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1.0 Introduction 

This interim report has been prepared to  describe progress in the 

f i r s t  s i x  month's effor t  of a research program sponsored ly the Air 

Fbrce Office of Scientific Research contract # F44620 -76-C0 115. The 

results o f  our current research act ivi t ies  have contributed primarily to a' 

philosophical and analytical understanding of future directions for  

systems anthropometry. This suggested frame of research i s  discussed 

in sections that follow as argumentative propositions from h i c h  

profitable research hypotheses wil l  resul t .  Our results to date are 

based upon discussions, readings from the l i te ra ture ,  and analysis of 

avai 1 able data. 



2.0 Perspec t i ve  on Systems Anthropometry 

Progress i n  dynamic systems anthropometry f o r  t h e  p a s t  20 yea rs  

has been dominated by t h e  r e p o r t s  and papers o f '  W i l f r i d  T a y l o r  Dempster. 

H i s  A i r  Force-sponsored research as an anatomis t  l e d  t o  a  s i g n i f i c a n t  

advance i n  o u r  unders tand ing o f  t h e  dynamic p r o p e r t i e s  o f  t h e  human 

body. I n  essence, he success fu l l y  i l l u s t r a t e d  t h e  comp lex i t y  of t h e  open- 

cha in  l i n k  system o f  t h e  human body b u t  decided t h a t  o n l y  an app rox ima t ion  

of t h e  l i n k a g e  system geometry was p o s s i b l e  (Dempster, 1960). He assumed 

t h a t  a  ". . . l i n k . .  .must change i t s  l e n g t h ,  o f  course,  f r o m  moment-to-moment 

i n  an u n p r e d i c t a b l e  way" (p.  571, 1960). Thus, Dempster conceived body 

measurements as p r a c t i c a l  p o i n t - t o - p o i n t  l e n g t h s  s i m i l a r  t o  those made by 

t r a d i t i o n a l  an th ropomet r i s t s  f o r  a  hundred yea rs  o r  more. H i s  landmarks 

f o r  an thropomet r ic  l eng ths  improved es t imates  of t h e  p o s s i b l e  k inemat i c  

range o f  body a c t i v i t y ,  b u t  t hey  are,  a t  bes t ,  two-dimensional  app rox i -  

mat ions.  

A r e c e n t  AMRL-sponsored i n v e s t i g a t i o n  conducted by Snyder, C h a f f i n  

and Schutz (1974) cont inued t h e  work o f  Dempster i n t o  t h e  t o r s o .  L inkage 

concepts were aga in  u t i l i z e d  as p o i n t s  on and i n  t h e  body, b u t  t h i s  

i n v e s t i g a t i o n  presented evidence t o  c o n t r a d i c t  Dempster 's u n p r e d i c t a b l e  

l i n k  assumption. The r e s u l t s  of t h i s  i n v e s t i g a t i o n  p o i n t  o u t  t h a t  t h e  

dynamic body does behave i n  a  s t a t i s t i c a l l y  p r e d i c t a b l e  manner. The 

v a r i a t i o n  assoc ia ted  w i t h  t h e  p r e d i c t e d  r e s u l t s ,  however, must be care-  

f u l l y  cons idered i n  a  model of t h e  open-chain l i n k  system of t h e  human 

body. 

For  o u r  purposes, t h e r e  a r e  t h r e e  fundamental sources of v a r i a t i o n  - 

measurement e r r o r s ,  sampl ing e r r o r s  and p o p u l a t i o n  d i f f e r e n c e s  . An 



analogy of measuring the distance between two chalk points on a black- 

board demonstrates these errors.  F i r s t ,  two points are made on the 

blackboard and never erased. Measurement error i s  the difference be- 

tween lengths measured in successive t r i a l s .  The second major er ror  - 

sampling - occurs when the chalk points are erased and p u t  on the 

blackboard a t  the time of each successive measurement. Thus, the 

points a t  each time of measurement represent two points from the in f in i t e  

population of points. The third major source of variation - population 

differences - occurs in chalkboard and chalk which are n o t  manufactured 

uniformly. These differences are often referred to  as problems in 

qua1 i ty control and/or tolerance in machines and adaptati ve variation 

i n  biological populations. All three of these sources of variation 

in teract  and each contains part of the other in an hierarchy going from 

measurement and sampling error to population differences. 

There are possible s t ra tegies  available to  minimize the effects  

of th i s  variation on the predictive results  (Churchill and McConvil l e ,  

1976). 

Strategy 1. Sample s ize  may be decreased as measurement accuracy 

increases. Thus, the level of confidence i s  based upon measurement 

accuracy and precision rather than a large sample size.  

Strategy 2 .  Experimental variation due to  sampling errors and 

population differences may be reduced by appropriate subject selection. 

To summarize what has been said thus f a r  - Systems Anthropometry 

and Dempster's Dynamic Anthropometry have the same goals b u t  different  

methodologies. Dempster d i d  n o t  develop e i the r  a se t  of data or a 

methodology which would be capable of treat ing the human body as a 

- 3- 



th ree-d imens iona l  dynamic system. Dempster p r i m a r i l y  r e f i n e d  t h e  1  and- 

marks used i n  t r a d i t i o n a l  an thropometr ic  s t u d i e s  by demonst ra t ing  

r e l a t i o n s h i p s  between a  complex open-chain 1  inkage model o f  t h e  body 

l imbs and c e r t a i n  bony landmarks on those l imbs; 

The research task  a t  p resen t  i s  t o  l a y  t h e  f o u n d a t i o n  f o r  an 

anthropometr ic  d e s c r i p t i o n  o f  t h e  body t h a t  w i l l  be s u i t a b l e  f o r  t h ree -  

d imensional  p r e d i c t i v e  models (e.g. manik ins,  mathemat ical ,  s t a t i s t i c a l )  

o f  dynamic behav io r  o f  t he  body. F igu re  1  presents  a  systems a n a l y s i s  of 

how and where t h i s  systems anthropometry w i l l  be used t o  s o l v e  dynamic 

man-machine i n t e r f a c e  problems. Th is  approach presumes t h a t  i f  t h e  geometry 

and t h e  fo rces  i n  an environment can be s p e c i f i e d ,  t h e  r e s u l t s  o f  dynamic 

i n t e r a c t i o n  between man and machine can be p r e d i c t e d .  As a  consequence, 

i n s i g h t  i n t o  p o s s i b l e  r i s k s  and b e n e f i t s  can be ob ta ined  f r o m  model ing 

r e s u l t s  p r i o r  t o  hardware implementa t ion  and exper imenta l  t e s t i n g .  For 

example, t h e  e f f e c t  o f  a  change i n  t h e  des ign o f  a  r e s t r a i n t  system c o u l d  

be s imu la ted  i n  a  dynamic model t o  o b t a i n  i n f o r m a t i o n  on t h e  p o s s i b l e  

b e n e f i t s  o r  r i s k s  of such changes f o r  t h e  p o p u l a t i o n .  E m p i r i c a l  q u a n t i t a t i v e  

d e s c r i p t i o n s  o f  t h e  environment a r e  more avai ' labl  e  than e q u i v a l e n t  desc r ip -  

t i o n s  of t he  human body. Th is  i s  p a r t i c u l a r l y  e v i d e n t  i n  our  knowledge o f  

body geometry and the  p r o b a b i l i s t i c  d i s t r i b u t i o n  o f  these geometr ics i n  t h e  

popu la t i on .  Once t h e  methodology i s  f o rmu la ted  and a p p r o p r i a t e  data  

c o l l  ected, t h e  more t r a d i t i o n a l  exper imenta l  approach u s i n g  t h e  a c t u a l  

p h y s i c a l  environment can be used t o  v a l i d a t e  t h e  p r e d i c t e d  r e s u l t s  r a t h e r  

than t o  eva lua te  the  man/machine system. 

The c h a r a c t e r i s t i c s  o f  t h i s  systems anthropometry t h a t  d i f f e r e n t i a t e  

i t  f rom o t h e r  e f f o r t s  i s  t h e  unique combinat ion o f  d e t e r m i n i s t i c  parameters 

w i t h  probab i  1 i s t i c  f u n c t i o n s  t h a t  desc r ibe  t h e  fundamental p r o p e r t i e s  o f  

-4- 
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the dynamic human body. The fundamental deterministic parameters of 1 inks, 

mass, shape, and strength have probabilistic properties. I t  i s  also 

recognized t h a t  the deterministic force-displ acement parameters have 

probabi 1 i s t i c  properties, b u t  they are confounded by unique dynamic- task- 

environments. Presently, for  lack of the needed empirical data on a l l  

of these parameters in the population, every instance in which a variable 

in a specified task-environment i s  modified or changed, new empirical data 

are needed to determine the response characterist ics of the dynamic body. 

I n  some instances, the task-environment-body relationships may be assumed 

t o  be collinear in a simulation. This simplifies the problem b u t  brings 

in a major risk factor in the assessment of the results .  Therefore, i t  

appears t h a t  with more empirical d a t a  describing the fundamental properties 

of the human body that  have probability distr ibutions,  the risk factors 

in assessing the simulation results  may be reduced. Figure 1 attempts 

t o  present a systems overview of how the major parameters in a simulation 

would be uti l ized relat ive t o  the type of parameters and type of data. 

Recent modeling and experimental ef for ts  a t  the University of I1  1 inois 

a t  Chicago Circle by Andriacchi, Schultz, Belytschko and  others sharply 

i l lus t ra tes  the paucity of empirical data on the dynamic geometry of the 

human body. These investigators have attempted t o  study the human spine 

i n  a geometrical configuration model (Schultz and Galente, 1970). They 

used planar radiographic data from Bakke (1931) for  range of motion (in 

vivo), and in a more recent study (Andriacchi, e t  a l ,  1974), they used - 
data on osteological specimens from Lanier (1939) and anthropometri c in- 

formation on embalmed cadavers from Clauser, McConville and Young (1969) 

for  spinal geometry. I t  i s  remarkable that  these sources are available 



and t h a t  t h e  i n v e s t i g a t o r s  i n  Chicago were capable of s y n t h e s i z i n g  data  

w i t h  such unique d i f f e r e n c e s .  Th i s  s o r t  o f  examinat ion  o f  t h e  b a s i c  

da ta  s e t  i n  models leads o n l y  t o  ques t i ons  of v a l i d a t i o n  and a p p l i c a t i o n .  

Others have approached t h e i r  mode l ing  e f f o r t s  f rom t h e  same b a s i s  - i n  

essence, educated guesses o f  t h e  body l i n k a g e  geometry. 

Our c u r r e n t  d e s c r i p t i o n  o f  t he  human body l i n k a g e  system i s  d e r i v e d  

f rom a s e r i e s  o f  i n te rconnec ted  f i x e d  su r face  landmarks. Lengths between 

these s u r f a c e  landmarks a r e  measured on t h e  body by v a r i o u s  techn iques 

and i n c o r p o r a t e d  i n t o  models. For  example, F igu re  2 p resen ts  a  s t i ck -man 

model based on two s t u d i e s  (Dempster, 1964; Snyder, C h a f f i n  and Schul t z ,  

1972) t h a t  r e l i e d  p r i m a r i l y  on t h e  s u r f a c e  express ion  o f  t h e  s k e l e t a l  

landmarks s u t i a b l e  f o r  a  l i n k a g e  model o f  t h e  human body. Whi le  t h i s  

approach can p resen t  b a s i c  gene ra l i zed  body l i n k a g e  c o n f i g u r a t i o n  i n f o r -  

mat ion,  i t  re1  i e s  on o n l y  one p h y s i c a l  d imens ion - -po in t - t o -po in t  l e n g t h s .  

The a d d i t i o n  o f  o t h e r  p h y s i c a l  d imensions-- t ime and mass-- increases 

t h e  comp lex i t y  o f  t h e  problem b u t  s t i l l  r e q u i r e s  a  b a s i c  unders tand ing o f  

t h e  human l i n k a g e  system. A r e c e n t  k inemat i c  s tudy  o f  paths o f  movement 

o f  t h e  upper e x t r e m i t y  (Ayoub, Deivanayagam, and Kennedy, 1976) demonstrates 

t h e  comp lex i t y  and magnitude of t h e  problem when t h e  1  i nkage  system i s  

s t u d i e d  by measurements of l e n g t h  and t ime.  These paths  o f  mo t ion  were 

measured i n  a  l i m b  composed of seve ra l  j o i n t s  each of which has seve ra l  

degrees o f  freedom. A ma jo r  source o f  v a r i a t i o n  i n  t h e i r  r e s u l t s  i s  

appa ren t l y  observed i n  t h e  paths  o f  e x t e n s i o n  and r e t u r n  o f  t h e  arm t o  

t h e  i n i t i a l  p o s i t i o n .  V a r i a t i o n  observed i n  t h e  two t o t a l  pa ths  may be 

a s c r i b e d  t o  an i n t e r a c t i o n  between t h e  muscu lo-ske le ta l  system and t h e  laws 

o f  phys i cs  (e.g. t h e  e f f e c t  o f  g r a v i t y  m igh t  have accentuated t h i s  v a r i a t i o n )  



50TH PERC - RESTING POSITION 

KEYr 
1 RIGHT RCROMION 
3 SUPRfiSTERNHLE 
U C7 SURFACE 
5 TY SU3FECE 
6 78 SURFRCE 
7 T12 SURFGCE 
8 L2 SURFACE 
9 L5 SURFRCE 
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29 N9SION 
30 RIGHT ELBOW 
31 R:IHS/HERD 
32 LEGS/FEET 
33 SRP 

Figure  2. S t i c k  F i g u r e  "Linkage" Model 
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I n  my op in ion ,  t h e i r  r e s u l t s  p o i n t  o u t  t h a t  t h e r e  may be more rep ro -  

d u c i b i l i  t y  assoc ia ted  w i t h  t h e  i n i t i a l  and f i n a l  body p o s i t i o n  geometry 

than i n  t h e  paths o f  mot ion  between t h e  two c o n f i g u r a t i o n s .  That  i s  t o  

say, v a r i a t i o n  i n  t h e  s t a t i c  geometry o f  t h e  i n i t i a l  and f i n a l  p o s i t i o n s  

i s  p r i m a r i l y  a  f u n c t i o n  o f  anatomical  d i f f e r e n c e s  i n  body s i z e  whereas 

v a r i a t i o n  i n  t h e  paths  of mot ion  i s  p o s s i b l y  a  f u n c t i o n  of seve ra l  i n -  

dependent e x t e r n a l  and i n t e r n a l  parameters t h a t  have unique r e 1  a t i  onships 

t o  these paths  o f  mot ion .  

Other  s t u d i e s  have concen t ra ted  on t h e  l e n g t h  and mass dimensions 

o f  t h e  body (C lauser ,  e t  a l . ,  1969; Chandler, e t  a l . ,  1975). These i n -  

v e s t i g a t i o n s  have cont inued research i n  t h e  mass d i s t r i b u t i o n  o f  t h e  

body r e l a t i v e  t o  a  f i x e d - l e n g t h  l i n k a g e  system. They have measured each 

segment i n  t he  appendages--arms, l egs ,  and head--as a  f i x e d - l e n g t h  l i n k  

w i t h  i n e r t i a l  p r o p e r t i e s  . These segments have been t r e a t e d  as r i g i d  bod ies  

connected a t  h inge  p o i n t s  i n  t h e  j o i n t s .  

However, t h e  t o r s o  does n o t  appa ren t l y  behave as a  u n i t  o r  as a  

s e r i e s  o f  d i s c r e t e  segments i n  rega rd  t o  t h e  r e l a t i o n s h i p  between i t s  

l i n k s  and mass d i s t r i b u t i o n .  Past  e f f o r t s  a t  segmenting t h e  body, and i n  

p a r t i c u l a r ,  t h e  t o r s o ,  a r e  d e p i c t e d  i n  F i g u r e  3 (Dernpster, 1955) and 

F i g u r e  4a (C lauser ,  e t  a l . ,  1969; Chandler, e t  a l . ,  1975) and 4b ( s t u d i e s  

on t h e  l i v i n g ) .  Only Dempster a t tempted t o  dea l  w i t h  t h e  complex 

r e l a t i o n s h i p  between mass d i s t r i b u t i o n  and t h e  l i n k a g e  system o f  t h e  t o r s o .  

H i s  segmentat ion p l a n  was based upon muscu la ture  assoc ia ted  w i t h  h i s  

l i n k a g e  system concept  i n  t h e  shou lder  and a  f u n c t i o n a l  anatomica l  d i v i s i o n  

o f  upper and lower  t o r s o  (See F i g u r e  3 ) .  

Thus, t h e  a d d i t i o n  o f  a  second p h y s i c a l  dimension produces immediate 

methodo log ica l  consequences. The p resen t  i n v e s t i g a t i o n  i s  s y s t e m a t i c a l l y  

-9- 
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F i gu re  3. Segmentation' Scheme Used b y  Dempster (1955) t o  A r r i v e  a t  

27 Segments by S t a r t i n g  a t  - a, Proceeding Through - b, and - c Cuts.  



Figure 4. Body Segmentation used 

on Cadavers ( a )  by Clauser, e t  a l .  

(1969) and Chandler, e t  a l .  (1975) 

and  on Living Subjects ( b ) .  



approaching the study of man in a dynamic mode that requires measurements 

of length and mass in the context of time. The foundation of a new 

systems anthropometry will l i e  in a methodology that can t rea t  the human 

body as a dynamic system. As a resul t ,  a unique synthesis of several 

f ields of investigation i s  occurring and new words are forming and old 

words are taking on a new meaning. 

