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1.0 INTRODUCTION 

The purpose o f  Volume 2 i s  t o  p resen t  t h e  a n t h r o p o m e t r i c  

s p e c i f i c a t i o n s  f o r  a  m i d - s i z e d  male dummy. Data ga the red  d u r i n g  t h e  

p r o j e c t  as w e l l  as da ta  a v a i l a b l e  i n  t h e  l i t e r a t u r e  were used i n  

f o r m u l a t i n g  these s p e c i f i c a t i o n s .  T h i s  volume i s  o rgan ized  n o t  o n l y  t o  

p r e s e n t  t he  r e s u l t s ,  b u t  t o  l ead  t h e  user t h rough  t h e  process  o f  

development o f  a  c o n s i s t e n t  an th ropomet r i c  d e s c r i p t i o n  o f  a  seated 

human. 

The f i r s t  s e c t i o n s  c o n c e n t r a t e  on s u b j e c t  geomet r ic  d e f i n i t i o n  

based on measured s u r f a c e  landmarks and t h e  c o n s t r u c t i o n  o f  a  s tanda rd  

s e a t  c o o r d i n a t e  system i n  wh ich  a l l  d a t a  can be s p e c i f i e d .  I n  t h e  n e x t  

s e c t i o n s ,  t h e  emphasis s h i f t s  t o  d i v i s i o n  o f  t h e  body i n t o  d i s c r e t e  

segments. T h i s  i m p l i e s  a t  l e a s t  p a r t i a l  acceptance o f  t h e  assumpt ion 

t h a t  t h e  human body can be rep resen ted  as a  c h a i n  o f  r i g i d  bod ies  i n  

dynamic a p p l i c a t i o n s .  ( I n  t h e  s t a t i c  sense, when t h e  body i s  n o t  

moving, t h i s  assumpt ion i s  v a l i d . )  I n d i v i d u a l  c o o r d i n a t e  systems a r e  

d e f i n e d  f o r  each segment. T rans fo rma t ions  a r e  developed which r e l a t e  

these  segment systems t o  t h e  s tandard  sea t  c o o r d i n a t e  system. 

Mathemat ica l  f o r m u l a t i o n s  f o l l o w  f o r  t h e  c o n s t r u c t i o n  o f  segmenta t ion  

p lanes  between t h e  v a r i o u s  p a r t s  o f  t h e  body. The s t a t i c  an th ropomet r i c  

d e s c r i p t i o n  i s  completed by e s t i m a t i o n  o f  j o i n t  c e n t e r  l o c a t i o n s  f o r  t h e  

seated s u b j e c t  i n  b o t h  s tanda rd  sea t  and segment c o o r d i n a t e  systems. 

A s t e p  toward dynamic an th ropomet r i c  s p e c i f i c a t i o n s  i s  made i n  

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

i n f o r m a t i o n  a v a i l a b l e  f o r  d e s c r i p t i o n  o f  m o b i l i t y  between t h e  v a r i o u s  

segments o f  t h e  body i s  rev iewed.  The r e s u l t s  a r e  assembled i n t o  a  

q u a l i f i e d  s p e c i f i c a t i o n  on range o f  mo t ion  t o  comple te  t h e  r e p o r t .  

T h i s  r e p o r t  i s  supplemented by f u l l - s i z e  b l u e p r i n t s  

(Nos. MM-101, MM-102, MM-103, MM-104, MM-105) showing s i d e ,  f r o n t ,  and 

t o p  v iews o f  t h e  f o l l o w i n g :  

Sur face landmarks 
J o i n t s  c e n t e r s  
Segment c e n t e r s  o f  g r a v i t y  



O r i g i n s  o f  segment c o o r d i n a t e  systems 
Sur face  p r o f i l e  o f  a c t u a l  s u r f a c e  form 
l n f o r m a t i o n  on anatomical  and p r i n c i p a l  axes 
I n f o r m a t i o n  on segmentat ion p lanes 
A superimposed s k e l e t a l  r e n d e r i n g  

F i g u r e  1 i n  t h i s  r e p o r t  i s  a  schemat ic showing a  subset  o f  t h i s  

i n f o r m a t i o n .  
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F IGURE 1 .  A n t h r o p o m e t r i c  s p e c i f i c a t i o n s  f o r  m i d - s i z e d  ma le  dummy. 





2.0 LANDMARKS U S E D  F O R  SUBJECT DEFINITION 

I n  o r d e r  t o  deve lop  a  geomet r ic  and mass d e f i n i t i o n  o f  a  person 

seated i n  an au tomob i l e  i t  i s  necessary t o  t ake  i n t o  account  a  v a r i e t y  

o f  i ssues i n c l u d i n g :  

Body segmenta t ion  scheme 
S i z i n g  o f  components 
Segment masses 
Segment c e n t e r s  o f  g r a v i t y  
Segment moments o f  i n e r t i a  
J o i n t  l o c a t i o n s  
J o i n t  ranges o f  mo t ion  
Su r face  geometry 
O r i e n t a t i o n  o f  p e l v i s ,  v e r t e b r a l  column, s k u l l ,  and lower 

e x t r e m i t i e s  i n  t h e  seated p o s i t i o n  
R e l a t i o n  o f  c o o r d i n a t e  systems i n  anatomica l  segments t o  t h e  

s t a n d a r d  sea t  c o o r d i n a t e  system 

Tab le  1 i s  t h e  o r i g i n a l  minimum c o l l e c t i o n  o f  geomet r ic  p o i n t s  e s t i m a t e d  

t o  be r e q u i r e d .  The f i r s t  t h i r t y - o n e  a r e  minimum requ i remen ts  f o r  body 

segmenta t ion ,  mass p r o p e r t y  d e f i n i t i o n ,  and segment c o o r d i n a t e  system 

c o n s t r u c t i o n  u s i n g  t h e  fo rmulae and techn iques o f  M c C o n v i l l e  e t  a l .  

(1980) . Tab les  2 and 3 a s s o c i a t e  p a r t i c u l a r  s k e l e t a l  landmarks used i n  

t h e  p r e s e n t  a n a l y s i s  w i t h  c o o r d i n a t e  systems and segmenta t ion  p lanes .  

The l a r g e  m a j o r i t y  o f  these agree w i t h  t h e  f i r s t  t h i r t y - o n e  o f  Tab le  1 .  

However, a  few new p o i n t s  can be i d e n t i f i e d  wh ich  a r e  r e q u i r e d  f o r  t h e  

s tudy  o f  seated p o s t u r e .  These i n c l u d e  p o i n t s  t o  d e f i n e  the :  

r Thorax and abdomen c o o r d i n a t e  system and t h e  t h o r a x  
segmenta t ion  p lane :  " I n t e r s e c t i o n  p o i n t  on t h e  back o f  t h e  
s u r f a c e  fo rm o f  a  p e r p e n d i c u l a r  f rom t h e  c e n t e r  o f  a  l i n e  
connec t i ng  the  10th  r i b  t a r g e t s  t o  a  l i n e  connec t i ng  t h e  
T12 and L 5  s u r f a c e  t a r g e t s . "  

Foot  c o o r d i n a t e  system: "Heel p o i n t "  ( taken d i r e c t l y  f r om t h e  
s e a t  i ng buck) . 

r Abdomen segmentat ion p lane:  " I n t e r s e c t i o n  p o i n t  on t h e  back 
o f  t h e  s u r f a c e  fo rm o f  a  p e r p e n d i c u l a r  f r om t h e  c e n t e r  o f  a  
l i n e  connec t i ng  t h e  i l i o c r i s t a l e  t a r g e t s  t o  a  l i n e  
connec t i ng  the  LZ  and L5  s u r f a c e  t a r g e t s . "  

r H i p  segmenta t ion  p lane:  "Pubo tube ros i t y "  and " l a t e r a l  
t ube ros  i t y  p o i n t  ." 



Beyond t h e  f i r s t  t h i r t y - o n e ,  t h e  n e x t  t h r e e  landmarks l o c a t e  t h e  

p o s i t i o n  o f  t h e  scapu la  w i t h i n  t h e  space d e f i n e d  by a  shou lder  g i r d l e  

mass, wh ich  i s  sepa ra te  f rom t h e  tho rax  o r  ches t  mass d e f i n e d  by 

McConv i l l e  e t  a l .  A l though i t  has n o t  been p o s s i b l e  w i t h i n  t h e  c u r r e n t  

a c t i v i t y ,  i t  i s  recommended t h a t  i n  f u t u r e  work t h e  cadaver shou lder  

g i r d l e  segmenta t ion  scheme and mass d a t a  o f  Dempster (1965) be used t o  

decompose t h e  t h o r a x  d e f i n i t i o n  o f  McConv i l l e  i n t o  r i b  cage and shou lder  

g i r d l e  segments. The r e c o g n i t i o n  o f  t h e  s e p a r a t i o n  o f  r i b  cage f rom 

shou lder  g i r d l e  w i l l  l a y  t h e  b a s i s  f o r  des ign  o f  more r e a l i s t i c  

i n t e r a c t i o n s  between members o f  t h e  new dummy f a m i l y  and s i d e  door 

s t r u c t u r e s  as w e l l  as f r o n t a l  r e s t r a i n t  dev ices .  A f u r t h e r  purpose i s  

t o  more c l e a r l y  d e f i n e  t h e  l o c a t i o n  o f  t h e  a c r o m i o - c l a v i c u l a r  and 

g lenohumeral  j o i n t s  so t h a t  t h e  b e s t  p o s s i b l e  e s t i m a t e s  o f  shou lder  

g i r d l e  c e n t e r s  o f  r o t a t i o n  can be  made. 

The f i n a l  f i v e  s u r f a c e  landmarks r e l a t e  t o  t h e  s p i n a l  column. 

These d a t a  a r e  b e i n g  used as i n p u t  f o r  procedures r e p o r t e d  by  Snyder e t  

a l .  (1972) t o  d e f i n e  t h e  l o c a t i o n  o f  s e v e r a l  s p i n a l  i n t e r f a c e  c e n t e r s  

w i t h  r e s p e c t  t o  t h e  s u r f a c e  da ta .  These landmarks a r e  i m p o r t a n t  f o r  

p l a c i n g  t h e  v e r t e b r a l  column i n  a  c o r r e c t  r e l a t i o n s h i p  t o  t h e  e x t e r i o r  

o f  t h e  s u r f a c e  form. 

Four o f  t h e  s u r f a c e  landmarks i n  Tab le  1 r e q u i r e  s p e c i a l  

comment. These a r e  marked by  a s t e r i s k s .  The symphysion was rep laced  i n  

t h e  f i n a l  1 i s t  o f  s u b j e c t  t a r g e t s  by p e l v i c  c r e s t  due t o  t he  d i f f i c u l t y  

o f  t a r g e t  l o c a t i o n  f o r  pho tog raph ic  d a t a  a c q u i s i t i o n .  i n  o rde r  t o  

compensate, a  c o r r e c t i o n  f a c t o r  was developed t o  t r a n s l a t e  p e l v i c  c r e s t  

landmark t o  symphysion based on p e l v i c  geometry d a t a  o f  Reynolds e t  

a l .  (1981). P o s t e r i o r  calcaneus i s  h idden f rom v iew  i n  t h a t  t h e  hee l  i s  

i n  t h e  d r i v i n g  p o s i t i o n  i n  t h e  s tanda rd  sea t  buck.  However, a  c l o s e  

app rox ima t ion  o f  t h i s  p o i n t  i s  t h e  hee l  p o i n t  r e f e r e n c e  wh ich  i s  

measured d i r e c t l y  on t h e  buck.  

I t  was n o t  p o s s i b l e  t o  o b t a i n  two p o i n t s  d i r e c t l y .  These a r e  

nucha le  and g l u t e a l  f u r r o w .  However, nucha le  p o s i t i o n  can be i n f e r r e d  

f rom t h e  s u r f a c e  fo rm and by t h e  f a c t  t h a t  i t s  l o c a t i o n  i s  g i v e n  i n  

anatomica l  c o o r d i n a t e s  by M c C o n v i l l e  e t  a l .  (1980). G l u t e a l  f u r r o w  

p o i n t  i s  i n  c o n t a c t  w i t h  t h e  sea t  and hence i s  i n v i s i b l e .  No a t temp t  t o  



deve lop t h i s  p o i n t  was made because o f  t i s s u e  s h i f t s  between s t a n d i n g  

seated pos tu re .  The s u b j e c t  i s  d i scussed  f u r t h e r  i n  Sect ions  5 and 6.  



TABLE 1 

LIST OF SURFACE LANDMARKS FOR SEGMENT AND JOINT DEFINITION 
(Original Requirements) 

- 

Cervicalefi 
Acromion 
Trochanterion (skeletal reconstruction) 
lnfraorbitale 
Trag i on 
Suprasternale 
Lateral Humeral Epicondyle 
Ulnar Styloid 
Anterior-Superior Iliac Spine 
Symphys ion$:$( 
Lateral Femoral Epicondyle 
Lateral Malleolus 
Clavicale 
Mid-Spine, 10th Rib Level 
Lateral 10th Rib 
Medial Humeral Epicondyle 
Radiale 
Sty1 ion 
Medial Femoral Epicondyle 
Tibiale 
Sphyr i on 
Metatarsal/Phal angeal I 
Metatarsal/Phalangeal V 
Posterior Calcaneusfifi 
Tip of Digit I I (Toe) 
Gon i on 
Iliocristale 
Anterior Scye 
0 1 ecranon 
Nucha 1 eh* 
Gluteal Furrow (most inferior point) fi:'; 
Superior Margin Scapula 
Inferior Margin Scapula 
Acromio-Clavicular Articulation 
T4 Surface 
T8 Surface 
TI2 Surface 
L2 Surface 
L5 Surface 

>?See Section 3.0 in Volume 1 for 
definitions. 

fcfcLandmarks modified or deleted from final 
l ist. 



TABLE 2  

LANDMARKS U S E D  I N  CONSTRUCTION O F  SEGMENT 
ANATOMICAL COORDINATE SYSTEMS 

Segment I Landmarks 

Head 

Thorax 

T r a g i o n  ( L  and R) 
I n f r a o r b i  t a l e  (L) 

I 

C e r v i c a l  e  
10 th  r i b  (L and R) 
l n t e r s e c t i o n  p o i n t  on back o f  s u r f a c e  fo rm o f  

a  p e r p e n d i c u l a r  f r om t h e  c e n t e r  o f  a  l i n e  
connec t i ng  t h e  1 0 t h  r i b  t a r g e t s  t o  a  l i n e  
connec t i ng  t h e  T I 2  and 15 s u r f a c e  t a r g e t s  

T I 2  
L  5 

Neck 

Abdomen 

C l a v i c a l e  (L and R) 
Cerv i ca 1 e  

10 th  r i b  (L and R) 
I n t e r s e c t i o n  p o i n t  on back o f  s u r f a c e  fo rm o f  

a  p e r p e n d i c u l a r  f r om t h e  c e n t e r  o f  a  l i n e  
connec t i ng  t h e  10 th  r i b  t a r g e t s  t o  a  l i n e  
connec t i ng  t h e  T I 2  and L5 s u r f a c e  t a r g e t s  

T I 2  
L  5 

P e l v i s  Anter  io r -Super  i o r  l  1 i ac Spines (L and R) 
Symphysion 

Upper Arms Acromion (L and R) 
Med ia l  Hurneral Ep i condy le  (L and R) 
L a t e r a l  Humeral Ep i condy le  (L and R) 

Lower Arms 
and Hands 

R a d i a l e  (L and R) 
U lna r  S t y l o i d  Process,  D i s t a l  End (L and R) 
Rad ia l  S t y l o i d  Process,  D i s t a l  End (L and R) 

Upper Legs 

Lower Legs 

Feet  

T rochan te r  i on, r e c o n s t r u c t e d  (L and R) 
L a t e r a l  Femoral Ep i condy le  (L and R) 
Med ia l  Femoral Ep i condy le  (L and R) 

T i b i a l e  (L and R) 
Sphyr i o n  (L and R) 
L a t e r a l  Ma1 l e o l u s  (L and R) 

Me ta ta rsa l /Pha langea l  I (L and R) 
Me ta ta rsa l /Pha langea l  V (L and R) 
Heel P o i n t  (L and R) 



TABLE 3 

LANDMARKS USED IN CONSTRUCTING SEGMENTATION PLANES 

Head 

Segmentat ion Plane 

Gonion (L and R) 
Nucha I e  

Landmarks 

Neck C l a v i c a l e  
Cerv i  ca 1 e  

Knee / L a t e r a l  Femoral Ep i condy le  (L and R) 

Thorax 

Abdomen 

H i p  

Ankle 1 Sphyr i o n  (L and R) 

10 th  R i b  (I and R) 
l n t e r s e c t i o n  p o i n t  on back o f  s u r f a c e  fo rm o f  

a  p e r p e n d i c u l a r  f rom t h e  cen te r  o f  a  l i n e  
connec t i ng  t h e  10th  r i b  t a r g e t s  t o  a  l i n e  
connec t i ng  t h e  T12 and L5 s u r f a c e  t a r g e t s  

I 1  i o c r i s t a l e  (L and R) 
l n t e r s e c t i o n  p o i n t  on back o f  s u r f a c e  fo rm o f  a  

p e r p e n d i c u l a r  f rom t h e  cen te r  o f  a  l i n e  
connec t i ng  t h e  i l i o c r i s t a l e  t a r g e t s  t o  a  l i n e  
connec t i ng  t h e  T I 2  and L5 s u r f a c e  t a r g e t s  

A n t e r i o r - S u p e r i o r  I l i a c  Spine (L and R)f: 
Pubotuberos i t y  (L and R) 9: 

L a t e r a l  T u b e r o s i t y  P o i n t  (L and R)*  

Shou 1 der 
-- - - -  

Acromion (L and R )  
A n t e r i o r  Scye (L and R) 
Poster  i o r  Scye (L and R) 

E 1 bow O l  ecranon 
Media l  Humeral Ep i condy le  
L a t e r a l  Humeral Ep i condy le  

fiThese s k e l e t a l  landmarks a r e  d e r i v e d  f rom t h e  p o s i t i o n  i n  space 
o f  t h e  average p e l v i s  (Reynolds e t  a1 . 1981) . 



3.0 DEVELOPMENT OF STANDARD SEAT COORDINATE SYSTEM 

The s e l e c t i o n  o f  a  s tanda rd  seat  c o o r d i n a t e  system was made 

between two cand ida tes :  (1) t r a d i  t i o n a l  H-poi n t ,  and (2)  seat-based 

c o o r d i n a t e  system. The t r a d i t i o n a l  H -po in t  rep resen ts  a  p o i n t  on t h e  

H-po in t  machine a s s o c i a t e d  w i t h  t h e  human h i p  j o i n t .  Seat-based 

c o o r d i n a t e  systems o f t e n  r e f l e c t  t h e  i n t e r s e c t i o n  p o i n t  between sea t  

back and s e a t  cush ion  1 i nes .  The con t i nuous  c u r v a t u r e  o f  t h e  sea t  back 

and cush ion  o f  t h e  average s tandard  seat  developed on t h i s  p r o j e c t  

p reven ted  development o f  any c l e a r  d e f i n i t i o n  o f  sea t  back and seat  

cush ion  l i n e s .  Hence, i t  was dec ided t h a t  t h e  t r a d i t i o n a l  H -po in t  

concept  o f f e r e d  t h e  b e t t e r  a l t e r n a t i v e .  

The s u r f a c e  landmarks f o r  r i g h t  and l e f t  a n t e r i o r - s u p e r i o r  i l i a c  

sp ines  as w e l l  as p e l v i c  c r e s t  were o b t a i n e d  i n  t h i s  s tudy  (see Volume 

1 ,  S e c t i o n  3.8) . These were used t o  de termine t h e  o r i e n t a t i o n  o f  t h e  

p e l v i s  i n  t h ree -d imens iona l  c o o r d i n a t e s .  I n  o rde r  t o  d e f i n e  the  H - p o i n t  

i t  was necessary t o  e s t i m a t e  t i s s u e  th i cknesses  o f  t h e  s u r f a c e  landmarks 

over  t h e  s k e l e t a l  landmarks. These d a t a  a l s o  b e i n g  a v a i l a b l e ,  i t  was 

then  p o s s i b l e  t o  o r i e n t  t h e  p e l v i s  i f  an a p p r o p r i a t e  average s t r u c t u r e  

c o u l d  be found.  

The p e l v i c  d a t a  o f  Reynolds e t  a l .  (1981) a r e  based on a  s u b j e c t  

g roup s i m i l a r  i n  average s t a t u r e  and we ight  t o  those measured d u r i n g  t h e  

c u r r e n t  UMTRl s tudy  as shown below. 

Body Measurement UMTRl 1983 Reynolds e t  a l .  1981 

Weight ( l b )  168.8 
S t a t u r e  (cm) 175.1 

These d a t a  were accepted f o r  t h e  p e l v i c  r e c o n s t r u c t i o n ,  l o c a t i o n  o f  t h e  

s tanda rd  s e a t  c o o r d i n a t e  system a t  t h e  c e n t e r  o f  a  l i n e  connec t i ng  t h e  

H-po in t s ,  l o c a t i o n  o f  t h e  cen te r  o f  r o t a t i o n  o f  t h e  two h i p  j o i n t s ,  and 

I  cat i o n  o f  t h e  1 umbar-sacral  (L5/S1) j o i n t  c e n t e r .  



The d i r e c t i o n  o f  Reyno lds '  c o o r d i n a t e  system was superimposed 

upon t h e  UMTRl d a t a  f o r  a n t e r  i o r - supe r  i o r  i 1 i a c  s p i n e  ( i  l i o - s p i  n a l e  

summum) and p u b i c  symphys i s  ( F i g u r e  2) . The d i r e c t  i o n  o f  54.07 degrees 

between t h e  two a l l owed  conve rs ion  o f  any o f  t h e  Reynolds e t  a l .  d a t a  

p o i n t s  i n t o  a  system p a r a l l e l  t o  t h e  UMTRl l a b  system w i t h  an o r i g i n  a t  

t h e  c e n t e r  p o i n t  o f  t h e  a n t e r i o r - s u p e r i o r  i l i a c  sp ines  u s i n g  t h e  s imp le  

t r a n s f o r m a t i o n :  

X L  = XR cos 8 - ZR s i n  8 

Z L  = XR s i n  8 + ZR cos 8 

where t h e  s u b s c r i p t  R i d e n t i f i e s  t h e  Reynolds e t  a l .  c o o r d i n a t e  va lues  

and L r e f e r s  t o  t h e  l a b  system. The f o l l o w i n g  p o i n t s  were t rans fo rmed  

as needed f o r  use i n  c o n s t r u c t i o n  o f  j o i n t  c e n t e r s ,  segmenta t ion  p lanes,  

anatomica l  segment a x i s  c o n s t r u c t i o n ,  e s t i m a t i o n  o f  t i s s u e  depths ,  e t c . :  

H-poi n t s  
Pub ic  symphysis 
l  n f e r  i o r  symphyseal p o l e  
Super io r  po le ,  pub i c  syrnphys i s  
l l i o - s p i n a l e  summum 
I l i o - c r i s t a l e  summum 
I n f e r i o r  t u b e r o s i t y  p o i n t  
P o s t e r i o r  p o i n t  on 1 s t  s a c r a l  v e r t e b r a l  body 
Promontor ion  
L a t e r a l  p o i n t  on 1 s t  s a c r a l  v e r t e b r a l  body 
Pubo tube ros i t y  
L a t e r a l  t u b e r o s i i y  p o i n t  

The key p o i n t s  f o r  development o f  a  s tanda rd  sea t  c o o r d i n a t e  

system were t h e  H-po in t s  wh ich  have t h e  f o l l o w i n g  c o o r d i n a t e s  i n  t h e  

UMTR l  l a b o r a t o r y  r e f e r e n c e  system ( d e f i n e d  by t h e  s u b s c r i p t  L) : 

L e f t  657 70 1 422 
R i g h t  657 5 3 7 4 2 2  

The Y - s h i f t  f rom t h e  body c e n t e r l i n e  was +82 mm as r e p o r t e d  by Reynolds 

e t  a l .  The cen te r  o f  t h e  l i n e  connec t i ng  these two p o i n t s  i s  l o c a t e d  

a t :  XL=657, YL=619, ZL=422.  T h i s  p o i n t  i s  s e l e c t e d  as t h e  o r i g i n  o f  t h e  

s tanda rd  sea t  c o o r d i n a t e  system. A l l  f u r t h e r  d a t a  i n  t h i s  r e p o r t  a r e  



r e l a t e d  t o  t h i s  p o i n t  on  t h e  body c e n t e r l i n e .  The s u b s c r i p t  f o r  a l l  

d a t a  q u a n t i t i e s  r e f e r r e d  t o  i n  t h i s  new c o o r d i n a t e  sys tem based o n  t h e  

H - p o i n t  w i l l  have t h e  s u b s c r i p t  H. 

F I G U R E  2 .  P e l v i c  c o o r d i n a t e  sys tem super imposed on 
UMTRl l ab -based  c o o r d i n a t e  sys tem.  





4.0 SUBJECT DATA TRANSLATED TO STANDARD COORDINATE SYSTEM 

Table 4 presents a1 1 skeletal and surface landmarks used in the 

development of the anthropometric specifications for the mid-sized male 

dummy and are incorporated in the surface form. The origin of 

coordinates is the center of a line connecting the H-points. These data 

are derived from the original data given in Volume 1 of this report, 

The subscript H is used throughout the report for all quantities given 

with respect to this origin. 



TABLE 4 

SKELETAL AND SURFACE LANDMARKS RELAT l  VE TO H-PO I NT (mm) 

Body Segment and Landmark 

H E A D  

Glabel  l a  
I n f r a o r b i  t a l e  (L) 
I n f r a o r b i  t a l e  (R) 
T r a g i o n  (L) 
T r a g i o n  (R) 
Gonion (L) 
Gonion (R) 
Gnathion 
Nucha 1 efi 

VERTEBRAL COLUMN 

C 7 
T4 
~8 
T I 2  
L  2  
L 5 
Mid-Spine 10th  R i b  
Super io r  Marg in  Scapula (L) 
Super i o r  Marg i n  Scapul a  (R) 
l n f e r  i o r  Marg in  Scapula (I) 
I n f e r i o r  Marg in  Scapula (R )  

I n t e r s e c t i o n  p o i n t  on back o f  s u r f a c e  fo rm 
o f  a  p e r p e n d i c u l a r  f rom c e n t e r  o f  l i n e  
connec t i ng  10th  r i b  t a r g e t s  t o  l i n e  
connec t i ng  T i 2  and L5 s u r f a c e  t a r g e t s f i  

I n t e r s e c t i o n p o i n t o n b a c k o f  s u r f a c e f o r m - 1 8 8  
o f  a  p e r p e n d i c u l a r  f rom c e n t e r  o f  l i n e  
connec t i ng  i l i o c r i s t a l e  t a r g e t s  t o  l i n e  
connec t i ng  T12 and L 5  s u r f a c e  ta rge ts f :  

TORSO 

Supras te rna le  
Mesosterna le  
Substerna le  
Bimammary, m i d l i n e  
N i p p l e  (L) 
N i p p l e  (R) 
10th R ib ,  A n t e r i o r ,  M i d l i n e  
Umb i  1 i cus 

X~ 

- 87 
- 99 
- 99 
-185 
-185 
-173 
-173 
-107 

-258 
-287 
-274 
-240 
-212 
-169 
-242 
-285 
-285 
-269 
-269 

-140 
3 8 5 - 1 0 1  

- 75 

X~ 

- 80 
- 96 
- 96 
-185 
-185 
- 1 7 3  
- 1 7 3  
-101 
-262 

-266 
-293 
-284 
-246 
-217 
- 1 7 4  
-242 
-296 
-296 
-276 
-276 

-209 

-139 
- 9 8  
- 72 
- 5 2  
- 52 
- 52 

15 
35 

S k e l e t a l  

Y~ 

0  
34 

- 34 
76 

- 76 
67 

- 67 
0  

O 
0  
0  
0  
O 
0  
0  

79 
- 79 

126 
-126 

0  
0  
0  

Su r f  ace 

Y~ 

0  
34  

- 34 
83 

- 83 
70 

- 70 
0 
0  

O 
0  
0  
0  
O 
0  
0  

79 
- 79 

126 
-126 

0  

0  

0  
0  
0  
0 

113 
-113 

0  
0 

z~ 

651 
620 
620 
614 
614 
549 
549 
517 

489 
380 
253 
146 
87 
13 

138 
392 
392 
274 
274 

431  
385 
3% 

z~ 

651 
620 
620 
614 
614 
544 
544 
511 
579 

489 
380 
253 
146 
87 
13 

138 
403 
403 
267 
267 

7 1  

35 

435 

336 
281 
290 
290 
191 
153 



TABLE 4 
SKELETAL AND SURFACE LANDMARKS RELAT l  VE TO H-PO I NT (Cont i nued) 

Body Segment and Landmark 

TORSO (Con t d  .) 

