e l  t o  t he  l e g ,  and a  t i g h t  s k i n  adhesion i s  most 
commonly found h e r e .  A reading i s  made wi th  t h e  Lange c a l i p e r  
w i t h i n  3  seconds a f t e r  a p p l i c a t i o n  of t he  c a l i p e r ,  and t h e  
average i s  taken of s e v e r a l  readings .  

N = 2  8  

Mean 13.46 nun 

SD 13.18 mm 

Range 3.0-51.0 mm 



APPENDIX E 

Somatotype computations f o r  each sub jec t  i n  112 i n t e r v a l s  on a sca le  
from 1/2 t o  9. 

Somatype Ratings (Assement based upon measurements taken a t  the  above f o u r  
s i t e s  on each sub jec t  and ca lcu la ted  a f t e r  Heath-Carter technique) 

* 

1. Endomorphy ( r e l a t i v e  fatness)  
N = 28 
Mean = 3.2 
Standard Dev ia t ion  = 1.85 
Range = 1.0 - 6.0 

2. Mesomorphy ( r e l a t i v e  musculo-skeletal development) 
N = 28 
Mean = 5.5 
Standard d e v i a t i o n  = 1.09 
Range = 2.5 - 7.5 

SUBJECT 
NUMBER 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 

3. Ectomorphy ( r e l a t i v e  1 i n e a r i  t y )  
N = 28 
Mean = 2.0 
Standard dev i a t i on  = 1.07 
Range = 0 .5  - 5.0 

3 
ECTOMORPHY 

1 .O 
1.5 
0.5 
2.5 
2.5 
2.5 
1.5 
2.0 
1 .O 
1.5 
2.5 
2.5 
2 .O 
1 .O 
4.0 
2.0 
3.5 
2.0 
1 .O 
3.5 
5.0 
3.0 
1 .O 
1.5 
1.5 
1.5 
1.5 
0.5 

c b n P o n E N T  
1 

ENDOMORPHY 

3.5 
6.0 
6.0 
1.5 
4.0 
2.0 
1.5 
1.5 
2.5 
1 .O 
3.0 
3.0 
3.5 
6.0 
1 .O 
2.5 
1.5 
2.5 
3.5 
2.5 
1 .O 
1.5 
5.0 
6.0 
6.0 
1 .O 
4.0 
6.5 

2 
MESOMORPHY 

6.5 
5.5 
6.0 
7.0 
4.5 
5.0 
6.5 
6.0 
7.0 
7.5 
5.0 
5.0 
5.0 
5.5 
3.5 
6.5 
4.5 
5.0 
7.0 
5.0 
2.5 
4.5 
5.5 
5.5 
6.0 
5.5 
5.5 
5.5 





SOMATOTYPE DATA FORM 

Subject No. Name 

Date 

Weight (lbs) (kg) MILLIMETERS 

Stature 

Humerus biepicondylar 
diameter 

Femoral biepicondylar 
diameter 

Rt. biceps circ. (relaxed, 
extended) 

Rt. biceps circ. (flexed 
arm girth) 

Calf circumference 

Skinfolds: Rt. triceps 

~ t .  Subscapular L 
Rt. Suprailiac 

Rt. Calf 

Heath-Carter Somatotype I 

( inches) 



APPENDIX F 

ORTHOGONAL PHOTOGRAMMETRY ' 

P r e s e n t e d  a s  p a r t  of t h e  
Second Q u a r t e r  Report f o r  
c o n t r a c t  F33615- 10-C-1777 

E n t i t l e d :  

Human Torso Link System 

December, 1970 

 he d e s c r i p t i o n  p r e s e n t e d  i n  t h i s  appendix is  p a r t  o f  
a Ph.D. D i s s e r t a t i o n  now be ing  completed by M r .  ~ r e d e r i c k  
Schanne, Research A s s i s t a n t  i n  t h e  I n d u s t r i a l  Human 
Performance Research Group a t  The U n i v e r s i t y  of  ~ i c h i g a n .  



APPENDIX F 

Or thogonal  Photogrammetry 

I t  i s  t h e  purpose  o f  t h i s  Appendix t o  p r o v i d e  a  b r i e f  des -  
c r i p t i o n  o f  t h e  t e c h n i q u e  of andrometry.  The pr imary  r e f e r e n c e  
f o r  t h i s  s e c t i o n  i s  J.  W. Cha f fee .  Andrometrv: A P r a c t i c a l  7, 
ASTIA Document No. 256344, A p r i l  1961. 

Theory o f  Andrometry 

B a s i c a l l y  andrometry i s  a  t e c h n i q u e  employing two o r  more 
o r t h o g o n a l  cameras  e a c h  of  which views t h e  same s u b j e c t  and t a k e s  
a  photograph  s i m u l t a n e o u s l y .  The r e a s o n  t h a t  a  minimum of two 
cameras  a r e  employed i s  t o  do away w i t h  t h e  problem of  o p t i c a l  
p a r a l l a x  ( l i n e a r  p e r s p e c t i v e ) .  For  example,  i f  o n l y  one camera 
i s  used and. a  r u l e r  i s  p l a c e d  n e x t  t o  t h e  s u b j e c t  and a  photo-  
g raph  t a k e n ,  e r r o r s  r e s u l t .  T h i s  i s  due t o  t h e  f a c t  t h a t  p a r t  
of  h i s  body w i l l  be c l o s e r  t o  t h e  camera t h a n  t h e  r u l e r  and hence 
w i l l  appea r  l a r g e r  t h a n  t r u e  s i z e ,  w h i l e  p a r t  o f  h i s  body w i l l  
l i e  behind  t h e  r u l e r  and hence w i l l  appea r  s m a l l e r  t h a n  t r u e  
s i z e .  A s  c an  be r e a d i l y  s e e n  i n  F i g u r e  A I - 1 ,  a l t hough  l i n e s  y l z l ,  
Y ~ z ~ ~ Y ~ z ~  a r e  of  e q u a l  l e n g t h ,  t h e i r  r e p r e s e n t a t i o n  on t h e  f i l m  
o f  t h e  s l n g l e  camera i n d i c a t e s  t h e  l e n g t h  o f  y3z3 t o  be g r e a t e r  
t h a n  y2z  which a l s o  a p p e a r s  l a r g e r  t h a n  y l z l ,  ( y j z j ,  y  
on t h e  f? lm p l a n e ) .  S ince  t h i s  e r r o r  i s  n o t  a lways sma 
t o  i g n o r e ,  t h e  t e c h n i q u e  of  a d d i t i o n a l  p e r p e n d i c u l a r  cameras must 
be employed. 

F i g u r e  AI-2 d e p i c t s  a  p h o t o g r a p h i c  s e t -up  employing two cam- 
e r a s ,  one on t h e  x -ax i s  and one on t h e  y -ax i s .  U t i l i z i n g  t h e  
c o n c e p t s  of  p l a n e  geometry it i s  p o s s i b l e  t o  f i n d  t h e  x  and y  
c o o r d i n a t e s  o f  p o i n t  P i n  r e l a t i o n  t o  t h e  o r i g i n ,  Q ,  from measure- 
ments t a k e n  on t h e  f o c a l  l e n g t h  of  t h e  camera,  l e n s  t o  o r i g i n  
d i s t a n c e ,  and o b j e c t  " h e i g h t "  on t h e  f i l m .  The v a l u e s  x  and y  
(See F i g u r e  AI-2) a r e  found a s  f o l l o w s  ( n o t e :  x ' , f y ,  y ' ,  f x ,  dx ,  
dy , a r e  a l l  known) : 

By s i m i l a r  t r i a n g l e s ,  we know 

s o l v i n g  t h e s e  two e q u a t i o n s  s i m u l t a n e o u s l y  we  f i n d :  



FIGURE A I - l *  
SCHEMATIC DIAGRAM O F  ERROR INDUCED BY 
S I N G L E  CAMERA PHOTOGRAPHIC TECHNIQUE 

W h e r e  : 

L = L e n s  of C a m e r a  

L i n e s  Y l Z l ,  Y2Z2, Y3Z3  are of equa l  l e n g t h  

*F igure  adapted from C h a f f e e  



FIGURE AI-2 
SCHEMATIC OF TWO ORTHOGONAL CAMERA LAYOUT 

Li = Lens of Camera i ( i = x , y )  

f i  = Foca l  l e n g t h  of Camera i 



y ( f x f y  - y ' x ' )  = y ' f  d - y ' x ' d  
Y X  Y 

S i m i l a r l y  

Y = Y' 

The z c o o r d i n a t e  o f  p o i n t  P can be o b t a i n e d  i n  a  s i m i l a r  
manner from t h e  x and y cameras ( s e e  F i g u r e  A I - 3 )  o r  by p l a c i n g  
a t h i r d  camera above t h e  o r i g i n  and p roceed ing  a s  above u s i n g  
e i t h e r  t h e  x o r  y camera d a t a  i n  a d d i t i o n  t o  t h a t  of  t h e  z camera. 

f dx - X'd 

f  f  - y ' x '  
X Y  

To o b t a i n  t h e  z c o o r d i n a t e  of  p o i n t  P from t h e  d a t a  o f  t h e  
x and y cameras a l o n e  we proceed a s  f o l l o w s :  

L e t  zx = e s t i m a t e  o f  z  c o o r d i n a t e  from camera x 

zy = e s t i m a t e  of z  c o o r d i n a t e  from camera y 

Employing a s i m i l a r  t r i a n g l e  methodology a s  above , w e  f i n d  

z = z '  
X X 

f dx - x ' d  
Y 

f,fy - x ' y '  





S i n c e  o n l y  a view o f  t h e  p o i n t  i n  two of  t h e  cameras i s  
needed t o  p r e d i c t  t h e  c o o r d i n a t e s  o f  t h e  p o i n t  i n  t h r e e - s p a c e ,  
i t  becomes r e a d i l y  a p p a r e n t  t h a t  a  z camera ( t h i r d  camera)  must 
s e r v e  a  f u n c t i o n  o t h e r  t h a n  f o r  d e t e r m i n a t i o n  o f  t h e  z c o o r d i n a t e .  
A z-camera, o r  any a d d i t i o n a l  o r t h o g o n a l  camera,  i s  u t i l i z e d  t o  
i n s u r e  t h a t  t h e  s u b j e c t ' s  own body c o n f i g u r a t i o n  does  n o t  obscu re  
any p o i n t  of  i n t e r e s t .  For  t h i s  p r o j e c t ,  because  s o  many d i f f e r -  
e n t  body s u r f a c e  markers  a r e  p r e s e n t ,  a  t h i r d  and f o u r t h  camera 
i n s u r e s  t h a t  each  p o i n t  i s  v i s i b l e  i n  a t  l e a s t  two o f  t h e  f o u r  
views.  