The study of the l ink, shape, mass and strength of the human body 

as a system may be called "anthropomechanics" - a cumbersome word, b u t  i t  

conveys the desired meaning. The data generated in this  f ie ld  of investi- 

gation are ultimately used i n  simulations that study the activity or 

response of a body within a given dynamic environment. There has been a 

division in the data, personnel and models that t rea t  the act ivi ty  of 

the body in workspace problems separately from the response of the body 

in impact and acceleration problems. I t  i s  f e l t  that this  division i s  

perhaps more a r t i  f i c i  a1 than real . Figure 4 presents a comparison of the 

two types of models with respect t o  some general parametric characteristics 

of each. For three-dimensional models, the anthropomechani cal data input 

appears t o  be more different in semantics than i n  substance. The real 

differences appear in the deterministic environments represented in both 

models. These differences probably wi 11 require analytically different 

approaches unti 1 mathematical and computer techniques are sufficiently 

advanced to handle the real -time and display differences. Despite these 

differences, the effect  upon anthropomechanical data required i s  negl igi ble. 

The environmental requirements of three-dimensional analysis makes the 

two problems even more comparable in their  anthropomechanical data 

i n p u t .  
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3.0 Methodological Considerations for  Systems Anthropometry . 
The preceding section attempted to  place Systems Anthropometry 

within the perspective of past, present, and future research uti 1 ization. 

Actual implementation of a methodology that will lay the foundation for 

Systems Anthropometry i s  in the developmental stage. As a resul t ,  some 

of the elements required in a Systems Anthropometry will be discussed in the 

following subsections. These elements are,  in general, landmark definit ion, 

three-dimensional geometric measurements, and kinematical problems of 

Sys tems Anthropometry . 



3.1. Landmark D e f i  n i  t i o n s  

Landmark d e f i n i t i o n  i s  perhaps one o f  t h e  most c r i t i c a l  problems con- 

f r o n t i n g  advances i n  three-d imensional  systems anthropometry.  Ana lys is  of 

e r r o r s  a r i s i n g  f rom p r e s e n t l y  a v a i l a b l e  i d e n t i f i c a t i o n  techniques o f  land-  

marks i s  discussed i n  a  f o l l o w i n g  s e c t i o n  by  D. Hur ley  Robbins. The 

e r r o r s  a re  s i g n i f i c a n t  problems f o r  bo th  accuracy and p r e c i s i o n  o f  t h e  

r e s u l t s ,  and e f f o r t s  t o  reduce the  e r r o r  by a  s i g n i f i c a n t  amount may 

r e q u i r e  an independent research i n v e s t i g a t i o n .  

A t  present ,  we have dev ised a t a r g e t i n g  technique which has so lved  

some o f  t he  problems. Radiographic t e s t s  o f  t h e  technique revea led  t h a t  

t he  t a r g e t  i s  v i s i b l e  on rad iographs o f  o s t e o l o g i c a l  specimens (F i gu re  6 ) .  

The t a r g e t  i s  made of  f o u r  smal l  w i r es  o f  tungsten a r rayed  i n  a  p a t t e r n  

t h a t  de f ines  a  p o i n t  on t he  su r f ace  o f  any i r r e g u l a r l y  shaped body. A 

maleable t a r g e t  o f  minimal depth i s  necessary due t o  t he  three-d imensional  

requ i rement  o f  observ ing  the  same p o i n t  i n  two separate  v iews. Th i s  

t a r g e t i n g  procedure should  meet the  geometr ic requirements o f  1  andmark 

d e f i n i t i o n  b u t  we may encounter imaging problems when t he  t a r g e t s  a re  

a p p l i e d  and rad iographs a re  taken o f  cadaver sub jec t s .  Accurate  i d e n t i  - 

f i c a t i o n  o f  t h e  anatomical  landmark may remain b a s i c a l l y  a  pe rcep t i ve  

qua1 i ty o f  t he  i n v e s t i g a t o r  b u t  perhaps t h e  p r e c i s i o n  w i t h  which t h e  1 and- 

marks a r e  t a rge ted  w i l l  be inc reased  through t h e  use o f  t h e  p r e v i o u s l y  

descr ibed  t a r g e t i n g  dev ice.  

A major  b a r r i e r  fo r .dynamic  anthropometry f o r  many years  has been 

found i n  t he  landmarks. B a s i c a l l y ,  w i t h o u t  a  d i s c r e t e  p o i n t ,  un i que l y  

def ined,  measurements o n l y  approximate a  f i x e d  body geometry. T r a d i t i o n a l  

d e f i n i t i o n s  have p r i m a r i l y  r e1  i ed upon t he  su r f ace  express ion  o f  s k e l e t a l  
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o r  muscular landmarks. For the  purposes o f  three-dimensional  systems 

anthropometry, landmarks w i l l  be p ro j ec ted  onto the  ske le ton  as vec to rs  

f rom the  body sur face.  The t a r g e t i n g  dev ice a ids  i n  t he  s o l u t i o n  t o  t he  

immediately asked quest ion o f  "how do you de f i ne  a  p o i n t  on the  su r face  

o f  the s k i n ? "  I n  essence, the  t a r g e t i n g  dev ice def ines t he  p o i n t  and 

t he  an th ropomet r i s t  def ines t h e  area. The problem changes from d e f i n i n g  

a f i n i t e  p o i n t  i n  a  l a rge  sur face  area t o  d e f i n i n g  a  f i n i t e  area and 

measuring a  p o i n t  de f ined  by t he  t a rge t .  Thus, t he  accuracy of p o i n t  

d e f i n i t i o n  i s  determined by the  accuracy o f  the  t a r g e t i n g  device,  and t he  

p r e c i s i o n  o f  p o i n t  d e f i n i t i o n  i s  determined by t he  area boundary d e f i n i t i o n .  

I n  conc lus ion,  landmarks must be se lec ted  and de f i ned  i n i t i a l l y  on 

os teo log i ca l  m a t e r i a l .  They must be pa lpab le  f rom t h e  sur face  of t he  

sk in ,  as we11 as t a rge tab le  f o r  a  rad iograph.  The exper imental  procedure 

w i l l  be t o  s tudy the  ske le ton t o  de f i ne  landmarks and then measure t h e  

l o c a t i o n  o f  a  su r face  t a r g e t  r e l a t i v e  t o  those s k e l e t a l  l y - d e f i n e d  landmark 

l oca t i ons .  Since t h i s  i n v e s t i g a t i o n  i s  us ing  f r e s h  cadavers, t he  program 

w i l l  c o n s i s t  f i r s t  o f  x - ray ing  the  body i n  a  f i x e d  p o s i t i o n  w i t h  t he  

appropr ia te  su r face  t a rge t s  i n  p lace.  Next, t he  ske le ton  w i l l  be exposed 

immediately under the  su r face  ( " ex te rna l  " )  landmark and another s e t  o f  

radiographs made f o r  the same una l t e red  body p o s i t i o n  t o  measure the 

l o c a t i o n  o f  s k e l e t a l  ( " i n t e r n a l  " )  landmarks. The r e s u l t s  w i l l  p rov ide  

a c o r r e l a t i o n  o f  three-dimensional  c a r t e s i  an coord ina te  1  o c a t i  ons o f  t he  

two t a r g e t  l o c a t i o n s  ( ex te rna l  and i n t e r n a l  ) . The remaining i n v e s t i g a t i v e  

a c t i v i t i e s  wi  11 be devoted t o  the  mathematical f unc t i ons  o f  those 

landmarks r e l a t i v e  t o  t he  j o i n t  cen te rs  o f  m o b i l i t y .  



3 . 2  Three-dimensional Geometry: Axes Sys tems . 
Three-dimensional geometric d a t a  requires the use of frames of 

reference (Figure 7 ) .  There are two probable origins for the primary, 

iner t ia l  frame of reference t h a t  are dependent upon  t h e  i n i t i a l  anatomical 

position. A t  present, the origin for the seated position should be the 

the Seat Reference Point (SRP)  and the Floor Reference Point ( F R P )  for the 

standing position. In b o t h  instances the principal axes will have the same 

orientation. The z-axis will be aligned with the vertical gravity vector, 

the x- and y-axes will be in the horizontal plane. Their orientation will 

be determined by the anatomical orientation of the body such that posterior 

t o  anterior defines t h e  + x direction, right la teral  t o  l e f t  la teral  defines 

the + y direction, and  inferior t o  superior defines the + z direction. Only 

in the in i t i a l  anatomical position will i t  be necessary t o  establish these 

directions, thereafter,  they will remain fixed and immutable. I n  summary, 

the primary frame of reference will be a right-handed orthogonal axis 

system relatively aligned with the gravity vector a n d  fixed t o  the 

environmental geometry. 

The secondary reference system wi 11 be defined by anatomical landmarks 

measured with cartesian coordinates in the primary axis system. This 

secondary axis system wil l ,  however, have s t a t i s t i ca l  properties t h a t  will 

not be observed in the primary axis system. That i s ,  i t  will ref lect  

variation in the population and  therefore have a probable error  assoc- 

iated with i t .  The secondary axis system defined in the pelvis by the 

right and l e f t  anterior superior i l i a c  spines and symphysion ref1 ects 

measurement error ,  sampl ing error a n d  popul a t  ion di fferences whereas the 

primary axis system only contains measurement error.  This pelvis axis 

system has been proposed for use a t  NAMRL in their  human volunteer sled 

tes t s  (Thomas, personal communication). 
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F i g u r e  7. Diagram o f  Pr imary ,  Secondary and t e r t i a r y  a x i s  systems. 
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A t  l e a s t  one o the r  a x i s  systern i s  needed t o  d e f i n e  complete ly  t he  

geometry f o r  s i m u l a t i n g  mot ion o f  a  mult i -segment body. Th is  t e r t i a r y  a x i s  

system de f i nes  t he  s p a t i a l  o r i e n t a t i o n  o f  each segment, t h e  l o c a t i o n  o f  t h e  

j o i n t  cen te rs  of m o b i l i t y ,  the  l o c a t i o n  of segment cen te rs  of mass, and a  

re fe rence  frame f o r  the  momenta1 e l l i p s o i d  o f  i n e r t i a .  Each t e r t i a r y  a x i s  

system, however, must be c a r e f u l l y  def ined so t h a t  t h e r e  i s  no mot ion  between 

landmarks used i n  i t s  d e f i n i t i o n .  Thus, t he  a x i s  system w i l l  be " s t a b l e "  and 

always r e f l e c t  mot ion o f  the  segment r e l a t i v e  t o  t he  secondary a x i s  system. 

T r a d i t i o n a l  s imu la t i on  concepts have cons idered t he  body as a  

s e r i e s  o f  i n te rconnec ted  r i g i d  geometr ica l  bodies t h a t  s imu la te  t h e  segments o f  

t h e  body. Hanavan (1964) de f i ned  such a  model f o r  e s t i m a t i n g  t h e  mass 

d i s t r i b u t i o n  p r o p e r t i e s  o f  t he  whole body i n  va r ious  f i x e d  p o s i t i o n s .  I n  

Hanavan's model, as we1 1  as succeeding more s o p h i s t i c a t e d  models, segment 

axes systems have been de f ined  by t he  p r i n c i p a l  axes o f  i n e r t i a  l o c a t e d  

a t  t he  segment's cen te r  o f  mass. Dynamic s imu la t ions ,  founded i n  a  de te r -  

m i n i s t i c  ph i losophy f rom which mechanis t ic  analogues o f  t h e  human body 

have been devised, t r e a t  each segment as p i v o t i n g  "mass- l inks.  " Thus, 

each l i n k  has a  f i x e d  p i v o t  p o i n t ,  f i x e d  mass, and t he  geometry o f  t he  mass 

i s  p a r t i a l l y  de f ined  by i t s  f i x e d - l e n g t h  l i n k .  Th i s  a n a l y t i c a l  t r e a t -  

ment i s  mathemat ica l ly  "c lean"  s i nce  i t  uses i n t r i n s i c  p r o p e r t i e s  o f  t h e  

geometr ic bodies t o  s imu la te  anatomical  segments o f  t h e  human body. 

The l i n k a g e  system has thus become an eng ineer ing  concept super- 

imposed upon t he  human anatomy. It cannot supp lan t  t he  muscul o-s k e l  e ta1  

system s i n c e  t he  l i n k  i s  a conceptual  parameter f o r  d e s c r i b i n g  body mot ion  

and does n o t  i nco rpo ra te  any o f  t h e  random p r o p e r t i e s  o f  t h e  human dynamic 

system. L i nks  have been de f i ned  as s t r a i  ght -1  i n e  d is tances  between prox imal  



and distal  pivot points which represent joint centers of rotation. However, 

these joint centers of rotation are in real i ty  probabilistic paths of 

instantaneous centers of joint rotation which can and d o  apparently change 

the link length as a function of movement in adjacent segments (Dempster, 

1960). Thus, the fixed-length link i s  not a fundamental anatomical unit 

b u t  an analytical engineering tool with which the skeleton and joints 

have been modeled. 

The present research i s  therefore developing different analytical 

concepts of the 1 inkage system util izing joint centers of mobi 1 i ty and 

changing link lengths which affect the choice of landmarks of segment axis 

system definition. Systems anthropometry will perhaps not change the use of 

some of these geometric shape simulations t o  estimate the mass distribution 

properties of segments, b u t  i t  will provide three-dimensional data on the 

location of anatomical landmarks used t o  define segment axes systems. There- 

fore, landmarks used in defining axes systems must be chosen such that  they 

are "stable" and always remain fixed between adjacent joint centers of 

mobi 1 i t y  that define the segment. 

In addition, as i l lustrated i n  Figure 7 ,  the center of mass and 

momenta1 ellipsoid of iner t ia  of each segment can also be located relative 

to  the te r t ia ry  axis system. These mass distribution properties could then 

be based upon empirically predicted data rather than the current estimates 

based upon geometric models. To date, empirical information on the direction 

and location of the principal axes of iner t ia  have been measured only once 

on six embalmed male cadavers (Chandler, e t  a l . ,  1975). An investigative 

e f for t  i s  presently in progress sponsored jointly by AMRL and NHTSA to quantify 

these parameters on a sample of th i r ty  living men. This new study will 

investigate only the mass distribution properties of these subjects and not 



the kinematic properties necessary for  a complete description of the human 

dynamic system. I n  order t o  re late  these new results w i t h  the results of 

the 'present investigation, comparable segment axes systems based upon 

anatomical 1 andmarks are necessary. Each segment axis system, therefore, 

i s  defined by three surface landmarks. Within this  axis system, the principal 

axes of iner t ia  will be located a t  the segment center of mass. The present 

investigation has proposed a similar procedure to locate the joint center of 

mobility for each major joint.  As a resu l t ,  the iner t ia l  and kinematical 

geometries may be described comparably within the same s e t  of axes systems. 

However, the axes systems must be defined and described carefully since some 

of the landmarks currently being used for  the i r  definition may need to  be 

re-defined as research progresses i n  the present investigation. 



3.3. K inemat i ca l  Problems f o r  Systems Anthropometry 

The k i n e m a t i c a l  p rob lem focuses on j o i n t  c e n t e r s  o f  m o b i l i t y .  P rev ious  

e f f o r t s  have s imu la ted  body mot ion u s i n g  h inge  p o i n t s  t h a t  i n t r o d u c e  e r r o r s  

i n  some l i n k  l e n g t h  es t ima tes  o f  as much as 5 cm. (Dempster, 1955).  Since 

t h e  body i s a n  o p e n - c h a i n l i n k  s y s t e m o f m a n y b i o m e c h a n i c a l l y s i g n i f i c a n t  . 

j o i n t s ,  t h e  d i f f e r e n c e  i n  geometr ic  body mot ion  c o n f i g u r a t i o n  between p re -  

d i c t e d  and r e a l  c o u l d  become s u b s t a n t i a l .  

I n  o r d e r  t o  r e c o n c i  1  e  these geometr ic  d i f f e r e n c e s  , a  th ree -d imens iona l  

anthropometry  i s  r e q u i r e d  t h a t  q u a n t i t a t i v e l y  d e f i n e s  j o i n t  k inemat i cs .  

L i n k  l e n g t h ,  t h e r e f o r e ,  can be cons ide red  t o  be t h e  r e s u l t  o f  three-dimen- 

s i o n a l  body p o s i t i o n  a t  a  f i x e d  p o i n t  i n  t ime .  It would n o t  be a  measured 

q u a n t i t y  b u t  a  parameter d e r i v e d  f r o m  an a n a l y s i s  o f  body geometry. T h i s  

i s  perhaps t h e  most r a d i c a l  imp1 i c a t i o n  o f  th ree -d imens iona l  systems a n t h r o -  

pometry. That  i s ,  t h e  1  inkage system may be d e f i n e d  by  c e n t e r s  o f  j o i n t  

mob i l  i ty  l c c a t e d  w i t h i n  anatomica l  axes systems. 

Phase I 1  w i l l  i n v e s t i g a t e  t h e  t h i g h ,  p e l v i c ,  and lumbar segments 

t h a t  p r o v i d e  c o n t r a s t s  i n  t h e  problems encountered i n  j o i n t  c e n t e r s  o f  

m o b i l i t y  and axes systems d e f i n i t i o n  i n  t h e  body. For  example, t h e  t h i g h  

has t h r e e  landmarks on t h e  femur a t  T r o c h a n t e r i o n  and t h e  r i g h t  and l e f t  

femoral  condy les  whereas t h e  lumbar r e g i o n  c o n t a i n s  4 t o  6 v e r t e b r a e  t h a t  

a r e  d i f f i c u l t  t o  i d e n t i f y  w i t h  p a l p a t i o n  and a l s o  have some r e l a t i v e  mot ion  

among them (Snyder, e t  a1 . , 1974). The p e l v i s  i s  perhaps b e s t - s u i  t e d  f o r  

d e f i n i n g  an anatomica l ly -based a x i s  system, because i t  has severa l  reasonably  

we1 1  - d e f i n e d  s k e l e t a l  1  andmarks t h a t  a r e  commensurately d i  s t a n t  f r o m  one 

another .  