Maximum Abdominal P r o t r u s i o n  
10 th  R i b  (L) 
10 th  R i b  (R) 

PELVl S 

T rochan te r  i o n  (L) (UMTR I  photo)  
T rochan te r  i o n  (R) (uMTR I  photo)  
I 1  i o c r i s t a l e  (L) 
I  1 i o c r i s t a l e  (R) 
Anter  i or-Super i o r  1 1 i ac Sp i ne (L) 
A n t e r i o r - S u p e r i o r  I l i a c  Spine (R) 
Pub ic  Symphysis 
Thigh/Abdominal J u n c t i o n  (L) 
Thigh/Abdominal J u n c t i o n  (R) 
T r o c h a n t e r i o n  ( s k e l e t a l  r e c o n s t r u c t i o n )  f i  

H-Po in t  
Pub ic  Syrnphysis 
l  n f e r  i o r  Synphyseal Po le  
L e f t  Super io r  Po le ,  Pubic Symphysis 
1 1 i o - S p i n a l e  Summum 
l l i o c r i s t a l e  Summum 
I n f e r i o r  T u b e r o s i t y  P o i n t  
P o s t e r i o r  P o i n t  1 s t  Sac ra l  V e r t i c a l  Body 
Promontor i o n  
L a t e r a l  P o i n t  1 s t  Sacr.al V e r t i c a l  ~ o d y  
Pubotuberos i  t y  
L a t e r a l  T u b e r o s i t y  

SHOULDER 

C l a v i c a l e  ( L )  
C l a v i c a l e  (R) 
Ac romio -C lav i cu la r  A r t i c u l a t i o n  (L) 
Ac romio -C lav i cu la r  A r t i c u l a t i o n  (R) 
Grea te r  Tuberc le  Humerus (L) 
Greater  Tuberc le  Humerus (R) 
Acromion (L) 
Acromion (R) 
A n t e r i o r  Scye (L) 
A n t e r i o r  Scye ( R )  
P o s t e r i o r  Scye (L) 
P o s t e r i o r  Scye (R) 

z~ 

129 
1 3 3 -  
133 

28 
93 
93 
83 
83 
41  
81 
81 

- 20 

443 
443 
443 
443 
421 
421 
419 
419 
380 
380 
306 
306 

X~ 

93 
- 93 

2 8 - 3 3  
- 33 
- 80 
- 80 
- 25 
- 25 

44 

38 
4 2 . t  
33 - 

37 
- 98 
- 69 
- 89 

34  
20 

- 1 4 7  
- 1 4 7  
-215 
-215 
-183 
-183 
-224 
-224 

X~ 

56 
- 93 
- 93 

- 3 3  
- 33 
- 80 
- 80 
- 25 
- 25 

51 
21 
21 
20 

-145  
-145  
-215 
-215 
- 1 7 3  
- 1 7 3  
-224 
-224 
- 97 
- 97 
-214 
-214 

S u r f  ace 

Y~ 

0 
156 

-156 

188 
-188 

161 
-161  

116 
-116 

0  
122 

-122 
k203 

23 
- 23 

182 
-182 

218 
-218 

203 
-203 

154 
-154 

197 
-197 

S k e l e t a l  

Y~ 

136 
-136 

148 
-148 

131 
-131 

116 
-116 

0  

0 t - 8 2  
0  
5 -  
4  

2 5 2 1 1 5  
- l O 2 + l l g  

5 39 
0  
0  

.t 26 
k 25 
k 67 

23 
- 23 

182 
-182 

197 
-197 

199 
-199 

z~ 

133 
133 

28 
28 
93 
93 
78 
7 8  
28 

0  
32 

7 
25 
78  
74 

- 61 
33  
37 
39 
2  9 

- 55 

439 
439  
437 
437 
400 
400 
417 
417  



TABLE 4 
SKELETAL AND SURFACE LANDMARKS RELATIVE TO H-POINT (Continued) 

h landmark location determined by construction. 

Body Segment and Landmark 

ARM 

Lateral Humeral Epi condyle (L) 
Lateral Humeral Epi condyle (R) 
Radiale (L) 
Radiale (R) 
Med i a 1 Humera 1 Ep i condy 1 e (L) 
Medial Humeral Epicondyle (R) 
01 ecranon (L) 
01 ecranon (R) 
Ulnar Styloid (L) 
Ulnar Styloid (R) 
Sty1 ion (L) 
Sty1 ion (R) 

LEG AND FOOT 

Lateral Femora1 Epi condyle (L) 
Lateral Femoral Epicondyle (R) 
Medial Femoral Epicondyle (L) 
Medial Femoral Epicondyle (R) 
Tibiale (L) 
Tibiale (R) 
Pate1 la (L) 
Pate1 1 a (R) 
Sphyr ion (L) 
Sphyr ion (R) 
Metatarsal/Phalangeal I (L) 
Metatarsal/Phal angeal I (R) 
Digit I I (L) 
Digit i 1 (R) 
Metatarsal/Phalangeal V (L) 
Metatarsal/Phalangeal V (R) 
Lateral Ma1 leolus ( L )  
Lateral Ma1 leolus (R) 

X~ 

32 
32 
46 
46 
32 
32 
53 
53 
226 

21 1 
211 

404 
404 
407 
407 
424 
424 
449 
449 
684 
684 
796 
796 
839 
839 
785 
785 
680 
680 

X~ 

32 
32 
46 
46 
32 

53 
53 
226 

209 
209 

404 
404 
407 
407 
424 
424 

684 
684 
796 
796 
839 
839 
785 
785 
680 
680 

Surf 

Y~ 

242 
-242 
243 
-243 
173 

-173 
210 
-210 
191 

226-191 
135 

-135 

189 
-189 
87 

- 87 
88 

- 88 
150 

-150 
61 

- 61 
84 

- 84 
147 

-147 
174 

-174 
126 

-126 

ace 

z~ 

224 
224 
209 
209 
199 
199 
186 
186 
387 
387 
399 
399 

129 
129 
142 
142 
128 
128 
172 
172 

-149 
-149 
- 86 
- 86 
- 37 
- 37 
-124 
-124 
-185 
-185 

Skeletal 

Y~ 

240 
-240 
240 
-240 
176 

32-176 
210 
-210 
191 

226-191 
137 

-137 

185 
-185 
93 

- 93 
94 

- 94 

63 
- 63 
86 

- 86 
147 

-147 

-173 

-124 

z~ 

221 
221 
205 
205 
202 
202 
189 
189 
388 
388 
397 
397 

129 
129 
142 
142 
128 
128 

-149 
-149 
- 86 
- 86 
- 43 
- 43 

173-124 
-124 

124-181 
-181 



5.0  SEGMENTATION AND LINKAGE SELECTION 

The t r a d i t i o n a l  s e g m e n t a t i o n  o f  t h e  human body f o r  use  i n  

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

Head Two Lower Legs 
Neck Two Fee t  
Tho rax  Two Upper Arms 
Abdomen Two Lower Arms 
P e l v i s  Two Hands 
Two Upper Legs 

A l t h o u g h  s u b s t a n t i a l  m o b i l i t y  i n  t h e  s h o u l d e r  g i r d l e  has been known f o r  

y e a r s  (see  Dempster 1965, Dempster and Gaughran 1967, and Snyder e t  

a l .  1972 ) ,  o n l y  m i n i m a l  d a t a  a r e  a v a i l a b l e  f o r  t h e  d e s c r i p t i o n  o f  i t s  

mass and i n e r t i a l  p r o p e r t i e s .  Dempster (1965) r e p o r t s  a  c e n t e r  o f  

g r a v i t y ,  mass, and i n e r t i a l  p r o p e r t i e s  a round  t h e  s i d e - t o - s i d e  a x i s  

(Y -ax i s )  f o r  t h e  masses a s s o c i a t e d  w i t h  scapu la ,  c l a v i c l e ,  and s o f t  

t i s s u e s  e x t e r i o r  t o  most  o f  t h e  bony t h o r a x .  No s h o u l d e r  g i r d l e  d a t a  

a r e  g i v e n  i n  t h e  more r e c e n t  work o f  M c C o n v i l l e  e t  a l .  (1980) and 

Reyno lds  e t  a l .  (1975) .  As a  r e s u l t ,  i t  was conc l uded  t h a t  i n s u f f i c i e n t  

c o n s i s t e n t  d a t a  a r e  a v a i l a b l e  f r o m  t h e  l i t e r a t u r e  t o  c o n s t r u c t  a  

s e p a r a t e  s h o u l d e r  g i r d l e  w i t h i n  t h e  scope o f  t h e  c u r r e n t  a c t i v i t y .  

A n o n - t r a d i t i o n a l  s e g m e n t a t i o n  scheme i s  recommended f o r  t h e  

e v e n t u a l  advanced dummy f a m i l y  t h a t  i n c l u d e s  a  s e p a r a t e ,  m o b i l e  s h o u l d e r  

g i r d l e  l i n k  and t h e  a s s o c i a t e d  mass. S u f f i c i e n t  s u r f a c e  landmarks a r e  

a v a i l a b l e  i n  t h e  UMTRl d a t a  ( s c a p u l a ,  c l a v i c a l e ,  e x t e n t  o f  r i b  cage) t o  

d e f i n e  t h i s  s e g m e n t a t i o n .  Mass, c e n t e r  o f  g r a v i t y ,  and i n e r t i a l  

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

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

i s  e x p e c t e d  t h a t  a  r e l a t e d  m a t h e m a t i c a l  p r o c e d u r e  c o u l d  be  used t o  

s e p a r a t e  t h o r a x  f r o m  s h o u l d e r  i n  t h e  McConvi 1 l e  e t  a1 . (1980) d a t a .  

I n  c o n c l u s i o n ,  t h e  t r a d i t i o n a l  segmen ta t i on  and l i n k a g e  sys tem 

has been adop ted  as t h e  o n l y  one f e a s i b l e  based on a v a i l a b l e  d a t a .  I t  

has been s i m p l i f i e d  s l i g h t l y  by c o u p l i n g  hand and lower  arm masses, 

a l t h o u g h  t h e  l o c a t i o n  o f  t h e  w r i s t  j o i n t  i s  s p e c i f i e d .  T h i s  l i n k a g e  

a r rangemen t  w i l l  be  assumed t h r o u g h o u t  t h e  rema inder  o f  t h e  r e p o r t .  





6.0 CONSTRUCT1 ON OF SEGMENTATI ON PLANES 

The c o n s t r u c t i o n  o f  segmenta t ion  p lanes i s  based l a r g e l y  upon 

t h e  scheme used by McConvi 1 l e  e t  a1 . (1980) i n  t h e i r  d e t e r m i n a t i o n  o f  

an th ropomet r i c  r e l a t i o n s h i p s  o f  body and body segment moments o f  

i n e r t i a .  The c o n s t r u c t i o n s  a r e  m o d i f i e d  somewhat t o  account  f o r  

d i f f e r e n c e s  between body segment r e l a t i o n s h i p s  i n  t he  seated and 

s t a n d i n g  pos tu res .  

6.1 Head P lane 

The head p lane  i s  d e f i n e d  t o  pass th rough t h e  l e f t  and r i g h t  

g o n i a l  p o i n t s  and t h e  nucha le  f o r  a  s t a n d i n g  s u b j e c t .  As head 

o r i e n t a t i o n  i s  v e r y  s i m i l a r  f o r  b o t h  s t a n d i n g  and seated p o s t u r e ,  i t  i s  

assumed t h a t  t h e  procedure  can be d i r e c t l y  adopted. The g o n i a l  p o i n t s  

a r e  a v a i l a b l e  f rom UMTRl measurements. However, t h e  nucha le  was 

e s t i m a t e d  f rom va lues  g i v e n  i n  t h e  McConv i l l e  e t  a l ,  r e p o r t .  To 

accompl ish  t h i s ,  nucha le  c o o r d i n a t e s  i n  t h e  head anatomica l  c o o r d i n a t e  

system were r o t a t e d  and t r a n s l a t e d  i n t o  t h e  UMTRl s tanda rd  s e a t  

c o o r d i n a t e  system. The t h r e e  p o i n t s  d e f i n i n g  t h e  head segmentat ion 

p l a n e  a r e  t h e r e f o r e :  

The fo rmu la  f o r  t h i s  p l a n e  i s :  

P o i n t  X H  (mm) Y H  (mm) ZH (mm) 

Nuchal e  -279 0  579 
Gonion (I) - 1 7 3  7 0  544 
Gonion (R) - 173 - 70 544 

I t  shou ld  be no ted  t h a t  f o rmu lae  f o r  segmentat ion p lanes can be &ed t o  

de te rm ine  t h e  i n t e r s e c t i o n  o f  t h e  p lane  w i t h  t h e  s u r f a c e  fo rm a t  p o i n t s  

o t h e r  t han  s u r f a c e  landmarks used i n  t h e  d e f i n i t i o n s .  

I 



6.2 Neck P l a n e  

The neck segmen ta t i on  c o n s i s t s  o f  two p l a n e s .  The f i r s t  p l a n e  

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

o r i g i n a t e s  a t  t h e  c l a v i c a l e  and t i  1 t s  up and back  a t  a  45-degree a n g l e  

u n t i l  i t  i n t e r s e c t s  w i t h  t h e  h o r i z o n t a l  p l a n e .  Because t h e  o r i e n t a t i o n  

o f  head and neck a r e  s i m i l a r  i n  t h e  sea ted  and s t a n d i n g  p o s t u r e s ,  t h i s  

p rocedu re  was adop ted  d i r e c t l y  f r o m  M c C o n v i l l e  e t  a l .  The p o i n t s  used  

f o r  t h e  c o n s t r u c t i o n  were: 

P o i n t  XH (mm) Y, (mm) 2, (mm) 

Cerv  i ca 1 e  -266 0  489 
C l a v i c a l e  -145 2 2 3  443 

The two p l a n e s  were  f o u n d  t o  i n t e r s e c t  a l o n g  t h e  l i n e  d e f i n e d  by  XH=191, 

ZH=489. The f o r m u l a  f o r  t h e  f i r s t  p l a n e  a n t e r i o r  t o  t h e  c e r v i c a l e  i s :  

ZH = 489 f o r  X,, < -191, 

The f o r m u l a  f o r  t h e  second p l a n e  i s :  

.70710XH + .70710ZH - 210.72 = 0  f o r  X,, 2 -191. 

6 .3  Thorax  P l a n e  

The M c C o n v i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p l a n e  

o r i g i n a t e s  a t  t h e  1 0 t h  r i b  m i d - s p i n e  landmark and passes t h r o u g h  t h e  

t o r s o  p a r a l l e l  w i t h  t h e  s t a n d i n g  s u r f a c e .  I n  o r d e r  t o  app rox ima te  t h i s  

p l a n e  i n  t h e  s e a t e d  p o s t u r e ,  a  l i n e  was c o n s t r u c t e d  f r om  t h e  1 0 t h  r i b  

landmark w h i c h  was p e r p e n d i c u l a r  t o  a  l i n e  c o n n e c t i n g  t h e  T I 2  and L 5  

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

body c e n t e r l i n e ,  i s  i n t e n d e d  t o  s e p a r a t e  t h e  t h o r a x  wh ich  has a  bony 

s k e l e t a l  p e r i p h e r y  f r o m  t h e  abdomen wh i ch  has a  s o f t  t i s s u e  p e r i p h e r y .  

I n  dynamic a p p l i c a t i o n s ,  t h o r a x  and abdomen w i l l  have v e r y  d i f f e r e n t  

s t i f f n e s s e s  and a r e  c o u p l e d  v e r y  d i f f e r e n t l y  t o  t h e  bony s k e l e t o n .  The 

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

P o i n t  X,, (mm) Y H  (mm) Z, (mm) 

RlO/Back P e r p e n d i c u l a r  -209 0  
R 1 0  - 93 t 156 133 



The fo rmu la  f o r  t h e  t h o r a x  p l a n e  i s :  

I t  shou ld  be no ted  t h a t  t h e  L2 s u r f a c e  landmark i s  a p p r o x i m a t e l y  17 mm 

f rom t h e  p l a n e  and t h e  L2/L3 j o i n t  cen te r  f a l l s  l e s s  than  10 mm above 

the  p l a n e  (see F i g u r e  3) . 

6.4 Abdomen P lane 

The McConv i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p lane  

" o r i g i n a t e s  a t  t h e  i l i o c r i s t a l e  landmarks and passes th rough t h e  t o r s o  

p a r a l l e l  w i t h  t h e  s t a n d i n g  su r face . "  T h i s  p l a n e  p r e s e n t s  a  dilemma even 

more complex than  the  t h o r a x .  Because o f  t h e  s p i n a l  t i l t  due t o  t h e  

seated p o s t u r e ,  i t  would seem l o g i c a l  t o  deve lop  a  segmenta t ion  scheme 

s im i  l a r  t o  t h a t  used f o r  t h e  t h o r a x .  

However, on t h e  b a s i s  o f  t h e  p h y s i c a l  n a t u r e  o f  t h e  abdomen 

ment ioned i n  S e c t i o n  6.3, i t  would make more sense t o  d e f i n e  a  scheme 

which b e t t e r  d e l i n e a t e s  t h e  e x t e n t  o f  t h e  s o f t  abdomen. A p a i r  o f  new 

p lanes can be proposed, t h e  f i r s t  o f  wh ich  ang les  backward f rom t h e  

i l i o c r i s t a l e  landmarks p e r p e n d i c u l a r  t o  t h e  same l i n e  c o n n e c t i n g  t h e  112 

and L5  s u r f a c e  landmarks wh ich  was used i n  c o n s t r u c t i n g  the  t h o r a x  p l a n e  

(see F i g u r e  3) . The second p l a n e  i s  h o r i z o n t a l  and ex tends f rom t h e  

i l i o c r i s t a l e  t a r g e t  t o  t h e  f r o n t  o f  t h e  body. The r e g i o n  o f  maximum 

abdominal p r o t r u s i o n  i s  i n c l u d e d  i n  t h i s  d e f i n i t i o n .  T h i s  p lanes  passes 

j u s t  above t h e  a n t e r i o r - s u p e r i o r  i l i a c  s p i n e  t a r g e t s  and about  50 rnm 

above p u b i c  symphysis. 

Two more o b s e r v a t i o n s  on t h e  McConv i l l e  e t  a l .  d a t a  conc lude t h e  

i n f o r m a t i o n  r e q u i r e d  f o r  making a  f i n a l  d e c i s i o n  on t h e  abdomen 

segmentat ion p lane .  The f i r s t  i s  t h a t  t he  d i s t a n c e  between t h e  t h o r a x  

and abdomen p lanes ,  which a r e  p a r a l l e l ,  i s  s i m i l a r  t o  t h e  d i s t a n c e  f rom 

the  i l i o c r i s t a l e  landmark t o  t h e  t h o r a x  segmenta t ion  p l a n e  developed 

f rom t h e  UMTRI da ta .  The second i s  t h a t  t h e  d a t a  wh ich  a r e  a v a i l a b l e  

f o r  mass and i n e r t i a l  p r o p e r t i e s  app ly  o n l y  t o  t h e  p a r a l l e l  p lanes  

th rough t h e  i l i o c r i s t a l e  and 10th  r i b  landmarks. 



CODE - 
JOINTS (T12/LI ,  L 2 / L 3 ,  L 5 / S I ,  HIP) 
T I 2  - T I 2  LANDMARK 
L 2  - L 2  LANDMARK 
RlO 1 - POINT ON SURFACE FROM RIO 
I1  - POINT ON SURFACE FROM ILIOCRISTALE 
L 5  - L 5  LANDMARK 
R10  - l o t h  RIB LANDMARK 
I - IL IOCRISTALE LANDMARK 
U - UMBILICUS LANDMARK 
M - MAXIMUM ABDOMINAL PROTRUSION 
ASlS - ANTERIOR SUPERIOR I L I A C  SPINE 
T H  - THORAX SEGMENTATION PLANE 
AB - ABDOMEN SEGMENTATION PLANE 

F I G U R E  3 .  Construction o f  thorax and abdomen segmentation plane. 



The c o n c l u s i o n  was t o  p resen t  d a t a  based on a  segmenta t ion  p lane  

p a r a l l e l  t o  t h e  tho rax  p l a n e  and recommend t h a t  new i n e r t i a l  and mass 

p r o p e r t i e s  be developed based on t h e  proposed d e f i n i t i o n  g i v e n  above and 

i l l u s t r a t e d  i n  F i g u r e  3. The p o i n t s  used i n  t h e  c o n s t r u c t i o n  o f  t h e  

p l a n e  a re :  

P o i n t  XH (mm) YH (mm) zH (mm) 

I l i o c r i s t a l e / B a c k  Pe rpend icu la r  -188 0 35 
I l i o c r i s t a l e  - 80 ?I 6 1 9 3 

The fo rmu la  f o r  t h e  segmentat ion i s :  

The recommendation, then,  i s  t o  use t h i s  f o rmu la  u n t i l  mass, c e n t e r  o f  

g r a v i t y ,  and i n e r t i a l  p r o p e r t i e s  can be measured d i r e c t l y  f rom a  s o l i d  

c a s t i n g  o f  t h e  s u r f a c e  fo rm abdomen w i t h  t he  a d d i t i o n a l  m a t e r i a l  f rom 

t h e  p e l v i c  r e g i o n .  S i m i l a r  measurements would be r e q u i r e d  f o r  t h e  new 

p e l v i c  r e g i o n .  

6.5 H i p  Plane: F i r s t  At tempt 

The McConv i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p lane  

" o r i g i n a t e s  a t  t h e  cen te r  o f  t h e  c r o t c h  and passes l a t e r a l l y  midway 

between t h e  a n t e r i o r - s u p e r i o r  i l i a c  s p i n e  and t r o c h a n t e r  landmarks a long  

t h e  l i n e s  o f  t he  r i g h t  and l e f t  i n g u i n a l  l igaments . "  C o n s t r u c t i o n  o f  

these p lanes thereby  r e q u i r e s  i n f o r m a t i o n  on seve ra l  f e a t u r e s  o f  t h e  

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

From p l o t s  o f  da ta  (F igu re  4) and a  rev iew  o f  p e l v i s  and femur 

i n t e r n a l  geometry, i t  appeared t h a t  a  comparison shou ld  be made between 

t h e  UMTRl t r o c h a n t e r i o n  s u r f a c e  landmark o b t a i n e d  p h o t o g r a p h i c a l l y  and 

s i m i l a r  d a t a  o b t a i n e d  by o t h e r  i n v e s t i g a t o r s .  The t o r s o - l i n k  da ta  o f  

Snyder e t  a l .  (1972) was gathered f rom a  somewhat s im i  l a r  p o p u l a t i o n  

(weight=175 pounds, he igh t=70 inches) . Seated measurements on t i e s e  

s u b j e c t s  show: 

Seat back t o  t r o c h a n t e r  = 14.06 cm 
Seat s u r f a c e  t o  t r o c h a n t e r  = 8.84 cm 



CODE 

JOINTS ( ~ 2 / L 3 ,  L5/SI, HIP) 

I - ILIOCRISTALE 
SA - SHIFTED ASlS 
PS - PUBOTUBEROSITY SHIFTED 
ITPS - INFERIOR TUBEROSITY POINT (SHIFTED) 

TM - TROCHANTER (MC CONVILLE DEF'N) 

TS - TROCHANTER (UMTRI SKELETAL RECON.) 

T L  - TROCHANTER (TORSO/LINK) 

F I G U R E  4 .  Construction o f  hip segmentation plane. 



From t h e  drawing o f  our  somewhat more slumped s u b j e c t  and 

e s t i m a t e s  o f  s e a t  cush ion  and seat  back l i n e s ,  t h e  t r o c h a n t e r  landmark 

f rom pho tog raph ic  measurements y i e l d e d  t h e  f o l l o w i n g  d a t a  u s i n g  a  

s i m i l a r  measurement scheme: 

Seat back t o  t r o c h a n t e r  = 12.1 cm 
Seat s u r f a c e  (deepest p o i n t )  = 14.7 cm 
t o  t r o c h a n t e r  

I n  o r d e r  t o  o b t a i n  a  f u r t h e r  check on t h e  l o c a t i o n  o f  t h i s  p o i n t ,  a  

mid-s ized-male femur match ing  t h e  average femur l e n g t h  o f  s u b j e c t s  i n  

t h e  UMTRl sample was s e t  up i n  t h e  l a b  t o  l o c a t e  t h e  p i v o t  c e n t e r  i n  t h e  

acetabulum. The femur was o r i e n t e d  i n  space u s i n g  t h e  media l  and 

l a t e r a l  e p i c o n d y l e  p o i n t  da ta  and t h e  c e n t e r  o f  t h e  head o f  t h e  femur 

(H-po in t )  . Using t h e  McConvi l l e  e t  a l .  d e f i n i t i o n  o f  t he  t r o c h a n t e r  

landmark based on t h e  most s u p e r i o r  p o i n t  (determined f rom t h e  

o r i e n t a t i o n  o f  t h e  femur i n  a  s t a n d i n g  s u b j e c t ) ,  t h e  t r o c h a n t e r  landmark 

was found t o  be 5 mm fo rward  and 25 mm down f rom t h e  H-po in t .  Us ing  t h e  

p resen t  p r o j e c t  d e f i n i t i o n  o f  most l a t e r a l  p o i n t ,  t h e  t r o c h a n t e r  

landmark was found t o  be 35 mm fo rward  and 12 mm down. The f o u r  

v e r s i o n s  a r e  shown i n  F i g u r e  4 .  The p o i n t  e s t i m a t e  f rom t h e  t o r s o - l i n k  

s tudy  f a l l s  between t h e  va lues  o b t a i n e d  f rom t h e  s k e l e t a l  

r e c o n s t r u c t i o n .  I n  c o n c l u s i o n ,  a  new p o i n t  i s  d e f i n e d  c a l l e d  

t r o c h a n t e r i o n  ( s k e l e t a l  r e c o n s t r u c t i o n )  w i t h  t h e  c o o r d i n a t e s  X =20, 
H 

YH=+203, Z =-20. T h i s  w i l l  be used i n  a l l  ana lyses  wh ich  f o l l o w .  H 

A l though a  p o i n t  on the  i n g u i n a l  l igament  l i n e  i s  w e l l  

r ep resen ted  by t h e  th igh /abdomina l  j u n c t i o n  p o i n t  (21, +122, 8 1 ) ,  i t  was 

n o t  found p o s s i b l e  t o  o b t a i n  r e a l i s t i c  s e l e c t i o n  o f  a  p o i n t  r e p r e s e n t i n g  

the  cen te r  o f  t h e  c r o t c h .  Because t h r e e  non -co l i nea r  p o i n t s  a re  

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

p l a n e  concept  used by McConv i l l e  e t  a l .  was dropped. 

6 .6  H i p  Plane:  Success fu l  At tempt 

The o b j e c t i v e  o f  h i p  segmentat ion p l a n e  i s  t o  separa te  t h e  upper 

l e g  r e g i o n  f rom t h e  bony p e l v i s .  The procedure  used by Clauser e t  

a l .  (1969) extended t h e  p l a n e  " f rom t h e  l e v e l  o f  t h e  i 1 i a c  c r e s t  

i n f e r i o r l y  a long  t h e  e x t e r n a l  s h e l f  of t he  i l i u m ,  c u t t i n g  t h e  r i m  o f  t h e  



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

o f  t he  at tachment o f  m ,  semimembranous, a n t e r i o r l y  a t  t h e  m i d - p o i n t  o f  

t h e  ascending ramus o f  t h e  ischium) . I 1  That  procedure y i e l d s  a  p lane  

which approx imate ly  b i s e c t s  t he  H-po in t  and removes as l i t t l e  o f  t h e  

bony p e l v i s  as p o s s i b l e .  

A procedure which d e f i n e s  a  p l a n e  based on a v a i l a b l e  d a t a  and 

which avo ids  c u t t i n g  i n t o  the  p e l v i c  bone mass uses t h e  f o u r  bony 

landmarks q u a n t i f i e d  by Reynolds e t  a1 . (1981) : 

P o i n t  xH (mm) Y H  (mm) zH (mm) 

An te r i o r -Super io r  I l i a c  Spines -25 k1 16 7 6 
Pubotuberos i t y  34 + 25  2 9 
L a t e r a l  T u b e r o s i t y  P o i n t  20 k 67 -55 
I n f e r i o r  T u b e r o s i t y  P o i n t  3 7 t 39 -6 1 

To d e f i n e  a  p e l v i c  mass which i s  separa te  f rom t h e  upper l e g  mass, a  

segmentat ion p lane  i s  proposed which does n o t  i n t e r s e c t  t h e  average 

p e l v i s  b u t  which m a i n t a i n s  the  r e l a t i o n  t o  t h e  i n g u i n a l  l igaments ,  i s  

ve ry  s i m i l a r  t o  t h e  o t h e r  procedures,  and can be q u a n t i f i e d  i n  t h r e e -  

d imensional  c o o r d i n a t e s .  

To p resen t  pubo tube ros i t y ,  a  p o i n t  35 mm l a t e r a l  t o  t h e  p u b i c  

symphysis on (or near)  t h e  dummy s u r f a c e  has been s e l e c t e d .  L i kew ise ,  

f o r  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 ,  a  l a t e r a l  s h i f t  o f  10 mm f rom t h e  

s u r f a c e  marker i s  se lec ted .  The f i n a l  p o i n t ,  wh ich  i n  some sense 

rep resen ts  t h e  bot tom o f  t h e  c r o t c h ,  i s  s e l e c t e d  as 10 mm l a t e r a l  t o  and 

p r o j e c t e d  v e r t i c a l l y  t o  the  seat  s u r f a c e  f rom t h e  i n f e r i o r  t u b e r o s i t y  

p o i n t .  These t h r e e  p o i n t s  are: 

P o i n t  X H  (mm) YH (mm) z, (mm) 

Pubotuberos i ty  Sur face 5 1 2 35 4  1 
S h i f t e d  ASlS -25 +I26 8 3 
S h i f t e d  I n f e r i o r  T u b e r o s i t y  3 7 k 49 -107  

The fo rmula  f o r  t h e  segmentat ion i s :  

-.76487xH 5 .64407YH + . O i  143ZH + 61.082 = O 



where t h e  p o s i t i v e  s i g n  on Y i s  t h e  r i g h t  s i d e  o f  t h e  body.  T h i s  
H 

segmen ta t i on  p l a n e  passes 8 mm l a t e r a l  ( o b l i q u e )  t o  t h e  H - p o i n t  j o i n t  

c e n t e r  and l e s s  t h a n  2  mm f r o m  t h e  l a t e r a l  t u b e r o s i t y .  