Using t h i s  method Chaf fee  h a s  found t h a t  o v e r  90% of  t h e  
c o o r d i n a t e s  e s t i m a t e d  v i a  t h i s  p rocedure  a r e  w i t h i n  0.12 i n c h  o f  
t h e  a c t u a l  v a l u e .  Hence t h e  r e s u l t s  a r e  q u i t e  a c c u r a t e .  Pre-  
c i s i o n  ( s t a n d a r d  d e v i a t i o n  of  e s t i m a t e d  v a l u e s )  was found t o  be 
0 . 0 3 6  i n c h ,  by a c t u a l  t e s t s  of  o u r  system. 

De te rmina t ion  of  F o c a l  Lena ths  of Cameras 

To de t e rmine  t h e  f o c a l  l e n g t h  of any one o f  t h e  cameras  t h e  
p rocedure  employed i s  r e l a t i v e l y  s imp le .  R e f e r r i n g  t o  F i g u r e  
A I - 4 ,  t h e  r e a d e r  can  r e a d i l y  see how e a s i l y  t h e  geometry of  t h e  
s i t u a t i o n  l e n d s  i t s e l f  t o  computa t ion  of  t h e  f o c a l  l e n g t h  i f  
t h e  o r i g i n a l  o b j e c t  h e i g h t ,  x ,  p r o j e c t e d  o b j e c t  h e i g h t ,  x ' ,  and 
d i s t a n c e  from o b j e c t  o f  f i l m  p l a n e ,  d ,  a r e  known. Hence: 

f x ( x  t X I )  = d x '  

Data C o l l e c t i o n  

I t  shou ld  be  a p p a r e n t  t o  t h e  r e a d e r  t h a t  d i r e c t  measurement 



I r 

Lx = Lens of Camera 

SCHEMATIC FOR DETERMINATION OF FOCAL LENGTH, fx 



of the  var ious  d i s t ances  represented on the  f i lm  i t s e l f  i s  a l a -  
bor ious ,  time-consuming task .  Because of t h i s ,  another ,  more 
f e a s i b l e ,  method of d a t a  c o l l e c t i o n  from t h e  f i l m  had t o  be devel- 
oped, 

Data Reduction 

Figure AI-5 presen ts  a general  flow c h a r t  of the  da t a  co l lec -  
t i o n  technique employed. 

Data Coder Coordinates 

A s  shown, the  da t a  a r e  f i r s t  recorded on the  f i lms  of t he  
four  orthogonal  cameras. Each f i lm  i s  then pro jec ted  on t o  t he  
Bolt  Beranek and Newman Data Coder screen and the  var ious  a r t i c u -  
l a t i o n  sur face  markers on t he  body a r e  recorded by moving a ha i r -  
l i n e  cursor  over the  des i red  p o i n t ,  i npu t t i ng  t h i s  po in t  i n  grey 
code t o  e i t h e r  a Hewlett-Packard 2115A D i g i t a l  Computer o r  d i r e c t l y  
t o  a paper punch tape which i s  then punched i n  decimal form on 
a paper tape.  Figure A I - 6  i s  a schematic of the  a c t u a l  physical  
se tup f o r  t h i s  p a r t  of the  da t a  reduct ion.  

Conversion of Data Coder Coordinates t o  Actual Dimensions 

The da t a  coder coordinates  a r e  i n  terms of d iv i s ions  from 
the  da t a  coder o r i g i n .  A simple conversion f a c t o r  i n  the  form of 
a r a t i o  ( inches  per  da ta  coder d i v i s i o n )  i s  mul t ip l i ed  times t he  
da t a  coder coordinates  t o  ob t a in  values f o r  the  a c t u a l  d i s tances  
on the  negat ives .  The only d i f f e r ence  being t h a t  i n s t ead  of 
measuring the  negat ives  d i r e c t l y ,  the  da t a  a r e  obtained i n  an i n -  
d i r e c t  manner. 

Computation of Three-Space Coordinates 

The three-space coordinates  a r e  then computed on the  360/67 
IBM computer by a program o r i g i n a l l y  wr i t t en  by a s t a f f  researcher ,  
D r .  Kerry K i l p a t r i c k ,  and modified by another researcher ,  M r .  Fred 
Schanne, t o  t ake  the  misalignment r o l l  i n t o  considerat ion.  



OBTAIN NEGATIVES 
-- 

NEGATIVE 

OBTAIN FILM DATA IN TERMS 
OF DATA CODER COORDINATES 
(PAPER TAPE VIA HEWLETT- 

PACKARD COMPUTER) 

CONVERSION OF DATA 
CODER COORDINATES 

TO ACTUAL DIMENSIONS 

COMPUTATION OF TRUE 
3-SPACE COORDINATES 

FIGURE AI-5 
FLOW CHART OF DATA COLLECTION TECHNIQUES 



F I G U R E  A I - 6  
S C H E M A T I C  O F  DATACODER S E T U P  

-- 

I 

HEWLETT 
PACKARD 
2115  A 

COMPUTER 

P A P E R  T A P E  
PUNCH 

CONVERTS GREY T O  
D I G I T A L  CODE 

BOLT BERANEK AND 
NEWMAN DATACODER I F  D I R E C T  PUNCH,  
MODEL 882 THEN H . P .  COMPUTER 

USED T O  CONVERT 
GREY CODE T A P E  T O  

D I G I T A L  CODE 

1 

35mm S L I D E  
P R O J E C T O R  

- - H I G H  S P E E D  

8 



P A R T  I 1 1  

SURFACE MARKER MOVEMENT AND RADIOGRAPHIC 
RESULTS OF SKELETAL MOBILITY 

TABLES 

APPENDIX G 

PREDICTION EQUATION COEFFICIENTS 

The fo l lowing t a b l e s  c o n t a i n  t h e  l eas t - squared  e r r o r  coef-  
f i c i e n t s  f o r  t h e  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  c o n t r i b u t e d  t o  t h e  
p r e d i c t i o n  accuracy of each s u r f a c e  marker l o c a t i o n .  I f  a  v a r i -  
a b l e  does n o t  have a  c o e f f i c i e n t  l i s t e d  i n  one of t h e  columns, 
it means t h a t  i t  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  s u r f a c e  marker 
d a t a  i n  t h a t  p a r t i c u l a r  X I  Y ,  o r  Z coord ina tes .  Note: A l l  coor- 
d i n a t e  p r e d i c t i o n s  a r e  r e l a t i v e  t o  t h e  Lg s u r f a c e  marker. Each 
s u r f a c e  marker has f o u r  s e t s  of p r e d i c t i o n  equa t ions  p resen ted  
on two pages: 

Seated  - General  Model 
Seated  - Anthropometric Model 
Standing - General  Model 
Standing - Anthropometric Model 

The a c t u a l  d e r i v a t i o n  of t h e  equa t ions  was performed by us ing  
step-wise r e g r e s s i o n .  An impor tant  t r ade -o f f  i s  involved i n  de- 
c i d i n g  a t  which s t e p  t o  t e rmina te  t h e  s e q u e n t i a l  r e g r e s s i o n  pro- 
cedure.  I f  t h e  s e q u e n t i a l  i n c l u s i o n  of v a r i a b l e s  i s  h a l t e d  pre-  
m a t u r a l l y ,  t h e  r e s u l t i n g  equa t ions  w i l l  n o t  account  f o r  many of 
t h e  l o c a l i z e d ,  b u t  impor tan t ,  i d i o s y n c r a s i e s  of t h e  response 
s u r f a c e .  Conversely,  i f  t h e  accumulation of v a r i a b l e s  i s  n o t  cur-  
t a i l e d  soon enough, t h e  p r e d i c t i o n  equa t ions  w i l l  over-speci fy  
t h e  t r u e  r e l a t i o n s h i p  between t h e  dependent and independent  v a r i -  
a b l e s .  The e m p i r i c a l  equa t ions  w i l l  begin t o  accommodate pure 
random v a r i a t i o n s  i n  t h e  d a t a .  Over f i t t i n g  w i l l  u s u a l l y  cause 
t h e  p r e d i c t i o n  e q u a t i o n s  t o  become completely er roneous  o u t s i d e  
t h e  range of t h e  d a t a .  E x t r a p o l a t i o n  becomes imposs ib le .  I n  f a c t ,  
sha rp  d i s c o n t i n u i t i e s  may be c r e a t e d  f o r  segments i n s i d e  t h e  d a t a  
sphere  over  which no d a t a  was recorded.  

The d e c i s i o n  a s  t o  when t o  h a l t  t h e  s tep-wise r e g r e s s i o n  was 
made on t h e  b a s i s  of t h e  va lues  of ~ 2 ,  t h e  c o e f f i c i e n t  of d e t e r -  
mina t ion ,  and T I  t h e  s t a n d a r d  e r r o r  of e s t i m a t i o n .  A s  s t a t e d  i n  
t h e  t e x t ,  c r i t i c a l  v a l u e s  on t h e  o r d e r  of *R2 equa l  t o  .7 and *T 
equa l  t o  1 .5  inches  were used. The va lue  of R* s p e c i f i e s  t h e  
percentage  of t h e  v a r i a b i l i t y  exp la ined  by t h e  r e g r e s s i o n  equa t ion .  
The i n c l u s i o n  of v a r i a b l e s  was h a l t e d  when t h e  percentage  of t h e  
v a r i a b i l i t y  accounted f o r  by t h e  equa t ions  exceeded *R2 ( u s u a l l y  
s e t  a t  7 0 % ) .  S i m i l a r l y ,  t h e  i t e r a t i v e  r e g r e s s i o n  procedure was 
t e rmina ted  when t h e  s t andard  e r r o r  of e s t i m a t i o n  f e l l  below *T. 
I t  i s  f u t i l e  o r  e r roneous  t o  cont inue  t o  add terms i f  t h e  a b s o l u t e  



s i z e  of t h e  equa t ion  var iance  i s  almost equa l  t o  t h e  i n h e r e n t  
var iance  of t he  d a t a  o r  i s  a l r eady  below the  l e v e l  of p r a c t i c a l  
s i g n i f i c a n c e .  Note, t h e  goodness- of f i t  of a  r e g r e s s i b n  equa t ion  
cannot  be based s o l e l y  on ~2 o r  determined s o l e l y  from T. Si tua -  

- 

t i o n s  where ~2 equa l s  9 0 %  and T i s  3 inches  and cases  where ~2 
equa l s  20% and T i s  1 / 4  inch  a r e  very r e a l i s t i c .  