Geometric d e s c r i p t i o n  o f  j o i n t  c e n t e r s  o f  mobi 1  i ty can be r e s o l v e d  



i n t o  expe r imen ta l  hypotheses.  F i r s t ,  what  i s  t h e  s i z e ,  o r  volume, o f  

each j o i n t  c e n t e r  o f  m o b i l i t y  boundary? Thus, can t h e  j o i n t  c e n t e r s  be 

adequa te l y  modeled as p o i n t s  o r  a r e  p r o b a b i l i s t i c  p a t h s  o f  i ns tan taneous  

j o i n t  c e n t e r s  o f  r o t a t i o n  necessary?  These q u e s t i o n s  must be posed f o r  

each s i g n i f i c a n t  j o i n t  wh ich  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  wou ld  be i n i t i a l l y  

t h e  h i p  j o i n t  c e n t e r s  and t h e  L5/S1 j o i n t  c e n t e r s  o f  m o b i l i t y .  

F o r  example, t h e  h i p  has a  b a l l - a n d - s o c k e t  j o i n t  whose c e n t e r  o f  

r o t a t i o n  has been t r a d i t i o n a l l y  de f i ned  by  T r o c h a n t e r i o n  on t h e  femur i n  

an th ropomet r i c  surveys .  Dempster (1955) proposed however, t h a t  t h e  h i p  

j o i n t  c e n t e r  c o u l d  o n l y  be l o c a t e d  w i t h i n  a  " . . .1 .2-  t o  1 .5 - i nch  e l l i p s e "  

(p. 117) when measured as a  p o i n t  ha l fway between t h e  s e a t  s u r f a c e  and t h e  

a n t e r i o r - s u p e r i o r  i l i a c  sp ine  w i t h  t h e  body i n  a  seated p o s i t i o n .  Thus, 

t h e  l o c a t i o n  o f  t h e  h i p  j o i n t  c e n t e r  has a  c e r t a i n  amount o f  e r r o r  wh ich  

a c c o r d i n g  t o  Dempster c o u l d  be s u b s t a n t i a l .  I t  would appear t h a t  a  p o i n t  

may n o t  be s u f f i c i e n t  t o  d e s c r i b e  t h e  geometry o f  j o i n t  m o b i l i t y  f ound  

i n  t h e  h i p .  S ince t h e  L5/S1 j o i n t  c e n t e r  o f  m o b i l i t y  has n o t  been e q u a l l y  

s t u d i e d ,  any c o n c l u s i o n s  r e g a r d i n g  i t  would be premature excep t  t o  say 

t h a t  i t s  s k e l e t a l  geometry r e s t r i c t  mo t i on  t o  a  l a r g e r  degree than  found  

i n  t h e  h i p  j o i n t .  Thus, t h e  l u rnba r /pe l v i c  j o i n t  c e n t e r  o f  m o b i l i t y  may 

be  l e s s  complex t h a n  t h e  p e l v i c l f e m u r  c e n t e r .  

O the r  hypotheses can be posed f o r  exper iments  t h a t  t e s t  t h e  degree 

t o  wh ich  d i f f e r i n g  amounts o f  mo t ion  o f  one segment r e l a t i v e  t o  an a d j a c e n t  

f i x e d  segment a f f e c t s  t h e  geometry o f  t h e  j o i n t  c e n t e r  o f  m o b i l i t y .  Fo r  

example, t h e  femur i s  a  r i g i d  bone whose p a t h  o f  mo t ion  i n  t h e  s a g i t t a l  

p l a n e  r e l a t i v e  t o  a  f i x e d  p e l v i s  a x i s  system can be p l o t t e d .  The geometry 

o f  t h e  j o i n t  c e n t e r  of m o b i l i t y  must be s t u d i e d  i n  t h e  h i p  j o i n t  r e l a t i v e  

t o  t h e  t o t a l  t ime  e lapsed  f o r  t h e  mo t ion .  Thus, i s  t h e  d e s c r i p t i o n  o f  t h e  
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hip j o in t  center of mobility from a time-lapse stereo-radiographic se r ies  

of measurements applicable t o  a "high-speed" envi ronmenl? Tests of a 

rate-dependency hypothesis require time-1 apse and high-speed (over 100 

frames per second) radiographic capabi l i ty  both of  which are  available a t  

HSRI. 

The actual t e s t  configuration has not been decided, b u t  the possi- 

b i l i t y  of using non-human primates i s  being discussed. Non-human primates 

would be desirable in order t o  determine the amount of information needed 

by type of jo in t  and associated degrees of freedom, and a lso  t o  t e s t  the 

relat ionship between -- i n  vivo and fresh primate cadaver kinematic r e su l t s .  

Furthermore, the non-human primates have a very real advantage over f resh  

cadavers in regard to  t h e i r  body s ize  and physical maneuverability. The 

use of non-human primates, however, would not provide quant i ta t ive  data 

applicable t o  the human body b u t  would make dynamic research hypotheses 

more feas ible  t o  t e s t .  Thus, based upon the resu l t s  obtained from a very 

limited number of non-human primates, the types of data required t o  des- 

cr ibe  and predict the kinematic behavior of the jo in t  center of mobility 

could be prescribed. 

Subsequent s tudies  would then be undertaken to  determine the most 

probable paths of motion fo r  each major jo in t '  center of mobility. For 

example, fo r  each degree of freedom in a j o in t ,  one equation describing 

the most probable path of motion would be defined. The hip j o in t  has three 

degrees of freedom defined by extension-flexion in a para-sagit tal  plane, 

abduction-adduction in the frontal  plane, and rotat ion in the transverse 

plane. As a r e su l t ,  each plane would contain a most probable path of 

motion which would be empirically described re la t ive  to  the pelvic axis  

system. A generalized form of the data will be necessary since they must 
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d e s c r i b e  t h e  j o i n t  c e n t e r  o f  m o b i l i t y  geometry f o r  a  s p e c i f i e d  sample o f  

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

I n  c o n c l u s i o n ,  t h i s  sec t i on '  has s i g n i f i c a n t  i m p l i c a t i o n s  f o r  Phase 

I 1  and f o l l o w i n g  research  i n  Phase 111. I n  p o s t u l a t i n g  t h e  me thodo log ica l  

i m p l i c a t i o n s  o f  systems anthropometry ,  s e v e r a l  research  problems have been 

d iscussed.  S o l u t i o n  o f  these problems w i l l  r e p r e s e n t  s i g n i  f i c a n t  p rog ress  

i n  o u r  knowledge o f  t h e  dynamic human body. S p e c i f i c a l l y ,  these r e s u l t s  

w i l l  e v e n t u a l l y  p r o v i d e  t h e  b a s i s  f o r  a  comple te  geometr ic  d e s c r i p t i o n  o f  

the  dynamic human body based on e m p i r i c a l  da ta .  



4.0. Task Reports f o r  Phase I 

The f o l l o w i n g  subsect ions have been w r i t t e n  by merr,bers o f  t he  

research team. Each s e c t i o n  summarizes t h e  r e s u l t s  o f  s p e c i f i c  tasks  

i d e n t i f i e d  by the  p r o j e c t  d i r e c t o r  t o  accompl ish t he  goals  o f  Phase I .  

The goals  and app rop r i a t e  sec t i ons  a re  as f o l l o w s :  

a )  E s t a b l i s h  t he  data c o l l e c t i o n  methodology f o r  t he  new system 

anthropometry,  i n c l u d i n g  development o f  a  means o f  s p a t i a l l y  i d e n t i f y i n g  

anatomical  and anthropometr i  c  1  andmarks s u i t a b l e  f o r  a  three-d imensional  

coord ina te  d e s c r i p t i o n .  

Subsect ion 4.1 D. H. Robbins 

4.2 M. Bender 

b )  Develope a da ta  ana l ys i s  methodology, and determine u t i l i t y  

o f  t he  data i n  p resen t  o r  f u t u r e  models, such as AP.IRL1s COMBIMAN Model. 

SubsecLion 4.3 H. M. Reynolds and D. H. Golomb 

4.5 D. H. Golomb 

c )  Coord inate data c o l l e c t i o n  and a n a l y s i s  i n  m u t u a l l y  comp l i -  

mentary formats.  

Subsect ion 4.4 H. M. Reynolds 

4 .6  B. Bowman 

4 . 7  3. Freeman 

d) Examine and analyze three-d imensional  c a r t e s i  an coord ina te  

da ta  a l r eady  c o l l e c t e d  on 280 i n d i v i d u a l s  f o r  t h e  development o f  s u i t -  

a b l e  s t a t i s t i c a l  summarization and p r e s e n t a t i o n  techniques.  

Subsect ion . 4 . 5  D. H. Golomb 

Some o f  these sec t i ons  w i l l  serve as t h e  b a s i s  f o r  papers t o  be 

presented a t  s c i e n t i f i c  meetings as we1 1 as pub1 i c a t i o n s  i n  s c i e n t i f i c  



j o u r n a l s .  I n  p a r t i c u l a r ,  Subsect ions  4.1 and 4 .3  w i l l  be used f o r  o r a l  

p r e s e n t a t i o n s  and 4.5 w i l l  be used as t h e  b a s i s  f o r  two w r i t t e n  p u b l i c a -  

t i o n s .  The o v e r a l l  r e s u l t s  o f  Phase I r e s e a r c h  w i l l  be d i scussed  i n  

S e c t i o n  5.0 w i t h  t h e  a d d i t i o n  o f  s p e c i f i c  recommendations f o r  Phases I 1  

and 111. 



4.1. E r r o r s  i n  D e f i n i t i o n  o f  an Anatomical ly-Based Coordinate System 
Using Anthropotretr ic Data. 

by D. H. Robbins 

4 , l  .I. I n t r o d u c t i o n  

Given the  s p a t i a l  l o c a t i o n  o f  t h ree  non -co l l i nea r  p o i n t s  on t he  

human body, i t  i s  poss ib l e  t o  cons t ruc t  a coord ina te  system which can 

be used t o  descr ibe the mot ion of t h e  body o r  body segments, p rov ided  

t h a t  t he  po in t s  remain e q u i d i s t a n t  from one another  and a re  r i g i d l y  

f i x e d  t o  t h a t  p a r t  o f  t h e  anatomy i n  ques t ion .  However, i t  i s  known t h a t  

i t  i s  no t  poss ib l e  t o  o b t a i n  t he  p rec i se  l c c a t i o n  i n  space of  p o i n t s  on 

t h e  body us ing common techniques o f  anthropometry. Therefore,  i t  fo l lows  

t h a t  some e r r o r  i s  i nhe ren t  i n  any coord ina te  system which i s  cons t ruc ted  

from anthropometr ic data.  The purpose o f  t h i s  d iscuss ion  i s  t o  present  

formulas f o r  de f i n i ng  the  l o c a t i o n  o f  a  coord ina te  system i n  space 

based on a n t h r o p o m e t r i ~  data and t o  demonstrate t he  u n c e r t a i n t y  o f  i t s  

l o c a t i o n  us ing est imated data from the  human p e l v i s ,  

F igure 8 shows coord ina te  systems and data f o r  t he  human p e l v i s .  

Loca t ion  o f  the  p e l v i s  i s  de f i ned  by t h ree  p o i n t s - - l e f t  and r i g h t  a n t e r i o r  

supe r i o r  i l i a c  spines and symphysion ( p o i n t s  1, 2, and 3) .  An i n e r t i a l  

coord inate system ( I ,  J, K )  i s  shown superimposed on a  moving p e l v i c  

system def ined by ( i  , j , k) . Data i n  the  x, y, z system f o r  t h e  t h ree  

p o i n t s  a re  based on bes t  est imates of pro fess ional  an th ropomet r i s ts .  

P o t e n t i a l  e r r o r  est imates f o r  t h e  p o i n t s  represents  a consensus op in ion .  

The f o u r t h  p o i n t  ( 4 ) ,  which i s  t he  o r i g i n  of t he  moving p e l v i s  coord ina te  

system, i s  l oca ted  by dropping a  perpend icu la r  f rom p o i n t  1  t o  a l i n e  

connect ing p o i n t s  2 and 3. It i s  apparent t h a t  p o i n t  4  and t he  axes o f  

t h i s  moving system w i l l  n o t  co i nc i de  w i t h  t h e  i n e r t i a l  system when 
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@ SYMPHYSION 
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Point  1 

Point  2 

Po in t  3 

Figure 8. Pelvic Data and Coordinate System 



e r r o r s  o f  measurement occur  i n  t h e  an th ropomet r i c  data.  

4.1.2. A n a l y s i s .  

The d i r e c t i o n  o f  t h e  coord ina tes  i n  t h e  moving system a r e  g i ven  

by:  

i = alI  + a2J + a3K 

j B ~ I  + B2J + 6 3 K  

k = y l I  + y2J + y3K 

D i r e c t i o n  cos ines f o r  t h e  y - a x i s  w i l l  be 

where 

d23 = 4 [ ( x2  - ~ 3 )  (6x2 - 6x311 + [(y2 - y 3 :  + (by2 - b y 3 ) I 2  + 

+ [(z2 - 23) + ( 6 ~ 2  - bz3)] 2' 

and 6x1, 6x2, and 6x3 a r e  t h e  e r r o r s  i n h e r e n t  i n  t h e  an th ropomet r i c  

data.  The z - a x i s  i s  d e f i n e d  by  dropp ing a p e r p e n d i c u l a r  f rom p o i n t  1 t o  

t h e  y - a x i s  y i e l d i n g  

where 

Because o f  or thogonal  i t y  , 



The location of point 4 can be written 

XI, = X2 + t ( x 2  - ~ 3 )  + 6x2 + t ( b x 2  - 6x3) 

y4 = Y2 + t ( ~ 2  - ~ 3 )  + 0 2  t ( 6 ~ 2  - 6 ~ 3 )  

Zt+ = 22 + t ( Z 2  - ~ 3 )  + 6 Z 2  + t (6z2  - 6 ~ 3 )  

where t i s  defined as a proportionality fac tor  along d Z 3 .  Substi tut ion 

in to  the orthogonal i t y  condition and simp1 i f i ca t ion  yie lds  

Direction cosines ( a l ,  a2, and a 3 )  f o r  the x-axis are determined from 

h = i x j  = ( f i2y3 - fi3y2)I + (fi3y1 - B1y3)J + ( p l y p  - B2y1)K 

Euler angles can now be defined t o  describe the or ienta t ion of the 

moving system w i t h  respect to  the fixed system. The angles ( 4 ,  e ,  and 

$) are  associated with the (x ,  y ,  and z )  axes respectively: 

e = sin ' l (-as)  

4.1.3. Examples 

The location of point 4 and the Euler angles associated w i t h  the 

moving coordinate system have been computed f o r  several combinations 

of er rors  within the ranges given i n  Figure 8. The r e su l t s  are  tabulated 

in Table 1 .  



TABLE 1.  POTENTIAL COORDINATE SYSTEM LOCATIONS 

USING ANTHROPOMETRIC DATA 

*It should be noted t h a t  t h e  o r i g i n  and coord ina te  system l o c a t i o n s  do n o t  r e f l e c t  p e l v i c  symmetry. 

Case 

Skewed about z 

Skewed about y 

Skewed about x 

Z - s h i f t  o f  data 

Y - s h i f t  o f  data 

X - s h i f t  o f  data 

Typ ica l  (about 
1/2 maximum e r r o r )  

Given Pred i  c ted  
1 

P o i n t  1 

x Y - 7 

0 0 -14.28 

2 0 -11.28 

P o i n t  2 

x Y z 

1 14 0 

-1 14 -3  

P o i n t  3 P o i n t  4 

x Y z 

-1 -14 0 

-1 -14 -3 

0 -14 -3 

0 -14 3 

0 - 9  0 

1 -14 0 

-75 -16 1.8 

0 2 -11.28 

0 0 -11.28 

0 2 -14.28 

1 0 -14.28 

1 1 -12.75 

x Y z 

0 0 0 

-1 0 -3 

0 4.22 -0.9 

0 0 3 

0 2 0 

1 0 0 

.16 - .5 -01 

I 

0 14 3 

0 14 3 

0 19 0 

1 14 0 

-.5 17 -2 

Q 8 4 

4-09" 0 0 

0 11.86' 0 

0 0 12.02' 

0 0 0 

0 0 0 

0 0 0 

1.71' 3.97'- 6.58' 



4.1.4. Conclusions, 

Based on the analysis and on the examples, four conclusions have been 

drawn. 

1. The location of a point in a coordinate system (e .g. ,  joint 

centers and centers of gravity) can be no more accurate than the 

coordinate system i t s e l f .  

2 ,  The points bhich are the most accurately determined should be 

used in constructing coordinate systems subject to  the fact  that they must 

also be the far thest  apart. 

3 .  Using these equations, i t  i s  possible t o  study the effect  of measure- 

ment errors on the abi 1 i  t y  t o  define anatomical ly-based coordinate systems. 

4. Given pelvic data plus an estimate of i t s  current range of 

accuracy using present measurement techniques, we predict errors could 

be as large as 12' in angular orientation of  a coordinate axis and 

3 cm. in translation. More typically,  however, errors of  $ cm. and 

6' are t o  be expected on the pelvis. 