6.7 Knee P lane  

The M c C o n v i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p l a n e  

"passes t h r o u g h  t h e  l a t e r a l  f emo ra l  e p i c o n d y l e  landmark p a r a l l e l  t o  t h e  

s t a n d i n g  s u r f a c e . "  Because o f  t h e  d i f f e r e n c e  between t h e  s t a n d i n g  and 

sea ted  p o s t u r e s ,  t h i s  d e f i n i t i o n  i s  n o t  r e a l i s t i c .  As an a l t e r n a t i v e ,  

wh i ch  i s  des i gned  t o  s e p a r a t e  t h e  upper  and lower  l e g  masses, i t  i s  

p roposed  t o  pass t h e  p l a n e  t h r o u g h  t h e  l a t e r a l  f emo ra l  e p i c o n d y l e s  

b i s e c t i n g  t h e  a n g l e  i n  t h e  X Z p l a n e  made b y  t h e  l i n e s  c o n n e c t i n g  t h e  H H 
upper  and lower  l e g  l i n k s .  The p l a n e  i s  assumed t o  be p a r a l l e l  t o  t h e  

Y c o o r d i n a t e  a x i s  and has an a n g l e  o f  14.56 degrees  w i t h  r e s p e c t  t o  t h e  
H 

v e r t i c a l  ( F i g u r e  5 ) .  I t s  f o r m u l a  i s :  

The p l a n e  passes w i t h i n  0 . 2  mm o f  t h e  knee j o i n t  c e n t e r .  

6 .8  Ank le  P lane  

The M c C o n v i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p l a n e  

" o r i g i n a t e s  a t  t h e  s p h y r i o n  landmark and passes t h r o u g h  t h e  a n k l e  

p a r a l l e l  t o  t h e  s t a n d i n g  s u r f a c e . ' '  T h i s  p l a n e  i s  m a i n t a i n e d  f a i r l y  w e l l  

by  c o n s t r u c t i n g  a  p l a n e  t h r o u g h  t h e  s p h y r i o n ,  p a r a l l e l  t o  t h e  Y,, a x i s ,  

and p e r p e n d i c u l a r  t o  a  l i n e  c o n n e c t i n g  t h e  knee and a n k l e  j o i n t s  

p r o j e c t e d  i n t o  t h e  X Z p l a n e .  I t s  a n g l e  w i t h  t h e  v e r t i c a l  i s  42.35 H H 
degrees  and t h e  f o r m u l a  i s :  

6 .9  Shou lder  P l ane  

The M c C o n v i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p l a n e  

" o r i g i n a t e s  a t  t h e  ac rom ion  landmark and passes downward t h rough  t h e  

a n t e r i o r  and p o s t e r i o r  s cye  c reases  a t  t h e  l e v e l  o f  t h e  a x i l l a . "  T h i s  





segmentat ion p lane  appears t o  be s i m i l a r  f o r  b o t h  t h e  s t a n d i n g  and 

seated pos tu res .  The t h r e e  p o i n t s  needed f o r  i t s  d e f i n i t i o n  are :  

P o i n t  XH (mm) Y H  (mm) ZH (mm) 

Acromi on -224 +203 419 
A n t e r i o r  Scye - 97 + I54 380 
P o s t e r i o r  Scye -2 1 4  h197 306 

The fo rmu la  f o r  t h i s  segmenta t ion  i s :  

where t h e  p l u s  s i g n  on YH r e f e r s  t o  t h e  l e f t  s i d e  o f  t h e  body. The 

d i s t a n c e  o f  t h i s  p l a n e  f rom t h e  glenohumeral j o i n t  cen te r  i s  es t ima ted  

t o  be prox imal  by  14  mm w h i l e  t h e  d i s t a n c e  t o  t h e  c l a v i s c a p u l a r  j o i n t  i s  

es t ima ted  t o  be even l a r g e r  a t  35 mm. I t  i s  recommended t h a t  t h i s  

segmentat ion procedure be eva lua ted  c a r e f u l l y  d u r i n g  an o v e r a l l  r ev iew  

o f  t h e  d e f i n i t i o n  o f  t h e  e n t i r e  shou lder  g i r d l e  (Sec t i on  9 ) .  

6.10 Elbow Plane 

The McConv i l l e  e t  a l .  d e f i n i t i o n  s p e c i f i e s  t h a t  t h e  p l a n e  

" o r i g i n a t e s  a t  t h e  o l e c r a n o n  landmark and passes th rough t h e  media l  and 

l a t e r a l  humeral e p i c o n d y l e  landmarks." T h i s  d e f i n i t i o n  appears t o  be 

s a t i s f a c t o r y .  The t h r e e  p o i n t s  needed f o r  d e f i n i t i o n  are:  

P o i n t  X H  (mm) Y H  (mm) 2, (mm) 

0 1 ecranon 5 3 t 2 1 0  186 
Media l  Humeral Ep i condy le  3 2  + I 7 3  199 
L a t e r a l  Humeral Ep i condy le  3 2 a242 2  24 

The fo rmula  f o r  t he  segmenta t ion  i s :  

where t h e  p l u s  s i g n  on Y r e f e r s  t o  t he  l e f t  s i d e  o f  t h e  body. The 
H 

p lane  passes about 3 mm f rom t h e  es t ima ted  j o i n t  c e n t e r  f o r  t h e  seated 

pos tu re .  



6.11 Summary 

A summary o f  t h e  f o r m u l a t i o n  o f  t h e  segmenta t ion  p lanes  i s  g i v e n  

i n  Tab le  5. 

TABLE 5 

FORMULATION O F  SEGMENTATION PLANES 

Head: $ 3 1  354X, + .94958Z, - 462.33 = 0 

Neck : .70710XH + .70711ZH - 210.72 = 0 

( f o r  a1 1 X H  2 -191) 

Thorax:  , 4 7 1 3 8 ~ ~  - , 8 8 1 9 4 ~ ~  + 161.14 = 0 

Abdomen: 
pp - - - - - -- - - 

Hip:  - .76487XH + , 6 4 4 0 7 ~ ~  + .01143ZH + 61.082 = 0 

(+ s i g n  on Y,, f o r  r i g h t  s i d e  o f  body) 

Knee: -.96788X, + .25139ZH + 358.59 = 0 

Ank 1 e :  ,739043, - .67366ZH - 605.88 = 0 

Shoulder  : .35502XH f .93466YH - , 0 1 8 2 1 ~ ~  - 102.58 = 0 

(+ s i g n  on Y f o r  l e f t  s i d e  o f  body) H 

Elbow: .-.76349xH k .22YH - .60719ZH + 107.2 = O  

(+ s i g n  on Y f o r  l e f t  s i d e  o f  body) 



7 . 0  DEVELOPMENT O F  ANATOMl CALLY BASED 
SEGMENT COORDINATE SYSTEMS 

T h i s  s e c t i o n  shows t h e  development o f  a n a t o m i c a l l y  based 

c o o r d i n a t e  systems f o r  each o f  t h e  v a r i o u s  segments o f  t h e  body. The 

c o o r d i n a t e  systems which have been c o n s t r u c t e d  a r e  t h e  same, o r  v e r y  

s i m i l a r  t o ,  those which have been r e p o r t e d  by McConv i l l e  e t  a l .  (1980) 

i n  deve lop ing  an th ropomet r i c  r e l a t i o n s h i p s  o f  body and body segment 

moments o f  i n e r t i a .  As such, they w i l l  be used d i r e c t l y  i n  t h e  

p r e s e n t a t i o n  o f  c e n t e r  o f  mass and i n e r t i a l  da ta  and w i l l  p r o v i d e  t h e  

l i n k a g e  between t h e  c o o r d i n a t e  systems d e f i n i n g  t h e  p r i n c i p a l  axes o f  

i n e r t i a  and t h e  s tanda rd  c o o r d i n a t e  system a t  t h e  H-po in t  c e n t e r .  

I n  o rde r  t o  c o n s t r u c t  c o o r d i n a t e  systems and r e l a t e  them t o  t h e  

s tanda rd  system, i t  i s  necessary t o  know t h r e e  p o i n t s  i n  t h e  segment. 

For most o f  t h e  p resen t  ana lyses ,  t h i s  i s  done by s e l e c t i n g  one p o i n t  a t  

t h e  o r i g i n ,  a  second p o i n t  on an a x i s ,  and t h e  t h i r d  p o i n t  i n  one o f  t h e  

or thogona l  p lanes.  The sub-sec t ions  t h a t  f o l l o w  i d e n t i f y  t h e  p o i n t s  

r e q u i r e d ,  d i s c u s s  necessary d e t a i l s  o f  t he  c o n s t r u c t i o n ,  and p resen t  

r e s u l t s  as d i r e c t i o n  cos ine  m a t r i c e s  f o r  t r a n s f o r m i n g  f rom anatomica l  t o  

s tanda rd  coo rd ina tes .  

The s u b s c r i p t  A i s  used t o  denote anatomical  c o o r d i n a t e  systems. 

I t  shou ld  be no ted  t h a t  t h e r e  i s  a  d i f f e r e n t  anatomica l  c o o r d i n a t e  

system f o r  each segment and more s u b s c r i p t s  c o u l d  be added t o  r e p r e s e n t  

each s p e c i f i c  anatomica l  system. However, i t  i s  f e l t  t h a t  t h i s  

a d d i t i o n a l  cumbersome n o t a t i o n  i s  unnecessary due t o  t h e  c o n t e x t  i n  

which t h e  symbols a r e  used. 

7.1 Head Ax i s  System 

The McConv i l l e  e t  a l .  d e f i n i t i o n  f o r  t h e  head a x i s  system i s  as 

f o l  lows: 

r X Y Plane: R i g h t  and l e f t  t r a g i o n  and r i g h t  i n f r a o r b i t a l e  
A A 

r Y Z Plane: R i g h t  and l e f t  t r a g i o n  
A A 

r XAZA Plane: S e l l i o n  



Coord ina tes  f o r  t h e  t h r e e  p o i n t s  f o r  t h e  head a x i s  system are :  

P o i n t  XH (mm) Y H  (mm) Z,, (mm) 

I n f r a o r b i  t a l e  ( R )  - 96 - 34 620 
Trag ion  (L) -185 8 3 6 14 
Trag ion  (R) - 185 - 83  6 14 

The o r i g i n  o f  t h e  c o o r d i n a t e  system i s  a t  t h e  center  o f  a  l i n e  

connec t i ng  t h e  t r a g i o n s .  I n  l a b  coo rd ina tes  the  p o i n t  i s :  

The o r i g i n s  o f  a1 1 segment c o o r d i n a t e  systems a r e  summar i z e d  i n  Tab le  6. 

The d i r e c t i o n  cos ine  m a t r i x  f o r  t h e  t r a n s f o r m a t i o n  f rom l a b o r a t o r y  i n t o  

head segment coo rd ina tes  i s  g i v e n  i n  Tab le  7 (degrees) and Tab le  8 

(cos i ne o f  angle) . 

TABLE 6 

LOCATION O F  O R I G I N S  O F  SEGMENT ANATOMICAL 
COORDINATE SYSTEMS 

fiThe p o s i t i v e  s i g n  on Y r e f e r s  t o  t h e  l e f t  
s i d e  o f  t h e  body. 

H 

Segment 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
Upper Arms 
Lower Arms 
Upper Legs 
Lower Legs 
Feet 

xH (mm) 

- 185 
-266 
-209 
- 93 
- 25 
-224 

46 
20 

424 
796 

Y, (mm) 

0 
0 
0 
0 
o 

+203:': 
+243 
k203 
+ 88 
+ 1  26 

Z, (mm) 

6 14 
489 

7 1 
1 3 3  

8 3 
4 19 
209 

- 20 
128 

- 96 



TABLE 7 

ANATOMICAL A X E S  WITH RESPECT TO HIP POINT AXIS SYSTEM 
(Cos ine  M a t r i x  Expressed  i n  Degrees) 

Segment 

Head 

Neck 

Tho rax  

Abdomen 

Pelvis 

Upper Arm ( L )  

Upper Arm (R) 

Lower A r m  w i t h  Hand (L) 

-- 

Lower Arm w i t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

A 
A 
A 

A 
Y~ 
z~ 

A 
Y~ 
z~ 

X~ 
A 

z~ 

A 
A 
A 

X~ 
A 
A 

A 
A 
A 

A 
A 

z~ 

A 
A 
A 

A 
A 
A 

A 
A 
A 

X~ 

3.86 
90 
93.86 

20.8 
90 
69.2 

7.8 
90 
97.8 

28.1 
90 

118.1 

61 - 0 5  
90 

151 - 0 4  

52 * 5  
85.8 

142.2 

52.5 
94.2 

142.2 

128.2 
68.6 

- 134.1  

128.2 
1 1 1 . 4  
1 3 4 . 1  

110.9 
86.0 

158.8 

110.9 
94.0 

158.8 

H 

90 
0. 

90. 

90 
0 .  

90 

90 
0 .  

90 

90. 
0 .  

90 

90 
0 .  

90 

105.7 
17.2 
96.9 

7 4  3 
17.2 
83.1 

71.4 
22.2 
78.4 

108.6 
22.2 

101.6 

83.8 
6.3 

88.1 

96.2 
6.3 

91 - 9  

z~ 
86.14 
90 9 

3.86 

110.8 
90 9 

20.8 

82.2 
90 

7.8 

61 .g  
90. 
28.1 

28.96 
90 
61.05 

41.8 
7 3  3 
53.0 

41.8 
106.7 
53.0 

44.1 
95.6 

133.5 

44.1 
84.4 

133.5 

21 .g 
95.1 

111.2 

21 .g 
84.9 

1 1  1.2 



TABLE 7 
ANATOMICAL A X E S  W I T H  R E S P E C T  TO HIP POINT A X I S  SYSTEM 

(Cosine M a t r i x  Expressed i n  Degrees, Continued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

Foot (L) 

Foot (R) 

X~ 
A 
A 

A 
A 
A 

A 
A 
A 

A 
Y~ 
z~ 

X~ 

46.2 
103.5 
133.1 

46.2 
76 -5 
133.1 

59 9 
90 
149.9 

59.9 
90 
149 9 

Y~ 

67.6 
22.9 
85.9 

112.4 
22 .9 
94.1 

78.4 
13.4 
83 3 

101.6 
13,4 
96 7 

H 

52.2 
108.0 
43.3 

52.2 
72.0 
43 3 

32 7 
103.4 
60.8 

32.7 
76.6 
60.8 



TABLE 8 

ANATOMICAL AXES WITH RESPECT TO HIP  POINT AXIS SYSTEM 
(Cos i ne Mat r i x) 

Segment 

Head 

Neck 

Tho rax  

Abdomen 

Pelvis 

Upper A r m  (L) 

Upper A r m  (R) 

Lower A r m  w i t h  Hand (L) 

Lower A r m  w i  t h  Hand (R) 

Upper Leg (L) 

Upper Leg ( R )  

A 
A 
A 

A 
A 
A 

A 
Y~ 
z~ 

X~ 
A 
A 

A 
A 

Z~ 

A 
A 
A 

A 
A 
A 

X~ 
Y~ 
Z~ 

A 
A 
A 

A 
A 

Z~ 

A 
A 

z~ 

H 

998 
0 .  
- ,0673 

935 
0 .  

-355 

99 1 
0 .  
- . 136 

,882 
0. 
-.471 

.484 
0. 
-.875 

,609 
,0728 

-.790 

.609 
- .0728 
- 790 

-.618 
365 

4 9 7  

-.618 
- 365 - ,697 

- . 356 
0705 

-.932 

- .356 
- .0705 
- 932 

H 

0 .  
1 .  
0 .  

0 .  
1 .  
0 .  

0 .  
1 .  
0 .  

0 .  
1 .  
0 .  

0 .  
1 .  
0 .  

-0.270 
0 955 

-0.120 

0.270 
0.955 
0.120 

0.319 
0.926 
0.201 

-0.319 
0.926 

-0.20 1 

0.108 
0.994 
0.0340 

-0,108 
0 994 

-0.0340 

H 

.0673 
0 .  

998 

- .355 
0. 

9 935 

,136 
0. 

-991 

,471 
0. 

,882 

,875 
0. 

,484 

.746 
,287 
.602 

,746 
.287 
,602 

,718 
- ,0982 
- ,689 

.718 
,0982 

- ,689 

,928 
- ,0884 
- ,362 

\ 

,928 
,0884 

- .  362 



TABLE 8 
ANATOMICAL A X E S  WITH RESPECT TO HIP  POINT AXIS SYSTEM 

(Cos i ne  Ma t r  i x ,  Con t i nued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

F 00 t (L) 

F o o t  ( R )  

X~ 
A 

z~ 

A 
A 
A 

A 
A 
A 

A 
A 

z~ 

X~ 

,692 
- . 2 3 4  
-.683 

,692  
,234 

-.683 

,501 
0. 
-.865 

.501 
0. 
-.865 

H 

0.382 
0.922 
0.0709 

-0.382 
0 . 9 2 2  

-0.0709 

0.200 
0.973 
0.116 

-0.200 
0.973 

-0.116 

H 

,612 
-.310 

7 2 7  

, 6 1 2  
.310 

7 2 7  

.842 
- .232 

,487 

,842  
.232 
,487 



I t  i s  now p o s s i b l e  t o  compare M c C o n v i l l e  e t  a l .  s u r f a c e  landmark 

l o c a t i o n s  r e p o r t e d  i n  segment c o o r d i n a t e s  w i t h  s i m i l a r  s u r f a c e  landmarks 

measured a t  UMTRI. The X d i s t a n c e  f rom t r a g i o n  t o  i n f r a o r b i t a l e  i s  
A 

7 2 . 3  mm f o r  McConvi l l e  e t  a l .  and 89 mm f o r  UMTRI wh ich  i s  c l e a r l y  a  

l a r g e  d i sc repancy .  A check o f  Churchi  I1 and T r u e t t  (1957)  d a t a  show 

s u b t r a c t i n g  " e x t e r n a l  canthus t o  w a l l "  f r om " t r a g i o n  t o  i q a l l "  y i e l d s  

63 mm. That  v a l u e  i s  comparable t o  t h e  McConvi l l e  e t  a l ,  da ta .  To 

f u r t h e r  s tudy  t h e  issue,  head-s ize  d a t a  such as l e n g t h  and c i r cumfe rence  

were checked and found v e r y  comparable as shown below: 

P o i n t  M c C o n v i l l e  e t  a l .  1980 UMTRI 1983 

Head Length (mm) 199 3 197.4 
Head C i rcumf erence (mm) 572.7 570 6 

Because o f  t h i s  s i m i l a r i t y ,  t h e  d i sc repancy  i s  assumed t o  be i n  t r a g i o n  

l o c a t i o n .  The o r i g i n  o f  c o o r d i n a t e s  i s  s e l e c t e d  t o  be between t h e  UMTRI 

t r a g i o n s  as i n d i c a t e d  p r e v i o u s l y .  

F i g u r e  6 shows t h e  head anatomica l  c o o r d i n a t e  system. The 

McConv i l l e  e t  a l .  c o o r d i n a t e  system i s  superimposed w i t h  t h e  

i n f r a o r b i t a l e s  c o i n c i d e n t  and t h e  t r a g i o n s  l o c a t e d  a l o n g  t h e  X a x i s .  
A 

I n  t h i s  p r e s e n t a t i o n ,  t h e  c e n t e r  o f  volume, as s p e c i f i e d  i n  t h e  

McConv i l l e  e t  a l .  system, l i e s  8.5 mm beh ind  and 31 .3  mm above t h e  

McConv i l l e  e t  a l .  o r i g i n  and a t  t h e  same t i m e  i s  8.4 mm i n  f r o n t  o f  and 

3 1  mm above t h e  UMTRI o r i g i n .  The r e l a t i o n s h i p  o f  o r i g i n  t o  cen te r  o f  

volume i n  t h e  UMTRI d e f i n i t i o n  i s  c l o s e r  t o  t h a t  o f  B e i e r  e t  a l .  (1980).  

Because o f  t h e  o v e r a l l  head d imens iona l  s i m i l a r i t y  (e.g., l e n g t h ,  

b read th ,  c i r c u m f e r e n c e ) ,  i t  i s  f e l t  t h a t  t h e  above a n a l y s i s  i s  a  

reasonab le  app rox ima t ion  f o r  t h e  v a r i o u s  d a t a  resou rces .  

7 . 2  Neck Ax i s  System 

The McConv i l l e  e t  a l .  d e f i n i t i o n  f o r  t h e  neck a x i s  system i s  as 

f o l l o w s :  

X Z Plane:  Adam's app le ,  c e r v i c a l e ,  s u p r a s t e r n a l e  
A A 

X A Y A  Plane:  I n c l u d i n g  a  l i n e  i n  t h e  X Z p l a n e  connec t i ng  t h e  
H H c e r v i c a l e  w i t h  t h e  m i d p o i n t  o f  a  l i n e  

connec t i ng  t h e  c l a v i c a l e s  

YAZA Plane: C e r v i c a l e  



CODE - 
JOINTS (H/N, C7/T I )  
$ - HEAD CENTER OF GRAVITY 
I - INFRAORBITALE (UMTRI AND McCONVlLLE SUPERIMPOSED) 
T M  - MCCONVILLE TRAGION 
TH - UMTRI TRAGION 

F I G U R E  6. Head anatomical coordinate system. 



The t h r e e  p o i n t s  r e q u i r e d  a r e :  

P o i n t  XH (mm) Y H  (mm) z, (mm) 

Cer,v i ca 1 e  -266 0  489 
C l a v i c a l e  (L) -145 2 3 443 
C l a v i c a l e  (R) -145 - 23 44 3 

Because o f  t h e  symmetry assumpt ion,  i t  i s  n o t  necessary t o  p r o v i d e  

c o o r d i n a t e s  f o r  Adam's a p p l e  o r  s u p r a s t e r n a l e .  The o r i g i n  o f  t h e  

c o o r d i n a t e  system i s  a t  t h e  c e r v i c a l e :  

The d i r e c t i o n  c o s i n e  m a t r i x  f o r  t h e  t r a n s f o r m a t i o n  i s  g i v e n  i n  Tab les  7 

and 8. 

7 .3  Thorax A x i s  System 

The McConv i l l e  e t  a l ,  d e f i n i t i o n  o f  t h e  t h o r a x  a x i s  system i s  as 

f o l l o w s :  

XAZA Plane: Sup ras te rna le ,  c e r v i c a l e ,  and m id -sp ine  
a t  l e v e l  o f  10 th  r i b  

YAZA Plane: C e r v i c a l e  and 10th  r i b  l e v e l  a t  m id -sp ine  

X A Y A  Plane: 10 th  r i b  l e v e l  a t  m id -sp ine  

The symmetry assumpt ion reduces t h e  requ i rements  t o  t h e  p o i n t s  d e f i n i n g  

t h e  Y Z  and X A Y A  p lanes .  The " 1 0 t h  r i b  l e v e l  a t  mid-sp ine"  p o i n t  i s  
A A 

n o t  a p p l i c a b l e  t o  t h e  seated p o s i t i o n  (see S e c t i o n  6 . 3 ) .  I n  o r d e r  t o  

approx imate  t h i s  p o i n t  f o r  a  seated p o s t u r e ,  a  l i n e  was c o n s t r u c t e d  f rom 

t h e  10 th  r i b  landmark which was p e r p e n d i c u l a r  t o  a  l i n e  c o n n e c t i n g  t h e  

T12 and L 5  s u r f a c e  landmarks. i n  o t h e r  words, a  l i n e  was c o n s t r u c t e d  

wh ich  was p e r p e n d i c u l a r  t o  an a p p r o x i m a t i o n  o f  t h e  s e a t  back line,. The 

p o i n t  wh ich  was s e l e c t e d  t o  r e p l a c e  t h e  McConv i l l e  e t  a l .  p o i n t  i s  

c a l l e d  t h e  RlO/back p e r p e n d i c u l a r  p o i n t  and i s  t h e  i n t e r s e c t i o n  o f  t h e  

p e r p e n d i c u l a r  l i n e  w i t h  t h e  l i n e  c o n n e c t i n g  t h e  T I 2  and L 5  s u r f a c e  



landmarks. The points needed for constructing the transformation are 

thus: 

Point XH (mm) Y H  (mm) ZH (mm) 

Cervicale -266 O 489 
RlO/Back Perpendicular -209 0 7 1 

1 

The origin of coordinates is at the RlO/back perpendicular point and the 

direction matrix for the transformation is given in Tables 7 and 8, 

7.4 Abdomen Axis System 

The McConville et al, definition for the abdomen axis system is 

as followsi 

X A Y A  Plane: Right and left 10th rib and at mid-spine 
at level of 10th rib 

0 Y Z Plane: Right and left 10th rib A A 

X A Z A  Plane: 10th rib mid-spine 

Again the "mid-spine at level of 10th rib" point is not applicable to 

the seated posture. The RlO/back perpendicular point, discussed in 

Section 7.3, is again used as a substitute. The points needed for 

construction of the transformation are: 
- - - - - - - - 

Point xH (mm) Y H  (mm) ZH (mm) 

R 1O/Back Perpend i cul ar -209 0 7 1 
10th Rib (L) - 93 156 133 
10th Rib (R) - 93 -156 133 

The origin of coordinates is at the center of a line connecting the 

right and left 10th rib surface landmarks: 

The direction cosine matrix for the transformation is given in Tables 7 
and 8. 



7.5 P e l v i s  Ax i s  System 

The McConv i l l e  e t  a l .  d e f i n i t i o n  o f  t h e  p e l v i s  a x i s  system i s  as 

f o l  lows: 

YAZA Plane:  R i g h t  l e f t  a n t e r i o r - s u p e r i o r  i l i a c  s ~ i n e s  and 
and symphysion 

X A Y A  P lane:  R i g h t  and l e f t  a n t e r i o r - s u p e r i o r  i l i a c  sp ines 

XAZA Plane:  M id -sp ine  a t  l e v e l  o f  p o s t e r i o r - s u p e r i o r  
i l i a c  s p i n e  

The body symmetry assumpt ion e l i m i n a t e s  t h e  need f o r  t h e  m id -sp ine  a t  

l e v e l  o f  p o s t e r i o r - s u p e r i o r  i l i a c  sp ine  p o i n t .  Remaining a r e  

d e f i n i t i o n s  o f  symphysion and a n t e r i o r - s u p e r i o r  i l i a c  s p i n e .  Four 

d i f f e r e n t  a x i s  systems f o r  t h e  p e l v i s  a r e  used a t  v a r i o u s  p laces  i n  t h i s  

r e p o r t .  The f i r s t  i s  t h e  l a b o r a t o r y  system based on t h e  s tandard  seat .  

The second i s  t h a t  o f  McConv i l l e  e t  a l .  which i s  used f o r  mass and 

i n e r t i a l  p r o p e r t y  d e f i n i t i o n .  The t h i r d  i s  t h a t  o f  Reynolds e t  a l . ,  

used i n  t h e  s tudy  o f  t h e  s p a t i a l  geometry o f  t he  p e l v i c  bone, and t h e  

f o u r t h  i s  t h e  UMTRl p e l v i s  segment a x i s  system. As a  r e s u l t ,  t h r e e  s e t s  

o f  d e f i n i t i o n s  shou ld  be compared, those o f  McConvi 1 l e  e t  a l .  (1980), 

Reynolds e t  a1 . (1981), and t h e  p resen t  UMTRl s tudy.  They a re :  

Symphysion 

McConvi 1 l e  e t  a1 . 1980: "The lowest  p o i n t  on the  s u p e r i o r  border  
o f  t h e  p u b i c  symphysis, t h e  a n t e r i o r  j u n c t u r e  o f  t h e  p e l v i c  
bones. " 

Reynolds e t  a l .  1981: "The m i d p o i n t  o f  a  1 i n e  between p o i n t  180, 
r i g h t  s u p e r i o r  po le ,  p u b i c  symphysis, and p o i n t  183, l e f t  
s u p e r i o r  p o l e ,  pub ic  symphysis. , . "  P o i n t  180 i s  " a t  t he  
i n t e r s e c t i o n  o f  t h e  l o n g i t u d i n a l  m i d l i n e  a x i s  o f  t he  pub ic  
symphysis w i t h  t h e  s u p e r i o r  marg in  o f  t h e  symphyseal f ace  o f  
t h e  r i g h t  innominate bone." 

UMTRl 1983: "The s u p e r i o r  rnarg i n  o f  t h e  pub ic  symphysi s  i n  t h e  
mid1 ine"  ( i  .e. p e l v i c  c r e s t ) .  