The s p e c i f i c  va lues  used f o r  t h e  c r i t i c a l  p o i n t s ,  *R2 and *T, 
depended on which s u r f a c e  marker was being cons idered  and on 
whether t h e  gene ra l  o r  anthropometr ic  model was be ing  analyzed. 
The va lue  used f o r  *T decreased i n  s i z e  when s u r f a c e  markers having 
l e s s  i n h e r e n t  v a r i a b i l i t y ,  such a s  t h e  lower s p i n e ,  were being 
analyzed,  A d i f f e r e n t  s t r a t e g y  was used i n  f i t t i n g  t h e  gene ra l  
model and t h e  anthropometr ic  model. The value of *R2 was sma l l e r  
and *T was l a r g e r  f o r  t h e  g e n e r a l  model. Exactness  was s a c r i f i c e d  
f o r  s i m p l i c i t y  i n  t h e  model. For t h e  anthropometr ic  model, *R2 
was r a i s e d  d r a s t i c a l l y  and *T was lowered almost t o  t h e  ' w i t h i n  
s u b j e c t '  value.  I n  a d d i t i o n  t o  i n t roduc ing  anthropometr ic  va r i a -  
b l e s ,  t h e  p r e d i c t i o n  accuracy t h a t  was r equ i r ed  f o r  t h e  equa t ions  
was inc reased .  











a 
= k  a *rl 
a, 
k c ,  
m 
5 a 
W F :  
m m 



SURFACE LANDMARK: Suprasternale POSITION: Standing 

I SURFACE MARKER COORDINATES 1 
Independent Variable General Model 

(Inches o r  Pounds) 

Constant -- .~. .- 3.21 .-d9.6.g. .. .. ~ -. 2.30 . . . . . -. - -. - 13.30 - - -. . . - 
X - elbow -0.118 
X - elbow squared * -0.00792 0.01 58 
X - el bow cubed * 0.000634 -0.000427 

. ... - - - -- - - - - . I - -o ;,-T g9------ t 
Y-'- -- 61 bow I 
Y - elbow squared 
Y - el  bow _cubed ---- -. .- 

0.00051 5 
Z - elbow 1-0.0582 1-107520 1 0.149 
Z - el bow squared 
Z - elbow cubed I I 0.158 I 

- - - - - 

Stature  
Sta ture  squared 
Sta ture  cubed 
S i t t i ng  height 
S i t t i ng  height squared 
S i t t i ng  height cubed 
Wei qht 
Weight squared 
Weight cubed 
Chest circumference 
Chest c i r .  squared 
Chest c i r .  cubed 
Biacrornial breath 
B i  acromial breath squared 
B i  acromial breath cubed 
Humeral 1 ength , Hurneral 1 ength squared 

I Humera1 1 enath cubed 

Anthropometri c Mode? 1 1  

* The terms "squared" and "cubed" des ignate  t h a t  t h e  p r ed i c t i on  equat ions con ta in  
t he  second and t h i r d  power terms of a dimension. 
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SURFACE LANDMARK: L2 POSITION : Standing 

I SURFACE MARKER COORDINATES 1 
Independent Va r i ab l e  General Model 

( Inches  o r  Pounds) 
X I Y i z 

Constant .~ ... - 
X - el bow 
X - elbow squared  * 
X - elbow cubed * .'..--'el how . . . .. - . - -- -- - . . .. - 
Y - elbow squared  
Y - el - bow cubed_ 
Z - elbow 
Z - elbow squared  
Z - elbow cubed I 

-- - 

S t a t u r e  
S t a t u r e  squared  
S t a t u r e  cubed 
S i t t i n g  h e i g h t  
S i t t i n g  h e i g h t  squared  
S i t t i n g  h e i g h t  cubed 
Wei qht  
Weight squared 
Weight cubed 
Chest c i rcumference  
Chest c i r .  squared  
Chest c i r .  cubed 
Biacromial b r e a t h  
Biacromi a1 b r e a t h  squared  
Biacromial b r e a t h  cubed 
Humeral l e n g t h  
Humeral 1 ength  squared  
Humera1 1 enath cubed 

Anthropornetri c Model I 

* The terms "squared" and "cubed" des ignate  t h a t  t h e  p r ed i c t i on  equat ions conta in  
t he  second and t h i r d  power terms of a dimension. 





SURFACE LANDMARK: L5 POSITION: Standing 

I SURFACE MARKER COORDINATES (Relative to SRP)  1 

S t a t u r e  squared 
S t a t u r e  cubed 

1 -0.000355 0.000241 

S i t t i n g  he igh t  
S i t t i n g  h e i g h t  squared  
S i t t i n g  h e i g h t  cubed -0.000_1.43 
Gleiqht 
Weight squared 
Weight cubed 
Chest c i rcumference  0.253 

Chest c i r .  squared  
Chest c i r .  cubed 
Biacromial b r e a t h  

; B i  acrornial b r e a t h  squared  0.0264 
Biacromial b r e a t h  cubed 

i Humeral 1 ength  7.0910 

1 Hurneral 1 ength squared  1 ~ u m e r a l  1 ength cubed -0.000661 -0.0104 

Independent Va r i ab l e  
( Inches  o r  Pounds) 

* The terms "squared" and "cubed" designate that the prediction equations contain 
the second and third power terms of a dimension. 

General Model 1 Anthropometri c Model 

Y I z X 

-34.57 - 

0.0699 
0.00608 
-0.0001 1 1 - 

0.0207 
0.00162 

0.0941 

X 

.- 58.97 _ 

0.0884 

. 

0.0893 
0.00245 

.---- 

0.0547 

Y z I 

Z - elbow cubed 

-40.37 
0.00834 
-0.000772 
0.0000752 

- - 
0.071 3 
-0.00755 

Constant  --. 

X - e l  bow 
X - e l  bow squared * 
X - e l  bow cubed * - - .-.- .---- -- 
yl-1 e l  how 
Y - elbow squared 
Y - elbow- c~ub-ed .- - -- . - 

- --- 

-2.89 . -. -- 
0.0889 

----.- - 
0.0930 

_-. 

0.0420 

-2.92 . . 

0.0559 
0.00338 

----- - 
0.189 
0.001 56 

S t a t u r e  5.479 

- -- 40.95 - . - 
0.0100 
-0.000502 
0.000071 8 

0.000358 

0.00672 Z - elbow 0.0908 
Z - el bow squared 



i B i  acronial breath squared 
Biacromial Srea t h  cubed 
Humeral length -14.74 -0.441 

Humeral length squared 
( ~ u n n r a l  1 ength cubed I .  0255 

SURFACE LANDMARK: Right Anterior Superior I l i a c  POSITION: Seated 

* The t e r m s  "squared" and "cubed" des igna te  t h a t  t h e  p r e d i c t i o n  equat ions  conta in  
t h e  second and t h i r d  power terms of a dimension. 

Independent Variable 
(Inches o r  Pounds) 

Constant .. - ... 
X - el bow 
X - elbow squared * 
X - elbow cubed * 
. .~ . 

Y- - el how 
Y - elbow squared 
Y - e! bob/ .cubed-- --- -- 
Z - elbow 
Z - elbow squared 
Z - elbow cubed 

Sta ture  
Sta ture  squared 
Sta ture  cubed 0.0000115 ,- 
Si t t i ng  height -4.923 
S i t t i ng  h e i g h t  squared 
S i t t i n g  height cubed 0.0000605 0.001 36 3.000968 - 
Wei qht -0.0577 
Weight squared 
Weight cubed 
Chest c i  rcurnference 
Chest c i r .  squared 
Chest c i r .  cubed 

, Biacromial breath 

SURFACE MARKER COORDINATES 

Genera1 Model I Anthropometric Model 

X 

5.89 . - ~ . . .  

-0.00338 
0.0000901 - 

Y 

... 6.57 -- ---- 
-0.0365 

.. 

z X 

. -- 
0.122 

-0.00282 

1.25 - 
-0.0673 

-0.0000465 
-0.0430 
-0.00528 

Y z 
58.93 I O3 52 

- -  LO!JQEE-~~. 0001 60 
0.229 0.021 4 

-0.00680 
- -- 

-0.0291 

52.23 .- 

-0.00348 
0.0000887 - . 

-0.0351 

-0.0417 

- 
0.0855 - 

-0.00741 
0.105 

-0.00904 

-0.0651 

-0.0000587 -- 

-0.0448 
-0.00539 





APPENDIX H 

GRAPHS OF SURFACE MARKER COORDINATES FOR THE SEATED PERSON 

Without Anthropometric  V a r i a b l e  
(Genera l  Model) 

The f o l l o w i n g  g raphs  d e p i c t  t h e  p r e d i c t e d  c o o r d i n a t e s  of t h e  
t o r s o  s u r f a c e  markers  ( r e l a t i v e  t o  t h e  Lg s u r f a c e  marker)  f o r  
v a r i o u s  elbow p o s i t i o n s .  For  each s u r f a c e  marker two of t h e  f o l -  
lowing t h r e e  t y p e s  of g raphs  a r e  p r e s e n t e d :  

1. Top V i e w  - Y v e r s u s  X wi th  Z h e l d  c o n s t a n t .  A v a l u e  of 
Z=20.0 i n c h e s  ( r e l a t i v e  t o  L s u r f a c e )  i s  used which 
cor responds  t o  a  t r a n s v e r s e  h o r i z o n t a l )  p l a n e  a t  shou lde r  
h e i g h t .  