4.2 Radiographic Mthodology for Sys terns Anthropometry &as urement 

M Bender 

An important goal in the systems anthropometry program is accurate and 

repeatable quantitative specification of anatomical landmarks in a three- 

dimensional coordinate sys tem. The d i s t r i  bution of these landmarks, or points, 

includes points on the skin surface and points on the skeletal  structure with - 

i n  the body. This condition suggests use of radiographic techniques for the 

location of such points; the niain problem is  establishment of  a coordinate 

axes sys tem h i  ch permits accurate measurements in a convenient, economical , 

and s t ra ight  -forward procedure. After consideration of several approaches 

involving a rigid cartesian framework in a i c h  an x-ray head and film 

cassette could be mounted and scaled for  axes measurements, i t  was concluded 

that the problems and costs associated with fabricating, scaling, and per- 

forming rneas urements with such a device would be extensive. A more simple 

and straight-forward procedure was found in the technique of x-ray s tereo 

photogrammetry, which offers the possi bili ty of accurate location of points 

in space explicit ly from measurements of corresponding images on a pair of 

x-ray radiographs . 
There are basically four configurations of x-ray t u b e  focal spot,  object 

platform, and film plane k i c h  can be used to  produce stereo-radiographs 

( ItNeil , 1966). These are shown in Figure 9, and are: a )  two stationary 

tubes w i t h  stationary object and film, b) translation of one tub w i t h  

stationary object and film, c )  translation of object w i t h  one stationary 

tube, and d )  rotation of object and film with one stationary t u b e .  In 

practical terms, the f i r s t  configuration, ( a ) ,  and the th i rd ,  ( c ) ,  are 

not suitable for  purposes of this  program because of inavailabili ty 



( a )  Two S ta t i ona ry  Tubes w i t h  

S ta t i ona ry  Object .  

(b )  T rans la t i on  o f  one tube 

wi,th S ta t i ona ry  o b j e c t .  

(c )  T rans la t i on  o f  Object  w i t h  ( d l  Rota t i on  o f  Object  w i t h  

one S ta t i ona ry  Tube. 
0 

one S t a t i o n a r y  Tube. 

F igure  9. Basic Confi.gurati,ons f o r  Producing Stereoradiographs. 



o f  two a p p r o p r i a t e l y  mounted x - ray  tubes, and, i n  t h e  l a t t e r ,  accura te  

t r a n s l a t i o n  o f  t h e  o b j e c t  and f i l m  i s  n o t  f e a s i b l e .  Con f i gu ra t i ons  ( b )  

and ( d )  a re  under cons ide ra t i on  f o r  use i n  t h i s  program, b u t  ( b )  i s  b e t t e r  

s u i t e d  f o r  use w i t h  cadavers than c o n f i g u r a t i o n  ( d )  because o f  t h e  nec- 

e s s i t y  t o  avo id  any poss ib l e  displacement of a  surface s k i n  marker w i t h  

respec t  t o  an i n t e r n a l l y  designated landmark, between exposures i n  t he  

p roduc t ion  o f  a  p a i r  o f  s tereorad iographs.  The s t r u c t u r e  o f  t he  x - ray  

u n i t  a t  H S R I  i s  wel l -adapted t o  t h i s  c o n f i g u r a t i o n  because t h e  s i n g l e  

tube displacement can be locked  i n  each p o s i t i o n  v e r t i c a l l y  and h o r i -  

z o n t a l l y  and displacements can be conven ien t l y  c a l i b r a t e d ,  b u t  i t  i s  

e s s e n t i a l  t h a t  t h e  l i n e  o f  tube displacement be p a r a l l e l  t o  the  image 

plane. 

4.2.1. O r i g i n  C a l i b r a t i o n  and Image Dis tance Ca1 i b r a t i o n .  

A 14- inch by  17- inch x- ray f i l m  casse t t e  su r face  was p rov i ded  w i t h  

x- ray opaque t h i n  w i r es  a t  t he  edges o f  t he  casse t t e  frame, a t  p o i n t s  

90' f rom each o the r ,  so t h a t  t he  images o f  these p o i n t s  cou ld  be conn- 

ec ted  on t h e  developed image t o  form an x-y a x i s  system i n  t h e  image 

plane. The y - a x i s  corresponds t o  t he  17- inch dimension. I n  o rde r  t o  

es tab l  i s h  a  re fe rence  coord ina te  system, two c a l  i b r a t i o n s  must be per-  

formed. These a re  1 )  an o r i g i n  c a l i b r a t i o n  t o  p o s i t i o n  t h e  f o c a l  spo t  

o f  t h e  x- ray tube v e r t i c a l l y  above t he  o r i g i n  o f  t he  x-y a x i s  system o f  

the  f i l m ,  and z )  an image d i s t ance  c a l i b r a t i o n  t o  determine t h e  per-  

pend i cu l a r  d is tance  from t h e  f o c a l  spo t  t o  t he  f i l m ,  o r  image plane. 

These s teps a re  r equ i r ed  regard less  o f  t h e  c o n f i g u r a t i o n  used t o  p ro -  

duce s te reo  radiographs. These s teps were accomplished by  c o n s t r u c t i o n  

and use of a  c a l i b r a t i o n  dev ice,  shown i n  the  photograph of F i gu re  10. 



Figure 10 

X-Ray Image Distance and Origin Cali bration Device 
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Two 6-inch by 6-inch paral lel  planes of aluminum of 118-inch thickness are 

supported by e ight  r ig id  plexiglass legs.  The surfaces of each plane 

contain a symmetrical array of four x-ray absorbing t a rge t s  in the corners,  

and one in the center  of the plane. Average distances between t a rge t s ,  

from corner t o  corner along the edges of the square, a re  5.008 - + 0.001 

inches. The upper plane t a rge t s  consis t  of 0.010-inch diameter by 0.010- 

inch depth cylinders,  and the lower plane t a rge t s  consis t  of 1/4-inch 

crosses,  a1 so of 0.010-inch width and 0.010-inch depth. Average distances 

of the upper surfaces of each plane from a f l a t  grani te  table  surface 

were found t o  be 10.024 - + 0.002 inches f o r  the upper plane, and 5.012 - + 

0.001 inches fo r  the lower plane. The device can be dissassembled t o  

interchange the planes, i f  desired. The supporting legs a re  place con- 

siderably outboard t o  the target-bearing planes so t ha t  x-ray images 

of the legs do not obscure the t iny images of the targets  on the film. 

An x-ray image of the device i s  shown in Figure 11, where the x-y markers 

a re  connected t o  form coordinates i n  the image plane. An idea of the 

degree of orthogonality of the focal spot and center  t a rge t s  may be 

obtained by observing the proximity of the center  t a rge t s .  The focal 

spot was 45.83 inches above the f i lm plane, determined by the cal ibra t ion 

procedure described be1 ow. 

The image distance and or ig in  cal ibra t ion procedure consis ts  of 

f i r s t  a1 igning as closely as visual ly  possible the cal ibrat ion device 

symmetrically with the four edge markers on the film loaded casse t t e  which 

represent the .x- and y-axes. The x-ray tube i s  adjusted so t ha t  the focal 

spot i s  approximately ver t ica l  over the origin of the x-and y-axes. 

Geometry of the image distance cal ibra t ion set-up i s  shown in Figure 12. 



F igu re  11 

X-Ray Radiograph o f  C a l i  b r a t i o n  Device 



F i g u r e  12. Image D i s t a n c e  C a l  i b r a t i o n  Geometry. 



Distances between the two s e t s  of diametrical ly opposite cross t a rge t  

images were measured; an average value was 7.082 inches. The height 

of the upper surface of the lower plane of the cal ibra t ion device from 

the casset te  surface was 5.012 inches. An additional dimension, the 

distance of the film from the casset te  surface, must be added t o  the 

device height because of the casset te  s t ructure  which includes the 

phenolic surface thickness, an intensifying screen, and a layer of f e l t .  

An average of a d is t r ibut ion of t h i s  measurement was determined t o  be 

0.105 inches. 

Determination of the focal spot to  image plane distance i s  ob- 

tained from: 

A + a = na/(n-N) , 

where 

A + a i s  the image distance,  

A i s  the distance from the focal spot t o  the plane of the 

cross t a rge t s ,  

a  i s  a  measured distance between the cross target  plane and 

the f i lm plane, 

n i s  a measured distance between images of diametrically 

opposite cross target  images on the f i lm, and 

N is  a measured distance between the diametrically opposite 

cross t a rge t s  on the cal i bration device. 

A value fo r  N obtained from measurement on the f i lm was 7.972 

inches. From the above given data and t h e i r  re la t ionship ,  an image dis-  

tance of 45.83 inches was determined. 

For the origin ca l ib ra t ion ,  the x- and y-coordinates of the image 



o f  t h e  c e n t e r  c ross t a r g e t  were measured. on t h e  f i l m .  The x- and y- 

coord ina tes  o f  t h e  f o c a l  s p o t  f rom t h e  v e r t i c a l  l i n e  through t h e  o r i g i n  

a r e  g i ven  by  

X = - x  A/a ,  

Geometry o f  t h e  o r i g i n  c a l i b r a t i o n  i s  shown i n  F i g u r e  13. Values ob- 

t a i n e d  f o r  x and y  f rom t h e  f i l m  were 0.055 inches  and 0.183 inches,  

r e s p e c t i v e l y ,  which i n  t u r n  g i ves ,  f o r  X and Y, va lues o f  -0.438 inches 

and -1.456 inches,  r e s p e c t i v e l y .  I n  o r d e r  t o  complete t h e  o r i g i n  

c a l i b r a t i o n ,  i t  i s  r e q u i r e d  t o  t r a n s l a t e  e i t h e r  t h e  x - r a y  tube  f o c a l  

s p o t  o r  t h e  c a s s e t t e  by  t h e  va lues f o r  X and Y. It i s  more conven ien t  

t o  t r a n s l a t e  t h e  casse t te ,  and t o  do t h i s  w i t h  t h e  o r d e r  of  accuracy 

o f  t h r e e  o r  f o u r  s i g n i f i c a n t  f i g u r e s ,  a  c a s s e t t e  mounted on a  l a t h e  

bed would be requ i red .  

4.2.2. Q u a n t i t a t i v e  Stereorad iography.  Use o f  s te reo rad iog raphy  

f o r  d e t e r m i n a t i o n  o f  t h e  l o c a t i o n  o f  an o b j e c t  i n  t h e  body w i t h  r e s p e c t  

t o  a r e f e r e n c e  marker p laced  on t h e  body has l o n g  been a  common c l i n i c a l  

procedure. F i g u r e  14 shows t h e  geometry f o r  l o c a t i n g ' s u c h  p o i n t s .  I n  

genera l ,  a  s i n g l e  tube i s  s h i f t e d  a  known d is tance ,  B y  o f t e n  c a l l e d  the  

s t e r e o  base, and t h e  d i f f e r e n t i a l  para1 l a x  i s  measured. The e l e v a t i o n ,  

h, o f  a p o i n t  f rom a  r e f e r e n c e  o b j e c t  p lane  i s  g i v e n  b y  

h = (AP) D/ [(Bd/D) +APJ, 

where h  i s  t h e  e l e v a t i o n  o f  t h e  p o i n t  under c o n s i d e r a t i o n ,  above t h e  p lane,  

B i s  t h e  d i s t a n c e  between f o c a l  spots,  o r  s t e r e o  base, 
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Figure 13. Origin Calibration Geometry. 



F i g u r e  14. Stereorad iography Geometry f o r  Determin ing E l e v a t i o n  o f  a 
I 

P o i n t  f rom a Reference P o i n t  on a Surface. 

I Q 



D i s  the  o b j e c t  d i s tance ,  o r  d i s t ance  f rom f o c a l  spo t  t o  

re fe rence  o b j e c t  p lane, 

d i s  the  image d is tance,  o r  d i s t ance  f rom f o c a l  spo t  t o  image 

plane, and 

~p  i s  t he  d i f f e r e n t i a l  p a r a l l a x  ( 1  + m). 

Since D i s  approx imate ly  equal t o  d, and Ap i s  r e l a t i v e l y  smal l  

compared w i t h  B, a  very  c l ose  approx imat ion f o r  h  i s  

h  = ( ~ p )  DIB. 

From t h i s ,  the  e l e v a t i o n  d i f f e r e n c e  i s  obta ined by  t he  p roduc t  

o f  t he  d i f f e r e n t i a l  para1 l a x  and o b j e c t  d i s tance- -s te reo  base r a t i o .  

The preceding express ion can be shown t o  be a  very  c l ose  approx imat ion 

t o  t he  former by assuming some t y p i c a l  values and comparing t h e  

computations f o r  h. L e t  B = 18 inches, D = 36 inches, so t h a t  a  va lue 

f o r  t h e  o b j e c t  d i  stance-base r a t i o ,  K=D/B=2, d=36.2 inches,  and p=0.50 

inches. The e leva t ion ,  h, computed e x a c t l y  i s  0.992 inches. The 

approx imat ion g ives h=1.000 inch,  an e r r o r  o f  0.008 i n c h  f o r  t h e  

assumed cond i t i ons .  

The d i f f e r e n c e  i n  e l e v a t i o n  de te rmina t ion  i s  o n l y  a  one-dimensional 

s o l u t i o n .  The procedure f o r  o b t a i n i n g  three-dimensional  coord ina tes  o f  

p o i n t s  i n  t h e  r a d i a t i o n  f i e l d  i s  as f o l l ows .  F i r s t ,  an image d i s t ance  

and o r i g i n  c a l i b r a t i o n  of an x- y marked casse t te  must be performed. 

Assume two po in t s ,  A and B, l a r e  t o  be l o c a t e d  i n  three-dimensional  space. 

An x- ray s t e r e o p a i r  i s  then obtained. F i gu re  15 i s  a  g raph i ca l  rep resen t -  

a t i o n  o f  t he  r e s u l t i n g  s t e r e o p a i r  o f  t h e  p o i n t s  i n  space. The x  and y 

axes on each exposure a re  drawn on t he  f i l m s  connect ing the  images o f  

t h e  w i r e  markers t h a t  a re  t he  X- and Y-axes on the re fe rence  p l a t f o r m ,  
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o r  c a s s e t t e  surface. The x  and y coord ina tes  o f  image p o i n t s  a  and b  

a r e  measured, and t r a n s l a t e d  r e l a t i v e  t o a x ' -  and y ' -  axes w i t h  o r i g i n  a t  

o, on exposure one and o2 on exposure two, accord ing t o  t h e  f o l l o w i n g  

computations : 

where oltl = - 0 2 t 2  = d  t a n  0 and 0 = tan- '  (812) - as shown i n  F i g u r e  16, 
d- s 

which represents  an e q u i v a l e n t  composite o f  t h e  s t e r e o p a i r .  P o i n t  T  

i s  a re fe rence  marker i n d i c a t i n g  t h e  o r i g i n  o f  t h e  X -, Y-axes o f  the  

p l a t f o r m  plane.  P o i n t  B i s  n o t  shown so t h a t  the  f i g u r e  does n o t  become 

unduly complex. 

Coordinates of  p o i n t s  A and B a re  then ob ta ined  as f o l l o w s :  

P o i n t  A P o i n t  B 



platform 

film 

F i g u r e  16. E q u i v a l e n t  Composite o f  t h e  S t e r e o p a i r .  
1' 



4.2.3. Sources of Error. For purposes of the systems anthro- 

pometry measurements an ideal x-ray stereoradiographic system would consist 

of perfect parallel ism between the reference plane of object and the film 

plane, and constant object distance o r  image distance between exposures. 

X-ray tube s h i f t ,  or the stereo base dimension, can be measured quite 

accurately to  orders of 0.5%, b u t  i f  th i s  displacement i s  on a s l i gh t  

incline,  error in the anthropometry can occur. The calibrat ion device 

described above will be used to determine the degree of parallelism to  be 

taken into account. The structure of the cassette determines the degree 

of parallelism between the object reference plane and the image plane. 

The image plane i s  separated from the reference plane of the object by 

0.105 - + 0.001 inch, due t o  thicknesses of various components of the 

casset te ,  which i s  an acceptable degree of parallelism, and over small 

regions of the cassette,  several inches, the deviation i s  l e ss .  

Another possible source of er ror  was t h o u g h t  to occur in changes of 

x-ray film dimensions as a resu l t  of the developing and drying process. 

This was investigated by placing on a substrate an array of 0.002 inch 

tungsten filament segments of lengths ranging from 3/8 inch down to  1/32 

inch in a random manner. Distances between selected segments and seg- 

ment lengths were measured repeatedly by seven observers, using a British 

Indicators, L t d . ,  metric ca l iper ,  which can read to - + 0.05 millimeter. 

The array of filaments was then radiographed in contact with film on 

two samples of 10 by 12 inches and 14 by 17 inches Eastman RP/L-14 

x-ray films. The four film samples were subjected t o  two d i f fe ren t  

developing temperatures, 16' C and 22'~, in pairs ,  to  observe possible 

ef fects  of change i n  film s ize  and change i n  developing temperature. 

Comparison of measurements of the actual filaments with x-ray images 



of the filaments was made. Overall deviation i n  the se t s  of measurements 

was found t o  be 0.003%, result ing in the conclusion that  film dimension 

changes are insignificant .  

Another type of e r ro r  in the c lass i f ica t ion of errors i s  blunder, 

which i s  certainly t o  be avoided in the handling of d a t a .  I t  was thought 

that  s tereo pairs could be produced on single sheets of film in the 

in teres ts  of economy. A s tereopair  of the calibrat ion device was taken 

on a single film, as shown in Figure 17. I t  i s  t o  be noted t h a t  the 

cal ibrat ion device i s  a symetric, well-designated s t ructure ,  w i t h  

ideally divergent x-ray absorbing material properties; the process of 

selecting appropriate points for  corresponding exposures can give r i se  

t o  confusion amongst various observers, so t o  reduce the probability of 

occurrence of blunder, separate films fo r  exposures will be used. 