A n t e r i o r - S u p e r i o r  I l i a c  Spine 

McConvi 1 l e  e t  a l .  1980: "The most prominent  p o i n t  on  t h e  
a n t e r i o r - s u p e r i o r  s p i n e  o f  t h e  i l i u m . "  



Reynolds e t  a l .  1981: " L e f t  i l i o s p i n a l e ,  summum, 201-203: The 
l e f t  innominate  r e s t s  on i t s  med ia l  s u r f a c e  w i t h  t h e  i l i a c  
b l a d e  and p u b i c  symphysis i n  c o n t a c t  w i t h  t h e  h o r i z o n t a l  
s u r f a c e  o f  an o s t e o m e t r i c  board.  Move t h e  bone i n t o  t h e  r i g h t  
ang le  co rne r  o f  t h e  board  i n  such a  way t h a t  t h e  s u p e r i o r  
border  o f  t h e  i l i a c  c r e s t  i n  c o n t a c t  w i t h  t h e  v e r t i c a l  p l a t e  

I I . . . 
UMTRI 1983: "The most p rominent  p o i n t  on t h e  a n t e r  i o r - supe r  i o r  

s p i n e  o f  t h e  l e f t  i l i u m . "  

W i th  r e s p e c t  t o  b o t h  p o i n t s ,  t h e  McConv i l l e  e t  a l .  and UMTRI 

d e f i n i t i o n s  r e f e r  t o  s u r f a c e  landmarks w h i l e  Reynolds e t  a l .  r e f e r s  

d i r e c t l y  t o  t h e  s k e l e t o n .  I n  comparing t h e  d e f i n i t i o n s ,  t h e  a t temp t  was 

made t o  v i s u a l i z e  t h e  Reynolds e t  a l .  q u a n t i t i e s  as i f  t i s s u e  were i n  

p l a c e  over t h e  bone. From t h i s  p o i n t  o f  v iew, t h e  symphysion t a r g e t s  o f  

UMTRI and Reynolds e t  a l .  appear t o  be d i r e c t e d  a t  app rox ima te l y  t h e  

same p o i n t  w h i l e  t h e  McConv i l l e  e t  a l .  d e f i n i t i o n  i s  a  b i t  more 

a n t e r i o r ,  I t  i s  e s t i m a t e d  t h a t  t h e  d i f f e r e n c e  i s  l e s s  than one 

c e n t i m e t e r .  For 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 ines ,  t h e  McConv i l l e  e t  

a l .  and UMTRI d e f i n i t i o n s  a r e  i d e n t i c a l .  The Reynolds e t  a l .  d e f i n i t i o n ,  

which i s  more p r e c i s e  i n  an a b s o l u t e  measurement sense, appears t o  

d e f i n e  a  v e r y  s i m i l a r  p o i n t  t o  t h e  o t h e r  two. 

The o r i g i n  o f  c o o r d i n a t e s  i n  t h e  t h r e e  segment c o o r d i n a t e  

systems i s  based on t h e  m i d p o i n t  o f  a  l i n e  connec t i ng  t h e  a n t e r i o r -  

s u p e r i o r  i l i a c  spines:  As these p o i n t s  a r e  d e f i n e d  t o  be n e a r l y  t h e  

same (assuming t h e  t i s s u e  t h i c k n e s s  s h i f t  f o r  t h e  Reynolds e t  a l .  system 

i s  v a l  i d )  , then  t h e  o r i g i n s  a r e  assumed t o  c o i n c i d e  ( w i t h  t h e  Reynolds 

e t  a l .  system based on t h e  r e l a t e d  s k e l e t a l  landmarks under t h e  s u r f a c e  

o f  t h e  s k i n ) .  The symphysion i s  used t o  c o n s t r u c t  an a x i s  d i r e c t i o n  i n  

t h e  t h r e e  cases. The s l i g h t  d i f f e r e n c e  i n  t h e  McConv i l l e  e t  a l .  

d e f i n i t i o n  i s  b e l i e v e d  t o  be w i t h i n  t h e  e r r o r  bounds o f  t h e  measurements 

b u t  shou ld  u l t i m a t e l y  be e v a l u a t e d  u s i n g  t h e  concepts  suggested by 

Robbins (1977) i n  a  b r i e f  s tudy  o f  e r r o r s  i n  d e f i n i t i o n  o f  an 

a n a t o m i c a l l y  based c o o r d i n a t e  system u s i n g  an th ropomet r i c  da ta .  

The p r e v i o u s  d i s c u s s i o n  shows a  procedure  f o r  merging t h e  d a t a  

bases o f  UMTRI, McConv i l l e  e t  a l . ,  and Reynolds e t  a l .  The r e s u l t s  have 

a l r e a d y  been used i n  es tab l i shmen t  o f  a s tandard  sea t  c o o r d i n a t e  system 



(Sec t i on  4) . They were used i n  S e c t i o n  9 t o  l o c a t e  t h e  h i p  and lumbar- 

s p i n a l  (L5/S1) j o i n t s  based on Reynolds e t  a l .  work. They a r e  used 

here  t o  o b t a i n  a t r a n s f o r m a t i o n  t o  segment coo rd ina tes  i n  o rde r  t o  

u t i l i z e  t h e  p e l v i c  mass and i n e r t i a l  d a t a  o f  McConv i l l e  e t  a l .  

The t h r e e  p o i n t s  needed f o r  c o n s t r u c t i o n  o f  t h e  t r a n s f o r m a t i o n  

a r e  : 

P o i n t  XH (mm) Y H  (mm) ZH (mm) 

A S  I s (L) -25 116 8 3 
ASls (R) - 25 -I 16 8 3 
Symphysion 5 1 0 4 1 

The o r i g i n  o f  t h e  anatomica l  system i s  a t :  

The d i r e c t i o n  c o s i n e  m a t r i x  f o r  t h e  t r a n s f o r m a t i o n  i s  g i v e n  i n  Tab les  7 

and 8 .  

7.6 Upper A r m  Ax is  System 

The McConv i l l e  e t  a l ,  d e f i n i t i o n  f o r  t h e  upper arm a x i s  system 

i s  as f o l l o w s :  

r Y Z Plane:  Acrornion as w e l l  as media l  and l a t e r a l  
A A humeral ep i condy les  

X Z Plane:  L a t e r a l  hurneral ep i condy le  and acromion 
A A 

X Y P lane:  Acromion 
A A 

T h i s  a x i s  system i s  n o t  c o n s i s t e n t  w i t h  body m o b i l i t y  as the  acromion i s  

n o t  p a r t  o f  t h e  arm l i n k .  The a x i s  system m i g r a t e s  as t h e  arm r o t a t e s .  

Wi th  r e s p e c t  t o  t he  s tand ing  p o s i t i o n ,  i n  which t h e  McConv i l l e  e t  a l .  

da ta  were developed, t h e  anatomica l  l ong  a x i s  i s  app rox ima te l y  a?ong t h e  

a x i s  o f  t h e  humerus. I n  f o rward  reach,  however, t h e  a x i s  f rom acrornion 

t o  humeral ep i condy les  i s  above t h e  a x i s  o f  t he  humerus. 

I n  t h e  case o f  t h e  seated occupant shown i n  F i g u r e  1 ,  i t  i s  seen 

t h a t  t h e  upper arm i s  r o t a t e d  l ess  than 20 degrees f rom t h e  t o r s o  l ong  



a x i s ,  The re fo re ,  f o r  t h e  p r e s e n t  e s t i m a t e s  o f  c e n t e r  o f  mass and 

i n e r t i a l  p r o p e r t i e s ,  t h e  McConv i l l e  e t  a l .  d e f i n i t i o n  i s  assumed t o  be 

adequate. These b a s i c  p r o p e r t i e s  p r o b a b l y  w i l l  n o t  v a r y  much w i t h  arm 

r o t a t i o n  whereas t h e  anatomica l  a x i s  d e f i n i t i o n  i s  t o t a l l y  inadequate 

f o r  arm m o b i l i t y  s t u d i e s .  

The p o i n t s  needed f o r  c o n s t r u c t i o n  o f  t h e  t r a n s f o r m a t i o n s  are :  

P o i n t  XH (mm) YH (mm) ZH (mm) 

Acromion (L and R) -224 k203 419 
L a t e r a l  Humeral Ep icondy le  (L and R) 3 2  +242 224 
Media l  Humeral Ep i condy le  (L and R) 3 2  +I 73 199 

The o r i g i n s  o f  c o o r d i n a t e s  f o r  t h e  two segments a r e  a t  t h e  acromions:  

where t h e  p o s i t i v e  s i g n  on Y r e f e r s  t o  t h e  l e f t  s i d e  o f  t h e  body. The H 
d i r e c t i o n  c o s i n e  m a t r i c e s  f o r  b o t h  l e f t  and r i g h t  upper arms a r e  g i v e n  

i n  Tab les  7 and 8 .  

7 .7  Lower Arm Ax i s  System (Hands Inc luded)  

The M c C o n v i l l e  e t  a l .  d e f i n i t i o n  f o r  t h e  lower arm a x i s  system 

i s  as f o l l o w s :  

YAZA Plane:  D i s t a l  end o f  u l n a r  and r a d i a l  s t y l o i d  processes 
and r a d i a l e  

XAZA Plane:  D i s t a l  end o f  u l n a r  s t y l o i d  process and r a d i a l e  

X A Y A  Plane:  R a d i a l e  

The p o i n t s  needed f o r  c o n s t r u c t i o n  o f  t h e  t r a n s f o r m a t i o n s  are :  

P o i n t  xH (mm) Y H  (mm) zH (mm) 

R a d i a l e  (L and R) 46 k243 209 
U lna r  S t y l o i d  (L  and R) 226 + I91  387 
Rad ia l  S t y l o i d  (L and R) 21 1 ? I  35 399 



The o r i g i n s  o f  c o o r d i n a t e s  f o r  t h e  two segments a r e  a t  t h e  r a d i a l e s  as 

g i ven .  The d i r e c t i o n  c o s i n e  m a t r i c e s  f o r  b o t h  l e f t  and r i g h t  lower arms 

a r e  g i v e n  i n  Tab les  7 and 8. 

7.8 Upper Leg (Complete Up t o  P e l v i s )  A x i s  Systems 

The McConv i l l e  e t  a l .  d e f i n i t i o n  f o r  t h e  upper l e g  a x i s  system 

i s  as f o l l o w s :  

Y A Z A  Plane: T r o c h a n t e r i o n  as w e l l  as r i g h t  and l e f t  l a t e r a l  
femora 1 ep i condy 1 es 

e X A Z A  Plane: L a t e r a l  femoral  ep i condy les  and t r o c h a n t e r i o n  

X Y Plane: T r o c h a n t e r i o n  
A A 

The p o i n t s  needed f o r  c o n s t r u c t i o n  o f  t h e  t r a n s f o r m a t i o n  are :  

I P o i n t  XH (mm) Y H  (mm) Z,, (mm) 

Trochanter  i o n  (ske l  e ta1  20 +203 - 20 
r e c o n s t r u c t i o n ,  L  and R) 

L a t e r a l  Femoral Ep icondy le  (L  and R) 404 - + 1  89 127 
Media l  Femoral Ep i condy le  ( L  and R) 407 + 87 142 

The p o i n t  t r o c h a n t e r  i o n  ( ske l  e t a  1 r e c o n s t r u c t i o n )  was d e f i n e d  and 

developed i n  S e c t i o n  6.5 o f  t h i s  r e p o r t .  The o r i g i n s  o f  c o o r d i n a t e s  f o r  

t h e  two segments a r e  a t  t r o c h a n t e r i o n s  ( s k e l e t a l  r e c o n s t r u c t i o n )  as 

g i ven .  The d i r e c t i o n  c o s i n e  m a t r i c e s  f o r  b o t h  l e f t  and r i g h t  upper l egs  

a r e  g i v e n  i n  Tab les  7 and 8. 

I n  o r d e r  t o  compare t h e  geometry o f  t he  upper l egs  u s i n g  t h e  

McConv i l l e  e t  a l .  and UMTRl da ta  bases, t h e  d i s t a n c e  f rom t r o c h a n t e r i o n  

t o  femora l  ep i condy les  was computed. The UMTRl l e g  appeared t o  be about 

20 mrn s h o r t .  However, t h e  two s t u d i e s  p a l p a t e d  d i f f e r e n t  p o i n t s  on t h e  

t r o c h a n t e r  (Sec t i on  6.5) . When t h i s  i s  taken i n t o  account ,  t h e r e  i s  

o n l y  about  10 mm d i f f e r e n c e  between t h e  two s t u d i e s  wh ich  i s  es t ima ted  

t o  be  q u i t e  reasonab le  g i v e n  the  exper imenta l  d i f f i c u l t i e s  w i t h  

t r o c h a n t e r  ion .  



7.9 Lower Leq Ax i s  Systems 

The McConv i l l e  e t  a l .  d e f i n i t i o n  f o r  t h e  lower l e g  a x i s  system 

i s  as f o l l o w s :  

YAZA Plane:  T i b i a l e ,  s p h y r i o n ,  l a t e r a l  m a l l e o l u s  

XAZA Plane:  Sphy r ion  and t i b i a l e  

X A Y A  Plane: T i b i a l e  

The p o i n t s  needed f o r  c o n s t r u c t i o n  o f  t h e  t r a n s f o r m a t i o n  a re :  

r 

P o i n t  XH (mm) Y,, (mm) z, (mm) 

T i b i a l e  (L and R) 4 2  4 2 88 128 
Sphyr i o n  (L and R) 684 +6 1 - 149 
L a t e r a l  M a l l e o l u s  (L and R) 680 f 1  26 - 185 

The o r i g i n s  o f  c o o r d i n a t e s  f o r  t h e  two segments a r e  a t  t i b i a l e  as g i v e n  

above. The d i r e c t i o n  c o s i n e  m a t r i c e s  f o r  b o t h  l e f t  and r i g h t  lower l egs  

a r e  g i v e n  i n  Tab les  7 and 8 .  

7.10 Feet  Ax is  Systems 

The M c C o n v i l l e  e t  a l .  d e f i n i t i o n  f o r  t h e  f e e t  a x i s  systems i s  as 

f o l  lows: 

X A Y A  Plane:  Me ta ta rsa l / pha langea l  I and V landmarks 
and p o s t e r i o r  calcaneus 

XAZA Plane:  T i p  o f  d i g i t  I I  and p o s t e r i o r  ca lcaneus 

YAZd Plane:  Me ta ta rsa l / pha langea I  I 

The p o s t e r i o r  calcaneus i s  e s t i m a t e d  t o  c o i n c i d e  w i t h  t h e  hee l  p o i n t  on 

t h e  s tandard  s e a t  buck. Us ing  t h e  d a t a  o f  M c C o n v i l l e  e t  a l ,  and t h e  

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

system, an anatomica l  o r i g i n  was computed. T h i s  p o i n t  was combined w i t h  

two o t h e r s ,  as f o l l o w s ,  t o  c o n s t r u c t  t h e  t r a n s f o r m a t i o n :  



Point XH (mm) Y H  (mm) ZH (mm) 

Constructed Origin (L and R) 796 a1 26 - 96 
Metatarsal/Phal angeal I (L  and R )  796 + 84 -86 
Heel Point, ( L  and R) 705 2 94 -250 

The direction cosine matrices for both left and right feet are given in 

Tables 7 and 8. 





8 $ 0  VOLUME, MASS, AND l NERT l AL PROPERT l E S  

The volume, mass, and i n e r t i a l  p r o p e r t i e s  a r e  based on t h e  

r e s u l t s  o f  McConvi 1 l e  e t  a l .  1980. For each o f  t h e  segments t h e  

f o l l o w i n g  d a t a  a r e  prov ided:  

r Anthropometry o f  segment (means) 

r Volume (mean va lues  and r e g r e s s i o n  equa t i ons  u s i n g  
anthropometr  i  c  measures) 

Center o f  volume f rom anatomica l  a x i s  o r i g i n  

P r i n c i p a l  moments o f  i n e r t i a  (mean va lues  and r e g r e s s i o n  
equa t i ons  u s i n g  anthropometr  i c  measures) 

P r i n c i p a l  axes o f  i n e r t i a  w i t h  r e s p e c t  t o  anatomica l  axes 

The f o l l o w i n g  f o u r  subsec t i ons  o f  t h i s  r e p o r t  compare t h e  b a s i c  

anthropometr  i c  p r o p e r t i e s  o f  t he  UMTRI -seated and A i  r -Fo rce -s tand i  ng 

p o p u l a t i o n s ,  deve lop  t h e  volume and mass p r o p e r t i e s  o f  t h e  body 

segments, p resen t  c e n t e r s  o f  g r a v i t y  based on cen te r  o f  volume, and 

t a b u l a t e  t h e  i n e r t i a l  p r o p e r t i e s  and p r i n c i p a l  axes. 

8.1 Bas ic  Anthropomet r ic  P r o p e r t i e s  o f  Each Segment 

For each body segment a  v a r i e t y  o f  an th ropomet r i c  measurements 

were taken i n  b o t h  t h e  McConv i l l e  e t  a l .  s tudy  and t h e  p resen t  one a t  

UMTRI. One o f  t h e  uses o f  these d a t a  i s  i n  r e g r e s s i o n  equa t i ons  f o r  

segment volume and i n e r t i a l  p r o p e r t i e s .  As such, they w i l l  be d iscussed 

and compared i n  some d e t a i l .  The measurements made a t  UMTRI were taken  

i n  t h e  v e h i c l e  seated p o s t u r e ,  where p o s s i b l e ,  whereas t h e  s tandard  

s t a n d i n g  p o s i t i o n  was used i n  t h e  p r e v i o u s  work.  The f o l l o w i n g  t e x t  

compares t h e  anthropomet ry  and d i scusses  t h e  e f f e c t s  t h a t  d i f f e r e n c e s  

m i g h t  have on segment shape. I t  shou ld  be noted t h a t  t h e  comparable 

s t a t u r e s  and we igh ts  are :  

Quant  i t y  McConv i l l e  e t  a l .  (1980) UMTR l  

S t a t u r e  (mm) 1774.9  1751.4 
Weight ( Ibs)  170.4 168.8 



For t h e  head, data  f rom t h e  two s t u d i e s  a r e  as f o l l o w s :  

Quant  i  t y  McConv i l l e  e t  a l .  (1980) UMTR l 

Head Length 199.3 197.4 
Head Breadth  153.2 158.0 
Head C i rcumference 572.7 570 6 
Head H e i g h t  166.5 230.9 

- 

These measurements a r e  ve ry  comparable, except  f o r  head h e i g h t ,  and can 

be used d i r e c t l y  i n  r e g r e s s i o n  equa t i ons .  I n  t h e  o r i g i n a l  d a t a  i t  was 

d e f i n e d  as t h e  d i f f e r e n c e  between s t a t u r e  and masto id  h e i g h t s  w h i l e  a t  

UMTRl i t  was taken as the  d i s t a n c e  f rom t h e  bot tom o f  t h e  c h i n  t o  t h e  

h i g h e s t  p o i n t  on t h e  t o p  o f  t h e  head. 

For t h e  neck, da ta  f rom t h e  two s t u d i e s  a r e  as f o l l o w s :  

Quant  i t y  McConv i l l e  e t  a l .  (1980) UMTR l 

Neck Circumference 376.7 388.2 
Neck Breadth  122.9 118.0 
Neck Length 81.8 84.8  

These measurements a re  v e r y  comparable. The UMTRl b read th  and 

c i r cumfe rence  d a t a  a re  based on the  average o f  measurements taken a t  two 

h e i g h t s  a long  the  neck. 

For t h e  tho rax ,  da ta  f rom t h e  two s t u d i e s  a r e  as f o l l o w s :  

McConv i l l e  e t  a l .  UMTR l  UMTR l  
Quant  i  t y  (1 980) Stand i  ng  Seated 

Chest C i rcumf erence 965.1 96 1 1009.6 
Chest Breadth 331 + 9  348 9 7 
Thorax Length 403.1 (355,3901415) 
10 th  R i b  Breadth 298.5 
10th  R i b  Circumference 821.5 909 4 

The b a s i c  da ta  demonstrate a c o n s i d e r a b l e  d i f f e r e n c e  between t h e  seated 

and s t a n d i n g  pos tu res .  The segmentat ion p l a n e  a t  t he  neck i s  h o r i z o n t a l  

f o r  b o t h  pos tu res  whereas t h e  f r o n t  o f  t he  tho rax  segmentat ion p lane  has 



been tilted upward to mainiain an orientation approximately 

perpendicular to the seatback. The three numbers given for UMTRl 

(seated) thorax length were determined as follows: 

Vertical distance from neck segmentation plane to 
10th rib landmark 

Direct distance from cervicale to 10th rib landmark 
Vertical distance from neck segmentation plane to 

10th rib perpendicular intersection with seat back 

That this redirection of the thorax segmentation plane and compressing 

of the abdominal and lower thoracic contents actually takes place 

appears to be verified by the increased chest circumference and breadth 

in the seated posture. The measure of thorax length in the standing 

posture (403.1 mm) is not too different from the distance along the 

seated spinal l inkage from cervicale to the 10th rib landmark (390 mm) . 
The curving of the spine in the seated posture does tend to compress the 

frontal abdominal and thorax region as indicated by the shorter thorax 

length obtained by using a parallel through the loth rib landmark 

(355 mm) . This wi 1 1  tend to move the center of gravity forward in the 

thorax as the seated posture is assumed. Because the curving of the 

spine tends to move the thorax segment Z A  axis further toward the front 

of the body than is the case with the McConville et al. axis, it will be 

assumed that th i s tends to compensate. (Th i s can be vi sual i zed by 

connecting cervicale and RlO/back perpendicular landmarks as has been 

done in Figure 7 . )  It should also be noted that the thorax segment X A  

axis is placed further below the abdomen segmentation plane than in the 

McConville et al. case. This should tend to compensate for spreading of 

tissue toward the bottom of the thorax. The term "compensation" is used 

to reflect that the center of gravity will be moved around in the 

segment depending on the placement of segment coordinate axes. 

In conclusion, the center of mass location will be conditionally 

accepted. In order to improve upon these data, a casting of the thorax 

segment should be made so that improved center-of-gravity and inertial 

properties can be measured directly as there is no easy computational 

procedure except for the photographic and analytical methods reported by 

McConville et al. 



FIGURE 7 .  Segment axes i n  t h o r a x  f o r  seated p o s t u r e .  



For t h e  abdomen, da ta  f rom t h e  two s t u d i e s  a r e  as f o l l o w s :  

McConvi 1 l e  e t  a1 . UMTR l UMTR l 
Quant  i t y  (1 980) Stand i n q  Seated 

Abdomen Length 50.1 42 .O 
Waist  Circumference 857.0 859.0 903 8 
10 th  R i b  Breadth 298.5 
10th  R i b  Circumference 821.5 909 . 4  
Waist  Breadth 312.3 313.5 
S u p r a i l i a c  S k i n f o l d  152.4 210.9 

The major  f e a t u r e  o f  t h i s  comparison i s  t h a t  t h e  abdominal segment i s  

t h i n n e r  and has a  g rea te r  c i rcumference.  T h i s  i s  caused by t h e  c u r v i n g  

o f  t he  sp ine  as the  p e l v i s  r o t a t e s  upward toward t h e  r i b  cage d u r i n g  t h e  

process o f  s i t t r n g  down i n  a  car  seat .  A q u a l i t a t i v e  p i l o t  s tudy  a t  

UMTRl i n v o l v i n g  a  t a r g e t e d  s u b j e c t  i n  b o t h  seated and s t a n d i n g  pos tu res  

y i e l d e d  t h i s  same conc lus ion  rega rd ing  the  nar rowing o f  t h e  abdominal 

area.  S e c t i o n  6.4 o f  t h i s  r e p o r t  p resented a  recommendation f o r  a  

d i f f e r e n t  segmentat ion and d e l i n e a t i o n  o f  t he  abdominal area which 

b e t t e r  d e f i n e s  the  e x t e n t  o f  t h e  s o f t  abdomen. Al though da ta  based on 

McConv i l le  e t  a l .  a re  be ing  used i n  t h i s  volume, i t  i s  s t r o n g l y  

recommended, as was done f o r  t he  thorax ,  t h a t  c a s t i n g s  o f  t h e  proposed 

abdominal segment be made so t h a t  r e v i s e d  mass and i n e r t i a l  p r o p e r t i e s  

can be d i r e c t l y  determined.  

For t h e  p e l v i s ,  da ta  f rom t h e  two s t u d i e s  a re  as f o l l o w s :  

McConv i l l e  e t  a l .  UMTR l UMTR l 
Quant i t y  ( 1  980) S tand ing Seated 

Bu t tock  Circumference 952.9 944.4 
Bu t tock  Depth 240.8 220-255 
B i  s p i  nous Breadth 222 .9 224.6 
P e l v i c  Length 258.3 2  35 
H i p  Breadth (maximum) 346.2 384.7 
S u p r a i l i a c  S k i n f o l d  152.4 210.9 

There a r e  seve ra l  d i f f e r e n c e s  between t h e  da ta  which appear t o  be 

r e l a t e d  t o  p o s t u r a l  d i f f e r e n c e s .  The UMTRl measure r e p o r t e d  as b u t t o c k  

c i r cumfe rence  i s  h i p  c i  rcumference (maximum) . Represen ta t i ve  b u t t o c k  



depths can be selected by measuring the perpendicular distance to the 

seat back from anatomical landmarks. These distances range from about 

220 mm at the pubic symphysis to about 255 mm at the point of maximum 

abdominal protrusion. It is therefore assumed that the McConville et 

al. value (240.8) is a rough measure of this quantity. Pelvic length is 

defined by McConville et al. as the difference between gluteal furrow 

height and iliocristale height. An UMTRl estimate for this quantity is 

the perpendicular distance from iliocristale to the seat surface. This 

perpendicular line is essentially parallel to the seat back. The pelvic 

length, although not strictly comparable, is smaller for the seated 

subject perhaps due to the compression of tissue during the seating 

process. Also, the seated hip breadth is larger as would be expected 

from tissue being displaced toward the side of the subject/seat 

interface during the seating process. Because the pelvic mass is to a 

great extent determined by the shape and extent of the bony pelvis, the 

mass and inertial properties will be computed based on the McConville et 

al. data. Some corrections are suggested by using the UMTRl modified 

anthropometric constructions just presented. If the proposed new 

segmentation plane for the abdomen is accepted, then it is recommended 

that a casting be made of the new pelvic mass in order to obtain data 

for revised properties. 

For the upper arms, data from the two studies are as follows: 

Quant i ty 

Axilla Arm Circumference 
Biceps Circumference Relaxed 
Biceps Circumference Flexed 
Acromion-Radiale Length 
Elbow Circumference 
Biceps Depth Relaxed 
Elbow Breadth 
Biceps Skinfold 
Triceps Skinfold 
Axi 1 la Arm Depth 

McConville et al. 
(1 980) 

UMTR l UMTR l 
Stand i ng Seated 

These measures are quite similar with the exceptions of elbow 

circumference which becomes larger as the elbow flexes and elbow breadth 



which  was measured ac ross  s o f t  t i s s u e  f o r  t he  UMTRl s u b j e c t s .  I n  t h e  

r e g r e s s i o n  equa t i ons ,  t h e  b i c e p s  c i r cumfe rence  f l e x e d  d a t a  f rom UMTRl 

a r e  s u b s t i t u t e d  f o r  a x i l l a  arm c i r cumfe rence  i n  t h a t  t h e  b i c e p s  a r e  n o t  

f l e x e d  much i n  t h e  d r i v i n g  p o s t u r e .  A lso ,  t h e  M c C o n v i l l e  e t  a l .  d a t a  

f o r  a x i l l a  arm depth  a r e  used. 

For t h e  lower arms (hands i n c l u d e d ) ,  d a t a  f rom t h e  two s t u d i e s  

a r e  as f o l l o w s :  

Q u a n t i t y  

Elbow Ci rcumference 
M id fo rea rm Breadth  
M id fo rea rm Ci rcumference 
W r i s t  C i rcumference 
Hand Length  
Hand Breadth  
Hand Ci rcumference 
Forearm-Hand Length 

McConv i l l e  e t  a l .  
( 1 980) 

UMTR l  UMTR l  
S t a n d i n g  Seated 

I n  most o f  t h e  cases, s i m i l a r ,  b u t  n o t  p r e c i s e l y  t h e  same, measurements 

were a v a i l a b l e  f o r  t h e  two groups o f  s u b j e c t s .  The elbow c i r cumfe rence  

i s  l a r g e r  due t o  f l e x i o n  i n  t h e  seated p o s i t i o n .  There was no 

e q u i v a l e n t  measurement f o r  mid forearm c i r cumfe rence  as UMTRl r e p o r t e d  

t h e  minimum and maximum va lues  g i v e n  i n  t h e  t a b l e .  The forearm-hand 

l e n g t h  was measured w i t h  t h e  arm f l e x e d  a t  90 degrees f o r  t h e  UMTRl 

s u b j e c t s  w h i l e  McConv i l l e  e t  a l .  added r a d i a l e - s t y l i o n  l e n g t h  t o  hand 

l e n g t h .  

For t h e  upper legs ,  d a t a  f rom t h e  two s t u d i e s  a r e  as f o l l o w s :  

M c C o n v i l l e  e t  a l .  UMTR l UMTR l  
Q u a n t i t y  (1 980) Stand i n g  Seated 

T h i g h  Length 465 5 435 .3  447.1 
Upper Th igh  C i rcumference 570.2 578 6 
Mid  Th igh  C i rcumference 529.0 515.1 503.5 
M id  Th igh  Depth 174.0 148. 
Knee Ci rcumference 374 1 392.2 
Knee Breadth  96.1 101.3 
G l u t e a l  Furrow Depth 193.8 184. 