7 
2 ,  S i d e  View - Z v e r s u s  X w i t h  Y h e l d  c o n s t a n t .  A v a l u e  of 

Y = 10.0 i n c h e s  ( r e l a t i v e  t o  Lq s u r f a c e )  i s  used which 
corresponds  t o  t h e  s a g i t t a l  plGne j u s t  t o  t h e  r i g h t  of 
t h e  r i g h t  shou lde r .  

3. Back View - Z v e r s u s  Y w i t h  X h e l d  c o n s t a n t .  A v a l u e  of 
X=10.0 i n c h e s  ( r e l a t i v e  t o  L5 s u r f a c e )  was used which 
cor responds  t o  a  f r o n t a l  p l a n e  s e v e r a l  i n c h e s  i n  f r o n t  
of t h e  c h e s t .  

The a b s c i s s a  and o r d i n a t e  of t h e  graph g i v e  t h e  c o o r d i n a t e s  
of t h e  s u r f a c e  marker w h i l e  t h e  c o o r d i n a t e s  of t h e  elbow a r e  
s p e c i f i e d  by t h e  con tour  l i n e s  on t h e  graph.  For  example, us ing  
elbow c o o r d i n a t e s  of Xe=20.01 Y e = l O . O ,  and Z e = l O . O ,  t h e  X and Y 
c o o r d i n a t e s  of  t h e  s u r f a c e  marker can be de termined from a t o p  
view graph  ( Z e = l O . O ) .  The X c o o r d i n a t e  of  t h e  s u r f a c e  marker i s  
determined by p r o j e c t i n g  t h e  i n t e r s e c t i o n  of t h e  Xe=20 and ye=10 
c o n t o u r s  o n t o  t h e  o r d i n a t e .  A s i m i l a r  p r o j e c t i o n  on to  t h e  a b s c i s s a  
y i e l d s  t h e  Y c o o r d i n a t e  of t h e  s u r f a c e  marker.  A d i a g n o s t i c  sum- 
mary s h e e t  accompanies each p a i r  of graphs  f o r  t h e  v a r i o u s  s u r f a c e  
markers .  These summary s h e e t s  i n t e r p r e t  and s p e c i f y  t h e  l i m i t a -  
t i o n s  of  t h e  graph.  

The g raphs  a r e  f o r  g e n e r a l  d e s i g n  purposes  and a r e  g i v e n  t o  
supplement ,  n o t  s u p p l a n t ,  t h e  e q u a t i o n s  g iven  i n  Appendix G. The 
g raphs  can be used t o  i n t u i t i v e l y  v e r i f y  t h e  d e r i v e d  e q u a t i o n s .  
The g raphs  a l s o  a l low t h e  d e s i g n e r  t o  v i s u a l i z e  and i n t e r p r e t  t h e  
i m p l i c a t i o n s  of  t h e  p r e d i c t i o n  e q u a t i o n s .  The i n t e r r e l a t i o n s h i p s  
among t h e  X I  Y ,  and Z e q u a t i o n s  i s  d e p i c t e d .  However, t h e  graphs  
were n o t  i n t e n d e d  t o  be  used t o  e s t i m a t e  s p e c i f i c  numer ica l  v a l u e s  
f o r  t h e  s u r f a c e  marker c o o r d i n a t e s .  Numerical p r e d i c t i o n s  should  
be c a l c u l a t e d  d i r e c t l y  from t h e  o r i g i n a l  e q u a t i o n s .  I t  i s  ve ry  



d i f f i c u l t  t o  a c c u r a t e l y  i n t e r p o l a t e  between contour  l i n e s  o r  be- 
tween i n d i v i d u a l  graphs.  

A second c a u t i o n ,  t h e  graphs  s p e c i f y  t h e  t o r s o  p o s i t i o n s  f o r  
f i x e d  reach  t a r g e t  p o s i t i o n s .  Torso p o s i t i o n  du r ing  dynamic move- 
ment was n o t  w i t h i n  t h e  scope of t h e  p r e s e n t  i n v e s t i g a t i o n .  The 
contour  l i n e s  on t h e  graphs should n o t  be m i s i n t e r p r e t e d .  The 
contour  l i n e s  r e p r e s e n t  t h e  l ocus  of f i x e d  p o i n t  p o s i t i o n s ,  n o t  
p a t h e s  of motion. 



SUMMARY SHEET FOR R I G H T  ACROMION 

GENERAL- SEATED 

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

MODEL 

1. I n c r e a s i n g  X e t  elbow moving forward,  causes  t h e  r i g h t  
acromion t o  move forward and t o  become lower. The l e f t  
and r i g h t  d e v i a t i o n s  i n  t h e  r i g h t  acromion i s  i r r e g u l a r  
and can b e s t  be a s c e r t a i n e d  by r e f e r r i n g  t o  t h e  top- 
view graph.  I n  g e n e r a l ,  t h e  r i g h t  acromion d e v i a t e s  
s l i g h t l y  t o  t h e  r i g h t  and then  d r a s t i c a l l y  t o  t h e  l e f t  
a s  t h e  t a r g e t  moves forward. 

2 .  I n c r e a s i n g  Y e ,  elbow movement from l e f t  t o  r i g h t  a c r o s s  
t h e  body, causes  t h e  r i g h t  acromion t o  move from l e f t  
t o  r i g h t .  There i s  a mid-range where t h e  r i g h t  acromion 
remains r e l a t i v e l y  s t a b l e  a s  t h e  arm r o t a t e s  from l e f t  
t o  r i g h t  about  t h e  shou lde r .  Transverse  movement of t h e  
elbow causes  t h e  r i g h t  acromion t o  move backwards and 
subsequent ly  forward aga in  i n  an e longa ted  ' U '  shaped 
p a t t e r n .  The base  of t h e  'U' corresponds t o  t h e  pre-  
v i o u s l y  mentioned mid-range p o s i t i o n .  The r i g h t  acromion 
remains d e f l e c t e d  backwards a s  t h e  arm revo lves  from l e f t  
t o  r i g h t  about  t h e  shoulder .  I t  i s  n o t  d e p i c t e d  on t h e  
g raphs ,  b u t  t h e  r i g h t  acromion drops  a s  t h e  elbow moves 
from t h e  l e f t  t o  d i r e c t l y  i n  f r o n t  of t h e  shoulder .  A s  
t h e  elbow moves f u r t h e r  t o  t h e  r i g h t ,  t h e  Z coord ina te  
of t h e  r i g h t  acromion remains r e l a t i v e l y  c o n s t a n t .  

3. I n c r e a s i n g  Z e ,  elbow movement upward, causes  a  uniform 
upward movement of t h e  r i g h t  acromion and l i t t l e  o r  no 
v a r i a t i o n  i n  YRA. I t  i s  n o t  d e p i c t e d  i n  t h e  graphs ,  b u t  
t h e r e  i s  a tendency f o r  t h e  r i g h t  acromion t o  move t o  
t h e  l e f t  (XRA d e c r e a s e s ) .  A s  t h e  elbow i s  r a i s e d ,  t h e  
shou lde r  t i l t s  and f o r c e s  t h e  r i g h t  acromion t o  t h e  l e f t .  

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Equation 

There does n o t  appear  t o  be any range of e x t r a p o l a t e d  reach 
p o s i t i o n s  f o r  which t h e  p r e d i c t i o n  equa t ions  a r e  i n c o n s i s t e n t .  
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SUMMARY SHEET FOR LEFT ACROMION 

GENERAL-SEATED MODEL 

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

1. I n c r e a s i n g  X,, elbow moving forward,  causes  t h e  l e f t  
acromion t o  move forward. There i s  very l i t t l e  change 
i n  t h e  Z o r  Y c o o r d i n a t e s .  The i n c r e a s e  i n  t h e  X coor- 
d i n a t e  of t h e  l e f t  acromion t ends  t o  i n c r e a s e  a s  t h e  
forward movement of t h e  elbow becomes maximal. 

2 .  I n c r e a s i n g  Y e ,  elbow moving from l e f t  t o  r i g h t  a c r o s s  
t h e  body, causes  t h e  l e f t  acromion t o  move from l e f t  t o  
r i g h t .  For  t h e  mid-range of r each  p o s i t i o n s ,  t h e  i n c r e a s e  
i n  YLA i s  minor. Reach p o s i t i o n  i n  t h e  mid-range i n  
f r o n t  of t h e  body a r e  accomplished p r i m a r i l y  by changing 
t h e  t r a n s v e r s e  ang le  of t h e  arm wi th  r e s p e c t  t o  t h e  
shoulder .  The l e f t  acromion g r a d u a l l y  moves forward a s  
t h e  elbow moves i n  f r o n t  of and a c r o s s  t h e  body. Th i s  
forward movement i s  a c c e l e r a t e d  f o r  t h e  mid-range of 
elbow p o s i t i o n s  i n  f r o n t  of t h e  body. A s  t h e  r i g h t  arm 
r o t a t e s  clockwise about  t h e  s h o u l d e r ,  t h e  t r u n k  and con- 
sequen t ly  t h e  l e f t  acromion a r e  r o t a t e d  forward. I t  i s  
n o t  d e p i c t e d  on t h e  g raphs ,  b u t  t h e  l e f t  acromion r i s e s  
- ~ n i f o r m l y  f o r  l e f t  t o  r i g h t  t r a n s v e r s e  movement of t h e  
elbow. The l a t e r a l  movement of t h e  l e f t  acromion causes  
t h e  l e f t  shou lde r  t o  r o t a t e  s l i g h t l y  upward. 

I n c r e a s i n g  Z elbow movement upward, causes  t h e  l e f t  
e ! acromion t o  f l r s t  r ise and then  g r a d u a l l y  lower. The 

i n i t i a l  r i s e  i n  t h e  l e f t  acromion r e s u l t s  because t h e  
e n t i r e  t o r s o  i s  r a i s e d  a s  t h e  elbow moves from w a i s t  
l e v e l  t o  shou lde r  l e v e l .  The secondary lowering of  t h e  
l e f t  shou lde r  r e s u l t s  a s  t h e  elbow con t inues  t o  r i s e  t o  
eye l e v e l .  The r i g h t  shou lde r  r i s e s  which i n  t u r n  causes  
t h e  l e f t  shou lde r  t o  tilt downward. For i d e n t i c a l  reasons  
t h e  movement i n  t h e  s a g i t t a l  p lane  i s  f i r s t  backward and 
then  forward. I t  i s  n o t  d e p i c t e d  i n  t h e  g raphs ,  b u t  t h e  
movement of t h e  l e f t  acromion i n  t h e  Y d i r e c t i o n  i s  neg- 
l i g i b l e ,  on ly  a  ve ry  s l i g h t  s h i f t  t o  t h e  l e f t .  