A f inal  consideration i s  the c r i t i c a l  problem in the film measurement 

process: the identif icat ion of a p o i n t  in the x-ray image. Very small 

spheres of 0.080 inch diameter were found t o  be projected as very small 

e l l ipses ,  and in addition, even i f  the center could be ident i f ied ,  t h a t  

point would be in er ror  with respect t o  the anatomical landmark i t  

purports t o  designate. A more promising approach appears through use 

of f ine  tungsten metallic mesh cut in a square of 1/8 inch, placed in 

contact with an anatomical landmark so tha t  the center of the square 

i s  in close contact with the landmark point. X-ray projections of 

these square meshes offer  a be t t e r  prospect of more accurate location, 

except in the case where the square i s  projected as a l ine .  This point 

identif icat ion problem i s  under investigation. 



Figure 17 

Stereopair of Calibration Device on a Single Film 



4 . 3 .  Body Sizing Schemes for Systems Anthropometry 

H .  M .  Reynolds and 0. H .  Golomb 

Defining body size categories i s  an important procedure in the 

construction of an experimental design and in the analysis of data. 

Specifically, in constructing an experimental design, body sizing 

schemes may be used to s t ra t i fy  a population so that representative 

samples can be selected, and, in analyzing data, body sizing schemes 

provide a way of distinguishing between "large" and "small" individuals. 

This procedure has been applied i n  selecting pelves from the Hamann- 

Todd collection a t  the Cleveland Museum of Natural History (see Section 

4.4).  

Our work, thus fa r ,  in defining body s ize categories has not been 

conclusive. Our attempt has been to make these definitions based on a bi- 

variate distribution of two standard anthropomet\,i c measurements. A 

fa i r ly  complicated procedure was devised as follows: a 1 ine i s  generated 

by least  squares f i t t i ng  of one variable versus the other. This l ine 

roughly divides the data into two equal segments. Orthogonal 1 ines then 

may be drawn so that roughly x% of the data i s  to the l e f t  of the f i r s t ,  

y% to the l e f t  of the second, etc.  The least  squares f i t  and the ortho- 

gonal 1 ines define the boundaries of the sizing categories (See Figure 18). 

This procedure i s  appeal ing because i t  defines the categories 

based on two variables with an adjustment for  the 1 inear. relationships 

between the variables. If the two variables are correlated a t  a level 

very close to zero, the above procedure i s  equivalent t o  defining a 

standard rectangular grid--that i s ,  each category i s  defined by one 



variable being l e s s  than or greater than a fixed value, and by the 

other variable being between two fixed values, or greater t h a n  or l ess  

t h a n  a fixed value. 

To i l l u s t r a t e  how the adjustment works, the height and  weight o f  

males meiisured in the 1964 HES study, were used t o  define 10 sizing 

categories w i t h  our procedure and  with the standard rectangular pro- 

cedure. For t h i s  population, height a n d  weight are s ignif icant ly  

correlated a t  a b o u t  .4 .  In the standard procedure, the sizing ce l l  

defined by data above the 95th percentile height and above the mean 

weight, contains 5% of the data. In the procedure with the adjustment, 

the corresponding cel l  contains 2 .4% of the d a t a .  Likewise, the sizing 

ce l l  defined by d a t a  above the 95th percentile height and below the 

50th percentile weight, contains OX of the data. Using our procedure, 

the corresponding cell  contains 2 .6% of the d a t a .  

The above example demonstrates how our body sizing schemes can 

distinguish between "heavy/tallH and "1 i g h t / t a l l N  individuals. 

However, the procedure i s  somewhat arbi t rary .  The l e a s t  squares f i t  

could be reversed, producing d i f fe ren t  s ize  ce l l  def in i t ions .  This 

was done and the newly defined adjustment worked equally well as in 

the above example. 

Ue also experimented with using d i f fe ren t  pairs of variables. 

Weight i s  a skewed variable and i s ,  thus, d i f f i c u l t  t o  deal with 

s t a t i s t i c a l l y .  Waist circumference, which i s  nearly normally distr ibuted 

and highly correlated with weight, was used as  a subst i tu te .  Pairing 

waist circumference with height, s izing c e l l s  were defined again from 

the 1964 HES male data. The average height in each cel l  was s t a t i s t i c a l l y  



equal  t o  t h e  average h e i g h t  i n  t h e  co r respond ing  c e l l s  d e f i n e d  by 

p a i r i n g  we igh t  w i t h  h e i g h t .  There fore ,  i t  appears t h a t  t h e  skewness o f  

w e i g h t  does n o t  e f f e c t  t h e  s j z i n g  procedure.  

P r e l  i m i n a r y  work has i n d i c a t e d  a degree o f  independence between 

mass d i s t r i b u t i o n ,  as rep resen ted  by  body w e i g h t  and c i rcumferences,  and 

1 inkage,  as rep resen ted  by s t a t u r e ,  h e i g h t s  and bone l e n g t h s .  The re fo re ,  

i n  s e l e c t i n g  cadavers f o r  ou r  1 inkage s tudy ,  a  s k e l e t a l  d imens ion /he igh t  

b i v a r i a t e  shou ld  be used i n  d e t e r m i n i n g  t h e  body s i z e  c a t e g o r i e s .  Two 

measurements w i t h  l ow  c o r r e l a t i o n  shou ld  be chosen so t h a t  each measure- 

ment can r e p r e s e n t  o r thogona l  d imensions i n  t h e  geometry o f  t h e  body. 

These two measurements have n o t  been chosen a t  t h i s  t ime.  



4.4. Three-Dimensional Geometry o f  t h e  A d u l t  P e l v i s  

H. M. Reynolds 

The Hamann-Todd s k e l e t a l  c o l l e c t i o n  a t  t h e  Cleve land Museum o f  

Na tu ra l  H is  t o r y  has been sampled accord ing  t o  a s t r a t i f i c a t i o n  designed 

t o  match t h e  U. S. general  p o p u l a t i o n  as c l o s e l y  as p o s s i b l e .  The 

sample con ta ins  144 females and 141 males d i v i d e d  i n t o  s i x  s i z i n g  

c e l l s  ( F i g u r e  18). 

The s i z i n g  c e l l s  a r e  d e f i n e d  by  t h e  r e l a t i o n s h i p  between h e i g h t  

and we igh t  i n  t h e  1960-62 Hea l th  Examinat ion Survey data  r e p o r t e d  by  

Stoudt ,  Damon, McFarland, and Roberts (1965).  We have t h e  o r i g i n a l  

data  i n  t h e  computer f rom which we c o n s t r u c t e d  t h e  sampl ing c e l l s .  

I n  o r d e r  t o  make t h e  Hamann-Todd cadaver /ske le ton c o l l e c t i o n  comparable 

w i t h  t h e  HES sample, 46.61 l b s .  and 31.52 l b s .  were added t o  t h e  H-T 

male and female weights  r e s p e c t i v e l y .  These constants  a r e  t h e  d i f f e r -  

ence between t h e  average weights  i n  t h e  two samples. The r e s u l t s  

a r e  compared i n  Tab le  2 where i t  can be observed by  t h e  percentage 

d i f f e r e n c e  ( A % )  t h a t  t h e  match i s  reasonable.  

The f i r s t  shipment o f  30 male and 30 female pe lves  has been 

delayed u n t i l  t h e  week o f  1 February 1977. T h i s  de lay  w i l l  n o t  a f f e c t  

o u r  progress i n  s t u d y i n g  j o i n t  k inemat i cs  b u t  c o u l d  d e l a y  a n t i c i p a t e d  

r e s u l t s  on landmark d e f i n i t i o n s  and i d e n t i f i c a t i o n  o f  " s t a b l e "  s k e l e t a l  

landmarks r e 1  a t i  ve t o  p o p u l a t i o n  d i f f e r e n c e s  . 
The three-d imens iona l  measurements w i l l  be made a t  t h e  C i v i l  

Aeromedical I n s t i t u t e  i n  Oklahoma C i t y  under t h e  d i r e c t i o n  o f  Dr. Clyde 

C. Snow. The techn iques were developed a t  CAM1 and t h e  landmarks were 





Average HCIGHT (cm) 

MALE 

Sample C e l l  

Number HES H-T % H-T % 

Average VEIGHT (1  b.) 

MALE 

Sample C e l l  

Number 

1 i 
SD 

2 x 
SD 

3 x 
SD 

4 ii 
SD 

5 x 
sb 

6 i 
SD 

HES H-T % HES H-T % 

Table 2 .  ~ d m ~ a r i s o n  by Sampling C e l l s  between H e a l t h  Examinat ion 

Survey and Hamann-Todd c o l l e c t i o n  f o r  males and females. 



established through discussions between Dr. Snow a n d  myself. In 

general,  there will be 120 points measured on the pelvis which wil l  

define the shape of various parts  of the pelvis as well as anatomical 

landmark locations. Detailed descriptions of a l l  landmarks will be 

included in the f inal  report fo r  Phase 11, b u t  the following twelve 

landmarks will be located on the complete ar t icula ted pelvis .  

1) Right Anterior Superior I l i a c  Spine 

2 )  Left Anterior Superior I l i a c  Spine 

3) R i g h t  I l i o c r i s t a l e  

4 )  Left I l i o c r i s t a l e  

5 )  Right Posterior Superior I l i a c  Spine 

6 )  Left Posterior Superior I l i a c  Spine 

7 )  Right Hip Point (Acetabular Centroid) 

8)  Left Hip Point (Acetabular Centroid) 

9 )  Right Ischial Tuberosity 

10) Left Ischial Tuberosity 

11 ) Symphysion 

1 2 )  Promontory of Sacrum 

T h u s ,  the basic geometry of the pelvis can be described. The 

additional landmarks will only be measured on the ar t icula ted l e f t  

innominate and  sacrum. The to ta l  collect ion of data should provide 

the three-dimensional shape geometry re la t ive  t o  an anatomical axis  

system defined by 1 andmarks on the to ta l  l y  ar t icula ted pel vis. 

The analysis of these d a t a  will u t i l i z e  many of the techniques 

described i n  Subsection 4.1 and  4.5. For example, these data wil l  



provide base l ine  information on the accuracy w i t h  which anatomical 

axes systems can be defined. All succeeding work on cadaveric and l iving 

subjects should be less  accurate since the landmarks are obscured by 

t i ssue .  In addition, variation i n  the location of principal landmarks 

will be summarized and described by the use of principal components 

analysis (See Subsection 4.5) .  3Addi tional analytical techniques w i  11 

be used, b u t  these represent a cross-section of the application of our 

present e f fo r t s  to  future data collection and analysis in systems 

an t h  ropomet ry . 
The Hamann-Todd collection i s  unique in one major aspect of 

importance to  the present investigation. Prior to  the skeletal  ization 

of each cadaver, Dr. Todd and his associates took a ser ies  of anthro- 

pometric dimensions according t o  Martin (1928). A copy of the original 

data collection sheet w i t h  t ranslat ion i s  presented i n  Figure 19. 

These data on each specimen i n  our sample have now been entered into 

the computer and the edit ing process has begun. These data fo r  our 

sample will permit the examination of anthropometric data re la t ive  

t o  skeletal  geometry fo r  the f i r s t  time. Todd and his  associates 

published a ser ies  of papers between 1923 and 1928 discussing the 

changes that  occur i n  cadavers re la t ive  t o  anthropometric dimensions. 

These papers will need t o  be reviewed carefully in order t o  use these 

data. Correlations between skeletal  geometry and anthropometry as 

we1 1 as a closer examination of the anthropometric character is t ics  

of the individuals in our sample will r esu l t .  
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Figure 19 (cant.) 

. - 
Plsco ~ n d  d ~ t o  

Photo K O .  of aeeept~n:.~ 
, . 4 ,  # '2 )..-h 

'tilvor? nane place of rcsidanco 
Surr13.ie 
Sox 

~e  P13ce of b i r t h  

Observer 

pa tnrna l  n ~ r c n t n e e  

S o c i a l  c l a s s  r e l i g i o n  

Condition of n o u r i s h e n t :  very t h i n ,  t h i n ,  averaee,  . o h s e ,  very obese 
Skull :  

Condition of t c l l t h :  forehead: low, high;  r8arrov, brcad;  -3? , r s te ly ,  stran;?: 
s i c b o s s e s  ( t i e r c d i t ~ r y l )  r e t r e a t i n g ;  f l a t ,  do:.ed; f u l l ,  kenl-shqpod 
d e f e c t s  1 \ - 
skincolor  # s i i r , co lor  t ~ t . ? o , o r :  t o p  of s k u l l :  quiCce f l a t ;  l i g h t l y - ,  ro'ora t e t e l y , -  

'forehead a  p - ~ b l a c k  s t r o n g l y  dcmed. 
cheeks b  black-brokn Oack of s k u l l :  i n c l i ~ e d ,  s t r a i g h t ,  dc-.ed, s t r o n g l y  . , s t e r n a l  c  pure dk. brn p r o j e c t i n g  
~bdoxen  d  reddish dk. bn. Face: 
s?apular . reddish bn. e n t l r e  face :  hig3, nodera t s ly  big?, low; e l l i p t i c a l ;  

upper a m P ~ r o x .  , pure bn. (u/ fo re -  ovoid, round, angular ;  nar rox ,  r .3?aratelv t ao?d .  
t d i r t .  l i t o  b rn i sh  head) broad, very broad; tqpered tcuard  bottc:, - t o c ;  

5; palm o l i v e  y e l l o r  conple te ly  s t r a i g h t ,  a o d e r a t e l y  s t - ~ i g h t ;  f o r -  
nucosal,  lcppsrl ip  ye1lo;rish uard-do~ed;  ju t t i r .9  o u t ,  s h a n s i  l i k e  a  b i r d .  

1 
Llover lip yellowish-xh. cheek area:  s t rongly- ,  nodera te ly  p ro t rud ing ,  s t r , ~ ' ?  

ped. prox. reddish-wh mod- r e g e s s e d .  
th igh  pa le  w h i t  o r b i t s :  s t r a i g h t ,  'danted; n a r r o s ,  n o i s r a t e ,  vide;  

spindles5aped;.~-~,~~~-, oute r -ep ican th ic  f o l d .  
s k i n  Kose: root: nar~ox., a - , l r ~ ~ ,  broad;  very f l a t ,  f l a t ,  
appearance: ve lvs ty ,  sr,ooth, rough; mod. ,high, h i  $3, very hieh 

moist,  dry, greasy m: narrov, zed., >road; ~ , a ~ k e d ? y - ,  3 l i g h t l y  
Ir is  color:  4 of eyec9lor;r t ab le  o r :  c o ~ c a v e ,  s t r a i c i t ;  r a rked ly- ,  l i g h t l y  convex, 

a black-tram; dar;tt .-o;~, brn,  l i g 5 t  t r n ,  undulat ing,  i e n t  
greenish,  d2rk-gray, l igh t -gray ,  dark b l u ,  h& upvar4, fo r~ : , -d ,  Eor;;:~ard bent .  
b lue ,  l i t e b l u ,  a lbFro t ic  A h :  th ick ,  th in ;  high,  l o v ;  c?c.e, nod. svol': 

i n f l a t e d ;  perforated boy .-.any tF-es? ?. L 
Scle ra :  white, b lu i sh ,  yellowish S e ~ t u ~ :  lons ,  shor t ;  na r rov ,  by,;?; c o n s t r i c t e d  
Conjunctiva: c o l o r l e s s ,  n o t t l e d ,  colored foriiard i n  kee l  s h a m ;  hour-q?zss s h s ~ e ? ;  c r o j e c  
i n  t h e  area d f  the e y e l i d i . ' )  i n g  beneath; 

fo raa lna :  very narrov; rxrro.i ,  lcnq-oval ,  ? ~ A T . Z  

Kaircolor:  3 ha i rco lor  a  pure black f  dk blnd oval ,  round, tong ova l ,  broad,  h r y  broad, s 7 a I  
t a b l e  o r :  b brozr,-black.,9ite blnd la rge .  
head h a i r  c  dark b m  habh blnd f o r a x i n a l  pos i t i cn :  h o r i z o n t a l ,  sloped for*.ard, 
facZal  h a i r  i r e d d i s h  b r  r e d  !sloped back-ard. 
body h a i r  e l i t e  b r  .It a l b i n o t i c  Inte,-umental l i p :  p r o t r u d e d ( ? )  : vory aarked ,  
pubid h a i r  inarkod, medim, s l i g h t ;  s t r a i < h t ;  ln- turned(  7; 

o very s t r a i g h t  g. c r i n k l y \ ~ u s c o s a l  l i p :  t h h ,  m d . ,  t h i c k ,  s v o l l e n ;  
b. s t r a i g h t  4 l i g h t l y  cur led  ed50d(7); upper border:  s h p l o ,  bouod 
c. flat-wavy . . th ick ly  cur lad  together .  
d. uavy-broad 4 wiry ( 7 )  il<outh : small, medium, l a r g e .  
a. narrow uaves ,!?.splYalled Teeth: s t r a i g h t ,  s lop ing ;  very b ig ,  b i g ,  
f. c u r l y  1 ned., small ,  very small.  