Thigh l e n g t h  i s  represented d i f f e r e n t l y  i n  t h e  two s t u d i e s ,  UMTRI uses 

t r o c h a n t e r i o n  t o  l a t e r a l  femoral  ep i condy le  w h i l e  McConv i l le  e t  a l .  

r e p o r t s  t i b i a l e  t o  t r o c h a n t e r i o n .  As t h e  femoral  ep i condy le  i s  a  

landmark assoc ia ted  w i t h  t h e  upper l e g  l i n k  and c l o s e l y  c o r r e l a t e d  w i t h  

t h e  knee j o i n t  cen te r ,  t he  UMTRI va lues  w i l l  be used. Mid t h i g h  depth  

i s  es t ima ted  as t h e  d i s t a n c e  f rom t h e  t o p  o f  t h e  t h i g h  t o  t h e  seat  

su r face  and thus i s  sma l l e r  f o r  t h e  UMTRI sample. The knee measurements 

a r e  undoubtedly l a r g e r  based on t h e  movement o f  tendons d u r i n g  knee 

f l e x i o n .  A l l  i n  a l l ,  t he  da ta  appear s u f f i c i e n t l y  a l i k e  t o  war ran t  use 

o f  t he  McConv i l l e  e t  a l .  da ta  base. I n  summary, t he  o v e r a l l  shape 

changed s u r p r i s i n g l y  l i t t l e .  

For t he  lower legs ,  da ta  from t h e  two s t u d i e s  a re  as f o l l o w s :  

Quant  i t y  

Cal f  Length 
Ca l f  Ci rcumference 
Ankle Circumference 
Knee Circumference 
Ankle Breadth 
Knee Breadth 
Ca l f  Depth 

McConv i l le  e t  a l .  UMTR l 
( 1  980) Stand i ng  

UMTR l 
Seated 

These da ta  a r e  v e r y  s i m i l a r .  The knee c i rcumference i s  l a r g e r  f o r  t h e  

UMTRI s u b j e c t s  due t o  f l e x i o n .  The reason f o r  t he  l a r g e  d i f f e r e n c e  i n  

ank le  breadths  i s  unknown. UMTRl measurements i n c l u d e  a  minimum a n k l e  

b read th  o f  61.2.  

For t he  feet, data  f rom t h e  two s t u d i e s  a r e  as f o l l o w s :  

McConv i l le  e t  a l .  UMTR l  UMTR I 
Quant  i t y  ( 1  980) Stand ing Seated 

Foot Length 266.1 264.0 
Foot Breadth 104.9 95 7 
Sphyr ion  He ight  70 7 80.0 
Ankle Circumference 224.3 229.5 
Arch Circumference 260.1 
B a l l  o f  Foot  Circumference 257.3 



These d a t a  a r e  f a i r l y  s i m i l a r .  Sphy r ion  h e i g h t  i s  d e f i n e d  t o  be t h e  

p e r p e n d i c u l a r  d i s t a n c e  f rom toeboard  t o  s p h y r i o n .  I t  i s  b e l i e v e d  t h i s  

v a l u e  i s  l a r g e r  f o r  t h e  sea ted  case because v e r y  l i t t l e  f o r c e  i s  e x e r t e d  

on t h e  f o o t  i n  a  normal seated p o s i t i o n .  

As a  supplement t o  t h e  s tudy  o f  t h e  b a s i c  geomet r ic  p r o p e r t i e s  

o f  t h e  body, a  s e r i e s  o f  s u r f a c e  p r o f i l e  measurements was made on t h e  

o r i g i n a l  c l a y  v e r s i o n  o f  t h e  s u r f a c e  fo rm s h o r t l y  b e f o r e  c a s t i n g s  were 

made. T h i n  s t r i p s  o f  paper were l a i d  on t h e  s u r f a c e  o f  t h e  fo rm t 3  

r e p r e s e n t  " t ops ,  bot toms,  and s ides "  o f  t h e  v a r i o u s  r e g i o n s  o f  t h e  body. 

F igu res  8, 9, and 10 show s i d e ,  f r o n t ,  and back v iews o f  t h e  c l a y  form 

w i t h  s t r i p s  a t tached .  P o i n t s  a l o n g  these  s t r i p s  were d i g i t i z e d  i n  t h r e e  

d imensions u s i n g  a  mechanical  measurement frame. The c o o r d i n a t e s  o f  

these s u r f a c e  p o i n t s  a r e  i n c l u d e d  i n  Tab le  9.  These p o i n t s  have been 

used i n  F i g u r e  1 o f  t h i s  r e p o r t  and t h e  f u l l - s i z e  drawings ( ~ l u e p r i n t  

Nos. MM-101, MM-102, MM-103, MM-104, and MM-105). A lso ,  t hey  have been 

used as an a i d  i n  r e c o n s t r u c t i n g  some o f  t h e  non-standard anthropomet ry  

d i scussed  i n  t h i s  s e c t i o n  o f  t h e  r e p o r t .  





F I G U R E  9.  Front view o f  c l a y  model w i t h  sur face p r o f i l e  s t r i p s .  

6 1 



F I G U R E  10. Back v iew o f  c l a y  model w i t h  s u r f a c e  p r o f i l e  s t r i p s .  

6 2 



TABLE 9 

COORDINATES O F  S U R F A C E  POINTS ON C L A Y  FORM (mm) 

Sur face  P o i n t  

Body c e n t e r  f rom c r o t c h  up f r o n t  o f  body, 
over  head, down back t o  s e a t  i n t e r s e c t i o n  

X~ 

6 2 
6 2 
5 4 
3 1 

7 
- 31 
- 51 
- 76 
-100 
- 1 2 7  
- 139 
- 149 
-150 
- 143 
- 120 
- 95 
- 93 
- 86 
- 84 
- 85 
- 65 
- 83 
- 80 
- 81 
- 88 
- 96 
-122 
-164 
-194 
-229 
-252 
- 2 6 7 
-278 
-280 
-264 
-257 
-258 
-267 
-277 
-289 
-299 
-287 
-260 

Y~ 

0 
0 
0 
0 
0 
0 
9 
0 
0 
0 
0 
0 
0 
C 
0 
0 
0 
o 
o 
C 
0 
0 
O 
O 
O 
0 
0 
0 
0 
o 
0 
O 
o 
O 
0 
0 
o 
0 
o 
o 
0 
O 
0 

H 

55 
99 

132 
170 
20 1 
2 40 
283 
343 
386 
415 
433 
443 
470 
433 
594 
5 18 
5 35 
549 
56 1 
575 
589 
634 
650 
654 
693 
707 
727 
7 37 
739 
730 
712 
693 
665 
640 
59 1 
569 
519 
L76 
4 38 
383 
330 
2 6 5  
184 



TABLE 9 
COORDINATES OF SURFACE POINTS ON CLAY FORM (Continued) 

Surface Point 

Line from posterior scye up back, over 
shoulder, and down top of arm to hand 

Line from top of head t o  lateral point 
on shoulder 

Line from lateral point on shoulder down 
outside of arm t o  ulnar styloid process 

X~ 

-297 
-292 
- 2 75 
-262 
-240 
-224 
-209 
- 1 go 
-160 
-126 
- 84 
- 27 

3 1 
3  7 
69 

110 
133 
163 
20 1 
2 19 
228 
237 
254 
274 

- 185 
-182 
- 178 
-175 
-174 
-175 
- 182 
-192 
-204 
-208 
-273 
-2 15 
-213 
-206 
-196 

-154 
- 97 
- 42 

3 3 
6 6 

111 

H 

112 
131 
14 1 
146 
150 
156 
161 
168 
176 
184 
188 
195 
204 
205 
200 
194 
188 
175 
164 
156 
149 
141 
132 
124 

0 
2 9 
5 7 
7 4 
7 9 
7 4  
6 9 
57 
6 1 
7 1  

116 
170 
202 
2 2 2 
231 

2 36 
2 35 
236 
24 1 
244 
232 

H 

336 
392 
419 
432 
446 
449 
449 
447 
432 
405 
367 
3 2 6 
277 
2 74 
302 
328 
342 
364 
399 
417 
433 
446 
460 
468 

7 35 
7 30 
71 1 
679 
642 
588 
552 
524 
49 1 
473 
456 
447 
43 1 
40 7 
378 

352 
313 
272 
223 
245 
284 



TABLE 9 
COORDINATES OF SURFACE POINTS ON C L A Y  FORM (Continued) 

Surface Point 

Line from lateral point on shoulder down 
outside of arm to ulnar styloid process 

(Con t i nued) 

Line down side of torso from posterior 
scye to seat surface 

Outside of left leg from hip to little toe 

Underside of leg from seat front to heel 

X~ 

152 
188 
207 
222 

-217 
- 1 90 
- 166 
- 144 
- 120 
- 98 
- 82 
- 64 
- 47 
- 36 
- 26 

- 31 
36 
133 
237 
3 2 2 
379 
405 
4 2 9 
469 
51 1 
553 
590 
627 
655 
694 
719 
7 5 2 
784 
807 

31 1 
360 
40 3 
417 
45 3 
5 12 
566 
617 
650 
667 

Y~ 

21 1 
197 
191 
19 1 

189 
179 
169 
157 
169 
162 
157 
182 
196 
198 
199 

2 00 
204 
204 
206 
200 
194 
188 
186 
187 
180 
168 
148 
131 
122 
122 
129 
149 
171 
177 

129 
129 
129 
138 
134 
123 
113 
100 
9 3 
9 1 

z~ 
32 1 
354 
37 3 
388 

294 
250 
204 
164 
119 
8 1 
54 
2 3 

- 5 
- 22 
- 37 
- 21 

1 
3 3 
7 0 
9 7 
113 
129 
9 4 
45 

- 7 
- 57 
- 89 
-122 
- 149 
-185 
-210 
- 165 
- 123 
- 98 
- 1 
3 1 
5 7 
2 5 

- 45 
- 93 
- 126 
- 162 
-205 
-229 



TABLE 9 
COORDINATES OF SURFACE POINTS ON CLAY FORM (Continued) 

Surface Point 

Top of leg from thigh-abdominal junction 
to tips of second toe 
(tips of all toes included) 

Inside of leg from crotch to 
metatarsal/phalangeal I 

z~ 
7 9 
88 
116 
140 
162 
190 
170 
127 
8 2 
0 

- 79 
-107 
- 1  14 
-109 
- 89 
- 68 
- 36 
- 42 
- 59 
- 76 
- 92 

16 
3 3 
58 
9 5 
134 
130 
9 2 
58 
2 2 

- 20 
- 72 
-121 
-144 
-164 
- 175 
-140 
- 123 
- 95 
- 84 
- 59 
- 44 

H 

18 
6 3 
167 
244 
318 
412 
449 
478 
5 10 
57 2 
64 1 
676 
70 1 
729 
764 
80 1 
840 
843 
836 
827 
814 

190 
235 
293 
355 
395 
4 2 4 
445 
467 
490 
518 
579 
640 
673 
713 
7 4 3 
703 
7 36 
777 
796 
823 
840 

H 

123 
125 
134 
132 
145 
151 
151 
149 
146 
139 
115 
106 
102 
103 
108 
117 
129 
150 
164 
172 
177 

3 0 
4 8 
64 
75 
8 5 
9 1 
89 
8 2 
7 7 
7 6 
80 
7 4 
6 7 
6 7 
7 6 
7 1 
8 2 
8 7 
88 
103 
110 



TABLE 9 
COORDINATES O F  S U R F A C E  POINTS ON CLAY FORM (Continued) 

Sur face P o i n t  

I n s i d e  o f  arm from scye t o  f i n g e r s  

L i n e  on unders ide  o f  arm f rom level  o f  
scye t o  wr i s t  

X~ 

- 28 
14 
38 
8 o 

1 1 7  
165 
202 

-208 
- 155 
- 99 

13 
4 2 
9 4 

144 
183 
2 2 2  
2 40 
262 
28 1 
303 

Y~ 

15 1 
160 
166 
153 
147 
142 
138 

19 1 
194 
196 
197 
199 
194 
181 
175 
167 
174 
184 
191 
199 

H 

2 76 
23 1 
205 
237 
275 
336 
38 1 

302 
283 
248 
191 
182 
2 1  1 
259 
309 
355 
378 
3 85 
398 
409 



8.2 lolune and Mass Properties 

To compute the segment volumes, the regression equations given 

in McConville et al. (1980) were used. The following list indicates 

which anthroponetric variables were included for each segment: 

Segment Variables I 
Head 
Neck 
Thorax 
Abdomen 
Pelvis 
Upper Arms 

Lower Arms 
(wi th Hands) 
Upper Legs 
Lower Legs 
Feet 

Head circumference and length 
Subject weight, neck circumference and breadth 
Subject weight, chest circumference, thorax length 
Subject weight, abdomen length, waist circumference 
Buttock circumference, suprailiac skinfold 
Subject weight, biceps circumference flexed, 

Acromion-radiale length 
Subject weight, elbow breadth, 

Mid-forearm.circurnference 
Subject weight, mid-thigh circumference, stature 
Stature, weight 
Ankle circumference, stature, sphyrion height 

The predicted volumes and the sum of volumes for the whole body are 

given in the first column of Table 10. The values obtained from the 

left and right sides of the body have been averaged. These volume 
3 calculations are bssed on a density assumption of 1.0 g/cm . Using this 

value for density, the resulting body weight would be 176.9 pounds, an 

overestimate of about 4.6 percent. Because of this apparent 

overestimation of volume, a correction factor was developed as follows: 

Average Subject Mass = 0,954 Volume Correction Factor = lni tial Prediction 

Scaled volumes and estimated masses are given in the final two columns 

of Table 10. 

It should be noted that an overestimation of volume was expected 

and is a subject of continuing investigation by the McConville et al. 

team as indicated in their report. The correction factor is similar to 

their 5 percent figure. Also, it should be noted that the human body 

does not have a constant density within each segment. For example, if a 

value of less than 1.0 is used for the thorax as has been suggested by 

Dempster (1 955a) , the necessary correction can be reduced cons i derabl y . 



TABLE 10 

ESTIMATED SEGMENT MASS AND VOLUME 

Us ing h i s  v a l u e  o f  0.92, t ho rax  mass p r e d i c t e d  f rom the  r e g r e s s i o n  

e q u a t i o n  i s  22916 gm. T h i s  reduces t h o r a x  w e i g h t  ( p r e d i c t e d  u s i n g  

Segmen t 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
R i g h t  Upper A r m  
L e f t  Upper Arm 
R i g h t  Lower A r m  w i t h  Hand 
L e f t  Lower Arm w i t h  Hand 
R i g h t  Upper Leg 
L e f t  Upper Leg 
R i g h t  Lower Leg 
L e f t  Lower Leg 
R i g h t  Foot  
L e f t  Foot  

TOTAL 

3 dens i  t y = l . O  gm/cm ) f rom 54.9 pounds t o  50.5 pounds. Us ing  t h i s  

a d j u s t e d  t h o r a x  v a l u e  i n  computing t o t a l  body we igh t ,  t h e  c o r r e c t i o n  

f a c t o r  i s  reduced t o  2.1 p e r c e n t .  C l e a r l y  a c o n s i d e r a b l e  amount o f  work 

i s  r e q u i r e d  b e f o r e  f i n a l  mass and i n e r t i a l  d a t a  can be recommended w i t h  

con f i dence .  

8.3 Centers o f  G r a v i t y  i n  H i p  P o i n t  
and Segment Coord ina te  Systems 

P r e d i c t e d  Volume 
3 

(cm ) 

4,337 
1,012 

24,909 
2 479 

11,964 
1,854 
1,854 
2,120 
2,120 
9,029 
9,029 
3,760 
3,760 
1,028 
1,028 

60,254 

McConv i l l e  e t  a l .  (1980) g i v e  d a t a  on c e n t e r  o f  volume f o r  t h e  

v a r i o u s  segments o f  t h e  body.  The assumpt ion i s  made f o r  t h e  c u r r e n t  

p r o j e c t  t h a t  cen te r  o f  mass and cen te r  o f  volume a r e  c o i n c i d e n t .  I t  i s  

known t h a t  t h i s  assumpt ion i s  n o t  comp le te l y  c o r r e c t  because o f  d e n s i t y  

v a r i a t i o n s  w i t h i n  segments. Clauser e t  a l .  (1969) n o t e  t h a t  mid-volume 

o f  l i m b  segments a re  p rox ima l  t o  c e n t e r s  o f  mass. The d i f f e r e n c e s ,  

Sca led  olume r (cm 1 

4,137 
965 

23,763 
2 , 365 

11,414 
1,769 
1,769 
2,022 
2,022 
8,614 
8,614 
3,587 
3 9 587 

98 1 
98 1 

76,562 

Es t ima ted  Mass 
( g d  

4,137 
965 

23, 763 
2 , 365 

1 1 , 4 1 4  
1,769 
1,769 
2,022 
2,022 
8,614 
8,614 
3 9 587 
3,587 

98 1 
98 1 

76,562 



however ,  a r e  s m a l l  and b e l i e v e d  t o  be i n s i g n i f i c a n t  i n  compa r i son  w i t h  

o t h e r  p o s s i b l e  e r r o r s .  The g r e a t e s t  o f  t hese  i s  t h e  m o b i l i t y  o f  s o f t  

t i s s u e s  w i t h  r e s p e c t  t o  t h e  bony s k e l e t o n  as t h e  body moves e i t h e r  

v o l u n t a r i l y  o r  e s p e c i a l l y  under  impac t  l o a d i n g .  For t h e  c u r r e n t  s t a t i c  

case  o f  s e a t e d  p o s t u r e ,  and f o r  a p p l i c a t i o n s  where t h e  assump t i on  o f  an 

a r t i c u l a t e d  l i n k a g e  o f  r i g i d  masses i s  v a l i d ,  t h e  f o r e s t a t e d  assump t i on  

i s  b e l i e v e d  t o  be adequa te .  However, i f  t h e s e  d a t a  a r e  t o  b e  used f o r  

dynamic a p p l i c a t i o n s  where t h e r e  i s  l o o s e  c o u p l i n g  between s o f t  t i s s u e  

and bony s k e l e t o n ,  t h e  assump t i on  s h o u l d  be  r e j e c t e d  and s u b s t i t u t e  d a t a  

g a t h e r e d .  To t h e  knowledge o f  t h e  p r e s e n t  a u t h o r ,  t h e r e  a r e  no 

s u b s t a n t i v e  p u b l i s h e d  d a t a  a v a i l a b l e  t o  add ress  t h i s  i s s u e  f o r  

a u t o m o t i v e  a p p l i c a t i o n s .  

T a b l e  1 1  g i v e s  t h e  l o c a t i o n  o f  e s t i m a t e d  c e n t e r s  o f  g r a v i t y  w i t h  

r e s p e c t  t o  t h e  whole-body c o o r d i n a t e  system. These were d e r i v e d  f r o m  

t h e  d a t a  i n  T a b l e  12, wh i ch  l o c a t e  t h e  p o i n t s  i n  segment c o o r d i n a t e s  

t h r o u g h  t h e  use  o f  t h e  t r a n s f o r m a t i o n s  p r e s e n t e d  i n  S e c t i o n  7 o f  t h i s  

r e p o r t .  Average v a l u e s  a r e  shown f o r  t h e  l e f t  and r i g h t  s i d e s  o f  t h e  

body .  

I t  s h o u l d  be n o t e d  t h a t  t h e  head c e n t e r - o f - g r a v i t y  i s  g i v e n  w i t h  

r e s p e c t  t o  t h e  UMTRl d e f i n i t i o n  o f  t h e  o r i g i n .  The p l acemen t  i s  t hus  i n  

f r o n t  o f ,  and above, t h e  o r i g i n  as d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  7 . 1 .  

I n  t h e  case  o f  t h e  neck,  t h e  c e n t e r  o f  mass i s  a  few m i l l i m e t e r s  

i n  f r o n t  o f  a  l i n e  c o n n e c t i n g  t h e  e s t i m a t e d  head/neck and n e c k / t h o r a x  

j o i n t s  (see F i g u r e  1 and S e c t i o n  9 f o r  g r a p h i c s  and d e t a i  1s o f  j o i n t  

l o c a t  i o n s )  . 
The t h o r a x  c e n t e r - o f - g r a v i t y  l i e s  a p p r o x i m a t e l y  40 mm i n  f r o n t  

o f  and 20 mm be low  t h e  r e c o n s t r u c t e d  T8/T9 j o i n t  c e n t e r s .  T h i s  i s  a 

somewhat l a r g e r  v a l u e  t h a n  t h a t  r e p o r t e d  by  Chandler  and Young (1981) i n  

t h e i r  r e c e n t  l i n k  man a n a l y s i s .  I t  i s  b e l i e v e d  t h a t  t h e  f o r w a r d  

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

a ccoun t  f o r  t h e  s h i f t .  

The c e n t e r  o f  g r a v i t y  o f  t h e  abdomen mass i s  i n  t h e  c e n t e r  o f  

t h e  mass as p r o j e c t e d  i n  t h e  X Z p l a n e  shown i n  F i g u r e  1 .  I t  i s  H H 
l o c a t e d  abou t  2  cm i n  f r o n t  o f  t h e  s p i n a l  l i n k a g e .  I f ,  a t  a  l a t e r  t ime ,  



TABLE 1 1  

LOCATION O F  ESTIMATED SEGMENT CENTERS OF GRAVITY 
WITH RESPECT TO WHOLE-BODY COORDINATE SYSTEM 

AThe p o s i t i v e  s i g n  on  Y r e f e r s  t o  t h e  l e f t  s i d e  o f  t h e  
body .  

H 

Segment 

Head 
Neck 
Tho rax  
Abdomen 
P e l v i s  
Upper Arms 
Lower Arms w i t h  Hands 
Upper Legs 
Lower Legs 
F e e t  

TABLE 1 2  

LOCATION O F  ESTIMATED SEGMENT CENTERS O F  GRAVITY WITH RESPECT 
TO THE INDIVIDUAL SEGMENT COORDINATE SYSTEMSfi 

x, (mm) 

- 179 
-195 
- 177 
- 85 
- 74 
- 80 

149 
200 
504 
763 

i.Recal 1 t h a t  t h e r e  i s  a d i f f e r e n t  (XA, Y A .  Z A ) sys tem f o r  each 
segment.  

Y, (mm) 

0 
0 
0 
0 
0 

t l g l f i  
a1  74 
+ I 3 1  
f 1 2 5  
f l l O  

ZH (mm) 

646 
5 15 
267 
110 

1 7  
3 19 
320 

64 
- 5 
-164 

Segment 

Head 
Neck 
Tho rax  
Abdomen 
P e l v i s  
Upper Arm (R) 
Upper Arm (L) 
Lower Arm w i t h  Hand (R) 
Lower Arm w i t h  Hand (L) 
Upper Leg ( R )  
Upper Leg (L) 
Lower Leg (R) 
Lower Leg (L) 
Foo t  (R) 
F O O ~  (L )  

Y A  (mm) 

0.  
0. 
0 .  
0 .  
0 .  

30 
-30.  

35. 
-35.  

66. 
-66.  
-57. 

57 
- 0 .6  

0 .6  

x A  (mm) 

8 .4  
57.2 
58 .  

- 4 .  
-81 .8  

16.5 
16.5 

-10 .  
-10.  

6. 
6 .  

- 1  1 .9 
- 1  1 .9  
-76 .9  
- 76 .9  

ZA (mm) 

3 1 -  
49.8 

1 90. 
- 24.2 

10.7 
- 172. 
- 172. 
-166.  
-166.  
-200 .  
-200. 
-149.  
-149. 
- 6.2 
- 6.2 



t h e  abdomen segmentat ion p lane  proposed e a r l i e r  i n  t h i s  r e p o r t  i s  used, 

t h e  c e n t e r  o f  g r a v i t y  w i l l  be s h i f t e d  even f u r t h e r  toward t h e  f r o n t  o f  

t h e  body. T h i s  mass element i s  b e l i e v e d  t o  be v e r y  mob i l e  and l o o s e l y  

coupled t o  t h e  remainder o f  t h e  body l i n k a g e  system. 

For t h e  p e l v i s ,  t h e  cen te r  o f  g r a v i t y  i s  n e a r l y  on t h e  l i n e  o f  

t h e  s p i n a l  column p r o j e c t e d  i n t o  t h e  p e l v i c  r e g i o n .  I t  l i e s  

app rox ima te l y  2 cm below t h e  L5/S1 j o i n t  and 75 mm beh ind and 17 mm 

above t h e  h i p  p i v o t  p o i n t .  I t  i s  n o t  s u r p r i s i n g  t h a t  t h i s  mass i s  f a r  

toward t h e  back i n  t h a t  t h e  s o f t  t i s s u e  su r round ing  the  head o f  t h e  

femur has been a t tached  t o  t h e  upper l e g  segments. 

The va lues  f o r  t h e  upper arms, lower arms i n c l u d i n g  hands, upper 

legs ,  lower legs ,  and f e e t  a re  averaged f o r  t h e  r i g h t  and l e f t  s i d e s  o f  

t h e  body. The c e n t e r s  o f  g r a v i t y  f o r  t he  lower arms and upper l egs  l i e  

v i r t u a l l y  on t h e  l i n e  connec t i ng  t h e  p rox ima l  and d i s t a l  j o i n t  c e n t e r s .  

The c e n t e r  o f  g r a v i t y  o f  t h e  upper arm l i e s  above t h e  s i m i l a r  l i n e  w h i l e  

f o r  t h e  lower l e g  t h e  cen te r  o f  g r a v i t y  i s  below i t .  T h i s  p robab ly  

r e f l e c t s  t h e  l o c a t i o n  o f  major  muscle masses (b i ceps  b r a c h i i  and t r i c e p s  

surae) . 

I n e r t i a l  P r o p e r t i e s  and P r i n c i p a l  Axes 

To compute the  segment p r i n c i p a l  moments o f  i n e r t i a ,  t h e  

r e g r e s s i o n  equa t i ons  g i v e n  i n  McConv i l l e  e t  a l .  (1980) were used. These 

equat ions  p r e d i c t  each o f  t h e  t h r e e  p r i n c i p a l  moments o f  i n e r t i a  ( I  
x ' 

I I ) f o r  each segment as a  1 inear  f u n c t i o n  o f  anthropometr  i c  
Y '  2 

v a r i a b l e s .  Tab le  13 l i s t s  t h e  an th ropomet r i c  v a r i a b l e s  used i n  

computing each q u a n t i t y .  The p r e d i c t e d  segment i n e r t i a l  p r o p e r t i e s  a re  

g i ven  i n  t h e  f i r s t  t h r e e  columns o f  Tab le  14. Values f rom t h e  l e f t  and 

r i g h t  s i d e s  o f  t h e  body have been averaged. The p r i n c i p a l  axes (Xp, Yp,  

Z p )  f o r  each segment have t h e i r  o r i g i n  a t  t h e  c e n t e r  o f  g r a v i t y  (assumed 

t o  be c o i n c i d e n t  w i t h  t he  cen te r  o f  volume).  The o r i e n t a t i o n  o f  these 

axes i s  dependent on t h e  geomet r ic  fo rm o f  each i n d i v i d u a l  segment and 

rep resen ts  y e t  another  group o f  c o o r d i n a t e  systems. 