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Eauat ion  

There does n o t  appear  t o  be any ranges  of e x t r a p o l a t e d  reach  
p o s i t i o n  f o r  which t h e  p r e d i c t i o n  equa t ions  become i n c o n s i s t e n t .  







SUMMARY SHEET FOR SUPRASTEWALE 

GENERAL-SEATED MODEL 

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

1. I n c r e a s i n g  X e ,  elbow moving forward,  causes  t h e  supras-  
t e r n a l e  t o  move forward. There i s  no n o t i c e a b l e  devia-  
t i o n  of t h e  s u p r a s t e r n a l e  t o  t h e  l e f t  o r  r i g h t  a s  t h e  
t o r s o  bends forward. The v e r t i c a l  h e i g h t  of t h e  supras-  
t e r n a l e  g r a d u a l l y  dec reases .  The dec rease  i n  Z s  becomes 
pronounced a s  t h e  t o r s o  bends forward t o  accommodate sub- 
maximal forward reaches .  

2 .  I n c r e a s i n g  Y e ,  elbow moving from l e f t  t o  r i g h t  a c r o s s  
t h e  body, causes  t h e  s u p r a s t e r n a l e  t o  move t o  t h e  r i g h t .  
The l a t e r a l  movement of  t h e  s u p r a s t e r n a l e  becomes a t t e n -  
ua ted  f o r  t h e  mid-range of reach p o s i t i o n s .  Reach pos i -  
t i o n s  i n  f r o n t  of t h e  r i g h t  shou lde r  a r e  accomplished 
by holding t h e  Y c o o r d i n a t e s  of t h e  t o r s o  r e l a t i v e l y  
f i x e d  and p o s i t i o n i n g  t h e  arm a t  d i f f e r e n t  ang les  w i t h  
r e s p e c t  t o  t h e  r i g h t  shou lde r .  The s u p r a s t e r n a l e  moves 
s l i g h t l y  forward a s  Ye i n c r e a s e s .  When reaching t o  t h e  
l e f t  (wi th  t h e  r i g h t  arm) t h e  t o r s o  i s  pushed s l i g h t l y  
backward and when reach ing  t o  t h e  r i g h t ,  t h e  t o r s o  i s  
p u l l e d  s l i g h t l y  forward. The i n c r e a s e  i n  Xs i s  t h e  
l a r g e s t  a s  t h e  elbow moves from l e f t  t o  r i g h t  i n  f r o n t  
of t h e  shoulder .  I t  i s  n o t  d e p i c t e d  on t h e  graphs ,  b u t  
t h e  s u p r a s t e r n a l e  f i r s t  r i s e s  and t h e n  f a l l s  a s  Ye i n -  
c r e a s e s .  The v e r t i c a l  h e i g h t  of t h e  s u p r a s t e r n a l e  i s  
t h e  l a r g e s t  when t h e  elbow t a r g e t  i s  i n  f r o n t  of t h e  
r i g h t  shou lde r .  A back view of t h e  t o r s o  shows t h a t  
t h e r e  i s  a  s l i g h t  clockwise r o t a t i o n  of t h e  shoulder  
g i r d l e  a s  t h e  elbow moves l a t e r a l l y  a c r o s s  t h e  f r o n t  of 
t h e  body. 

3. I n c r e a s i n g  Ze,  elbow moving upward, causes  t h e  supras-  
t e r n a l e  t o  r l s e .  There i s  no d e v i a t i o n  i n  t h e  X o r  Y 
c o o r d i n a t e s  of t h e  s u p r a s t e r n a l e  a s  t h e  elbow i s  r a i s e d .  

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Eauat ions  

There does n o t  appear  t o  be any ranges  of e x t r a p o l a t e d  reach  
p o s i t i o n s  f o r  which t h e  p r e d i c t i o n  e q u a t i o n s  become i n c o n s i s t e n t .  





S u p r a s t e r n a l e  
G e n e r a l  Model Z of S  

( i n c h e s )  

( i n c h e s  ) 



SUMMARY SHEET FOR C7 SURFACE 

GENERAL-SEATED MODEL 

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

1. I n c r e a s i n g  X e ,  elbow moving forward,  causes  C 7  t o  move 
forward and s l i g h t l y  downward. The magnitude of t h e  
downward movement i n c r e a s e s  a s  t h e  t o r s o  bends forward 
t o  perform sub-maximal reaches .  Moving t h e  elbow forward 
a l s o  causes  t h e  C 7  s u r f a c e  marker t o  be d e f l e c t e d  t o  t h e  
r i g h t .  

I n c r e a s i n g  Y e ,  elbow movement from l e f t  t o  r i g h t  a c r o s s  
t h e  body, causes  C 7  t o  move i n  an unconventional  ' U '  
shaped p a t t e r n .  A s  t h e  elbow moves from i n  f r o n t  of t h e  
l e f t  shou lde r  t o  d i r e c t l y  i n  f r o n t  of t h e  c h e s t ,  t h e  X 
and Y c o o r d i n a t e s  of C decrease .  C 7  i s  pushed back and I t o  t h e  l e f t .  A s  t h e  e  bow con t inues  t o  move t o  t h e  
r i g h t ,  C 7  r e v e r s e s  d i r e c t i o n  and moves forward and t o  
t h e  r i g h t  s o  a s  t o  t r a c k  t h e  elbow movement p a t t e r n .  I t  
i s  n o t  d e p i c t e d  on t h e  graphs ,  b u t  C7 f i r s t  r i s e s  s l i g h t l y  
and then  f a l l s  s l i g h t l y  a s  t h e  elbow i s  moved l a t e r a l l y  
from l e f t  t o  r i g h t .  This  up and down d e f l e c t i o n  i s  
caused by t h e  s l i g h t  r o t a t i o n  of t h e  e n t i r e  upper t o r s o  
i n  t h e  f r o n t a l  p lane .  

3 .  I n c r e a s i n g  Z e ,  elbow movement upward, causes  C7 t o  r i s e  
a t  a  uniform r a t e .  There i s  n e g l i g i b l e  movement f o r  C7 
forward o r  backwards a s  t h e  elbow i s  r a i s e d .  I t  i s  n o t  
d e p i c t e d  on t h e  g raphs ,  b u t  t h e r e  i s  some minor movement 
of C 7  i n  t h e  Y d i r e c t i o n  a s s o c i a t e d  w i t h  a l l e v i a t i n g  t h e  
elbow. A s  t h e  elbow moves from w a i s t  l e v e l  t o  shou lde r  
l e v e l ,  t h e  shou lde r s  a r e  t i l t e d  s l i g h t l y  t o  t h e  l e f t  
which causes  C7 t o  move t o  t h e  l e f t .  A s  t h e  elbow moves 
above shou lde r  h e i g h t ,  t h e  t o r s o  and C 7  a r e  p u l l e d  t o  
t h e  r i g h t  i n  o r d e r  t o  t r a c k  t h e  elbow. 

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Equations 

There does n o t  appear  t o  be any range of e x t r a p o l a t e d  reach 
p o s i t i o n s  f o r  which t h e  p r e d i c t i o n  equa t ions  become i n c o n s i s t e n t .  
On f i r s t  i n s p e c t i o n  it may appear  t h a t  t h e  movement p a t t e r n s  f o r  
C7 and s u p r a s t e r n a l e  a r e  n o t  c o n s i s t e n t  f o r  r each  p o s i t i o n s  i n  
f r o n t  of and t o  t h e  l e f t  of t h e  body (nega t ive  Y e ) .  A s  t h e  elbow 
moves from l e f t  t o  r i g h t  i n  t h i s  quadrant  of t h e  reach sphere ,  
t h e  s u p r a s t e r n a l e  moves forward and t o  t h e  r i g h t  whi le  C 7  moves 
backwards and t o  t h e  l e f t .  This  i s  n o t  an incons i s t ency .  A t o p  
view of  t h e  shoulder  g i r d l e  shows t h a t  t h e  t o r s o  i s  r o t a t i n g  
clockwise. 





X o f  C7  
( i nches )  



SUMMARY SHEET FOR THORACIC AND LUMBAR SPINE 

GENERAL-SEATED MODEL 

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

The movement p a t t e r n  f o r  t h e  s u r f a c e  markers T 4 ,  T g ,  T12, 
and L2 can be v i s u a l i z e d  q u i t e  r e a d i l y  from t h e  graphs.  

1. I n c r e a s i n g  X e ,  elbow movement forward,  causes  t h e  lower 
s p i n e  t o  be p u l l e d  forward. The d e f l e c t i o n s  t o  t h e  l e f t  
and r i g h t  of t h e  lower s p i n e  a s  Xe i n c r e a s e s  a r e  n e g l i -  
g i b l e  and could  n o t  be d e t e c t e d  by t h e  r e g r e s s i o n  equa- 
t i o n s .  The impor tant  c o n t r a s t  t o  be made concerns t h e  
Z c o o r d i n a t e s  f o r  t h e  s p i n a l  markers. A s  t h e  elbow moves 
forward,  t h e  v e r t i c a l  d i s t a n c e s  f o r  T4  (and C,) decrease  
whereas t h e  v e r t i c a l  d i s t a n c e s  f o r  T g ,  T 1 2 ,  and L2 i n -  
c r e a s e .  The t o r s o  bends forward a s  it r o t a t e s  forward. 
Th i s  bending of t h e  t o r s o  causes  t h e  Z coord ina tes  of 
t h e  shoulder  g i r d l e  and upper s p i n e  t o  dec rease .  