Body h a i r :  heavy, mbdium, l i g h t ,  very l i g h t ,  absen t  R; m en... 
m m m  

-t- 

i 
(Note diastema and t r e n a t a ;  c r o s s  out;la+-, rfirsr clOss-l~ing, s t indin~-out ,  j"g-sha~ed* tee th ;  purposely roroved tooth;  chock 

Helix bordor: above, below, absen t  d i seased  t, bracke t  puroosoly mut i la ted  t. ) 
Darufn's point :  r i g h t  No 1...6 Type of rc i t i l a t ion :  

l e f t  No 1...6 orthodontia ,  prodontia:  medim, s t r o n g  
Earlobes: big, small, unattached, a t t ached ,  l ab iodont ia ,  P w l l d o n t i n ,  Stagodontia ,  

absent  
Per fora t ion  1n.oarlobos:  r ,  1; in edge of Opisthodontia, Ffiatodontia. 

ea r :  r, 1. Color: bluish,  u h i t e ,  yel lowish.  Coloring 
& t o r i a l ( ? )  . k  - .  - .  ---- - --- .,. 0- i 
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Page r b 

is a  t r a n s l a t i o n  o f  tho  i n s t r u c t l o n s  apnoa r ing  a t  tho  t o p  ' l o n e o d ~ o  o f  paqe 2: 

most l x p o r t ~ n t  .r.c~s,:rnnnnts a r o  u n d r r l i n ~ d :  t 5o  r o s t  i ~ n o r t n n t  c ? l c u l ? t o 3  d l -nns ions  
a r e  i n d i o ~ t o d  by a  broknn l i n o .  ! : u~bc r s  r o f n r  t o  t t ,o  : o - i t o l o r i c ~ l  t e c h n i q l ~ ~ , s  i n  : ' ? r t l ~ . * s  
lohrbuch d c r  Anthrol~olo~!o.  An ' X 1  means do r ivo  by c a l c u ' l ~ t i o n .  411 nu rhe r s  a r e  i n  mq, 
and a r e  t o  t o  p l acoa in  t h e  opon s p ~ c o s  on tho  c h a r t .  

S o . n a t o l o ~ 1 c a l  obscrvnt ion  form accord in^ t o  R.  :!artin, 1917 e d i t i o n .  
Key t o  l n s t r t ~ o n t s  t o  be used: A = an th ropoxo to r ,  G = sbi6ad:ne ca1:cers; S t  = s l i d i n g  
c a l i p e r s ;  T = c a l i p s r s  ( r o f o r s  t o  a  sail s l i d i n g  c l l i ~ e r s ) ;  B = t l p e ;  0 = o a r - h e i g h t  

.measur ing i n s t r z 5 n t  (KO xould  uso a  s 1 i d i - 1 ~  calipers); W I- s c a l e s  
Koasurcxants  i n  \:?per 2 c o l u ~ n s  o f  pago 2: 

1. Tota l  body he igh t  
4. upper s t e r n a l  h t .  f r m  f l o o r  
5. dvr , l - .  h t .  above f l o o r  
6. upper p u b l i c  sj-n?'-esis odge from f l o o r  
7. Rt. n i p p l e  h t ,  above f l o o r  
8. ~ t .  ac roz ion  h t  above f l o o r  
9 .  R t .  elbow j o i n t  above f l o o r  
10. R t .  d i s t a l  r ad ius  end above f l o o r  
11, Rt. middle f i n g e r t i p  above f l o o r  
13. Rt. i l i a c  c r e s t  above f l o o r  
48. l e n g t h  o f  r i g h t  l o v e r  arm 
49. l e n g t h  r i c h t  ?cad 
52. b read th  of r i g h t  hand . > Y e  -. 
53. t o t a l  r t .  l e g  l eng th  . . 
54. rt. l e g  l eng th  minus f o o t  
55. rt. t h i g h  (cpper l e g )  l e n g t h  
56. rt. lover l e g  l e n g t h  
58. k t .  f o o t  l e n g t h  
59. rt. r o o t  breadth  d"CI" I 
60 .  c h e s t  c i r c w . ,  r e l axed  (1.e.: n o t  wh i l e  t a k i n g  a  b r e a t h )  

9 
Xeasurernents i n  ?"-sr 2 c o l u ~ s s  o f  p.  2. 

1. head l e n g t h  
3. head b r e a d t h  
4. min. forehead b read th  
6 .  bizygo-riatic d i m .  
8. max. 'mandibular b read th  
9 .  l4in. i n t w o - S i t a l  Yroadth 
11. o r b i t  ( o r  e y e l i d )  b read th  
12. i n t e r p u a i l l a r y  d i s t a n c e  
13. n a s a l  b read th  
14. mouth b read th  
45. c e p h a l i c  c i rcuq.  
48. s a g i t t l  arc  
X c e p h a l i c  index 
X c e p h a l i c  l o n ~ t h - h t  index (q ' w- - - -- 9 .  .--.. a . p  - = ~ S J U a ~  & ) 
X bread th -he igh t  index 11 n n 
X t r a n s v e r s a  f r o n t o p a r i e t a l  - t 

X physiognornic f a c i a l  indcx 
X .  morphologica l  f a c i a l  index 
X upper f a c e  indox 



Figure 19 (cant*) 

. . . 
Upper 2 coluqns: 

14, ~ t .  r t .  g r c a t o r  t rochln:or(?)  from f l o o r  
15. H t .  r i g h t  knoa j o i n t  from f l o o r  
16. H t .  r t .  modial mnlleolus poirit  ( ank lo)  from f l o o r  
17. arm span 
23. s i t t i n g  h t .  
27. Length of f o r l a r d  s i d e  of t runk ( 7 )  
35. bi-acromial  t r e a d t h  
38. breadth betucon n ipp les  F 

40. b i - i l i a c  c r e s t  b read th  < dih  
41. bread th  botweon s u p e r i o r  lovor  i l i a &  poi<& ( s t a n d a r d  r.easurenentS-I f o r g o t  t h e  t e r -  

minology of the  i l i m )  
45, Total  r t .  arm l e ~ g t h  
46. rt. arm length  n inus  hand 
47. r t  upper arm l e n g t h  
61a. c h e s t  c i r c u i f e r a n c e ,  expanded ( i n h a l i n g )  
61b c h e s t  c i r c u ~ ,  b r e a t h  e x ~ i r e d  (exha l ing)  
65. l a r g e s t  c i r c q  r i g h t  C p p r  a m ,  extended 
65(J )  l1 I t  II n II c o n t r a c t e d  
66, n n n loser n 

67 s x a l l e s t  11 A I1 

68. g r e a t e s t  n upper l e g  
69. s., . ?'.- : n fl lower 
70. s m a l l e s t  n A a 
71. body weight  
X?. index of  body f u l l r d e s s  

Lower 2 c o l u ~ n s :  

15. h t .  of bead t o  e a r  (apparen t ly  a s tandard  n e a s w e x e n t  de.-t2te a p p a r e n t  v a s e n o s s )  ' 

160 t o t a l  head he igh t  1 
17. physioenci ic  f a c i a l  ht .  
$8. morpboloeical f a c i a l  ht .  
19. p h y s i o ~ n o i i c  c p x r  f a c e  h t .  
20. morphological cpFer f a c e  ht .  
21. n a s a l  ht .  1 
22. nasa l1  leng th  ( i . e . ,  of f l o o r  of i n t e r i o r ' , n o s e )  
25. h t .  of mucosal l i p  
29. physiogno3ic e a r  l e n g t h  
30. n bread th  
31. morphological l e n g t h  
32. n b r e a d t h  
X ~ s a l  index 
X breadth-depth Idex  of nose 
X physiognonic e a r  index 
X morphological e a r  index 



F i g u r e  19 ( c o n t . )  

r 1 r 1 
" i s u a l  acu i ty  co lor  sonso t e a r i n g  

prossine strength; r, 1. otc .  

pulse r e s p i r a t i o n  tcnp. 

Body observat ions:  
( , ~ . . - 4 - . ,  i& 

Fenale b reas t :  i n f a n t i l o  form; F,c-.ispherical u w n * ;  p r h a r y ,  second-lry mnnr,ae; 
breastdevelop-.ent !:o. : Qf 
boul-shaped, hc.misuherica1, con ica l ,  1 7 ;  very f u l l ,  f u l l ,  r e d i u ? ~ ,  s a a l l ;  
s tanding up, s&,<"?; ii2nk-k , - s . ,  j., I J c.3 

Cqroks? t ransverse d i a s e t e r ;  v e r t i c a l  d i a n e t e r ;  Color h'o. border:  sharp,  
i n d i s t i n c t .  F-%?+-w: Lrge ,  mediv!, ' small,  ?+ai%od;- 

/ ) , ,+,* I{ . j  r ~ j  nc( i4 ' .  
Geni ta i t a :  

circumcision and o ther  deformations 
s,A,;i~ c a r C < $ t  : 

Hands: " A m 9 S  

Fingers: th ick ,  t h i n ,  long, s h o r t ,  t azered ;  hj-porextenied. 
Ra i l s :  big, small,  long, s h o r t ;  narrow, broad; dozed, f l a t ;  s a g i t t a l l y  bent ;  
oval ,  round, fan-shiped 
Cal f s :  thick,  th in ,  long, shor t ;  t ense ,  flabby. 
Feet :  big,  small;  long, s h o r t ,  narrow, broad; arch:  high, mecliu?, lox ,  f l a t  f e e t  

Longest toe:  r 1, 2; lt:l, 2. Great toe  separa te ,  c lose- ly ing ,  boued. 

Spec ia l  Observations: ( t a too ing ,  o r n a ~ e n t a l  acars ;  epider-11 s c a r s ;  r.ental 
a b i l i t i e s ,  e t c .  ) .; 



4.5. Sta t i s t i ca l  a n d  Probabl i s t i c  Properties of Three-Dinlensi onal Anthro- 

pornetric Data. 
D. H .  Goloinb 

In th i s  section,  a discussion i s  presented of the general 

population-related causes of variation of 3-dimensional coordinates of 

landmarks on the human body. These variations are due to  the s ize  and 

shape of individuals, b u t  they are also related t o  the position and 

posture of the individual. The variations in posture are perhaps the 

most d i f f i cu l t  t o  model because two individuals of the same s ize  and 

shape could have significantly d i f ferent  locations of many landmarks on 

the body measured in 3-dimensional space. 

4.5.1. Discussion of a Linkage Model. 

An investigation into the three-dimensional location of skel eta1 

landmarks on the torso was conducted a t  the University of Michigan (Snyder, 

e t  a1 . , 1972). Two models--sitting a n d  standing posi tions--were con- 

structed t o  predict the spatial  relationship between the landmarks. 

Each model i s  f a i r l y  general in scope, in that  landmarks may be predicted 

for  a wide range of seated and  standing positions. Positions, in the 

model, are defined by the three-dimensional coordinates of the r ight  

elbow with the spine of L5, as the origin. In addition t o  the el  bow 

coordinates, the other independent variables are the following standard 

anthropometric measurements: s ta ture ,  s i t t i n g  height, weight, chest 

circumference, biacromial breadth and humeral length. 

An unexpected trend has been observed in the s i t t i n g  position model 

of surface landmarks. I t  would be expected that  the equations predicting 



x-coord inates  (va lues  a long  t h e  a n t e r i o r / p o s t e r i o r  a x i s )  have h i g h  

load ings  f rom ches t  c i rcumference o r  we igh t ;  1  i kewise, the  equat ions 

p r e d i c t i n g  y -coord ina tes  (va lues  a long  t h e  l a t e r a l  a x i s )  have h i g h  

load ings  f rom b i a c r o m i a l  b read th ,  and humeral l e n g t h ;  and, t h e  

equat ions p r e d i c t i n g  z -coord ina tes  (va lues  a long  t h e  v e r t i c a l  a x i s )  

have h i g h  load ings  from s t a t u r e  and ' s i t t i n g  h e i g h t .  These hypothes ized 

r e l a t i o n s h i p s  do h o l d  f o r  a l l  t h e  equat ions p r e d i c t i n g  z-coord inates  

and f o r  the  x  and z  coord ina tes  i n  the  lower  back. I n  the  equat ions 

a long t h e  upper sp ine  and f o r  acromion and supras te rna le ,  t h e  e l  h w  

coord ina tes  p l a y  a  dominate r o l e .  S p e c i f i c a l l y ,  t h e  x -coord ina te  o f  

t h e  elbow has t h e  h i g h e s t  l o a d i n g  f o r  x  p r e d i c t i o n s ;  t h e  y - c o o r d i n a t e  

f o r  y p r e d i c t i o n s ;  and, t h e  z -coord ina te  f o r  z  p r e d i c t i o n s .  

F u r t h e r  a n a l y s i s  i s  necessary t o  understand t h e  s i g n i f i c a n c e  o f  

t h i s  t r e n d .  F i r s t ,  t h e  equat ions p r e d i c t i n g  x, y ,  and z o f  t h e  upper 

reg ions  do n o t  i m p l y  t h a t  s tandard anthropometry i s  u n r e l a t e d  t o  t h e  

l o c a t i o n  o f  these p o i n t s  s i n c e  t h e  elbow coord ina tes  a r e  a  f u n c t i o n  o f  

s tandard anthropometry.  The i m p l i c a t i o n  i s  t h a t  a  s imple  po lynomia l  

r e l a t i o n s h i p  ( i n  t h i s  model, c u b i c  reg ress ions  were d e r i v e d )  may n o t  

be s u f f i c i e n t  t o  e x p l a i n  t h e  l o c a t i o n s  o f  p o i n t s  on the  upper t o r s o .  

I n  f a c t ,  t h e  weakness o f  t h i s  r e l a t i o n s h i p  i s  f u r t h e r  emphasized when 

i t  i s  noted t h a t  t h e  e l  bow, whose p o s i  t i o n ' c a n  be r e l a t i v e l y  independent 

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

The above d i s c u s s i o n  r a i s e s  severa l  quest ions.  F i r s t ,  what i s  

t h e  r e l a t i o n s h i p  between s tandard anthropometry and landmarks on the  

body i n  three-d imens iona l  space? Second, a r e  t h e  p o s i t i o n s  o f  landmarks 

a long  t h e  same a x i s  h i g h l y  c o r r e l a t e d ?  Thus, even though t h e r e  i s  sub- 

s t a n t i a l  v a r i a t i o n  i n  t h e  p o s t u r e  of  i n d i v i d u a l s  f o r  a  g i v e n  p o s i t i o n  

(e.g., seated w i t h  arms a t  t h e  s i d e ) ,  can three-d imens iona l  l o c a t i o n s  

-70- 



of the body be s t a t i s t i c a l  1 y predicted with reasonable accuracy? 

Furthermore, can the paths of landmark positions be predicted on a 

moving body? 

4.5.2. Analysis of Stewardess Data. 

In order to  investigate the re1 ationshi ps observed in the 

Snyder, e t  a1 . invest igation,  three-dimensional positions of 13 land- 

marks col lected on 280 a i r1  ine stewardess trainees were examined. 

These data were collected by Herbert Reynolds as part  of an anthro- 

pometric project for  the Federal Aviation Administration b u t  they have 

not been previously pub1 i shed. A1 1 the three-dimensional data were 

taken fo r  one position - namely, a normal seated position w i t h  the 

sub jec t ' s  hands a t  her sides (see Figure 2 0 ) .  The analysis  below i s ,  

thus,  limited to  describing variat ion in one par t icular ,  fixed 

position. I t  should also be mentioned tha t  these data represent 

a highly selected sample of the general female population. The sub- 

j ec t s  were hired by the a i r l i n e  only i f  they met a s t r ingent  height- 

weight table .  Thus, in general, the sample does not contain over- 

weight and/or excessively short  or t a l l  individual s .  

The f i r s t  s tep in the analysis  ident i f ied  the standard measure- 

ments tha t  have a l inear  relat ionship with three-dimensional coordinate 

data ( ~ a b l e s  3-5 ) .  As in the Synder e t  a1 . (1972) l ink study model, 

s t a tu re  and s i t t i n g  hei g h t  a re  hi ghl y correl ated w i t h  z-coordi nate 

data,  especial l y  those landmarks on the upper par t  of the body--vertex, 

r igh t  and l e f t  acromions, e tc .  Likewise, almost none of the standard 

measurements corre la te  well w i t h  the upper body landmarks in the x- and 



F igure  20 

Photograph o f  Measurement Device used i n  3-D Stewardess Study 
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Table 4. (Cont.) 
CORRELATION MATRIX CASES READ* 28R 

BODY WEIGHT 

- 'STATURE 

' *  8VPRASTERNALE HEIGHT 

S I T T I N G  HEIGHT 

' EYE HEIGHT S I T T I N G  . . 
~. - ;ACROHIALE HEIGHT 

' - T H J G M  CIRCUMrERENCL 

M I P  C IRCUHfERtNCE 

. WAIST CIRCUMFERENCE 

I N S P  CHEST CIRCUMFERENCC 

SHOULDCR CIRCUMFERENCE 

NECK CIRCUHf fRENCE 

BUTTOCKS DEPTH 

WAIST DEPTn 

' -  CHEST DEPTH 

. B IACROMIAL  BREADTH 

CnEST BREADTH 

WAX81 BREADTH 

1I. IOCRISTALE BREADTH 

I L I O S P I N A L E  BREADTH 

BITROCHANTERIC BREADTH 

H I P  BREADTH STANDING 

SnOULOER BREADTH 

,' HEAD LENGTH 

HEAD BREADTH 

TROCHANTERIO THIGH CL; X 
N x 

. 0 0 1 8 l  0eZbS 

0 e 2 3 5  ' B 0 2 9 8  
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. . 

y-axes. For vertex, t h i s  i s  not unreasonable fo r  t h i s  seated posit ion.  

For example, the correlat ion of s t a tu re  with vertex x i s  . I 3  and s ta tu re  

with vertex y i s  -.11. For the l a te ra l  dimension of s i t t i n g  eye (ecto- 

canthus),  some correlat ion w i t h  head breadth was expected b u t  i s  non- 

ex i s ten t .  The value calculated i s  .05, which i s  not s ign i f i can t ly  

d i f fe ren t  from zero. The x-coordi nate of suprasternal e has a correlat ion 

w i t h  weight a t  . 2 2  and chest depth a t  -33,  which are  a lso  weaker than 

expected. Even the y-coordinates of the r igh t  and l e f t  acromions a re  

correlated a t  a surpi r is ingly  low level with weight and biacromial 

breadth. The correlat ions of the right and l e f t  acromions with weight 

are  -.29 and -16, respectively, and w i t h  biacromial breadth are  -.53 

and .48. We explain t h i s  by the seemingly extensive variat ions in 

posture among individual which appears to  weaken the re la t ionship  of 

standard anthropometric data to  coordinate data.  In addit ion,  the 

relat ionships may not be 1 inear and, thus, may have to  be described 

by more complex, multivariate s t a t i s t i c s .  