I t  appears t h a t  t h e  magnitudes o f  b o t h  volume and i n e r t i a l  

p r o p e r t i e s  a r e  ove res t ima ted  by t h e  McConv i l l e  e t  a l .  formulae.  I n  a  

s i m p l i s t i c  sense, t h e  o v e r a l l  compos i t i on  o f  a  moment o f  i n e r t i a  i s  t h e  



TABLE 13 

ANTHROPOMETRIC VARIABLES USED IN PRINCIPAL 
MOMENT O F  INERTIA REGRESSION EQUATIONS 

Segment 

Head 

Neck 

Tho rax  

Abdomen 

P e l v i s  

Upper Arms 

Lower Arms 
( w i t h  hands) 

Upper Legs 

Lower Legs 

Fee t  

Moment 

I  x 
I  

I  z 

I x  

I y  z 

I x  
I  Y 
I  z 

I  x 

I  Y 

I  z 

I  x 

l y  
I z 

I  x 
I  

I  z 

I  x 
l y  
I  z 

I x  
I  Y 
I  z 

I  x 
I y  z 

I  x 
I  Y 
I  z 

An th ropomet r  i c  V a r i a b l e s  

Head c i r c u m f e r e n c e ,  head b r e a d t h  
Head c i r c u m f e r e n c e  
Head c i  r cumference ,  head 1 e n g t h  

Neck b r e a d t h ,  neck l e n g t h  
We igh t ,  neck c i r c u m f e r e n c e ,  neck b r e a d t h  
We igh t ,  neck c i r c u m f e r e n c e ,  neck b r e a d t h  

We igh t ,  t h o r a x  l e n g t h ,  c h e s t  b r e a d t h  
We igh t ,  s t a t u r e ,  t h o r a x  l e n g t h  
We igh t ,  c h e s t  c i r c u m f e r e n c e ,  t h o r a x  l e n g t h  

Abdomen l e n g t h ,  w a i s t  c i r c u m f e r e n c e ,  
s u p r a i  1 i a c  s k i n f o l d  

1 0 t h  r i b  c i r c u m f e r e n c e ,  abdomen l e n g t h ,  
s u p r a i  1 i a c  s k i n f o l d  

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

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

B u t t o c k  d e p t h  
B u t t o c k  d e p t h ,  w e i g h t ,  s u p r a i  1 i a c  s k i n f o l d  

We igh t ,  a c r o m i o n - r a d i a l e  l e n g t h ,  
b  i ceps c  i rcumrerence  ( f  1 exed) 

We igh t ,  t r i c e p s  s k i n f o l d ,  a x i l l a  arm d e p t h  
B i ceps c  i rcumf e rence  ( f  1 exed) , ax i 1 1 a  arm 

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

Forearm-hand l e n g t h ,  w r i s t  and hand c i r c u m f e r e n c e s  
Forearm-hand l e n g t h ,  w r i s t  and hand c i r c u m f e r e n c e s  
Elbow and m i d - f o r e a r m  c i r c u m f e r e n c e s ,  w e i g h t  

We igh t ,  m i d - t h i g h  c i r c u m f e r e n c e ,  t h i g h  l e n g t h  
S t a t u r e ,  m i d - t h i g h  c i r c u m f e r e n c e ,  t h i g h  l e n g t h  
We igh t ,  m i d - t h i g h  and u p p e r - t h i g h  c i r c u m f e r e n c e s  

S t a t u r e ,  c a l f  dep th ,  a n k l e  c i r c u m f e r e n c e  
S t a t u r e ,  c a l f  dep th ,  a n k l e  c i r c u m f e r e n c e  
We igh t ,  c a l f  l e n g t h ,  c a l f  c i r c u m f e r e n c e  

A n k l e  c i r c u m f e r e n c e ,  s p h y r i o n  h e i g h t ,  s t a t u r e  
Foo t  l e n g t h ,  s p h y r i o n  h e i g h t ,  a n k l e  c i r c u m f e r e n c e  
Foo t  l e n g t h ,  a n k l e  c i r c u m f e r e n c e ,  s p h y r i o n  h e i g h t  



TABLE 14 

ESTIMATED SEGMENT PlNClPAL MOMENTS O F  INERTIA 

Segment 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
Up. A r m  (L) 
Up. A r m  (R) 
LON. Arm 

& Hand (L )  
Low. Arm 

& Hand (R )  
Up. Leg (L) 
Up. Leg (R)  
LOW. Leg (L) 
LOW. Leg (R! 
Foo t  (L) 
F oo t (R)  

2 
Sca led  (gm cm ) 2 

P r e d i c t e d  (gm cm ) 

I  z 
144,552 
22,910 

3,015,877 
254,838 

1,184,697 
23,115 
23,115 
20,148 

20,148 

367,118 
367,118 

60,688 
60,688 
44,132 
44,132 

I x 
200,271 

14,798 
4,566,400 

167,611 
1,015,738 

112,467 
112,467 
310,769 

310,769 

1,230,899 
1,230,899 

520,397 
520,397 

8,728 
8,728 

' Y 

221,546 
18,463 

3,222,558 
106,560 
942,376 
122,526 
122,526 
309,252 

309,252 

1,301,540 
1,301,540 

528,342 
528,342 

42,966 
42,966 

I  z 
149,176 
23,643 

3,112,360 
262,991 

1,222,598 
23,854 
23,854 
20,793 

20,793 

378,863 
378,863 

62,629 
62,629 
45,544 
45,544 

. 
I x 

206,678 
15,271 

4,712,487 
172,973 

1,048,233 
116,065 
116,065 
320,711 

320,711 

1,270,278 
1,270,278 

537,045 
537,0115 

9,007 
9,007 

' Y 

228,634 
19,054 

3,325,653 
109,969 
972,524 
126,446 
126,446 
319,145 

319,145 

1,343,179 
1 ,343 ,179  

545,245 
545,245 

44,341 
44,341 



summation o f  i n f i n i t e s i m a l  mass e lements t imes  t h e  square o f  t h e i r  

d i s t a n c e s  f rom an a x i s  about  which t h e  moment i s  computed. The re fo re ,  

i f  t h e  volume i s  reduced, t h e  r e p r e s e n t a t i v e  d i s t a n c e s  f rom t h e  a x i s  a r e  

a l s o  reduced. Volume can be v i s u a l i z e d  as a  t h i r d  o rde r  f u n c t i o n  o f  

d i s t a n c e s  w h i l e  i n e r t i a l  moments a r e  second o r d e r .  A s c a l e  f a c t o r  has 

been developed based on t h e  0.954 r e d u c t i o n  f a c t o r  f o r  volume used i n  

S e c t i o n  8.2 as f o l l o w s :  

Vol ume (UMTRI) = 0.954V -- (0 .98448~)  

Sca le  Fac to r  = (0.9844) = 0.969 

T h i s  f a c t o r  has been used i n  t h e  computa t ion  o f  sca led  segment i n e r t i a l  

p r o p e r t i e s  g i v e n  i n  t h e  l a s t  t h r e e  columns o f  Tab le  14 .  I n  t h a t  

McCon\ l i l le  e t  a l .  show some ev idence t h a t  t h e i r  p r e d i c t e d  i n e r t i a l  

p r o p e r t i e s  have l a r g e r  magni tudes than those proposed by o t h e r  

i n v e s t i g a t o r s ,  i t  i s  f e l t  t h a t  a  smal l  c o r r e c t i o n  f a c t o r  i s  j u s t i f i e d .  

The one proposed may be t o o  c o n s e r v a t i v e  as t h e  mass on t h e  p e r i p h e r y  o f  

an o b j e c t  has a  g r e a t e r  e f f e c t  on moment o f  i n e r t i a  t han  mass near t he  

cen te r  o f  g r a v i  t y .  

The p r i n c i p a l  axes o f  i n e r t i a  f o r  each segment have been 

computed by M c C o n v i l l e  e t  a l .  w i t h  r e s p e c t  t o  t he  r e s p e c t i v e  segment 

anatomica l  c o o r d i n a t e  system. For t h e  p r e s e n t  a p p l i c a t i o n ,  i t  has been 

necessary t o  a l t e r  t he  t r a n s f o r m a t i o n  m a t r i c e s  s l i g h t l y  t o  r e f l e c t  body 

symmetry. I n  t h e  c a s e ' o f  body segments such as head, neck, t ho rax ,  

abdomen, and p e l v i s ,  t h i s  meant s e t t i n g  smal l  d i r e c t i o n  ang les  between 

t h e  Y - p r i n c i p a l  a x i s  and t h e  Y-segment a x i s  t o  ze ro  and a d j u s t i n g  t h e  

remainder o f  t h e  t r a n s f o r m a t i o n  s l i g h t l y  t o  m a i n t a i n  o r t h o g o n a l i t y .  A 

t y p i c a l  example i s  t he  head. The t r a n s f o r m a t i o n s  g i v e n  by McConv i l l e  e t  

a l .  i n  degrees are:  



For symmetry t h i s  has been s i m p l i f i e d  t o :  

The q u a n t i t i e s  ( X ,  Y A ,  Z ) r e f e r  t o  anatomica l  c o o r d i n a t e s  w h i l e  ( I p ,  A 
Y p ,  Z 1 r e f e r  t o  p r i n c i p a l  axes. P 

I n  t h e  case o f  body r e g i o n s ,  such as upper and lower arms and 

legs  as w e l l  as f e e t ,  i t  was necessary t o  deve lop  an average s e t  o f  axes 

f o r  t h e  two s i d e s ,  then t o  make i t  symmetric. A t y p i c a l  case o f  t h i s  i s  

f o r  t h e  f e e t .  The t r a n s f o r m a t i o n s  f o r  t h e  l e f t  and r i g h t  f e e t  were 

g i v e n  as: 

R i q h t  Foot  L e f t  Foot  

They have been s i m p l i f i e d ,  averaged, and made symmetric y i e l d i n g :  

R i q h t  Foot  L e f t  Foot 

Problems w i t h  t h e  M c C o n v i l l e  e t  a l .  da ta  were i d e n t i f i e d  f o r  t h e  r i g h t  

t h i g h  and l e f t  f o rea rm ( w i t h  hand) . These were conf  i rmed (Kaleps 1982) 

as i n c o r r e c t  s i g n s  i n  c o o r d i n a t e  system d e f i n i t i o n s .  I n  cases where the  

symmetry appeared t o  be marg ina l  between t h e  two s i d e s  o f  t h e  body, i t  

was v e r i f i e d  t h a t  t h e  t r a n s f o r m a t i o n  m a t r i x  degenerates when two o f  t h e  

moments o f  i n e r t i a  become t h e  same. 



The f i n a l  r e s u l t s  a r e  g i v e n  i n  T a b l e s  15 t h r o u g h  

and 16 g i v e  t h e  p r i n c i p a l  axes o f  i n e r t i a  w i t h  r e s p e c t  t o  

axes exp ressed  b o t h  i n  degrees  and as c o s i n e s .  T a b l e s  1 7  

t h e  p r i n c i p a l  axes w i t h  r e s p e c t  t o  t h e  h i p  p o i n t  a x i s  s ys  

8. T a b l e s  15 

ana tom i ca  1 

and 18 g i v e  

em. 



TABLE 15 

PRINCIPAL AXES O F  INERTIA WITH RESPECT TO ANATOMICAL AXES 
(Cos i ne Ma t r  i x Expressed  i n Degrees)  

Segment 

Head 

Neck 

Thorax  

Abdomen 

P e l v i s  

Upper Arm (L) 

Upper A r m  (R) 

Lower A r m  w i  t h  Hand (L) 

Lower A r m  w i  t h  Hand (R )  

Upper Leg (L) 

t ipper Leg ( R )  

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 

z~ 

P 
P 
P 

P 
P 
P 

X~ 

36 
90. 

126. 

1 1 .  
90 

101. 

14.5 
90. 

104.5 

2.6 
90 9 

87.8 

8 .4  
90 
98.4 

33 .6 
123.4 
90. 

33.6 
56 .6  
90 

19.5 
109.5 
90 * 

19.5 
70.5 
90. 

9.8 
99.8 
go. 1 

9.8 
80.2 
go. 1 

A 

90 
0. 

90. 

90 
0 .  

90 

90 
0. 

99 

90. 
0. 

90 

90 * 
0.  

90 9 

56.6  
34 3 
96.1 

123.4 
34.3 
83 * 

70 5 
19.5 
90. 

109.5 I 
19.5 
90 * 

80.2 
9 8 

89.1 

99.8 
9.8 

89.1 

z~ 
54 9 

90 
36 

79. 
90 
1 1 .  

75.5 
90 
14.5 

92.2 
90 

2.6 

81.6 
90 

8.4 

91. 1 
83 

7 

91.1 
96.1 

7 

90 
90. 

1 .  

90. 
90 

1 .  

89.8 
90 9 9 

1 . 1  

89.8 
90.9 

1 . 1  



TABLE 15 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO ANATOMICAL A X E S  

(Cos i ne Ma t r  i x  Expressed i n  Degrees, Cont i nued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

F 00 t (L) 

F 00 t (R) 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

A 

24. 
66. 
90 

24, 
114. 
90.  

10. 
86. 
99 

1 0 .  
94 
99. 

Y~ 

114. 
24. 
88. 

66. 
24. 
92. 

94 
7 

85 

86. 
7 .  

95 

z~ 
90 
92 
I. 

90 
88. 

1 .  

81. 
95. 
10. 

81. 
85 
10. 



TABLE 16 

PRl NCl PAL A X E S  O F  l NERTl A WITH RESPECT TO ANATOMl CAL A X E S  
(Cosine M a t r i x )  

Segment 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper Arm (L) 

Upper A r m  (R) 

Lower A r m  w i t h  Hand (L )  

Lower Arm w i t h  Hand (R) 

Upper Leg (L)  

Upper Leg (R) 

P 
P 

z~ 

P 
P 
P 

P 
P 
P 

P 
P 
P 

X~ 
Y 

ZF 
P 
P 
P 

P 
P 
P 

P 
P 

z~ 

P 
P 
P 

P 
P 

Z~ 

P 
P 
P 

A 

0.588 
0. 
0.809 

0.192 
0. 
0.98 1 

0.250 
0. 
0.968 

-0.038 
0. 
0 999 

0.146 
0. 
0 989 

-0.0175 
-0.104 
0.992 

-0.0175 
0.122 
0 992 

0. 
0. 
1. 

0. 
0. 
1.  

0.00349 
-0 .o 157 

1. 

0.00349 
-0.0157 

1 .  

A 

0.809 
0. 
-0.588 

0. g8 1 
0. 
-0.192 

0.968 
0. 
-0.250 

0 999 
0. 
0.038 

0 989 
0. 
-0.146 

0.829 
-0.559 
0. 

0.829 
0.545 
0. 

0 943 
-0.334 
0. 

0.943 
0 334 
0. 

0.985 
-0.170 
-0.00175 

0.985 
0.170 
-0.00175 

A 

0. 
1 .  
0.  

0. 
1 .  
0. 

0. 
1 .  
0. 

0. 
1. 
0. 

0. 
1. 
0. 

0.545 
0.829 
0.122 

-0.559 
0.829 
-0.104 

0 334 
0.943 
0. 

-0.334 
0 943 
0. 

0.170 
0 985 
0.0157 

-0.170 
0 985 
0.0157 



TABLE 16 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO ANATOMICAL A X E S  

(Cosine M a t r i x ,  Continued) 

Segmenr 

Lower Leg (L) 

Lower Leg ( R )  

F 00 t (L) 

F 00 t (R) 

A 

-0.407 
0.913 
0.0349 

0.40: 
0.913 

-0.0349 

-0.0698 
0 992 
0.0872 

0.0598 
0.992 

P 
P 
P 

P 
Y~ 
z~ 

P 
P 

z~ 

P 
P 

z~ 

A 

0 . O O O  
-0,0349 

1 .  

0 .  
0.0349 
1 .  

0.156 
-0.0872 

0 . 985 

0.156 
0.0872 

A 

0.913 
0 .407  
0 ,  

0 .913  
-0.407 

0 .  

0 985 
0.0698 

-0 .156  

0 985 
-0.0698 
-0.156 -0.0872 1 0.985 



TABLE 1 7  

PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO H I P  POINT AXIS SYSTEM 
(Cos i ne Ma t r  i x Expressed  i n Degrees) 

Segment 

Head 

Neck 

Thorax  

Abdomen 

P e l v i s  

Upper Arm (L) 

Upper Arm ( R )  

Lower A r m  w i t h  Hand (L) 

Lower Arm w i  t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

X~ 
Y~ 

P 

P 
Y~ 
z~ 

X~ 
Y~ 

P 

P 
P 
P 

P 
P 
P 

X~ 
P 

z~ 

X~ 
P 

z~ 

P 
P 
P 

P 
P 
P 

P 
P 

z~ 

X~ 
P 
P 

X~ 

39.8 
90 

129.9 

9.9 
90 
80.3 

22.3 
90 

112.3 

26. 
90 9 

115.9 

69.4 
90. 

159.4 

56. 
106. 
142. 

56 
74 .  

142. 

177 
57. 

134. 

1 1 7 .  
123. 
134. 

1 1 0 .  
83 

159. 

1 1 0 .  
97 

159 

H 

90 
0 .  

90 

90 
0 .  

90 

0 .  
1 .  
0 .  

90. 
0. 

90 

90 
0 .  

90. 

72. 
20. 
97 * 

108. 
20. 
83 

52. 
40. 
78. 

128. 
40. 

102. 

74 
16. 
89. 

106. 
16. 
91. 

z~ 
50.1 
90 
39.8 

99 7 
90 

9 a 9  

67.7 
90 
22.3 

64.1 
90 
26. 

20.6 
90. 
69.4 

40. 
100. 
53 

40. 
80. 
53 

50 
109. 
134.  

50 
7 1  

134. 

26. 
104. 
1 1 1 .  

26. 
76 

1 1 1 .  



TABLE 17 
PRINCIPAL AXES O F  INERTIA WITH RESPECT T O  HIP POINT AXIS SYSTEM 

(Cosine Matr i x  Expressed i n Degrees, Continued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

Foot (L) 

F 00 t (R) 

P 
P 
P 

P 
P 
z~ 

P 
P 
P 

P 
P 
P 

X~ 

43.  
85.  

134. 

43 * 
95 .  

134. 

69 
84 .  

158. 

69 
96. 

158. 

Y~ 

92 
6. 

84.  

88.  
6. 
96 

82.  
14. 
80. 

98 
14. 

l oo .  

H 

47 
93  
44. 

47. 
87. 
44. 

23 
102. 

7 1 .  

23 
78 
71 



TABLE 18 

PRINCIPAL A X E S  OF INERTIA WITH RESPECT TO HIP POINT A X I S  SYSTEM 
(Cos i ne Ma t r  i x) 

Segment 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper A r m  (L) 

Upper Arm (R) 

Lower Arm w i t h  Hand (L) 

Lower Arm w i t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

X~ 

0.768 
0. 
-0.64 1 

0.985 
0. 
0.169 

0,925 
0. 
-0.379 

0.899 
0. 
-0.437 

0.352 
0. 
-0.936 

0.56 
-0.28 
-0.78 

0.56 
0.28 
-0.78 

-0.46 1 
0.551 
-0.697 

-0.461 
-0.551 
-0.697 

-0.342 
0.130 
-0.93 1 

-0.342 
-0.130 
-0.931 

H 

0. 
1 .  
0. 

0. 
1.  
0. 

0. 
1 .  
0. 

0. 
1 .  
0. 

0. 
1.  
0. 

0.3 
0.94 
-0.12 

-0.30 
0.94 
0.12 

0.61 
0.767 
0.201 

-0.61 
0 767 
-0.20 1 

0,275 
0.96 
0.0169 

-0.275 
0.960 
-0.0169 

z~ 
0.641 
0. 
0.768 

-0.169 
0. 
0.985 

0 379 
0. 
0 * 925 

- 
0.437 
0. 
0.899 

0.936 
0. 
0.352 

0 * 77 
-0.17 
0.60 

0.77 
0.17 
0.60 

0.644 
-0.332 
-0.689 

0.644 
0.332 
-0.689 

0.898 
-0.245 
-0.364 

0.898 
0.245 
-0.364 



TABLE 18 
PRINCIPAL AXES O F  INERTIA WITH RESPECT TO H I P  POINT AXIS SYSTEM 

(Cos i ne Ma:r i x ,  C o n t  i nued)  

Lower Leg  ( L )  

Segment 

Lower Leg ( R )  

F o o t  (L)  

X~ 

F 00 t (R)  

H * H 





9.0 A MODEL FOR THE LOCATION O F  JOINT CENTERS 

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

I n  o r d e r  t o  q u a n t i f y  mot ions  o f  one segment w i t h  respec t  t o  i t s  

ne ighbo rs  i n  a  l i n k a g e ,  i t  i s  necessary t o  d e f i n e  t h e  connec t i ons  

between t h e  e lements i n  t h e  l i n k a g e .  Connect ions between elements o f  

t h e  bony s k e l e t o n  a r e  c a l l e d  a r t i c u l a t i o n s .  I f  t h e  p o s i t i o n  o f  t h e  

a r t i c u l a t i o n  c o i n c i d e s  w i t h  a  p o i n t  about  wh ich  r o t a t i o n s  between 

n e i g h b o r i n g  bony segments can occu r ,  i t  i s  c a l l e d  a  c e n t e r  o f  r o t a t i o n  

o r  j o i n t  c e n t e r .  

J o i n t s  i n  t h e  human body most o f t e n  e x h i b i t  more than one 

degree-of- f reedom i n  d e s c r i b i n g  t h e  mo t ion  o f  one body segment w i t h  

r e s p e c t  t o  i t s  ne ighbo rs .  Some, such as t h e  knee and elbow, can 

p robab ly  be modeled as p i n s  connec t i ng  t h e  upper and lower arms and 

l egs .  However, i t  i s  known t h a t  t h e  mot ions  a t  these j o i n t s  a r e  more 

complex and i n v o l v e  a  sma l l  amount o f  m i g r a t i o n  o f  t he  j o i n t  l o c a t i o n  

w i t h i n  each o f  t h e  n e i g h b o r i n g  segments as t h e  body moves (Dempster 

( i 355a ) .  Others ,  such as t h e  h i p ,  ank le ,  and glenohumeral j o i n t s ,  a r e  

more l i k e  b a l l  connec t i ons  between t h e  two segments. 

The shou lde r  g i r d l e  i s  even more complex i n  t h a t  i t  i s  composed 

o f  t h r e e  a r t i c u l a t i o n s :  t h e  g lenohumeral ,  s t e r n o c l a v i c u l a r ,  and 

a c r o m i o c l a v i c u l a r  a r t i c u l a t i o n s .  The glenohumeral a r t i c u l a t i o n  c o n s i s t s  

o f  t h e  humeral head r o t a t i n g  on t h e  g l e n o i d  fossa.  As t h e r e  i s  v e r y  

l i t t l e  movement o f  t h e  c e n t e r  o f  t h e  humeral head w i t h  r e s p e c t  t o  t h e  

scapu la  i n  normal mo t ion ,  t h i s  a r t i c u l a t i o n  can p r o p e r l y  be c a l l e d  t h e  

glenohumeral j o i n t .  The s t e r n o c l a v i c u l a r  a r t i c u l a t i o n  has many 

p r o p e r t i e s  o f  a  b a l l  j o i n t  w h i l e  t h e  a c r o m i o c l a v i c u l a r  a r t i c u l a t i o n  

combines w i t h  t h e  cono id  and t r a p e z o i d  l i gamen ts  t o  fo rm the  

c l a v i s c a p u l a r  j o i n t  system which has been d i scussed  by Dempster (1965).  

These j o i n t s  a r e  supplemented by a  movable shou lder  g i r d l e  mass, 

sepa ra te  f rom t h e  t h o r a x ,  wh ich  r i d e s  w i t h  t h e  scapu la .  The t h r e e  

j o i n t s ,  combined w i t h  t h e  c l a v i c l e  and scapu la  mass l i n k s ,  d e f i n e  t h e  

m o b i l i t y  o f  t h e  arm w i t h  r e s p e c t  t o  t h e  t o r s o .  



The v e r t e b r a l  co lumn i s  a c t u a l l y  a  c o l l e c t i o n  o f  seven c e r v i c a l ,  

t w e l v e  t h o r a c i c ,  and f i v e  lumbar v e r t e b r a e .  I n  each a r t i c u l a t i o n  

between t h e  v e r t e b r a e  t h e r e  i s  t h e  p o s s i b i l i t y  o f  l i m i t e d  r o t a t i o n ,  

shear ,  and s t r e t c h i n g .  Two concep t s  have been used i n  t h e  c o n s t r u c t i o n  

o f  c e r v i c a l  s p i n e s  f o r  c r a s h  t e s t  dummies such as t h e  H y b r i d  I l l  ( Fos te r  

e t  a l .  1977) and c r a s h  v i c t i m  computer  codes such as t h e  MVMA 20 model 

(Bowman e t  a1 . 1979) and t h e  v a r i o u s  v e r s i o n s  o f  t h e  Calspan CVS. I n  

t h e  case o f  t h e  dummy, t h e  c e r v i c a l  s p i n e  i s  a  de fo rmab le  e lement  

c o n n e c t i n g  head t o  t o r s o .  The model lumps t h e  r o t a t i o n a l  p r o p e r t i e s  

i n t o  head/neck and n e c k / t h o r a x  i n t e r f a c e  j o i n t s  and uses an e x t e n s i b l e  

neck l i n k  between t h e  j o i n t s .  Bo th  concep t s  a r e  s i m p l i f i c a t i o n s  o f  t h e  

a c t u a l  v e r t e b r a l  s t r u c t u r e  wh i ch  i g n o r e  c o u p l i n g  between t h e  t h r e e  

p o s s i b l e  r o t a t i o n a l  modes a t  t h e  v a r i o u s  a r t i c u l a t i o n s  ( f l e x i o n ,  l a t e r a l  

f l e x i o n ,  and r o t a t i o n )  as has been d i s c u s s e d  by Bowman and Robbins 

(1972) ,  as w e l l  as Schne ider  e t  a l .  (1975) .  T h i s  c o u p l i n g  i s  b e l i e v e d  

t o  e x i s t  f o r  a l l  lumped j o i n t  models  o f  t h e  v e r t e b r a l  column. 

The t h o r a c i c  v e r t e b r a e  a r e  u s u a l l y  assumed t o  be immob i le  w i t h  

r e s p e c t  t o  each o t h e r  i n  s i m i l a r  dummy and m o d e l i n g  a p p l i c a t i o n s .  

S t u d i e s  such as t h e  t o r s o  1 i n k  mobi 1 i t y  s t u d y  by  Snyder e t  a l .  (1972) 

and t h e  s p i n a l  m o b i l i t y  s t u d y  by Cheng e t  a l .  (1979) c o n t r a d i c t  each 

o t h e r  as t o  t h e  need f o r  u p g r a d i n g  t h i s  model .  The t o r s o  l i n k  s t u d y ,  

w h i c h  i s  a  r e a c h  s t u d y  and does n o t  i n v o l v e  dynamic l o a d i n g ,  i d e n t i f i e s  

s u b s t a n t i a l  m o b i l i t y  t h r o u g h o u t  t h e  s p i n e  f r o m  neck t o  p e l v i s .  The 

Wayne S t a t e  s t u d y  (Cheng e t  a1 . 1979) has gone so  f a r  as t o  sugges t  a  

r i g i d  l i n k  f r o m  t h e  C7/T1 t o  t h e  lumbar s a c r a l  j o i n t  f o r  use i n  a  

f r o n t a l  impac t  dummy. I t  i s  c l e a r  t h a t  c o n s i d e r a b l e  work and d i s c u s s i o n  

must  t a k e  p l a c e  b e f o r e  t h e  d e f i n i t i v e  s e l e c t i o n  o f  t h e  a p p r o p r i a t e  

number o f  s p i n a l  j o i n t s  and t h e  l i n k a g e  between them i s  r e s o l v e d .  

The lumbar s p i n e  i s  u s u a l l y  c o n s i d e r e d  as a  f l e x i b l e  e lement  i n  

dummy hardware .  A l t e r n a t i v e l y ,  t h e  m o b i l i t y  i s  c o n c e n t r a t e d  a t  two 

j o i n t s  r e p r e s e n t i n g  c o n n e c t i o n s  t o  t h e  p e l v i s  and t h o r a x .  Data a r e  v e r y  

l i m i t e d  and i ncomp le te ,  e s p e c i a l l y  f o r  n o n - f r o n t a l  dynamic m o b i l i t y ,  

r e g a r d i n g  b o t h  l o c a t i o n  and comp l i ance  f o r  t h i s  j o i n t  m o d e l .  

J o i n t  c e n t e r  models  f o r  t h e  sea ted  occupan t  a r e  d e r i v e d  f r o m  

s e v e r a l  sou rces  and p r e s e n t e d  i n  t h e  f o l l o w i n g  t h r e e  s u b s e c t i o n s .  These 



c o v e r  s u c c e s s i v e l y  t h e  v e r t e b r a l  co lumn,  t h e  shou lde r  and arm, and 

f i n a l l y ,  t h e  h i p ,  knee, and a n k l e .  A summary o f  t h e  r e s u l t s  i s  g i v e n  i n  

T a b l e s  19 and 20. 