2. I n c r e a s i n g  Y e ,  elbow movements from l e f t  t o  r i g h t  a c r o s s  
t h e  body, causes  t h e  s p i n e  t o  r o t a t e  and the reby  causes  
t h e  s p i n a l  marker t o  move from l e f t  t o  r i g h t .  There i s  
no s i g n i f i c a n t  change i n  t h e  X c o o r d i n a t e s  of t h e  sp ine  
a s  t h e  elbow moves l a t e r a l l y .  There i s  some i n c r e a s e  
i n  t h e  Z c o o r d i n a t e  of T 1 2  and L2 a s  t h e  elbow moves 
from i n  f r o n t  of  t h e  r i g h t  shou lde r  t o  t h e  f a r  r i g h t .  
The p r e v i o u s l y  semi-relaxed lower back s t r e t c h e s  i n  r e -  
sponse t o  sub-maximal r each ing  wi th  t h e  elbow. 

3. I n c r e a s i n g  Z e ,  elbow movement upward, only  e f f e c t  T 4 .  
There i s  no s i g n i f i c a n t  change i n  X ,  Y ,  o r  Z f o r  T b ,  T 1 2 ,  
and L2 a s  Z e  i n c r e a s e s .  The only  change i n  Tq i s  i n  t h e  
Z d i r e c t i o n  and t h e  i n c r e a s e  i n  Z T ~  appears  t o  be f a i r l y  
uniform. 

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Equations 

There does n o t  appear  t o  be any ranges  of e x t r a p o l a t e d  reach 
p o s i t i o n s  f o r  which t h e  p r e d i c t i o n  equa t ions  become i n c o n s i s t e n t .  







APPENDIX I 

GRAPHS OF SURFACE MARKER COORDINATES FOR THE STANDING PERSON 

Without Anthropometric Variables 
(General Model) 

The same in t roduc tory  comments given a t  t he  beginning of 
Appendix I apply t o  t h i s  Appendix. 

SUMMARY SHEET FOR SHOULDER GIRDLE: 
RIGHT ACROMION, LEFT ACROMION, SUPRASTERNALE AND C7 

GENERAL-STANDING MODEL 

Pos i t ion ing  P a t t e r n  

The desc r ip t ions  of t h e  movement p a t t e r n  of t he  shoulder 
g i r d l e  given i n  t he  summary shee t s  i n  Appendix I a l s o  apply t o  
the  presen t  s tanding model. There a r e  only two no t iceab le  d i s -  
t i n c t i o n s  between the  sea ted  and s tanding  models. F i r s t ,  movement 
p a t t e r n s  a r e ,  i n  genera l ,  s l i g h t l y  broader f o r  the  s tanding  model. 
The d i s t ance  between contour l i n e s  tends t o  increase  s l i g h t l y  
because the  s tanding s u b j e c t  has more freedom of movement. The 
second d i s t i n c t i o n  concerns reach pos i t i ons  i n  f r o n t  of and t o  
t he  l e f t  of t he  body (negat ive  Y ) .  For the  s ea t ed  sub jec t  reach 
pos i t i ons  i n  t h i s  quadrant  of t he  reach sphere were achieved by 
r o t a t i n g  t h e  t o r s o  (counter  clockwise i n  top view),  t h i s  r o t a t i o n  
caused t h e  l e f t  acromion and sup ras t e rna l e  t o  be displaced back 
and t o  t he  l e f t  wi th  r e spec t  t o  t h e  normal s i t t i n g  pos i t i on .  C7 i n  c o n t r a s t  was posi t ioned forward and t o  t h e  r i g h t  due t o  the  
r o t a t i o n .  For t he  s tanding s u b j e c t  t h i s  r o t a t i o n  of t h e  t o r s o  
was no t  observed. The g r e a t e r  freedom of movement of t he  s tanding  
pos i t i on  allows t h e  s u b j e c t  t o  l ean  t o  the  l e f t .  The e l imina t ion  
of the  t o r s o  r o t a t i o n  i s  depicted i n  t he  graphs by having the  
l e f t  acromion, sup ra s t e rna l e  and C move forward and t o  t he  l e f t  
i n  o rder  t o  a t t a i n  reach t a r g e t s  i x  the  second quadrant  ( top  view) 
of t he  reach sphere. 

Limita t ions  i n  t he  Pred ic t ion  Equations 

There does not  appear t o  be any ranges of ex t rapola ted  reach 
pos i t i ons  f o r  which the  p red ic t i on  equat ions  become incons i s t en t .  



















SUMMARY SHEET FOR LOWER SPINE: 
T q l  T 8 ,  T12 and L2 SURFACE MARKERS 

GENERAL-STANDING MODEL 

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

The summary s h e e t  g iven i n  Appendix I f o r  t h e  lower s p i n e  
i s  g e n e r a l l y  v a l i d  f o r  t h e  p r e s e n t  s t a n d i n g  model and w i l l  n o t  
be r e p e a t e d  here .  

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Equat ions  

For t h e  lower s p i n e ,  t h e  p r e d i c t i o n  e q u a t i o n s  f o r  t h e  s t and ing  
model may n o t  be a s  a c c u r a t e  a s  f o r  t h e  s e a t e d  model. This  pos- 
s i b l e  inaccuracy i s  caused by t h r e e  i n t e r r e l a t e d  f a c t o r s .  F i r s t ,  
t h e  sample s i z e  of t h e  d a t a  base  i s  smal le r .  Second, t h e  s u b j e c t  
v a r i a b i l i t y  i s  much l a r g e r  f o r  s t a n d i n g  reach  tests.  When s tand-  
i n g ,  t h e  s u b j e c t  has  f a r  g r e a t e r  freedom i n  p o s i t i o n i n g  because 
he can bend and r o t a t e  on h i s  l e g s .  Th i rd ,  t h e  under ly ing  t r u e  
r e l a t i o n s h i p  which i s  be ing  p r e d i c t e d  i s  much more complicated 
f o r  s t a n d i n g  t e s t s ,  When s t a n d i n g ,  t h e  s u b j e c t  has  two o b j e c t i v e s .  
H i s  pr imary o b j e c t i v e  i s  t o  r each  t h e  t a r g e t .  But u n l i k e  t h e  
s e a t e d  tes ts ,  he must a l s o  c o n c e n t r a t e  on keeping h i s  ba lance .  
Th i s  secondary o b j e c t i v e  of ba lance  adds ano the r  o r d e r  of com- 
p l e x i t y  t o  t h e  p r e d i c t i o n  equa t ions .  

I n  t h e  s e a t e d  tes ts ,  t h e  p o s i t i o n i n g  p a t t e r n  i s  completely 
c o n s i s t e n t  w i t h  t h e  t a r g e t  p o s i t i o n .  I f  t h e  t a r g e t  moves forward 
( o r  t o  t h e  r i g h t ) ,  t h e  s p i n e  s h i f t s  forward ( o r  t o  t h e  r i g h t ) .  
For t h e  s t a n d i n g  tes ts ,  t h e  p o s i t i o n i n g  p a t t e r n  becomes incon- 
s i s t e n t .  For  sub-maximal r eaches  forward ( o r  t o  t h e  r i g h t )  t h e  
s u b j e c t  w i l l  a c t u a l l y  push h i s  lower s p i n e  back ( o r  t o  t h e  l e f t )  
t o  keep h i s  ba lance  a s  he bends o r  t i l t s  h i s  t o r s o .  These de- 
t a i l e d  v a r i a t i o n s  i n  lower s p i n e  p o s i t i o n  a r e  n o t  adequate ly  
shown on t h e  graphs s i n c e  t h e  Z c o o r d i n a t e s  of t h e  s p i n a l  markers 
a r e  c o n s t a n t s .  The s u b j e c t  v a r i a b i l i t y  i s  s o  l a r g e  t h a t  t h e  re- 
g r e s s i o n  e q u a t i o n  cannot  account  f o r  v a r i a t i o n  i n  t h e  Z c o o r d i n a t e .  
Constant  Z v a l u e s  c r e a t e  h o r i z o n t a l  l i n e s  on t h e  graphs and i n d i -  
v i d u a l ,  over lapp ing  segments of t h a t  l i n e  cannot  be d e t e c t e d  
g r a p h i c a l l y .  However, t h e  a c t u a l  r e g r e s s i o n  equa t ion  does i n  
f a c t  p a r t i a l l y  access  and record  t h e  i n f l u e n c e  of ba lance  when 
p r e d i c t i n g  t h e  X and Y coord ina tes .  

Note: These p o s s i b l e  i n a c c u r a c i e s  f o r  t h e  lower s p i n e  a r e  
n o t  a s  pronounced f o r  t h e  shou lde r  g i r d l e .  The m o b i l i t y  of t h e  
shou lde r  g i r d l e  i s  much l a r g e r  and it i s  f a r  e a s i e r  t o  de tech  
t h e  v a r i a t i o n s  i n  p o s i t i o n .  The adjus tments  f o r  ba lance  a r e  neg- 
l i g i b l e  when cons ide red  w i t h  r e s p e c t  t o  shou lde r  g i r d l e  movement. 



A q u a r t e r  i nch  s h i f t  i n  L2 f o r  ba lance  does n o t  have a  s i g n i f i c a n t  
e f f e c t  on an 18 inch  movement of t h e  r i g h t  acromion. Balancing 
i s  achieved by moving t h e  c e n t e r  of g r a v i t y  of t h e  body, t h a t  i s  
by moving o r  f l e x i n g  t h e  lower sp ine .  There i s  no d i r e c t  e f f e c t  
on shoulder  g i r d l e  because t h e  coo rd ina t e s  of t h e  markers on t h e  
upper t o r s o  a r e  g iven  wi th  r e s p e c t  t o  t h e  observed coord ina t e s  
of L5 s u r f a c e .  



Spine 
General Model 
Stand i ng 
Back View 
Xe=l 0 

Y of Spine 
(inches) 



Spine 
General Model 
Standing 
Side View 
Y e=l 0 



APPENDIX J 

GRAPHS OF SURFACE MARKER COORDINATES 
FOR BOTH SEATED AND STANDING SUBJECTS 

With Selected Anthropometry 
(Anthropometric Model) 

The following graphs depict the predicted coordinates of the 
torso surface markers (relative to the Ls surface marker) for 
various elbow positions and specified anthropometric dimensions. 
The seated and standing anthropometric models were evaluated 
using 5 percentile and 95 percent anthropometry. The anthropo- 
metric values used are (in inches and pounds): 

Variable 5% 95% 

Stature 65.86 73.89 
Sitting Height 34.70 38.80 
Chest Circumference 34.86 43.08 
Biacromial Breadth 16.04 17.26 
Humeral Length 11.87 14.08 
Body Weight 140.15 210.76 

These values are based on the 1967 USAF Anthropometric Survey. 
Only the graphs for 95 percentile standing model are presented. 
The 5 percentile and sitting graphs are completely analogous. 