The coordinate data describing landmarks on the pelvis should be 

independent of the subject ' s  posture. However, none of the coordinate 

points measured have a strong simple, 1 inear re la t ionship  w i t h  standard 

anthropometry. I t  i s  possible tha t  pelvic dimensions are  poorly re- 

lated t o  body s ize ,  b u t  fur ther  investigation of t h i s  will be delayed 

un t i l  the Hamann-Todd collect ion pelvic measurements have been 

completed. 

Correlations between the coordinate points show s imilar  re la t ion-  

ships t o  those found in the Snyder model (see corre la t ions  - Table 6 

and Figure 21 ) .  The z-coordinates a re  highly related w i t h  each other 
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Table - . 6. (Cont.) 
C O R R E L A T I O N  M A T R I X  

V E R T E X  X . 
S I T T I N G  EYE X 

NECK-SHOULDER X 

RT; A C R O M I O N  X 

SUPRASTERNALC x 

L T ,  - A C R O M I O N  X 

I L I O C R I S T A C E  X 

4 3 1 s  x 

T R O C H A N T E R I O N  X 

T n I t n  8, X 

T U I C H  CL. X 

' O P I 3 T H O C R A N I O ~  X 

C E R V I C A L €  X 

T H I G H  CL. x 

C A S E S  READ= 2 8 0  
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as a r e  t h e  x -  and y - c o o r d i n a t e s .  The c o r r e l a t i o n s  o f  t h e  landmark 

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

c o r r e l  a ted.  (See F i g u r e  22).  

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

v a r i a t i o n  - f o r  example, i n  what a x i s  i s  t h e  most  v a r i a t i o n ?  To s tudy  . 

t h i s  problem, a  p r o b a b i l i t y  d i s t r i b u t i o n  needs t o  be f i t t e d  t o  t h e  

c o o r d i n a t e  d a t a  f o r  each landmark. The l o g i c a l  c h o i c e  i s  a  t r i n o r m a l  

d i s t r i b u t i o n  whose t h r e e  dimensions cor respond t o  t h e  x,  y, and z 

coord fhatesc  S c a t t e r  p l o t s  o f  t h e  c o o r d i n a t e  d a t a  v i s u a l  l y  j u s t i f y  

t h e  use o f  t h i s  d i s t r i b u t i o n .  

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

examining t h e  cova r iance  m a t r i x  and t h e  axes o f  t h e  s m a l l e s t  volume, 

con f idence  e l  1  i p s o i d s  o f  t h e  d i s t r i b u t i o n .  The cova r iance  m a t r i c e s  

show t h a t  t h e  g r e a t e s t  v a r i a t i o n  i s  i n  t h e  z a x i s  f o r  p o i n t s  measured 

i n  t h e  upper t o r s o ,  and i n  t h e  x  a x i s  f o r  p o i n t s  measured on t h e  head 

and lower  p o r t i o n s  o f  t h e  body. (See Tab le  7 ) ,  The l e a s t  "epi3nca i s  

i n  t h e  Y a x i s  ( w i t h  t h e  e x c e o t i n n  n f  t h e  a n t e r i o r  s g p y i o r  i l i a c  s p i n e ) ,  

The p r i n c i p a l  a x i s  o f  t h e  con f idence  e l l i p s o i d  g i v e s  t h a t  l i n e  

a long  which t h e  g r e a t e s t  v a r i a t i o n  i n  t h e  p o r t i o n  o f  t h e  p o i n t  occurs .  

(See Tab le  8 ). T h i s  a n a l y s i s  i s  sometimes c a l l e d  p r i n c i p a l  components 

a n a l y s i s .  T h i s  l i n e  most  f r e q u e n t l y  l i e s  i n  t h e  xz-p lane f o r  p o i n t s  i n  

t h e  upper body. The a x i s  of l e a s t  v a r i a t i o n  f o l l o w s  t h e  y a x i s  w i t h  

n e g l i b i b l e  components i n  t h e  z  and x d i r e c t i o n s ,  

The graphs of  F i g u r e  23,  a r e  a  p r o j e c t i o n  o f  t h e  e l l i p s o i d  axes 

o n t o  t h e  xz  p lane.  The o r i g i n  o f  each graph i s  a t  t h e  mean x -coo rd ina te  





Table- 7.  Covar iance M a t r i c e s  o f  Landmarks 

V%RTE:X 2 . V E R T E X  X V E R T E X  Y 

V E R T E X  Z B , ' / 7 7 9 E  95 8 e 1 8 1 7 E  05 ~ 1 8 8 3 ~  

VERTEX X fl, iC!17E fl5 0,9049E 05 ~ 3 5 0 6 8  

V E R T E X  Y - 1 8 8 3 ,  9'15586, 0,1443E 05 

S I T T I N G  E Y E  S I T T I N G  E Y E  S I T T I N G  E Y E  
i x Y 

S I T T I N G  E Y E  Z 0 , 7 7 3 1 ~  efj f 3 5 0 E  I?5 216;5 

S I T T I N G  EYE  X - , 1 3 5 @ E  05 P),1Q12E 0 6  169619, 

S I T T I N G  E Y E  Y 216,5 -6909, 8 ,1399E  Pt5 



Table 7 .  (Cont.) 

S U P R A S T E R N A L  S \ l P R A S T E R W h L  S U P R A S T E R N A L  
E Z E X , E  Y 

S U P H A S T E R N A L E  X -39633, O t l b 3 8 E  O5 l01776c 

I L J O C R I S T A L E  I L I O C R I S T A L E  I L I O C R I S T  ALE 
2 X Y 

~ ~ I O C U I S T h L E  2 @,3477€ C45 934 17  1779 ,  

ILIOCHTSTALE X 9 3 4 1 7  @ , l l 4 S E  QS ~ 7 5 , 9 4  

I L I B C R I S T A L E  Y 1 7 7 9 ,  * 7 5 # 9 u  9724 



Table 7. (Cont. ) 

T H I G H  t3, Z 2563,  

T H I C W  8 ,  X 5 4 1 6 ,  

T H I G H  R e  Y 4 4 l t l  

T H I G H  8, Y  

T H I G H  CL, Z THTGH CL, X T H I G H  CL, Y ,  

T H I G H  C L c  Z O,lU47E 05 8 6 2 9 ,  39 ,GO 

THJGH CL, x 8 6 2 9 ,  0 , 2 9 6 1 ~  ns ~ i ' ,  1 

, STHIGH CL; Y ,  39,ub -10s; r 0 , 1 2 9 7 ~  0s  



Table  8. P r i n c i p a l  Components A n a l y s i s  o f  Three-Dimensional 

Stewardess Data. 

Ver tex  S i t t i n g  Eye (Ectocanthus)  

D i  r e c t i o n  Cosines D i r e c t i o n  Cosines 

1 2 3 Axes : 1 

Z ,485 
X .873 
Y - ,049 

Exp la ined  
Var iance : 96338. 
%Var i  ance : 52.7 

Neck-Shoul d e r  R i  gh t Acromi on 

D i r e c t i o n  Cosines D i r e c t i o n  Cosines 

Axes : 1 2 

Exp la ined  
Var iance:  59774. 28455. 
%Variance : 59.3 87.5 

L e f t  Acromi on 

D i r e c t i o n  Cosines D i r e c t i o n  Cosines 

Axes : 1 2 

Exp la ined  
Var iance:  50178. 16486. 
%Variance 65.7 87.3 



I l i o c r i s t a l e  A n t e r i o r  S u p e r i o r  I 1  i a c  Spine 

D i r e c t i o n  Cosines D i r e c t i o n  Cosines 

Axes : 1 2 3 1 2 3 

Exp la ined  
Var iance : 15273. 11461. 9 144. 13303. 10557. 9052.1 
%Variance : 42.6 74.5 100.0 40.4 72.5 100.0 

Trochan te r ion  Th igh Breadth 

D i r e c t i o n  Cosines D i r e c t i o n  Cosines 

Axes : 1 2 3 1 2 3 

X ,117 ,406 -. 907 . I 8 5  ,005 -. 983 
Y .966 - ,260 ,009 .979 .090 . I 8 5  
Z .232 ,876 .422 .089 - .996 ,012 

Expla ined 
Var iance:  35896. 10 700. 8097.6 3 1432. 126 10. 1539.5 
%Variance 65.6 85.2 100.0 69.0 96.6 100.0 

Th i  gh Clearance 

D i r e c t i o n  Cosines 

Axes : 1 2 3 

Expl a i  ned 
Var iance : 329 19. 12960. 7152.9 
%Variance 62.1  86.5 100.0 



F i g u r e  23. P r o j e c t i o n  o f  Leas t  Volut-ce E l l i p s o i d  Axes 

Sca led t o  Exp la ined  Var iance,  On To XZ Plane'  

+ 81 A x i s  
-+- 82 A x i s  .+ #3 A x i s  

Note:  A x i s  1 i s  t h e  ' a x i s  o f  g r e a t e s t  v a r i a t i o n  and a x i s  3 i s  t h e  a x i s  

o f  l e a s t  v a r i a t i o n .  



Figure  23. (Cont.)  

SITTING EYE 
(ec tocan thus )  



F i g u r e  2 3 .  (Cont. ) 

. + '1 A x i s  
-M- 02 A x i s  
+ at3 Axis  

+ 81 A x i s  
-H- 02 A x i  s -+- 83 A x i  s  

RIGHT QCROMION 

NECK-SHOULDER 



Figure 23. (Cont. ) 
+ rl A x i s  

Z -+- 82 A x i s  
-6 83 A x i s  

X 

I 

4 81 A x i s  * 82 A x i s  
cC- "3 A x i s  

, A 

X 

ILIOCRISTRLE 

I --t- 81 A x i s  + 82 A x i s  
-t- *3 A x i s  

LEFT RCROM 

-+- a1 A x i s  
z -M- 82 !.xis 
--t- 83 A x i s  

ANTERIOR SUPERIOR 
ILIAC SPINE 



F i g u r e  23. ( C o n t . )  Z +-- *I & x i s  
-++ 82 A x i s  . 
"t- ~3 A x i s .  

-- 
k \I 

<I 
A 

TROCHANTER I ON 

--+-- 81 A x i s  
-M- 82 !.xis 
+ 83 4 x i  s 

. 'THIGH BREFiDTH 

-+- &I A x i s  * *2 A x i s  
+ #3 A x i s  

THIGH CLEARRNCE , 



and y-coordinate of the landmark position. The length of an axis 

i s  drawn proportionately t o  the amount of variance along that  axis .  

These graphs indicate the variations of the position of the landmarks 

in the xy plane. The graphs are scaled the same, and, thus, they may 

be compared. 

The graphs of Figure 24, compare the y-component of variance 

along the three principal axes. These graphs represent the magni- 

tude of variance projected onto the perpendicular y-axis. These graphs 

are  proportional b u t  a re  not of the same scale as those of Figure 23. 

However, the graphs of Figures 23 and 24 can be used to represent the 

three-dimensional anthropometric data. 

The analysis of the di f ferent  sources of variation points out some 

very interest ing character is t ics  of the f l i gh t  attendant trainees and 

perhaps, the general poulation. The high x and xz components of variation 

indicate that  in a normal seated position, individuals have a tendency 

to  bend forward. The smaller y components and non-existent yz and yx 

components indicate that  individuals do s i t  f a i r l y  s t ra ight  in the 

frontal plane--that i s ,  they do not lean t o  one side or the other or  

s i t  twisted. These resu l t s  support the observation that  individuals, 

fo r  any position, can bend forward a t  the waist with re la t ive  ease and 

only with great d i f f i cu l ty  can they bend ' the  same distance to  the side 

or twist  any large angle t o  the side. This large variation of the body 

i n  the x direction wi l l ,  therefore, cause some d i f f i cu l t i e s  in modeling 

from empirical data sources. 

Unlike the upper part  of the body, the pelvis i s  f a i r l y  fixed in 

a seated position. Therefore, the coordinate data of landmarks on the 



F igu re  24. Y-Component o f  Var iance Along t h e  Axes o f  t h e  

Least  Volume E l l i p s o i d  

Number: 1  2 3 

Vertex 

4 

Ax is  LA.-L 
Number: 1  2 3 

R i g h t  Acromion 

Number: 1  2 3 

I 1  i o c r i s t a l e  

S i t t i n g  Eye 
(ectocanthus)  

1  2 3 

Suprasternal  e  

A n t e r i o r  Super io r  
I l i a c  Spine 

Neck-s houl der  

L e f t  Acrornion 

1 2 3 

T rochan te r i  on 

Note: A x i s  1  i s  t h e  

a x i s  o f  g r e a t e s t  

v a r i a t i o n  and A x i s  3 i s  

the  a x i s  o f  l e a s t  va r -  
Ax i s  

i a t i o n .  
Number: 1 2 3 1 2 3 

Thigh Breadth Th igh  Clearance 
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pelvis  should indicate more of the va r i ab i l i t y  in the s ize  and  shape of 

the bone than in the va r i ab i l i t y  in seated posit ions.  The confidence 

e l l ipso ids  f o r  i l  i o c r i s t a l e  and  an te r io r  superior i l  iac spine a re  

nearly spherical in shape indicating a f a i r  degree of independence o f  the 

x, y ,  and z coordinates. This property will be analyzed fur ther  on the 

Hamann-Todd coll  ect ion.  



4.6. Geometric Model Estimates of Iner t ia l  Properties of 

Body Segments - . 
B .  Bowman 

The i ne r t i a l  properties of each body segment must be 

described in order t o  complete the anthropomechnaical model of 

the body. The limbs, i n  pa r t i cu la r ,  appear t o  be sui table  

candidates f o r  r ig id  geometric body analogies such as cylinders 

and f rus ta  of cones ( e l l i p t i c a l  or c i r cu l a r ) .  As a resu l t  a 

portion of the Phase I e f fo r t  was directed towards several small 

tasks associated with these models. 

4.6.1. Analytical Determination of the Iner t ia l  Properties 

of a Cored Frustum of a R i g h t  El l ip t ica l  Cone. During Phase I ,  

the fol 1 owing problems were sol ved : 

A .  Analytical determination of the moment of ine r t i a  about 

the longitudinal principal axis of cored frustum of a r ight  

el  1 i p t i  cal cone. 

a. The eccen t r i c i t i e s  of the upper and lower outside 

cross sections must be equal ; 

b. The i n t e r i o r  core i s  in the shape of the frustum 

of a r igh t  e l l i p t i c a l  cone with equal eccen t r i c i t i e s  

of the upper and lower cross sections;  

c. The i n t e r i o r  core may be a density d i f fe ren t  from 

t h a t  of the outer section. 

d. Eccentrici t ies of the inner and outer cross sections 

need n o t  be equal ; 

e .  Principal axes of e l l i p t i c a l  cross sections may n o t  

be skewed with respect to  each other. 



B. Analytical determination of moments of i n e r t i a  a b o u t  

the l a t e ra l  principal axes of the aforedescribed frustum. 

C .  Analytical determination of the mass and the location of 

the center of mass of the cored frustum. 

Formulae fo r  the evaluation of these i n e r t i a l  propert ies  and 

others are given in the following sect ions.  The analytical quant i t ies  

used in the formula? are defined in Table 9 and i l l u s t r a t e d  in Figure 25 . 



Figure 25. A Cored Frustum of a Right f l l ipt ieal  Cone 
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Tab 1 e 9. TARLE OF INEWm PFOPEKE PARMETERS 

PjIRAmEI2S DEFINITIONS 

Height of cored frustum of a right 
el l ipt ical  cone 

" it' A subscript indicating the inner 
frustum, or core 

A subscript indicating the outer shell 
of the cored frustum 

Ellipse x- and y- semi-axis dinensions 
of the "top" of the core 

Ellipse x- and y- semi-axis dirrensions 
of the "top" of the outer shell 

A .  ,B 
1 i Ellipse x- and y- semi-axis dirrensions 

of the "base" of the core 

Aof Bo Ellipse x- and y- semi-axis dimnsions 
of the "base" of the outer shell 

The core and outer shell circumferences 
a t  the top and base of the cored frustum 

Yi A proportionality constant relating 
the semi-axes of all cross section of the 
core. e.g., bi Bi - - = - -  

ai A~ Yi 

A proportionality constant relating 
the semi-axes of a l l  cross sections of 
the outer shell. e.g., 

bo - Bo - - - - -  
a A Yo 
0 0 



The v o l m s  of the core, outer shell, 
and composite cored frustum 

The mass densities of the core, outer 
shell, and composite cored frustum 

The msses of the core, outer shell, 
and conpsite cored frustum 

The weight of the core, outer shell, 
and composite cord  frustum 

IxtIytIz The mass ncmnts of inertial of the 
composite cored frustum about the 
principle ases x-x, y-y, z-z . 

- 
Z .Distance f r o m  the "top" of the frustum 

which locates the center of mass of 
the composite cored f rusturn on the 
longitudinal axis 



4.6.1.1. D e f i n i t i o n  of  - a Mathec ia t i ca l  Operatrr. 

It is convenient for the purpose of presenting formulae 

for the inertial properties of the cored frust.m of a right 

eliptical cone to use a special mathematical notation. In 

the formulae which appear in the following sections the symbol 

".I" is a linear, algebraic operator defined as follows: 

Where f is any function of parameters that must be 

subscripted either "i" (inner frustum, or core) or 
* 

"0" (outer shell of the cored frustum). 

where fi and fo are evaluations of f for "i" parameters and 

"0" - parameters, respectively. 