TABLE 19 

LOCATION O F  JOINT CENTERS IN WHOLE-BODY COORDINATES 

ZH (mm) 

588 
469 
397 
287 
165 
115 
39 

433 
427 
393 
20 1 
393 

0  
136 

-169 

J o i n t  

Head/Nec k 
C7/T 1 
T4/T5 
T8/T9 
T12/L1 
L2/I-3 
L5/S 1 
S t e r n o c l a v i c u l a r  
C l a v i s c a p u l a r  
Glenohumera l  
E 1 bow 
W r i s t  
H i p  
Knee 
Ank 1 e  

xH (mm) 

-196 
-193 
-220 
-215 
- 1 7 7  
-142 
- 89  
-145 
-230 
-186 

36 
228 

0 
406 
684 

yH (mm) 

0  
0  
0  
0  
0  
0  
0 

2 20 
h168  
51 73 
+208 
+158 
+ 82 
21  38 
+ 94 



TABLE 20 

LOCATION O F  JOINT CENTERS IN SEGMENT COORDINATES 

J o i n t  

Head/Neck 
Head/Neck 
C7/T 1 
C7/T1 
T4/T5 
T8/T9 
T12/L1 
L2/L3 
L2/L3 
L5/s 1 
L ~ / S  1 
S t e r n o c l a v i c u l a r  (L) 
S t e r n o c l a v i c u l a r  (R) 
C 1 av i scapu 1 a r  (L) 
C 1 av i  scapul  a i  (R) 
G 1 enohumera 1 (L) 
G l  enohurneral (R) 
G 1 enohumer a 1 (L) 
G 1 enohumera 1 (R) 
E 1 bow (L) 
E l bow (R) 
Elbow (L) 
E 1 bow (R) 
W r i s t  (L) 
W r i s t  (R) 
H i p  (L) 
H i p  (R) 
H i p  (L) 
H i p  (R) 
Knee (L) 
K n e ~  (R) 
Knee (L) 
Knee (R) 
Ankle (L) 
Ankle (R) 
Ankle (L) 
Ankle (R) 

Segmen t 

Head 
Neck 
Neck 
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Abdomen 
Abdomen 
P e l v i s  
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Upper Arm (L) 
Upper Arm (R) 
Upper Arm (L) 
Upper Arm (R) 
Lower Arm (L) 
Lower Arm (R) 
Lower A r m  (L) 
Lower Arm (R) 
P e l v i s  
P e l v i s  
Upper Leg (L) 
Upper Leg (R) 
Upper Leg (L) 
Upper Leg (R) 
Lower Leg (L) 
Lower Leg (R) 
Lower Leg (L) 
Lower Leg (R) 
Foot  (L) 
Foot  (R) 

Coord 

X~ 

- 13 
3 0 
75 
7 0 
3 2 
25 
4 7 
85 

- 39 
- 40 
- 67 

106 
106 
2 1 
2 1 
6 0 
6 0 
12 
12 

- 6 
- 6 
- 1 1  
- 1 1  
- 7 
- 7 
- 61 
- 61 

13 
13 
0 
0 

12 
12 
0 
0 

- 124 
- 124 

i nates 

A 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
o 

4 3 
- 43 

168 
- 168 

173 
-173  
- 33 

3 3 
- 39 

3 9 
- 35 

3 5 
- 30 

3 0 
8 2 

- 82 
-123 

123 
- 51 

5 1 
48 

- 48 
3 7 

- 37 
- 14 

1 4  

(mrn) 

z~ 

- 25 
1 1 7  

7 
392 
338 
220 
105 

3 8 
6 

- 87 
2 9 

347 
347 
354 
354 
3 14 
3 1 4  

- 42 
- 42 
-337  
- 3 3 7  

5 
5 

-27 1 
-27 1 
- 62 
- 62 

7 
7 

- 4  18 
-4  18 

2 2 
2 2 

-393 
-393 

5 8 
5 8 



9.2  J o i n t  Cen te r  Model f o r  t h e  V e r t e b r a l  Column 

A s t a t e d  goa l  o f  t h e  p r o j e c t  was t o  o b t a i n  t h e  s p a t i a l  l o c a t i o n  

f o r  a  sea ted  pe r son  o f  t h e  f o l l o w i n g  v e r t e b r a l  j o i n t  c e n t e r s :  

Head/Neck I n t e r f a c e  T12/L1 
C7/T 1 L2/L3 
T4/T5 L 5 / S  1 
T8/T9 

T h i s  i s  a  c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  p o s s i b l e  degrees o f  f reedom when 

a l l  e l emen ts  o f  t h e  v e r t e b r a l  co lumn a r e  t a k e n  i n t o  accoun t ,  

p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  neck.  However, i t  does b reak  t h e  s p i n e  

i n  s u f f i c i e n t l y  sma l l  segments t o  f a i r l y  a c c u r a t e l y  d e f i n e  i t s  o v e r a l l  

p o s i t i o n  i n  space w i t h  r e s p e c t  t o  t h e  r e m a i n i n g  s k e l e t a l  e lements  o f  t h e  

body such as t h e  head, shou lde r  g i r d l e ,  r i b  cage, and p e l v i s .  A l s o ,  

t h e r e  i s  a  r easonab le  d a t a  base a v a i l a b l e  wh i ch  can be  adap ted  t o  t h i s  

t a s k .  

The most  commonly accep ted  l o c a t i o n  f o r  a  j o i n t  a t  t h e  head/neck 

i n t e r f a c e  i s  a t  t h e  o c c i p i t a l  condy les .  Me r t z  and P a t r i c k  (1971) and 

Ewing and Thomas (1973) have used t h i s  p o i n t  f o r  p r e s e n t a t i o n  o f  neck 

t o r q u e  d a t a .  I t s  l o c a t i o n  has been g i v e n  i n  ana tom ica l  c o o r d i n a t e s  

c o n s t r u c t e d  f r om  t a r g e t s  on t h e  s u p e r i o r  edge o f  each a u d i t o r y  meatus 

and a t  t h e  i n f r a o r b i  t a l  no t ches  (Ewing and Thomas 1972) .  A l t hough  

t r a g i o n ,  as used i n  t h e  p r e s e n t  s t u d y ,  and e x t e r n a l  a u d i t o r y  meatus a r e  

d i f f e r e n t  ana tom ica l  e n t i t i e s ,  and t h e r e  i s  bound t o  be some v a r i a t i o n  

between i n d i v i d u a l s  i n  shape and e x a c t  l o c a t i o n  o f  t r a g u s ,  t h e r e  

p r o b a b l y  i s  no more v a r i a t i o n  t han  i n  t a k i n g  t h e  measurement i t s e l f .  

So, i t  w i l l  be assumed t h a t  t h e  c o o r d i n a t e  system o f  Ewing and Thomas 

(1972) i s  c o i n c i d e n t  w i t h  t h a t  o f  t h e  p r e s e n t  p r o j e c t .  The average  

d i s t a n c e  f r om  o r i g i n  t o  o c c i p i t a l  c o n d y l e  p o i n t  i s  t hus  assumed t o  be 

X = -1  1 ,  Z = - 2 6 ,  wh ich  a r e  averages f r o m  T a b l e  3 o f  t h e  Ewing and Thomas 
A A 

r e p o r t  (1973) .  I n  t h e  UMTRI  c o o r d i n a t e  system based on t h e  h i p  p o i n t ,  

t h i s  p l a c e s  t h e  head/neck j o i n t  c e n t e r  a t :  

x,=- i y 6 ,  Y,=o, z,=588. 

The l o c a t i o n  i s  g r a p h i c a l l y  d i s p l a y e d  i n  F i g u r e  1 .  

The Snyder e t  a ? .  r e p o r t  ( 1972 ) ,  d e a l i n g  w i t h  t h e  l i n k  system o f  

t h e  human t o r s o ,  p r o v i d e s  t h e  o n l y  known sou rce  o f  d a t a  w h i c h  r e l a t e s  



e x t e r n a l  s p i n a l  landmarks t o  v e r t e b r a l  i n te rspaces .  As such, i t  has 

been used t o  c o n s t r u c t  t h e  s p i n a l  l i n k a g e  f rom the  C7/T1 t o  t h e  lumbar/ 

s a c r a l  i n t e r f a c e .  The seated p o s t u r e  used i n  t h e  t o r s o  l i n k  s tudy  was 

most o f t e n  more e r e c t  t han  t h a t  assunied i n  t h e  automobi le  seated 

pos tu re .  However, t h e  p o s i t i o n  o f  t h e  arm i n  t h e  c u r r e n t  s tudy  was 

about t h e  mid-range f o r  most o f  those assumed by s u b j e c t s  i n  t h e  t o r s o  

l i n k  s tudy .  

F i g u r e  1 1  shows t h e  geomet r ic  c o n s t r u c t i o n  o f  t h e  C7/T1 

i n t e r f a c e  u s i n g  t o r s o  l i n k  da ta .  C e r v i c a l  v e c t o r  p r e d i c t i o n  equat ions  

were used. These r e q u i r e d  t h e  a v a i l a b i l i t y  o f  C 7  and nas ion  su r face  

markers,  The ang le  o f  a  v e c t o r  f rom C 7  t o  g l a b e l l a  w i t h  t h e  v e r t i c a l  

was en te red  i n t o  t h e  a p p r o p r i a t e  r e g r e s s i o n  equa t i on  t o  y i e l d  t h e  

d i s t a n c e  f rom t h e  C 7  s u r f a c e  marker t o  t h e  C7/T1 i n t e r s p a c e  as w e l l  as 

t h e  a n g l e  made by t h e  v e c t o r  connec t i ng  C 7  t o  t h e  C7/T1 i n te rspace  (74.7 

degrees) , The use o f  g l a b e l  l a  i n s t e a d  o f  nas ion  r e s u l t e d  i n  a  

d i f f e r e n c e  o f  about one m i l l i m e t e r  i n  t h e  l o c a t i o n  o f  t h e  j o i n t  c e n t e r .  

S i m i l a r l y ,  t h o r a c i c  v e c t o r  p r e d i c t i o n  equa t i ons  were used i n  

e s t i m a t i n g  t h e  T4/T5, ~ 8 1 ~ 9 ,  and T12/L1 i n t e r f a c e s .  These r e q u i r e d  t h e  

a v a i l a b i l i t y  o f  T4 and T12 su r face  markers.  The ang le  between a  l i n e  

connec t i ng  these two p o i n t s  and a  v e r t i c a l  l i n e  serves as t h e  re fe rence  

ang le  f o r  use i n  t h e  r e g r e s s i o n  equat ions .  These equa t i ons  a r e  then 

used t o  p r e d i c t  t h e  f o l l o w i n g :  

r Dis tance  f rom T4 t o  T4/T5 i n t e r s p a c e  
r Vector  d i r e c t  i o n  f rom T4 t o  T4/T5 i n te rspace  
r D i s tance f rom T8 t o  ~ 8 / ~ 9  i n te rspace  
r Vector  D i r e c t i o n  f rom T8 t o  ~ 8 / ~ 9  i n te rspace  
r Dis tance  f rom T I 2  t o  T12/L1 i n t e r s p a c e  
r Vector  d i r e c t i o n  f rom T12 t o  T12/L1 i n t e r s p a c e  

The r e c o n s t r u c t i o n  i s  shown i n  F i g u r e  12 .  

Even though t h e  r e g r e s s i o n  equa t i ons  i n  t h e  t o r s o  l i n k  study had 

no obv ious  d a t a  a v a i l a b l e  f o r  d e f i n i n g  a  r e f e r e n c e  ang le  i n  t h e  lumbar 

r e g i o n  o f  t h e  back ( i n t e r i o r  landmarks were r e q u i r e d )  seve ra l  techniques 

u s i n g  t h e  L 2  and L5  s u r f a c e  t a r g e t s  were at tempted.  The techniques 

i n v o l v e d  backwards s o l u t i o n  o f  t he  r e g r e s s i o n  equa t i ons  f o r  t h e  i n t e r i o r  

r e f e r e n c e  ang le  u s i n g  s u r f a c e  t a r g e t  c o o r d i n a t e s  t o  deve lop  t h e  i n p u t .  

The s o l u t i o n  o f  each e q u a t i o n  l e d  t o  a  d i f f e r e n t  v a l u e  f o r  t h e  i n t e r i o r  



C7 SURFACE 

73 mm. 

F I G U R E  1 1 .  C o n s t r u c t i o n  o f  C7/T1 j o i n t  

T4/T5 lnterspace 

T4 
Surface 

T8/T9 lnterspace 

Surf ace 

T 2 / L I  Intenpace 

T I2  
Surface 

F I G U R E  12.  C o n s t r u c t i o n  o f  t h o r a c i c  j o i n t s .  



ang le .  When these va lues  were used f o r  f r o n t w a r d s  s o l u t i o n  and 

p r e d i c t i o n ,  a  s i m i l a r  v a r i e t y  o f  i n t e r s p a c e  l o c a t i o n s  were p r e d i c t e d .  

These e s t i m a t i o n s  f o r  t h e  L2/L3 and L5/Sl i n t e r s p a c e  l o c a t i o n s  were 

c l u s t e r e d  i n  a  c i r c l e  w i t h  a  r a d i u s  o f  about  5 mm f o r  t h e  L 5 / S 1  

i n t e r f a c e  and about  7 mm f o r  t h e  L2/L3 i n t e r f a c e .  I t  was a l s o  no ted  

t h a t  t h e  l a t e r a l  p o i n t  on t h e  f i r s t  s a c r a l  v e r t e b r a l  body, de termined 

f rom t h e  Reynolds e t  a l .  (1981) d a t a  and d iscussed i n  S e c t i o n  3, was 

w i t h i n  t h e  c i r c l e  f o r  L 5 / S 1  p r e d i c t i o n s .  Because o f  t h i s ,  a s imp le r  

p rocedure  has been adopted which y i e l d s  i n t e r f a c e  p o i n t s  w i t h i n  these 

c i r c l e s .  As a  f i r s t  s tep ,  t h e  l a t e r a l  p o i n t  on t h e  f i r s t  s a c r a l  

v e r t e b r a l  body was chosen t o  rep resen t  t he  connec t i on  o f  t h e  v e r t e b r a l  

column t o  t h e  p e l v i s  (or  L5/S1 j o i n t ) .  As a  second s tep ,  a  s t r a i g h t  

l i n e  was c o n s t r u c t e d  f rom t h i s  p o i n t  t o  t h e  p r e d i c t e d  T12/L1 i n t e r f a c e .  

The assumpt i o n  was then made t h a t  t h e  th i cknesses  o f  t h e  lumbar 

v e r t e b r a l  bod ies  a r e  s i m i l a r .  T h i s  l e d  t o  t he  app rox ima t ion  t h a t  t he  

L2/L3 i n t e r f a c e  i s  60 percent  o f  t h e  way f rom the  p e l v i s  t o  t h e  T12/L1 

i n t e r f a c e .  The p o i n t  d e f i n e d  by t h i s  c o n s t r u c t i o n  l i e s  w i t h i n  t h e  

c i r c l e  o f  e s t i m a t e s  d iscussed above. The r e s u l t s  o f  t h i s  r e c o n s t r u c t i o n  

a re  shown i n  F i g u r e  13. 

9 .3  J o i n t  Centers i n  t he  Shoulder and Arm 

The shoulder  g i r d l e  i s  t h e  s t r u c t u r e  wh ich  connects t h e  arms t o  

t h e  remainder o f  t h e  bony s k e l e t o n .  T h i s  s t r u c t u r e ,  o f t e n  rep resen ted  

by a  s imp le  b a l l  j o i n t  i n  c rash  t e s t  dummies, a c t u a l l y  c o n s i s t s  o f  t h r e e  

independent j o i n t s  and two bony l i n k s .  The j o i n t s  a r e  the :  

1 .  S t e r n o c l a v i c u l a r  j o i n t  where t h e  c l a v i c l e  meets t h e  
sternum 

2 .  C l a v i s c a p u l a r  j o i n t  which models t h e  complex 
connec t i on  o f  t h e  scapu la  t o  t h e  c l a v i c l e  
(Demps t e r  1965) 

3 .  Glenohumeral j o i n t  where t h e  humerus i n t e r a c t s  w i t h  
t h e  scapu la  a t  t h e  g l e n o i d  fossa  

The bony l i n k s  can be modeled as: 

1 .  The c l a v i c l e  f rom t h e  s t e r n o c l a v i c u l a r  t o  t he  
c l a v i s c a p u l a r  j o i n t  

2. The scapu la  f rom t h e  c l a v i s c a p u l a r  t o  t he  
glenohumeral j o i n t  



T 12/LI INTERFACE 

L2 /L3 INTERFACE 

FIGURE 13. Construction of l umbar  joints. 



F igu re  14 i l l u s t r a t e s  t h e  l o c a t i o n  o f  t h e  v a r i o u s  elements i n  

t he  shoulder  g i r d l e  complex. I ns tead  o f  a  d i r e c t  connec t i on  o f  t h e  

humerus t o  t h e  t h o r a c i c  ske le ton ,  then, shoulder  m o b i l i t y  shou ld  take  

i n t o  account  t h i s  more complex l i nkage .  Dempster (1965, 1955a, 1955b) 

has d iscussed t h i s  i n  d e t a i l  and demonstrates d i f f e r e n c e s  i n  upper arm 

m o b i l i t y  when one o r  more o f  t h e  j o i n t s  a r e  locked up. F i g u r e  15 shows 

a  s u p e r p o s i t i o n  o f  t h r e e  p r o f i l e s  o f  t h e  maximum e x c u r s i o n  curves  

t r a v e r s e d  by t h e  elbow i f :  (1) o n l y  t h e  glenohumeral j o i n t  i s  f r e e ;  

(2) t h e  glenohumeral and c l a v i s c a p u l a r  j o i n t s  a r e  f r e e ;  and (3) a1 1 

t h r e e  a r e  f r e e .  

I n  t he  f i r s t  case i t  shou ld  be noted t h a t  t h e r e  does n o t  appear 

t o  be much o f  a  change i n  t h e  cen te r  o f  r o t a t i o n .  Reuleaux a n a l y s i s  

shows t h e  center  s t a y i n g  w i t h i n  t h e  head o f  t h e  humerus (Dempster 

1955b) ; hence the  center  o f  t h e  head o f  t h e  humerus wi l l  now be c a l  l e d  

the  glenohumeral j o i n t .  I n  t he  second case, i t  does n o t  appear t h a t  

t h e r e  i s  much r o t a t i o n  o r  mo t ion  o f  t h e  scapula w i t h  respec t  t o  t h e  end 

o f  t h e  c l a v i c l e .  However, t he  r a t h e r  smal l  r o t a t i o n  o f  t he  f r e e  scapula 

a l l o w s  l a r g e  changes i n  t he  p o s s i b l e  mot ions o f  t h e  humerus. I n  t h e  

t h i r d  case, t h e  glenohumeral j o i n t  center  (as we1 1 as t h e  scapula and 

c l a v i  scapular  j o i n t )  can undergo l a r g e  mot ions w i t h  respec t  t o  t h e  

thorax  as t h e  c l a v i c l e  r o t a t e s  a t  i t s  a r t i c u l a t i o n  w i t h  t h e  sternum. 

Dempster (1955a) has d e f i n e d  t h e  s t e r n o c l a v i c u l a r  j o i n t  cen te r  

as the  "midpo in t  p o s i t i o n  o f  t h e  p a l p a b l e  j u n c t i o n  between t h e  prox imal  

end o f  t he  c l a v i c l e  and the  sternum a t  t he  upper border  ( j u g u l a r  notch)  

o f  t h e  sternum." I t  i s  es t imated t h a t  t h i s  p o i n t  i s  one cen t ime te r  

below t h e  c l a v i c a l e  su r face  landmark and 2  cen t ime te rs  l a t e r a l  f rom t h e  

body c e n t e r l i n e .  The l a b o r a t o r y  coo rd ina tes  o f  t h e  s t e r n o c l a v i c u l a r  

j o i n t  a re  thus :  

The c l a v i s c a p u l a r  j o i n t  center  was d e f i n e d  as " t h e  m i d p o i n t  o f  a  

1 i ne between the  co raco id  tube ros i  t y  o f  t h e  c l a v i c l e  ( a t  t h e  p o s t e r i o r  

border o f  t h e  bone) and the  ac romio -c lav i cu la r  a r t i c u l a t i o n  (or t h e  

t u b e r c l e )  a t  t h e  l a t e r a l  end o f  t he  c l a v i c l e ;  t h e  p o i n t ,  however, should 

be v i s u a l i z e d  as on t h e  unders ide  o f  t he  c l a v i c l e . ' '  On t h e  b a s i s  o f  
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f u n c t i o n  o f  degrees o f  freedom. 



measurements on  s k e l e t a l  m a t e r i a l ,  i t  i s  e s t i m a t e d  t h a t  t h e  s h i f t  f r o m  

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

Y = 2.75/2 cm t o w a r d  t h e  c e n t e r  o f  t h e  body 
X = 1.5 cm t owa rd  t h e  r e a r  o f  t h e  body 
Z ' =  1 crn down 

The e s t i m a t e d  l o c a t i o n  o f  t h e  c l a v i s c a p u l a r  j o i n t  c e n t e r  i s  t h u s :  

The g lenohumera l  j o i n t  c e n t e r  i s  d e f i n e d  by  Dempster (1955a) as 

t h e  " m i d r e g i o n  o f  t h e  p a l p a b l e  bony mass o f  t h e  head and t u b e r o s i t i e s  o f  

t h e  humerus, . . ." The rema inde r  o f  t h e  d e f i n i t i o n  p r e s c r i b e d  an  arm 

p o s i t i o n  i n  wh i ch  t o  make a  measurement wh i ch  was n o t  a d a p t a b l e  t o  

p r e s e n t a t i o n  i n t o  p r e c i s e  t h r e e - d i m e n s i o n a l  c o o r d i n a t e s .  Th ree  s u r f a c e  

landmarks used d u r i n g  t h e  p r e s e n t  p r o j e c t  d e f i n e  t h e  l o c a t i o n  i n  space 

o f  t h e  humerus w i t h  t h e  assump t i on  t h a t  t h e  t i s s u e  d e p t h s  a r e  c o r r e c t .  

These landmarks a r e :  

G rea te r  t u b e r c l e  o f  t h e  humerus 
L a t e r a l  humeral  e p i c o n d y l e  
M e d i a l  humeral  e p i c o n d y l e  

A humerus w i t h  a  5 0 t h  p e r c e n t i l e  l e n g t h  was s e t  up i n  a  t h r e e -  

d imens iona l  measurement f rame so  t h a t  i t s  c o o r d i n a t e  system was p a r a l l e l  

t o  t h e  l a b o r a t o r y  f rame and so t h a t  t h e  t h r e e  s k e l e t a l  landmarks were i n  

l o c a t i o n s  p r e s c r i b e d  i n  T a b l e  4 .  The head o f  t h e  humerus was modeled as 

a  sphere  so  t h a t  t h e  c e n t e r  c o u l d  be  de te rm ined  f r o m  p o i n t s  on t h e  

s u r f a c e .  T h i s  c o n s t r u c t i o n  y i e l d e d  a  g lenohumera l  j o i n t  c e n t e r  o f :  

There  was n o t  s u f f i c i e n t  t i m e  r e m a i n i n g  i n  t h e  p r o j e c t  t o  comp le te  a  

compar ison  o f  t h e  shou lde r  g i r d l e  r e c o n s t r u c t i o n  based on  t h e s e  d i r e c t  

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

f o r m u l a  o f  t h e  t o r s o  l i n k  study. 

Dempster has d e f i n e d  t h e  e lbow j o i n t  t o  b e  t h e  " m i d p o i n t  o f  a 

l i n e  between ( 1 )  t h e  lower  p a l p a b l e  p o i n t  o f  t h e  med ia l  e p i c o n d y l e  o f  

t h e  humerus, and (2) a  p o i n t  8 mm above t h e  r a d i a l e  ( r ad i o -humera l  



j u n c t i o n )  .I1 The two bony landmarks ava i  l a b l e  f rom the  present  p r o j e c t  

which were used i n  t h i s  r e c o n s t r u c t i o n  were the  r a d i a l e  and t h e  medial  

humeral ep i condy le .  The 8-mm p o i n t  was chosen t o  be a long an ex tens ion  

o f  t he  lower arm d e f i n e d  s imply  as a  l i n e  f rom the  u l n a r  s t y l o i d  t o  the 

r a d i a l e .  T h i s  r e s u l t e d  i n  a  s h i f t  o f  t h e  r a d i a l e  p o i n t  o f  XH=-6, ZH=-6 

t o  form the  p o i n t  r e q u i r e d  under i t em ( 2 ) .  The elbow j o i n t  cen te r  was 

thus determined f rom the  two p o i n t s  as: 

The w r i s t  j o i n t  has been added t o  t h e  l i s t  o f  j o i n t s  r e q u i r e d  i n  

o rde r  t o  d e f i n e  a  long a x i s  o f  t h e  fo rearm based on j o i n t  cen te rs .  

Dempster 's  d e f i n i t i o n  i s  t h a t  t h e  j o i n t  i s  "on the  palmar s i d e  o f  t h e  

hand, t h e  d i s t a l  w r i s t  crease a t  t he  pa lmar i s  longus tendon, or  t h e  

m idpo in t  o f  a  l i n e  between t h e  r a d i a l  s t y l o i d  and t h e  center  o f  t he  

p i s i f o r m  bone; on t h e  do rsa l  s i d e  o f  t he  hand, the  pa lpab le  groove 

between the  l u n a t e  and c a p i t a l e  bones, on a  l i n e  w i t h  metacarpal bone 

I l l . "  I t  was es t ima ted  t h a t  f o r  t he  UMTRl seated sub jec ts  the  p i s i f o r m  

bone i s  approx imate ly  20 mm d i s t a l  i n  t h e  XH coo rd ina te  t o  the  u l n a r  

s t y l o i d ,  o r  can be approximated on t h e  s u r f a c e  by the  " p i s i f o r m  su r face  

l o c a t i o n : "  

An a d d i t i o n a l  s h i f t  o f  YH=-10 i s  es t ima ted  t o  reach t h e  p i s i f o r m  bone 

cen te rs  which would be: 

XH=246, Y 18 1 , ZH=387 

The w r i s t  j o i n t  center  can now be approximated by the  center  o f  a  l i n e  

connect ing  t h i s  p o i n t  w i t h  t h e  s t y l i o n  as: . 



9.4 J o i n t  Centers  i n  Hip, Knee, and Ankle 

The h i p  j o i n t  c e n t e r s  have been d i scussed  i n  d e t a i l  i n  S e c t i o n  

3. The c e n t e r  o f  t h e  l i n e  connec t i ng  these p o i n t s  i s  used as t h e  o r i g i n  

o f  t h e  s t a n d a r d  sea t  c o o r d i n a t e  system. They have been developed based 

on symphysion and a n t e r i o r - s u p e r i o r  i l i a c  s p i n e  s u r f a c e  landmarks i n  

c o n j u n c t i o n  w i t h  t h e  p e l v i c  r e c o n s t r u c t i o n  o f  Reynolds e t  a l .  (1981).  

Based on Dempster and Franke l  e t  a l .  (1971) i t  i s  e s t i m a t e d  t h a t  

knee j o i n t  c e n t e r  can be approximated by t h e  c e n t e r  o f  a  l i n e  connec t i ng  

the  l a t e r a l  and media l  femora l  ep i condy les .  The a x i s  o f  t h e  p i n  j o i n t  

w i l l  be on a  l i n e  p e r p e n d i c u l a r  t o  t h e  p l a n e  formed by t h e  l i n e s  

c o n n e c t i n g  j o i n t  c e n t e r s  i n  t h e  upper and lower l egs .  The c e n t e r  o f  t h e  

l i n e ,  wh ich  i s  based on two a v a i l a b l e  s u r f a c e  landmarks, i s :  

The a n k l e  j o i n t  c e n t e r  has been d e f i n e d  by Dempster t o  be on t h e  

" l e v e l  o f  a  l i n e  between t h e  t i p  o f  t h e  l a t e r a l  m a l l e o l u s  o f  t h e  f i b u l a  

and a  p o i n t  5 mm d i s t a l  t o  t h e  t i b i a 1  m a l l e o l u s .  The d i s t a l  t r a n s l a t i o n  

i s  f u r t h e r  down t h e  l e g  f rom t h e  s p h y r i o n  wh ich  i n v o l v e s  b o t h  X and Z 
H H 

t r a n s l a t i o n s  f o r  t h e  seated occupant  o f  X =3, Z =-4.  So t h e  a n k l e  j o i n t  
H H 

cen te r  i s  a t  t h e  c e n t e r  o f  t h e  l i n e  connec t i ng  t h e  s h i f t e d  s p h y r i o n  

landmark w i t h  t h e  l a t e r a l  m a l l e o l u s  o f  t h e  f i b u l a  which was a l s o  

measured i n  t h e  c u r r e n t  p r o j e c t .  I t s  c o o r d i n a t e s  a re :  





10.0 JO l NT PARAMETERS 

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

There  a r e  two b a s i c  t ypes  o f  pa ramete rs  wh i ch  s h o u l d  be  

c o n s i d e r e d  i n  t h e  development  o f  j o i n t  pa ramete rs .  The f i r s t  o f  t h e s e  

i s  an i d e n t i f i c a t i o n  o f  t h e  normal range  o f  m o b i l i t y  between d i f f e r e n t  

segments o f  t h e  body.  The second i s  t h e  r e s i s t a n c e  t o  m o t i o n  when one 

segment o f  t h e  body moves w i t h  r e s p e c t  t o  i t s  n e i g h b o r s .  

The normal  range  o f  m o b i l i t y  o f  t h e  body i s  u s u a l l y  d e s c r i b e d  as 

j o i n t  range  o f  m o t i o n  da ta .  The most commonly used sources  a r e  Dempster 

(1955a) , B a r t e r  e t  a1 . (1957) , and G lanv i  1 1 e  and Kreezer  (1937) . 
Refe rences  w i t h  p a r t i c u l a r l y  e x t e n s i v e  d a t a  on  neck m o b i l i t y  have been 

p repa red  by  Fer  l i c  (1962) and Snyder e t  a1 . (1975a, 1975b) . T h o r a c i c  

and lumbar s p i n e  m o b i l i t y  d a t a  have been r e p o r t e d  by N y q u i s t  and Mu r t on  

( i 975 )  as w e l l  as M i t a l  e t  a l .  (1978, 1979) and K r i e g e r  (1976) .  The 

M i t a l  work a t  Wayne S t a t e  U n i v e r s i t y  i s  p a r t  o f  a c t i v i t y  under  

Depar tment  o f  T r a n s p o r t a t i o n  C o n t r a c t  No. DOT-HS-5-01232. The t h o r a c i c  

and lumbar range  o f  m o t i o n  d a t a  i n  t h e  c o r o n a l  p l a n e  and abou t  t h e  

v e r t e b r a l  axes ,  wh i ch  have been ga the red  under  t h a t  c o n t r a c t ,  a r e  i n  

d r a f t  r e p o r t  fo rm.  A d d i t i o n a l  e x t e n s i v e  r a n g e - o f - m o t i o n  d a t a  on head/ 

neck f l e x i o n ,  e x t e n s i o n ,  l a t e r a l  f l e x i o n ,  r o t a t i o n ,  and combined modes 

a r e  expec ted  i n  t h e  near f u t u r e  f r om  t h e  Naval Aeromedica l  Research 

L a b o r a t o r y  i n  New Or l eans .  