The same introductory comments given at the beginning of 
Appendix I apply to this Appendix. 



SUMMARY SHEET FOR TORSO SURFACE MARKERS 
ANTHROPOMETRI C MODEL 

95  PERCENTILE - STANDING SUBJECT 

Positioning Pattern 

The conclusions concerning how torso position is affected 
by elbow position for the 95 percentile--standing subject are, 
in general, cqmpletely analogous to the results observed for the 
general models discussed in Appendixes I and J. The inclusion 
of anthropometric variables in the prediction equations proved 
significant only for estimating the Z coordinates of the surface 
landmarks. In some cases, the anthropometric variables are not 
included at all in the prediction equation for X and Y. In the 
case where the step-wise regression procedures incorporated an- 
thropometric variables in the X and Y equation, the contribution 
of these terms is marginal. 

Two factors are responsible for the lack of significance of 
the anthropometric variables in estimating the X and Y coordi- 
nates. First, the subject pool used in deriving the regression 
equations is relatively uniform. The extremes of the general 
population are not present in the much more selective USAF popu- 
lation. This selectivity effect is magnified because the size 
of the actual sample population is relatively small. The second 
and more-important factor responsible for the lack of signifi- 
cance of anthropometry is the range of reach position. The in- 
fluence of anthropometry on the X and Y coordinates is of major 
significance only for maximal reaches. The top views of a tall 
subject and a short subject sitting normally are almost identical 
when the X and Y coordinates of the surface markers are consid- 
ered with respect to Ls. Differences are only noticeable if the 
subjects have to twist or extend their upper torsos, 

The data base for the present analysis was confined to reach 
positions on the surface of or inside of a sub-maximal reach - 
sphere; consequently, the reach positions capable of generating 
maximum anthropometric differences in the X and Y direction are 
not included in the present analysis. 

For the Z coordinates of the surface landmarks, the exact 
opposite condition was realized. The anthropometric variables 
(particularly stature and sitting height) always proved to be 
significant. The increase increase in precision of the anthro- 
pometric model over the general model is primarily due to a re- 
duction in the 2-component of the residual vector. 

Limitations in the Prediction Equations 

The predictions from the anthropometric models appear to be 
consistent and rational throughout the entire reach sphere. 



However, t h e r e  a r e  some r e s t r i c t i o n s  on t h e  range of anthropo- 
m e t r i c  va lues  which can be s u b s t i t u t e d  i n t o  t h e  equa t ions .  The 
p r e d i c t i o n s  w i l l  become completely erroneous i f  anthropometr ic  
dimensions l e s s  than  t h e  5 p e r c e n t i l e  l i m i t  o r  g r e a t e r  than  t h e  
95 p e r c e n t i l e  l i m i t  a r e  used. This  r e s t r i c t i o n  i s  no t  a s  c r i t i -  
c a l  f o r  s t a t u r e  and weight .  The sample popula t ion  was p a r t i a l l y  
s t r a t i f i e d  t o  inc lude  s u b j e c t s  approaching t h e  5 and 95 percen- 
t i l e  l i m i t s .  The r e s t r i c t i o n  i s  needed p r imar i ly  when us ing  
c h e s t  c i rcumference and humeral l e n g t h  measurements. These two 
an thropometr ic  v a r i a b l e s  appear a s  squared and cubed terms i n  a 
l a r g e  m a j o r i t y  of t h e  equa t ions .  These terms w i l l  blow up i f  t h e  
5 and 95 p e r c e n t i l e  l i m i t s  a r e  exceeded. 
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SUMMARY SHEET FOR L5 SURFACE MARKER 

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

There a r e  i n d i v i d u a l  v a r i a t i o n s  between t h e  s t a n d i n g  and t h e  
s i t t i n g  r e s u l t s  and between t h e  g e n e r a l  and t h e  anthropometr ic  
models,  b u t  t h e  conc lus ions  s t a t e d  below tend t o  ho ld  i n  a l l  cases .  

I n c r e a s i n g  X e ,  elbow movement forward,  causes  Lg t o  move 
forward. The forward d e v i a t i o n  i n  Lg i n c r e a s e s  i n  s i z e  
a s  t h e  forward reach  d i s t a n c e  becomes maximal. There i s  
a l s o  a tendency f o r  t h e  Lg s u r f a c e  marker t o  be d e f l e c t e d  
t o  t h e  r i g h t  a s  Xe i n c r e a s e s .  The movement i n  t h e  X and 
Y d i r e c t i o n s  r e s u l t s  from t h e  t o r s o  bending forward and 
r o t a t i n g  s l i g h t l y .  There i s  a r e l a t i v e l y  l a r g e  i n c r e a s e  
i n  t h e  Z c o o r d i n a t e  of t h e  Lg s u r f a c e  marker a s  t h e  elbow 
moves forward,  The u s u a l l y  r e laxed  and semi-compressed 
lower back ex tends  and s t r e t c h e s  t o  accommodate maximal 
forward reaches .  

2. I n c r e a s i n g  Y e ,  elbow movement from l e f t  t o  r i g h t  a c r o s s  
t h e  body, causes  t h e  Lg s u r f a c e  marker t o  s h i f t  t o  t h e  
r i g h t  and t o  move s l i g h t l y  forward, These movements 
occur  because t h e  upper t o r s o  i s  r o t a t i n g  from l e f t  t o  
r i g h t  i n  response  t o  t h e  elbow movement. The change i n  
t h e  Z c o o r d i n a t e  of t h e  L s u r f a c e  marker i s  negligible  i: f o r  l a t e r a l  movement of t e elbow. 

3 .  I n c r e a s i n g  Z e ,  elbow movement upward, causes  t h e  Lg 
s u r f a c e  marker t o  rise s l i g h t l y .  The i n c r e a s e  i n  t h e  
v e r t i c a l  h e i g h t  of L5 becomes s i g n i f i c a n t  f o r  r each  
t a r g e t s  above shou lde r  l e v e l .  A forward d e f l e c t i o n  i n  
Lg i s  a l s o  n o t i c e d  when t h e  elbow i s  e l e v a t e d .  The r a t e  
of i n c r e a s e  i n  t h e  X c o o r d i n a t e  of L5 i s  t h e  l a r g e s t  
when t h e  elbow i s  moving from w a i s t  l e v e l  t o  c h e s t  l e v e l .  
The forward d e f l e c t i o n  i n  L i s  a lmost  maximum when t h e  1 elbow a t t a i n s  shoulder  l e v e  . There i s  no s i g n i f i c a n t  
v a r i a t i o n  i n  t h e  Y coord ina te  of Lg a s  Z e  i n c r e a s e s .  

L i m i t a t i o n s  i n  t h e  P r e d i c t i o n  Equations 

There does n o t  appear  t o  be any ranges  of e x t r a p o l a t e d  reach  
p o s i t i o n s  f o r  which t h e  p r e d i c t i o n  equa t ions  become i n c o n s i s t e n t .  



APPENDIX K 

GRAPHS OF THE L SURFACE MARKER WITH RESPECT 
TO AN E X ~ E R N A L  REFERENCE MARKER 

Reference P o i n t  Conversion Model 

The movement of t h e  L5 s u r f a c e  marker w i t h  r e s p e c t  t o  t h e  
s e a t  r e f e r e n c e  p o i n t  ( s e a t e d  s u b j e c t )  and w i t h  r e s p e c t  t o  t h e  
f l o o r  r e f e r e n c e  p o i n t  ( s t a n d i n g  s u b j e c t )  i s  d e p i c t e d  i n  t h e  
enc losed  graphs.  Four models o r  s e t s  of p r e d i c t i o n  e q u a t i o n s  
were d e r i v e d  f o r  t h e  L5 s u r f a c e  marker. Top and s i d e  view graphs  
a r e  p r e s e n t e d  f o r  t h e  genera l - sea ted  model, t h e  genera l - s t and ing  
model and t h e  anthropometr ic-s tanding model. Graphs a r e  n o t  pre-  
s e n t e d  f o r  t h e  anthropometr ic-sea ted  model and on ly  t h e  9 5  per-  
c e n t i l e  s u b j e c t  graphs a r e  d i s p l a y e d  f o r  t h e  anthropometric-  
s t a n d i n g  model. Completely analogous conc lus ions  a r e  d e r i v e d  
f o r  t h e  anthropometr ic  graphs  which have been omi t t ed .  

The same i n t r o d u c t o r y  comments g iven a t  t h e  beginning of 
Appendix I apply  t o  t h i s  Appendix. 
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APPENDIX L 

Plots of Lumbar Vectors 

vs . 
Angle of Lumbar Reference Vector ANG 

NOTE: Surface-to-bone interspace 
vectors are plotted from 
horizontal reference axis 
rather than standard ver t ical  
axis. 