As an example, consider the simple expression 

Since A, a, and y are parameters which require subscripts (see 

Table 9 ) ,  this relation is evaluated by the definition in 

Equation 1 as 

4.6.1.2. Constants. 

All basic inertial properties of a cored frustum of a right 

elliptical cone of given dimensions can be expressed in terms of 

five constant functions, J l ,  J2, J3, J4, and J 5  where: 

* These parameters are y, a, A, b, B, c, and C. 
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Here, 1 i s  t h e  l i n e a r  o p e r a t o r  d e f i n e d  i n  t h e  p reced ing  s e c t i o n ,  

and y d e s i g n a t e s  t h e  r a t i o s  

and 

The t o t a l  mass o f  t h e  cored  f r u s t u m i s  

M = lTJp , 

The mass of  t h e  c o r e  i s  

n y ' p ' h  (a f  + a . A  + A: ) , M i =  1 1  

3 1 i 

The mass of t h e  o u t e r  s h e l l  i s  

M = M-Mi , 
0 



The c e n t e r  o f  mass l i e s  on t h e  l o n g i t u d i n a l  p r i n c i p a l  

a x i s  a t  a  d i s t a n c e  of  5 froin t h e  " t o p "  of  t h e  co red  f r u s t m ,  

t h e  end w i t h  s emi -ax i s  d imens ions  a and bo: 
0 

- 
The d i s t a n c e  from t h e  " b a s e "  i s  h - 2 .  

The volumes of  t h e  c o r e  and o u t e r  s h e l l ,  r e s p e c t i v e l y ,  a r e  

Vi = Mi/p i  1 3 .  

and 

The t o t a l  volume of  t h e  co red  frustum is: 

and i t s  a v e r a g e  d e n s i t y  i s  

4.6.1.4.  Moments o f  Inert ia.  

The mass moments of i n e r t i a  o f  t h e  c o r e d  frustumalsout the 

p r i n c i p a l  a x e s  a r e  g iven  i n  E q u a t i o n s  1 7 ) ,  1 8 ) ,  and 1 9 ) .  The 

a x i s  x-x i n  F i g u r e  25 i s  i n  t h e  d i r e c t i o n  o f  t h e  " a "  and "A" 

e l l i p s e  a x e s ,  and y-y i s  i n  t h e  d i r e c t i o n  o f  t h e  "b" and "B"  a x e s .  

The a x i s  2 - 2  i s  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  co red  frustum. The 

p r i n c i p a l  a x e s  a r e  mu tua l ly  o r t h o g o n a l  and i n t e r s e c t  a t  t h e  

c e n t e r  of mass.  



4 Use of the Formulae. The relat ions given in 

Equations 1 )  through 19) may be used t o  calculate a l l  basic ine r t i a l  

properties of any circular  or e l l i p t i c a l ,  cored or uncored, r ight  cyl- 

inder, cone, or frustum. There are only two res t r i c t ions :  1 ) The core 

and outer shell must be homogeneous with respect to  mass d is t r ibut ion,  

i . e . ,  the mass densit ies pi and po must be constants. 2 )  Eccentrici t ies 

of cross sections of b o t h  the core and the outer shell must be invar- 

i an t  with respect t o  longitudinal position, a1 t h o u g h  eccentr ic i t ies  of 

the inner and outer cross sections need not be equal. 

4.6.2.  Computer Eva1 uation of Inert i  a1 Properti es. 

A task which will be completed near the beginning of Phase I1  i s  the 

development of a co~pu t e r  program which will evaluate the analytical 

expressions for  iner t ia l  properties presented in the foregoing sections. 

This program will accept as i n p u t :  1 )  the height of the cored frustum; 

2 )  a pair of weights or weight densit ies or a density - weight pair 

f o r  core and/or outer shell and/or to ta l  frustum; and 3)  the two semi- 

a x i s  lengths o r ,  optionally, one semi -axis length and the circunference 

fo r  each of the four e l l i p t i c a l  cross sections which describe the core 

and outer she1 1 of the composite frustum a t  i t s  "top" and "base". 

Example output from a preliminary version of the computer program 

i s  shown in Table 10. 
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4.7.  Measurement of St r ia ted  Muscle Density 

J .  Freeman 

A methodology fo r  determination of the density of unpreserved 

human s t r i a ted  muscle t issue has been developed a t  HSRI. The density of 

human s t r i a ted  muscle will be used in formulae developed in Phase I of 

th is  project,  describing the ine r t i a l  properties of cored frusta of r ight  

e l l i p t i c a l  cones. Using these formulae, modeling of body segments with 

two di f ferent  homogenous volumes will be possible. Thus, a segment, such 

as the thigh, may be modeled with so f t  a n d  hard t i ssue  densit ies representative 

o f  the body muscle and bone densit ies.  The density of human bone t issue has 

been documented in b o t h  the fresh and preserved conditions (Blanton and 

Bi ggs, 1968). However, human muscl e densi ty has been best documented only 

on preserved specimens (Clauser, e t  a l . ,  1969). This study has been 

undertaken, therefore, t o  provide a determination of the density of 

unpreserved human  s t r i a ted  muscle. 



4.7.1. Procedure. This investigation wi 11 proceed in two parts  : 

an i n i t i a l  data gatherirg phase, and, once 12-15 cadavers have been 

sampled, a data analysis phase. The work done with each cadaver during 

the data collection phase wi 11 i t s e l f  be composed of two par ts :  an 

i n i t i a l  Anthropometric and Roentgenographic examination of the cadaver, 

and w i t h i n  the following 24  hours, a determination of the density of 

muscle t i ssue  sampled from the cadaver. Sample s i t e s  have been chosen 

in the upper and lower extremities as well as the torso. Muscle 

t issue taken from the extremities during the i n i t i a l  examination will be 

excised i n  the shape of a roughly one to  two inch cylinder from the belly 

of each muscle chosen. Samples from muscles in the torso will be taken, 

i f  possible, a t  s i t e s  where large continuous amounts of muscle are found 

without encroaching fascia or other connective t i ssues .  Small s l  i vers 

of t i ssue  will l a t e r  be removed from these large t i ssue  samples for  the 

actual determination of muscle density. 

The i n i t i a l  examination of the cadaver will yield information 

through several approaches ( r e f e r  t o  figure 26 sample cadaver examination 

sheet showing measurements expected t o  be taken). Anthropome t r i  c 

measurements will be made of the cadaver overall as well as measurements 

which can be related more di rect ly  t o  those parts  of the body from which 

samples will be taken. In addition, skinfold measurements and measure- 

ments of f a t  thickness above the sample s i t e s  will be taken. The maximum 

circumference of the muscle, where appropriate, wi 11 a1 so be recorded. 

This information, together with data on bone, muscle and f a t  breadth 

obtained from x-ray studies should enhance our understanding of the 

relat ionship of muscle density t o  s ize .  
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Muscles from which samples will be taken have been chosen for  

t he i r  s i ze  as well as ease of identif icat ion.  Where possible samples 

will be taken from the r ight  side o f  the body. Those muscles chosen 

fo r  sampling in the extremities include: Biceps brachii and  Triceps 

brachii (long head) in the arm; Brachioradialis i n  the forearm; Rectus 

femoris a n d  Biceps femoris (long head) in the thigh; and the medial head 

of the Gastrocnemius in the shank. The neck, back and  ax i l l a  will be 

sampled in the trunk as represented by the Trapezius, Latissimus dorsi 

and Pectoral i s major muscles, respectively. 

Muscle density measurements will be made on three s l ive rs  of 

t i ssue  from each of the nine muscles dissected from each cadaver. 

Each s l i ve r  will be dissected from i t s  muscle sample t o  cause as l i t t l e  

distort ion in the t issue as possible. The s l i ve r  will be immediately 

weighed on a double-pan, analytical balance and  then immersed in a 25 ml. 

pycnometer f i l l e d  with d i s t i l l ed  water. Care will have been taken t o  

assure t h a t  the muscle t i ssue ,  Pycnometer and room are approximately in 

thermal equi 1 i bri um as fluctuations in temperature can e f fec t  the accuracy 

of the resultant  density determination. The Pycnometer will be quickly 

imersed in a 50 watt ultrasonic bath t o  remove any a i r  bubbles adhering 

t o  the t i ssue  o r  the inner surface of the Pycnometer. The Pycnometer 

will then be sealed, and a t  the end of a two minute s tabi l iza t ion period, 

the Pycnometer will be weighed. Following Figure 27, which shows the 

data sheet and  calculations t o  be used in the density determination 

procedure, ( the format of which was kindly volunteered by Clauser, 

McConville and Youd, we can see that  i f  the weights of the empty and 

water-fi 1 led Pyncometer are a1 ready k n o w n ,  and i f  the ambient temperature 



Date / / Card 

Subject number 

Tissue sample Sample Si te  

1. Wt. of sample Water temp. 

2. Wt. of bot t le .  ................ 
.... 3. Wt, of bot t le  plus water.. 

4. Wt. of bo t t l e ,  water and sample 

5. Wt. of water.. ............... .. (3-2) 

6. W t .  of water and sample.. ...... (4-2 

7. Wt. of water less  Wt. of Sample (6-1) 

8. Wt. of water less  water not displ (5-7) 

9 .  Di spl aced vol . (8)*(temp. correc. ) 

i n t l .  

1 Dry sample Wt.. .................... 

Figure 27.  Sample Data and Calculation Sheet used in Tissue Density 
Determi nation Process. 



i s  known, the densi ty of the muscle t i s sue  may be calculated.  A 

determination of the percent of water in muscle t i s sue  will then a l so  

be performed as shown in the bottom of the form in Figure 2 7 .  

4.7.2. Discussion. In any micro-analytical research Such as 

t h i s ,  much consideration must be given t o  the discovery of sources of 

e r ro r  and t h e i r  possible solut ions.  Below a re  l i s t e d  potential sources 

of e r ro r  i n  t h i s  research and the procedures which have been devised 

t o  reduce or  quantify them. 

- a i r  bubbles - 
Air bubbles in the Pycnometer could cause an e r ro r  in volume deter -  

mination. Therefore, pr ior  t o  seal i n g  , the Pycnometer i  s immersed 

to  i t s  neck in an ul trasonic bath removing a i r  bubbles from the sides 

of the vessel or t i s sue .  

- Evaporation of water from the Pycnometer - 

I n i t i a l l y  very noticeable a s  an i n s t a b i l i t y  in s e r i a l  weight 

readings, has been control led by thoroughly drying the outside 

of the  Pycnometer, seal ing the ground glass jo in t s  with stop-cock 

grease and allowing a two minute s t ab i l i za t ion  period a f t e r  seal ing 

before the weight of the Pycnometer i s  measured. 

- Evaporation of water from t i s sues  - 
Evaporation of water from t i s s u e  samples i s  a serious problem t h a t  

could cause d i s to r t ion  of t i s sues  and changes in density. Sealing 

t i s sue  samples in a i r - t i g h t  bags immediately a f t e r  removal from 

the cadaver and a reduction of open-air time to  an absolute minimum 

should reduce water loss  from t i s sues  and the r e su l t an t  e r ro r .  



Similarly, the to ta l  elapsed time between t i s sue  removal and density 

nieasurenient will  be kept to  a miniirium so tha t  t i ssues  will not need 

t o  be frozen or  preserved - which could possibly cause t i s sue  

d is tor t ion  or water loss .  

- Temperature Fluctuations - 
The density of the muscle t i ssue  as  well as  tha t  of water will  

change with temperature. Therefore, a1 1 density measurements wi 11 

be carr ied out a t  a standard rooni temperature. (21-22°C). 

- Tissue Distortion - 

Since large muscle samples must f i r s t  be removed from the cadaver 

and then s l i v e r s  made from these samples, the poss ib i l i ty  of 

mechanical d is tor t ion  of the t i s sue  i s  h i g h .  However, careful 

manual dissect ion appears a t  t h i s  time t o  be the l e a s t  destruct ive 

technique for  producing small muscle samples fo r  the Pycnometer. 

This i s  a problem area which, a t  t h i s  time appears not to  have an 

ideal solut ion.  

4.7.3. Summary. 

The data collected in t h i s  study, based upon the examinations of 

12-1 5 cadavers and over three hundred density determinations, will  

enable a confident statement of the density of unpreserved human 

s t r i a t ed  muscle and may a1 1 ow fur ther  understanding of the relat ionship 

between anthropometrical measurements and the physical s t ruc ture  of 

the human body. 



6.0. Summary, Conclusions and Recommendations. 

Phase I has developed a measurement t echn ique  and examined some 

th ree -d imens iona l  an th ropomet r i c  d a t a  f o r  a n a l y z i n g  v a r i a t i o n  i n  a sample 

o f  s u b j e c t s  f i x e d  i n  space and t i m e .  S t e r e o r a d i o g r a p b  appears t o  p r o -  

v i d e  an accu ra te  measurement t echn ique  f o r  t h e  th ree -d imens iona l  l o c a t i o n  

o f  sur face and s k e l e t a l  landmarks. Some problems may be encountered,  

however, i n  t h e  use o f  t h i s  measurement system t o  i n v e s t i g a t e  t h e  j o i n t  

k i n e m a t i c s  r e l a t i v e  t o  those landmarks i f  t h e  l i n k a g e  geometry i s  r a t e  

dependent. Stereoradiography and t h e  method o f  p r i n c i p a l  components anal  y s i  s  

a r e  e q u a l l y  we1 1 -su i  t e d  f o r  t h ree -d imens iona l  an thro?omet ry  o f  f i x e d  

s u b j e c t s .  Some th ree -d imens iona l  an thropornet r ic  d a t a  have been summarized 

th rough p r i n c i p a l  components a n a l y s i s  wh ich  d e f i n e s  t h e  shape o f  t h e  t h r e e -  

d imens iona l  da ta  b y  niagni t ude  ( v a r i a n c e )  and d i r e c t i o n  ( d i r e c t i o n  c o s i n e s ) .  

Phase I 1  i s  i n v e s t i g a t i n g  t h e  measurement and a n a l y t i c a l  r e q u i r e -  

ments o f  an thropomet ry  o f  a t h ree -d imens iona l  body moving i n  space and t ime .  

Phase I 1  w i l l  use data  f r o m  a 1 i m i  t e d  sample f o r  development o f  an thropo-  

m e t r i c  hypotheses about  t h e  p o p u l a t i o n  as dynamic systems. The human 

1 i nkage  system, one o f  t h e  1 e a s t  q u a n t i f i e d  components o f  systems an th ro -  

pometry w i l l  be i n v e s t i g a t e d .  T h i s  i n v e s t i g a t i o n  w i l l  beg in  w i t h  t h e  

lumbar/pel  v i  c / femur  1 inkage system. A d d i t i o n a l  resea rch  on o t h e r  areas 

of t h e  human l i n k a g e  system w i l l  be r e q u i r e d .  I n  p a r t i c u l a r ,  we recommend 

t h a t  t h e  p r e s e n t  e f f o r t  c o n t i n u e  i n t o  an examina t i on  o f  t h e  s p i n a l  column 

and shou lde r  l i n k a g e  system. The r e s u l t s  o f  Phase I1  w i l l  need t o  be 

s u b s t a n t i a t e d  i n  a l a r g e r  sample, b u t  more i m p o r t a n t l y ,  t h e  s p i n a l  column 

must be examined w i t h  r e s p e c t  t o  i t s  in te rdependence w i t h  t h e  1 umbar/pel v i  c /  

femur system. We f e e l  t h a t  s i g n i f i c a n t  p rog ress  towards a systems a n t h r o -  



pometry can be o b t a i n e d  ty a d d i t i o n a l  resea rch  on t h e  human t o r s o .  

I n  c o n c l u s i o n ,  t h e  r o l e  t h a t  systems anthropomet ry  can t a k e  i n  

hand1 i n g  r e a l  -wor ld  des ign  problems t h a t  r e q u i r e  human i n t e r f a c e  appears 

t o  be s i g n i f i c a n t l y  l a r g e r  than a  comparable p o s i t i o n  f o r  t r a d i t i o n a l  

an thropomet ry  . Anthropometry , i n  genera l  , has 1 ong k e n  cons i dered a  

u s e f u l ,  bu t  l i m i t e d ,  research t o o l .  One o f  i t s  c r i t i c i s m s  has c e n t e r e d  

on t h e  h i g h l y  persona l  manner i n  h i c h  t h e  measurements have been s e l e c t e d  

and made. Landmarks have been i d e n t i f i e d  by t r a i n i n g  and expe r ience ,  

and dimensions have been measured r e l a t i v e  t o  an o f t e n  p o o r l y  d e f i n e d  

s e r i e s  o f  e x t e r n a l  and i n t e r n a l  p lanes .  Systems anthropomet ry  as a  

th ree -d imens iona l  mensura t ion  techn ique  uses w e l l - d e f i n e d  a x i s  s y s t e m ,  

and any d e s i r a b l e  geometry may be s p e c i f i e d  w i t h i n  t h e  th ree -d imens iona l  

a r r a y  o f  landmarks.  The d e f i n i t i o n  and i d e n t i f i c a t i o n  o f  landmarks as 

w e l l  as p o p u l a t i o n  d i f f e r e n c e s  i n  t h e  l o c a t i o n  o f  these landmarks w i l l  

remain as sources o f  v a r i a t i o n  i n  s y s t e m  anthropomet ry  t h a t  must be 

s t a t i s t i c a l l y  analyzed.  The p r a c t i c a l i t y  o f  t h e  new a n t h r o p o m e t r i c  techn iques 

o f  sys tems anthropometry must , however, be demonstrated.  
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