Rela t ionsh ip :  L5/S1 In t e r space  t o  L5 Surface Mark 

5 
LAT : 
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1.  

ANG = Reference Angle of Vector from L5/S1 t o  

- 

- 

- 

- 

r = 0 . 2 4  
f I I 

+40 
Vector D i rec t ion  

from Hor izonta l  t30  

Plane of L5/S1 

t o  L5 Surface +20 

Mark + lo  
(Degrees) 

0 

-10 

-20  

-30 

-40  

-30 

L1/L2 I n t e r s p a c e s ,  (pos i t i ve=£  orward) 

- 

- 
- 
- 

- 
- 
- 
- 
- 

r=0.43 
I i I 

- 2 0 -10 0 



R e l a t i o n s h i p :  L2/L3 I n t e r s p a c e  t o  L2 S u r f a c e  Mark 

LAT : 

D i s t a n c e  from 

L2/L3 I n t e r s p a c e  

t o  L2 S u r f a c e  

Mark 

( I n c h e s )  

V e c t o r  D i r e c t i o n  +40 t 
from H o r i z o n t a l  +30 

P l a n e  o f  L2/L3 t o  

L2 S u r f a c e  Mark +20 t 
( D e g r e e s )  
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ANG = R e f e r e n c e  Angle  o f  V e c t o r  f rom L5/S1 t o  

L1/L2 I n t e r s p a c e s ,  ( p o s i t i v e = f o r w a r d )  



Rela t i onsh ip :  L5 Sur face  Mark t o  L2 Sur face  Mark 
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ANG = Reference Angle of Vector  from L ~ / S ~  t o  

L /L I n t e r s p a c e s ,  (pos i t ive=forward)  1 2  



Rela t i onsh ip :  L /S I n t e r s p a c e  t o  L ~ / L ~  I n t e r s p a c e  5 1 

LAT : 

Dis tance  from 

I n t e r s p a c e  

( Inches  ) 

ANG = Reference Angle of Vector  from L5/S1 t o  

L1/L2 I n t e r s p a c e s ,  ( pos i t i ve=fo rward )  

(See F igure  18 )  
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Rela t ionship:  L5/S, In te r space  t o  L4/L5 In te r space  

LAT : 

Distance from 

L5/S1 In te r space  

t o  L4/L5 In te r space  

( Inches)  

Vector Direc t ion  
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of L5/S1 t o  L4/L5 
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ANG = Reference Angle of Vector from L5/S1 t o  

L1/L2 In te r spaces ,  (pos i t ive=forward)  



LAT : 

Distance from 

L4/L5 t o  L3/L'4 

I n t e r s p a c e  

( Inches )  

Re l a t i onsh ip :  L4/L5 I n t e r s p a c e  t o  L3L4 I n t e r s p a c e  

ANG = Reference Angle of  Vec tor  from L5/S1 t o  

t40-  

Vector  D i r ec t i on  +30- 

from F r o n t a l  

P lane  o f  L4/L5 t o  +20- 

L3/L4 I n t e r s p a c e  

(Degrees) 

- 10 

-20- 

- 30' 

-40- 

L /L I n t e r s p a c e s ,  ( pos i t i ve=fo rward )  1 2  

- 
0- 

- 

I I I 
-30 -20 -10 0 



Relat ionship:  L3/L4 Interspace t o  L2/L3 Interspace 

LAT : 

Distance from 

L3/L4 t o  L2/L3 

Interspace 

( Inches )  

Vector Direct ion +50 t 
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ANG = Reference Angle of Vector from L5/S1 t o  

L1/L2 Interspaces, (posi t ive=forward)  



Rela t ionship:  L2/L3 I n t e r s p a c e  t o  L1/L2 I n t e r s p a c e  
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Distance from 
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behind 
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APPENDIX M 

Plots of Thoracic Vectors 

vs . 
Angle of Thoracic Reference Vector ANG 

Note: Some surface-to-bone 
ar t iculat ions  are plotted 
i n  reference t o  the hori- 
zontal reference axis rather 
than t h e  standard ver t ica l  
axis.  



Rela t i onsh ip :  T12/L1 I n t e r s p a c e  t o  T12 Sur face  Mark 
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Rela t ionsh ip :  T /T I n t e r s p a c e  t o  T8 Sur face  Mark 8 9  
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T4/T5 I n t e r s p a c e ,  (pos i  t ive=forward)  

Vector  D i rec t ion  t 4 0  

from Hor izonta l  t 3 0  
Plane of T8/T9 t o  

T8 Sur face  Mark t 2 0  

(Degrees) 

be low +10 

0 

-10 

-20 

-30 

above 

(See F igure  1 9 )  

- 
, 

- 
0 - 

- 
- 
- 
- 

b 

- r=0.47 

I 1 I. I I I 

-30 -20 -10  0 + l o  +20 +30 



Relationship:  T4/T5 Interspace t o  T4 Surface Mark 
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Rela t ionsh ip :  T8 Surface  Mark t o  T4  Surface  Mark 

LAT : 

Distance  from T8 

t o  T4 Sur face  Mark 

( Inches  ) 

+40 

Vector  D i r e c t i o n  

from F r o n t a l  Plane t30  

o f  T8 t o  T4  Sur face  

Mark 

(Degrees ) t 2 0  

t10  

f r o n t  

f 0 -  

G 
behind 

-10 

, 

- 

1. 

r = 0.99 

I I I I I i 
-30 - 2 0  -10 0 t10 +20 t30  

ANG = Reference Angle of  Vector  from T12/L1 t o  

T /T I n t e r s p a c e ,  (pos i t ive=forward)  
4 5 



LAT : 
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Rela t ionsh ip :  T8/Tg I n t e r s p a c e  t o  T4/T5 I n t e r s p a c e  
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APPENDIX N 

Plo t s  of Shoulder Vectors 

vs . 
Horizontal Plane Angle of A r m  

Note: For de f in i t ion  of 
d i rec t iona l  ax i s ,  see 
Section 1V. 
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R e l - , t i ~ n s h i p :  T4/T5 I n t e r s p a c e  t o  T4 Sur face  Mark 
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Rela t ionsh ip :  I n t e r s p a c e  C7/T1 t o - S u r f a c e  C 7 
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Relationship: T8/Tg Interspace t o  T8 Surface Mark 
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R e l a t i o n s h i p  T4 Surface  t o  C, Surface  
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R e l i t i o n s h i p :  Acromion Sur face  Mark t o  C 7  Surface Mark 
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S a g i t t a l  Plane +80 

of  Acromion t o  
+70 

C 7  Surface Mark 

Vector  Distance 10 

from Sur face  9 
Acromion Mark 

t o  C 7  Sur face  8 

Mark ( i n c h e s )  

6 '  

5 

(Degrees ) +60 

- 0 

- 
A - 

0 
, % 06 0 

A 
0 

Ao 0 
A 

LI *A 
A 

1 
A 

0 - Lower 
0 - Normal 
A - upper 30 

0 

-45 0 +45 +90 +I35 

P o s i t i o n  of  Elbow ( ~ e g r e e s )  

Vector Di rec t ion  170 

from v e r  - 
t i c a l  Plane of 150 

Surf a c  130 

Acromion Mark 

, 

- 
- 0 

t o  C7 Surface 110 , 

Mark (Degrees) 90 



Rela t ionsh ip :  C /T I n t e r s p a c e  t o  Acromio-Clavicular J u n c t i o n  7 1 
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Relationship: Projected Head of Humerus 
t o  Humeral Mark 

Vector Distance from 
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Rela t ionsh ip :  Acromio-Clavicular Junc t ion  t o  Humeral Mark 
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Rela t ionsh ip :  Head of  Humerus t o  C7/T1 I n t e r s p a c e  
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Relationship: Acromio-Clavicular Junction to Acromion 
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Rela t ionsh ip :  P r o j e c t e d  Head of  Humerous 

t o  Acromio-Clavicular J u n c t i n n  

Vector Dis tance  from 
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Relationship: Projected Head of Humerus t o  Acromion 
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from Projected Head 
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Surface Mark 3 
(Inches 1 

2 

1 

+80 
Vector Direction 

from S a g i t t a l  Plane t 6 0  

of Projected Head of 

Humerus t o  Acromion t 4 0  

(Degrees) +20 

0 

-20 

-40 

-60 

-80 

0- Lower Plane 
0- Normal Plane 
A- Upper Plane 

248  

Y 

- 

- a 

- +-==*-*-*-. 
A 

- 
r = -0 .27  

P 

, 

, 

- A 

, k A A 
A A 

-... - . 
L. 

, D % b 

- a 0 00 
0 

- or = - O w o 4  

L./L 1 I I 1 I 

Vector Direction from 

8 

1 0 0  
v e r t i c a l  Plane of Head 

of Humerus t o  80 

Acromion 

(Degrees) 
6 0  

40 

20 

- 
- b 
- 
- 
- 9. = 0 . 2 2  

I I I I I 
-45 0 t 4 5  t90 t135 

posi t ion of Elbow ( ~ e g r e e s )  



Relationship of Vector from Sternoclavicular 

Junction to Acromioclavicular Junction 

Vector Distance 

from Sternoclavicular 8.0 t 
Junction to Acromio- 

clavicular Junction 7 . 0  

(Inches ) 

$ r = -0.83 

Vector Direction 

from Sagittal Plane 

through Sterno- 

clavicular Junction 

I I I I J 

Vector Direction 

from Vertical 

Axis in Plane 

through Sterno- 

clavicular Junction 

0 - Lower 
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4 - Upper Position of Elbow (~egrees) 



APPENDIX 0 

Plots of Cervical Vectors 

VS . 
Angle of cervical Reference Vector ANG 
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C /T To C3/C4 VS. Vector Direc t ion  7 1 
From C 7  Surface t o  Nasion 
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c /T To C4/C5 VS. Vector Direction 7 1 

From C7 Surface t o  Nasion 
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C4/C5 To C2/C3 vs. Vector Direction 

From C7 Surface t o  Nasion 
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Vector Direction 20 
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C /C t o  C2 Surface vs. Vector Direction 2 3 

From C7 Surface t o  Nasion 

Vector Direction 

i n  Sag i t t a l  100 

Plane from 

C2/C3 t o  C2 
Surface 

90 
(Degrees) 

80 

70 

60 
4 

- 

- 

' 

' 

' 

P I I I I I i I 

4 

Vector Distance 

from C2/C3 t o  

C2 Surface 
: (Inches) 

2 

1 

- 
a 

I, 

' m  4 

- 
@ @ " 8 .  w I 

- 

- r=-0.10 

1 I I I; I 1 .  

- 4 0 -50 -60 - 7 0 - 80 - 9 0 -100 
Vector Direction (Sag i t t a l )  from C, t o  Nasion (Degrees) 



Vector Direction 

i n  S a g i t t a l  

Plane from 

C5/C6 to 
C5 Surface 

(Degrees) 
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C7/T1 t o  C6/C7 vs. Vector Direction 

From C7 Surface to  Nasion 
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C /C t o  C5/C6 vs. Vector Direction 
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C5/C6 t o  C4/C5 vs .  Vector Di rec t ion  

From C7 Surface  t o  Nasion 
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