Data on  r e s i s t a n c e  t o  m o t i o n  i s  v e r y  much more d i f f i c u l t  t o  

f i n d ,  i n t e r p r e t ,  and assemble i n t o  a  f o rm  u s a b l e  i n  dummy d e s i g n  wo rk .  

The most d i r e c t l y  a p p l i c a b l e  d a t a  have been r e p o r t e d  f o r  t h e :  

r Neck b y  Me r t z  and P a t r i c k  (1971) , Snyder e t  a l  . (1975a, 1975b) , 
and Robb i  ns e t  a l  . (1974) 

r Head/ t runk ,  w a i s t ,  h i p ,  knee, s h o u l d e r ,  e lbow by 
Kr i  eger  (1 976) 

Lower s p i n e  by  N y q u i s t  and Mu r t on  (1975) and Mi t a l  e t  a1 . 
(1978, 1979) 

r Shou lde r ,  arms, and l e g s  by Eng in  (1979, 1980, 1981) ,  
Eng in  and Ka leps  (1980) ,  and Eng in  and Kazar i a n  (1981) 



The f i n a l  two subsect ions  o f  t h e  r e p o r t  cover t h e  two b a s i c  

i ssues j u s t  sketched out - - range o f  mo t ion  a t  j o i n t  s t r u c t u r e s  and 

r e s i s t a n c e  t o  mo t ion  a t  j o i n t  s t r u c t u r e s .  

10.2 Range o f  Mo t ion  a t  J o i n t  S t r u c t u r e s  

Dempster (1955a) has gathered t h e  most comprehensive s e t  o f  

range o f  v o l u n t a r y  mo t ion  da ta .  These were reana lyzed,  g r a p h i c a l l y  

i l l u s t r a t e d ,  and r e p o r t e d  i n  an e a s i e r  t o  understand fo rma t  by B a r t e r  e t  

a1 . (1957) . Dempster d i d  n o t  r e p o r t  range-o f -mot ion  d a t a  f o r  t h e  s p i n a l  

column o r  abduct ions  i n  t h e  corona l  p lane  f o r  t h e  shou lde r .  T r a d i t i o n a l  

d a t a  on t h e  neck and shou lder  a r e  a v a i l a b l e  f rom G l a n v i l l e  and Kreezer 

(1937) whi l e  more r e c e n t  d a t a  o f  Snyder e t  a1 . (1975a, 1975b) supplement 

t h e  neck i n f o r m a t i o n .  A v a i l a b l e  t h o r a c i c  and lumbar s p i n e  m o b i l i t y  a r e  

1 i m i  t e d  t o  f l e x i o n  s t u d i e s  by Nyqu is t  and Murton (1975) and M i  t a l  e t  

a l .  (1978, 1979). 

Tab le  21 i s  a  summary o f  range-o f -mot ion  da ta  w i t h  t h e  source 

i n d i c a t e d .  The v a r i o u s  measures a r e  i l l u s t r a t e d  i n  F i g u r e  16. The 

co rona l  p lane  corresponds t o  a  Y H Z H  p lane  f o r  a  s tand ing  person w h i l e  

t h e  t ransve rse  p lane  i s  an XHYH p lane .  The s a g i t t a l  p l a n e  (XHZH) i s  t h e  

p l a n e  o f  f l e x i o n  and ex tens ion .  

10.3 Res is tance t o  Mo t ion  a t  J o i n t  S t r u c t u r e s  

For t h e  neck, t h e  c o r r i d o r  proposed by Mertz and P a t r i c k  (1971) 

i s  t h e  b e s t  a v a i l a b l e  d e s c r i p t i o n  o f  neck r e s i s t a n c e  t o  m o t i o n  i n  

f l e x i o n  and ex tens ion .  These da ta ,  i l l u s t r a t e d  i n  F i g u r e  17, a r e  

a l r e a d y  i n  use i n  dummy c o n s t r u c t i o n  and g i v e  va lues  o f  t o r q u e  a t  t h e  

o c c i p i t a l  condy les  versus  head r o t a t i o n  ang le  r e l a t i v e  t o  t h e  t o r s o .  

I n  t he  case o f  l a t e r a l  f l e x i o n ,  t h e  o n l y  known d a t a  a r e  d e r i v e d  

f rom t h e  l a t e r a l  h y p e r f l e x i o n  i n j u r y  s tudy  a t  UMTRl (Snyder e t  

a l .  1975b). Using head j e r k  t e s t  da ta ,  a computer s i m u l a t i o n  was used 

t o  e s t i m a t e  s p r i n g  r a t e s  o f  about 16 i n .  Ib/degree o f  l a t e r a l  f l e x i o n  

f o r  smal 1 mot ions .  F i g u r e  18 shows a  hypothes ized fo rm f o r  r e s i s t a n c e  

t o  l a t e r a l  f l e x i o n .  The d o t t e d  l i n e  rep resen ts  s t i f f e n i n g  a t  t h e  end o f  

t h e  v o l u n t a r y  mo t ion  range.  



No d a t a  a re  known t o  be ava i  l a b l e  f o r  neck r o t a t i o n .  However, 

some a r e  a n t i c i p a t e d  based on ana lyses  c u r r e n t l y  b e i n g  conducted on 

NAMRL d a t a .  

A l l  d a t a  known t o  t h e  p resen t  au tho r  f o r  t h e  v e r t e b r a l  column 

have been gathered by N y q u i s t  and Murton (1975),  M i t a l  e t  a l .  (1978, 

1979) , and Kr ieger  (1976) . The s l o p e  o f  t h e  Kr ieger  d a t a  appear t o  fa1  1 

w i t h i n  t h e  bounds s e t  by N y q u i s t  and Murton.  A s imp le  v e r s i o n  o f  t h e  

K r i e g e r  da ta ,  w i t h  i nc reased  s t i f f n e s s  a t  t h e  end o f  t h e  range o f  mo t ion  

i s  shown i n  F i g u r e  19. L a t e r a l  f l e x i o n  and r o t a t i o n  about  t h e  a x i s  o f  

t h e  s p i n a l  column a re  n o t  y e t  a v a i l a b l e  b u t  shou ld  appear i n  t he  near 

f u t u r e  under DOT c o n t r a c t  No. DOT-HS-5-01232. 

Eng in  (1980) p r o v i d e s  a  c o n s i d e r a b l e  body o f  i n f o r m a t i o n  on the  

o v e r a l l  r e s i s t a n c e  o f  t h e  shou lder  complex t o  r o t a t i o n .  Not  o n l y  a r e  

e x t e n s i o n  and f l e x i o n  i n  t h e  s a g i t t a l  p lane  g i v e n  b u t  a l s o  t h e  r o t a t i o n  

about  t h e  long a x i s  o f  t h e  humerus. F i g u r e  20 i l l u s t r a t e s  p a r t  o f  

E n g i n ' s  i n f o r m a t i o n .  The d a t a  shown g i v e  o n l y  t he  maximum moment cu rve  

a t  t h e  j o i n t .  Engin has developed t h e  comple te  th ree-d imens iona l  moment 

v e c t o r .  F u r t h e r  i n f o r m a t i o n  on t h e  f o r c e  r e s i s t a n c e  t o  shrugg ing 

mo t ions  i s  a l s o  presented (Engin 1981). 

K r i e g e r  has p r o v i d e d  some l i m i t e d  i n f o r m a t i o n  on t h e  elbow. 

F i g u r e  2 1  i s  a  s imp le  model f o r  t h e  untensed elbow w i t h  a s t i f f n e s s  a t  

t h e  f u l l y  f l e x e d  p o s i t i o n  l e s s  than t h a t  f o r  t h e  extended p o s i t i o n .  

Eng i  n  (1979) and Engin and Kal eps (1980) a l s o  p r o v i d e d  to rque/ang le  

i n f o r m a t i o n  on p r o n a t i o n  and s u p i n a t i o n  o f  t h e  hand a t  t h e  w r i s t .  

H i p  f l e x i o n  and e x t e n s i o n  d a t a  have been developed by bo th  

N y q u i s t  and Murton (1975) and Kr i ege r  (1976) . As i s  t h e  case w i t h  t he  

s p i n a l  da ta ,  Nyqu is t  and Mur ton  r e p o r t  v e r y  d i f f e r e n t  r e s u l t s  f o r  t he  

cases o f  r e l a x e d  o r  tensed s u b j e c t s .  F u r t h e r  they suggest t h a t :  " A  

d e c i s i o n  should be made w i t h  rega rd  t o  dummy des ign  p h i l o s o p h y .  Should 

t h e  dummy respond as a  r e l a x e d  o r  as a  tensed human, o r  perhaps i n  

accordance w i t h  some i n t e r m e d i a t e  c r i t e r i a ? ' '  An i d e a l i z e d  v e r s i o n  o f  

K r i e g e r ' s  da ta  i s  shown i n  F i g u r e  22. Data on r e s i s t a n c e  t o  r o t a t i o n  

about  t h e  long a x i s  o f  b o t h  t h e  femur and t i b i a  a r e  a v a i l a b l e  based on 

t h e  work o f  Engin (1979) and Engin and Kaleps (1980).  



Data on torque at the knee are available from a variety of 

sources including Krieger (1976) and Robbins et al. (1971). An 

idealization of Krieger's data is included as Figure 23. A part of a 

study of human volunteer sled test subjects involved a measurement of 

the amount of knee tensing which is possible. A maximum value of 

5040 in.lb. was measured which is the equivalent of 20 Gs of joint 

strength. This emphasizes the comment of Nyquist and Murton made in the 

previous paragraph. 

In summary, a variety of data are available which raises some 

hope that it may be possible to make estimates for joint ranges of 

motion and resistance to such motions. Questions must be answered as to 

whether to define a range of performance based on free-moving or tensed 

joints. Some data gaps must be filled and the results of the various 

investigators pulled together in a consistent format. 



TABLE 21 

RANGE-OF-MOTION DATA 

Q u a n t  i  t y  

Head - 
V e n t r a l  f l e x i o n  
D o r s a l  f l e x i o n  ( h y p e r e x t e n s  i o n )  
L a t e r a l  F l e x i o n  
R o t a t i o n  

V e r t e b r a l  Column 
R o t a t i o n  o f  T1 w i t h  r e s p e c t  t o  T I 2  

( f  1 ex  i on) 
R o t a t i o n  o f  T I 2  w i t h  r e s p e c t  t o  

p e l v i s  ( f l e x i o n )  
R o t a t i o n  o f  T1 w i t h  r e s p e c t  t o  T I 2  

( e x t e n s  i o n )  
R o t a t i o n  o f  T I 2  w i t h  r e s p e c t  t o  

p e l v i s  ( e x t e n s i o n )  
L a t e r a l  f l e x i o n  
R o t a t i o n  a b o u t  l o n g  a x i s  

Shou lde r  (Th ree  L i nks)  
F l e x i o n  ( s a g i t t a l  p l a n e )  
E x t e n s i o n  ( s a g i  t t a l  p l a n e )  
Abduct  i o n  (co rona  1 p l a n e )  
A b d u c t i o n  ( t r a n s v e r s e  p l  ane) 
Adduct  i on  ( t r a n s v e r s e  p l  ane) 

Shou lde r  (C lav i . c l e  L i n k )  
P r o t r a c t  i o n  ( t r a n s v e r s e  p l a n e )  
R e t r a c t i o n  ( t r a n s v e r s e  p l a n e )  
Depressed  ( c o r o n a l  p l  ane) 
Shrugged ( c o r o n a l  p l a n e )  

E 1 bow 
Ex t e n s i o n  
F l e x i o n  

Hip 
F l e x i o n  

Abduct  i on  ( t r a n s v e r s e  p l  ane) 
Adduc t i  on  ( t r a n s v e r s e  p l  ane) 
Abduct  i on  (co rona  1 p l  ane) 
M e d i a l  r o t a t i o n  (p rone)  
L a t e r a l  r o t a t i o n  (p rone)  
M e d i a l  r o t a t i o n  ( s i t t i n g )  
L a t e r a l  r o t a t i o n  ( s i t t i n g )  

Va 1 ue  
(deg) 

55 (60) 
49  (61) 
35 (41) 
67 (74) 

15 

16 

20 

7 

42 ? 
f45 ? 

188 
6 1 

129 
134 

4 8 

15 
20 

8 
3 6 

0 
142 

113 (168) 

5 3 
3 1 
70 
3 9 
3 4 
3 1 
3 0 

R e f e r e n c e  

Snyder e t  a l .  (1975a,b) 
(G lanv i  1 l e  & K reezer  1937) 

M i t a l  e t  a l .  (1979) 

M i t a l  e t  a l .  (1979) 

M i t a l  e t  a l .  (1979) 

M i t a l  e t  a l .  (1979) 

Robb ins  e t  a l .  (1971) 
(Con. No. DOT-HS-5-01232) 

Demps t e r  (1 955a) 
Demps t e r  (1 955a) 
G l a n v i  l l e  & K reeze r  (1937) 
Dempster (1 955a) 
Dempster ( 1  955a) 

( D e r i v e d  f r o m  
Demps t e r  1955a) 

Demps t e r  (1 955a) 
Demps t e r  (1 955a) 

Dempster (1955a) 
(G 1 a n v i  1 1 e & K reezer  1937) 
Demps t e r  (1 955a) 
Dernps t e r  (1 955a) 
G l a n v i  1 l e  & K reezer  (1937) 
Dernpster (1 955a) 
Dernps t e r  (1 955a) 
Dernpster (1 955a) 
Dernpster (1 955a) 



TABLE 21 
RANGE O F  MOTION DATA (Continued) 

Reference 

Demps t e r  ( 1  955a) 
Demps t e r  (1 955a) 
Demps t e r  (1 955a) 
Demps t e r  (1 955a) 
Demps t e r  (1 955a) 

Demps t e r  (1 955a) 
Demps t e r  (1 955a) 
Demps t e r  ( 1  955a) 
Demps t e r  (1 955a) 

Quan t i t y  

Knee - 
Voluntary  f l e x i o n  (prone) 
Forced f l e x i o n  
Forced f l e x i o n  (kneel i ng) 
Medial r o t a t i o n  
La te ra l  r o t a t i o n  

Ank 1 e  - 
Dors i f  l e x i o n  
P lan ta r  f  1 ex,ion 
l nvers ion  
Eversion 

Va 1 ue 
(deg) 

125 
144 
159 
3 5 
4 3 

35 
38 
2 4 
2 3 



F I G U R E  1 6 .  I 1  lustrat ions of range-of-not ion definitions ( 1  o f  4 ) .  



FIGURE 16. Illustrations of range-of-motion definitions (2 of 4). 

110 



FIGURE 16.  I l l u s t r a t i o n s  o f  r a n g e o f  mo t ion  d e f i n i t i o n s  ( 3  o f  4 ) .  



Range-of-Motion Illustration Code 

A - Head dorsa 1 f 1 ex i on (hyperex tens ion) 

B - Head ventral flexion 
C - Head lateral flexion 
D - Head rotation 
E - Torso lateral flexion 
F - Torso rotation about long axis 
G - Shoulder flexion (sagittal plane) (3 1 inks) 

H - Shoulder extension (sagittal plane) (3 1 inks) 

I - Shoulder abduction (coronal plane) (3 1 inks) 

J - Shoulder abduction (transverse plane) (3 1 inks) 

K - Shoulder adduction (transverse plane) (3 1 inks) 

L - Shoulder protraction (transverse plane) (clavicle) 

M - Shoulder retraction (transverse plane) (clavicle) 

N - Shoulder depressed (coronal plane) (clavicle) 

Shoulder shrugged (coronal plane) (clavicle) 

Elbow flexion 

Hip flexion 

Hip abduction (transverse plane) 

Hip adduction (transverse plane) 

Hip abduction (coronal plane) 

Hip medial rotation (prone) 

Hip lateral rotation (prone) 

Hip medial rotation (sitting) 

Hip lateral rotation (sitting) 

Knee voluntary flexion (prone) 

Knee forced flexion (kneeling) 

Knee medial rotation 

Knee lateral rotation 

Ankle dorsiflexion 

Ankle plantar flexion 

Ankle inversion 

Ankle eversion 
-- -- 

FIGURE 16, Illustrations of range-of-motion definitions (4  o f  4). 



HEAD ROTATlOlV RELATIVE TO TORSO (DEG.) 
0 100 

Response Envelope for Flexion 

0 40 80 
HEAD POSlTlOlV RELATIVE TO TORSO (DEG.) 

Response Env'elope for Extension 

F I G U R E  17. Head r e s i s t a n c e  t o  f l e x i o n  and e x t e n s i o n  
( a f t e r  Mert.z and P a t r i c k  1971).  



LATERAL FLEXION ANGLE - DEGREES (+ OR -1 

m' 5 6 0  

F I G U R E  18. Head r e s i s t a n c e  t o  l a t e r a l  f l e x i o n  ( a f t e r  Snyder e t  a l .  1975b) 
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6 0  100 140 
SHOULDER FLEXION 

(DEGREES) 

5 0  61 100 
SHOULDER EXTENSION 

(DEGREES) 

FIGURE 20. Shoulder r e s i s t a n c e  t o  r o t a t  i o n  ( a f t e r  Engin 1980) .  
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FIGURE 2 2 .  R e s i s t a n c e  t o  

1130; , 
I 

120 

HIP FLEXION - DEGREES 

-40 

h i p  f l e x i o n  and e x t e n s i o n  ( a f t e r  K r i e g e r  1976) .  



F I G U R E  23 .  R e s i s t a n c e  t o  f l e x i o n  a t  knees ( a f t e r  K r i e g e r  1976 ) .  
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Vol.  1 :  Development o f  An th ropomet r i ca l l y  Based Design S p e c i f i c a t i o n s  
f o r  an Advanced Adu l t  An th ropomor~~h ic  Dummy Family 

Vol. 2: Anthropometr ic Spec i f i ca t i ons  f o r  Mid-Sized Male Dummy 
16. Abstract 

Th i s  r epo r t  i s  Volume 3 o f  t he  F i r ~ a l  Report under Contract  
DTNH~~-80-C-07502,  "Development o f  Ant hropometr i c a l  1 y  Based Des ign 
Spec i f i ca t i ons  f o r  an Advanced Adu l t  Anthropomorphic Dummy Family."  
Volume I  descr ibes t he  c o l l e c t i o n  o f  data on which the  s p e c i f i c a t i o n s  
a re  based as w e l l  as t he  f a b r i c a t i o n  o f  s ~ ~ r f a c e  forms. 

The purpose o f  Volume 3 i s  t o  present the  anthropometr ic  
s p e c i f i c a t i o n s  f o r  small female and l a rge  male dummies. Data gathered 
dur ing  the p r o j e c t  as we l l  as data a v a i l a b l e  i n  t he  l i t e r a t u r e  were 
used i n  f o rmu la t i ng  these s p e c i f i c a t i o n s .  Most o f  the a n a l y t i c a l  
techniques used i n  combining the  var ious  data resources have been 
descr ibed i n  Volume 2 which presents the s p e c i f i c a t i o n s  f o r  the  
mid-s ized ma1 e dummy. Where techniques and procedures d i f f e r ,  they 
a re  included i n  Volume 3 .  

The r e p o r t  i s  supplemented by f u l l - s i z e  b l u e p r i n t  nos. SF-201, 
SF-202, and SF-203 f o r  the  small female and nos. LM-301, LM-302, and 
LM-303 f o r  t he  l a r g e  male. These show s ide,  f r o n t ,  and top views o f  
the f o l l ow ing :  surface landmarks, j o i n t  centers ,  segment centers  o f  
g r a v i t y ,  o r i g i n s  o f  segment coord ina te  systems, sur face p r o f i l e  o f  
ac tua l  surface forms, in fo rmat ion  on anatomical and p r i n c i p a l  axes, 
and in fo rmat ion  on segmentation planes. 
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1.0 INTRODUCTION 

The purpose o f  Volume 3 i s  t o  p resen t  t h e  an th ropomet r i c  

s p e c i f i c a t i o n s  f o r  smal l  female and l a r g e  male dummies. Data gathered 

d u r i n g  t h e  p r o j e c t  as w e l l  as d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  were used 

i n  f o r m u l a t i n g  these s p e c i f i c a t i o n s .  Most o f  t h e  a n a l y t i c a l  techn iques 

and procedures  used i n  combining the  v a r i o u s  d a t a  resources  have been 

d e s c r i b e d  i n  Volume 2 wh ich  p resen ts  t h e  s p e c i f i c a t i o n s  f o r  t h e  mid-  

s i z e d  male dummy. Where techn iques and procedures d i f f e r ,  they  a r e  

i n c l u d e d  i n  Volume 2. As i n  Volumes 1 and 2 t h e  s u b s c r i p t s  L ,  H, and A 

a r e  used w i t h  c o o r d i n a t e  axes t o  i n d i c a t e  t h e  l a b o r a t o r y ,  t h e  whole body 

o r  H -po in t ,  and t h e  anatomica l  o r  body segment r e f e r e n c e  systems, 

r e s p e c t i v e l y .  

The r e p o r t  i s  supplemented by  f u l l - s i z e  b l u e p r i n t  nos. SF-201, 

SF-202, and SF-203 f o r  t h e  smal l  female and Nos. LM-301, LM-302, and LM-  

303 f o r  t h e  l a r g e  male. These show s i d e ,  f r o n t ,  and t o p  v iews o f  t h e  

f o l l o w i n g :  

Su r face  landmarks 
J o i n t  c e n t e r s  
Segment c e n t e r s  o f  g r a v i t y  

e O r i g i n s  o f  segment c o o r d i n a t e  systems 
Sur face  p r o f i l e  o f  a c t u a l  s u r f a c e  fo rm 
l n f o r m a t i o n  on anatomical  and p r i n c i p a l  axes 

a I n f o r m a t i o n  on segmentat ion p lanes 





2.0 SMALL FEMALE AND LARGE HALE SUBJECT DATA 

IN HIP POINT COORD1lNATES 

2.1 Development o f  Standard Seat Coordi na te  Systems 

The same system o f  s u r f a c e  landmarks has been used t o  d e f i n e  t h e  

smal l  female  and l a r g e  male s u r f a c e  forms i3s was used f o r  t h e  m id -s i zed  

male. These a r e  desc r i bed  i n  d e t a i l  i n  Volume 2. 

To l o c a t e  t h e  h i p  j o i n t s  (used t o  d e f i n e  an H-po in t  which has 

been s e l e c t e d  as t h e  o r i g i n  o f  coo rd ina tes  f o r  t h e  s u r f a c e  fo rm) ,  t h e  

d a t t  o f  Reynolds e t  a l  . (1981) were aga in  used. For t h e  smal l female, 

Reynolds e t  a l .  o b t a i n e d  d a t a  f rom two body s i z e  c e l l s .  Both c e l l s  a r e  

f o r  s h o r t  females, b u t  t h e  we ights  range f rom l i g h t  t o  heavy. The 

f o l l o w i n g  compares t h e  two c e l l s  o f  Reynolds e t  a l .  w i t h  the  c u r r e n t  

da ta .  

C e l l  1 - Cel 1 2 Cur rent  Study 

Weight, kg ( Ib )  74.8 (165) 46.5 (103) 46.4 (102) 
S t a t u r e ,  cm ( i n )  151.5 (59.6) 153.9 ( 6 0 . 6 )  151 e l  (59.5) 

As shou ld  be expected,  t h e  match i s  good w i t h  t h e  s h o r t ,  l i g h t  segment 

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

i m p l i e s  a smal l  f r ame , ' t he  p e l v i c  d a t a  were accepted even though they  

may be s l i g h t l y  t o o  l a r g e .  No a l t e r n a t i v e  data  a r e  known t o  e x i s t .  

L i kew ise ,  two body s i z e  c e l l s  were used f o r  t h e  l a r g e  male. The 

two c e l l s  a r e  f i x e d  on t a l l  s u b j e c t s  w i t h  we igh t  v a r y i n g  w i d e l y .  The 

f o l l o w i n g  i s  a comparison o f  t h e  two c e l l s  w i t h  t h e  l a r g e  male s u b j e c t  

group o f  t h e  c u r r e n t  s tudy .  

C e l l  3 C e l l  6 Cur rent  Study 

Weight, kg ( I b )  91.5 (201.3) 7'6.1 (167.4) 102.6 (225.8) 
S t a t u r e ,  cm ( i n )  182.8 ( 72.0) 184.8 ( 72.8) 186.4 ( 73.4) 



Although somewhat heavy, the large male standing height matches fairly 

well with the Reynolds et al. sample. Again, it is assumed that the 

height variable is the more important predictor of skeletal dimensions 

for the pelvis. Although the Reynolds et al. pelvis data may be 

somewhat small for the large male, there are no known alternatives and 

it is be1 ieved any differences wi l l be smal l (less than 1 cm) . 
The direction of the Reynolds et al. coordinate system was 

superimposed upon the UMTRl data for anterior-superior iliac spine 

(ilio-spinale summum) and pelvic crest (pubic symphysis). In order to 

accomplish this, tissue thickness estimates were made for the distances 

from the surface targets to the underlying bony landmarks in the 

vehicle-seated posture. The first estimates were made for the mid-sized 

male. A tissue depth of 5 mm over the anterior-superior iliac spines 
was estimated from palpation of this point on standing subjects. While 

the subjects were standing, the overlying tissue is fairly taut across 

the pelvic spines. However, when they were seated, the abdominal tissue 

tended to slacken and rest over the pelvic girdle. Therefore, the 

tissue thickness was much greater in the seated subjects. For 

photographic determination of the pelvic surface landmarks, the 

technique used was to palpate the point and place the end of a metal 

probe rod firmly on the location so that a projection to the landmark 

could be determined by photometric analysis of calibrated marks on the 

rod. Because the tissue was effectively pushed out of the way by the 

probe, the 5-mm tissue thickness estimate was used for pelvic location. 

Also, because the probe was held within 10' of vertical, the depth to 

the bone was applied to the Z coordinate. L 

A tissue depth of 15 mm over the pubic symphysis was estimated 
by palpation in placing the probe and by analysis of general anatomical 

factors such as muscle attachments in this region. The probe was held 

within 10' of vertical in the YLZL plane and 30' of vertical in the XLZL 

plane, Therefore, with an estimated tissue thickness of 15 mm, the 
depth to the bone landmark was 13 mm in the Z L  coordinate and 7 mm in 
the X coordinate. These results were scaled for the case of the small 

L 



female and large male. The data used to locate points on the pelvis 

from surface landmark data are summarized ias follows: 

Surf ace Smal 1 Mid-S ized Large 
Landmark Coordinate -- Flema 1 e Ma 1 e Male 

XL  coord (t to front) 0 0 0 
ZL coord (+ up) - 3 - 5 - 7 

Symphysi s XL coord (+ to front) - 5 - 7 -10 
ZL coord (+ up) - 8 -13 -17 

With respect to laboratory coordinates the two coordinate systems made 

angles of 55.53' (large male) and 48.37' (small female) . These compare 

with the 54.07' for the mid-sized male. Using the resulting coordinate 

transformation it was possible to obtain the following points needed for 

construction of joint centers, segmentation planes, anatomical segment 

axis construction, etc. 

H-poi nts 
Pub i c symphys i s 
Inferior symphyseal pole 
Superior pole, pubic symphysis 
Ilio-spinale suminum 
Ilio-cristale summum 
Inferior tuberosity point 
Posterior point on 1st sacral vertebral body 
Promontorion 
Lateral point on 1st sacral vertebral body 
Pubotuberosi ty 
Lateral tuberosi ty 'point 

The key points for development of standarc seat coordinate systems for 

the surface forms were the H-points which, when referred to the original 

UMTRl laboratory coordinate system, are at,: 

Form 

Smal 1 Female: Left 755 699 425 
Right 755 539 425 

Large Male: Left 618 705 409 
Right 618 5 3 3  409 



The Y - s h i f t s  from the body center  l i ne where f80 and 86 mm as repor ted L 
by Reynolds e t  a l  . The centers  o f  the  1 ines connect ing the  two H-points 

are a t  Y 1619 mrn, y i e l d i n g  the o r i g i n s  of the standard seat coord inate 
L 

systems f o r  the two forms. 

2.2 Subject  Data Trans la ted t o  
Standard Seat Coordinate System 

Tables 1 and 2 present a l l  s ke le ta l  and sur face landmarks used 

i n  the  development o f  the anthropometr ic s p e c i f i c a t i o n s  f o r  the small 

female and la rge  male sur face forms. The o r i g i n  o f  coord inates i s  t h e  

center o f  a  l i n e  connect ing the H-points.  



3.0 BODY SEGMENTAT l  ON 

The segmentat ion scheme used f o r  t h e  m id -s i zed  male (and 

documented i n  d e t a i  1 i n  Volume 2) has been adopted f o r  use i n  deve lop ing  

segmentat ion p lane fo rmulae f o r  t h e  smal l  female and l a r g e  male 

s p e c i f i c a t i o n  packages. Us ing  t h i s  scheme, i t  was necessary t o  q u a n t i f y  

a  v a r i e t y  o f  p o i n t s  i n  a d d i t i o n  t o  those a l ready  a v a i l a b l e  i n  t h e  l i s t  

o f  measured su r face  landmarks. These inc luded:  

Nuchale 

l n t e r s e c t i o n  p o i n t  on back o f  su r face  form o f  a  pe rpend icu la r  
f rom the  center  o f  a  l i n e  connect ing  t h e  10th r i b  t a r g e t s  t o  a  
l i n e  connect ing  t h e  T12 and L 5  su r face  t a r g e t s  

l n t e r s e c t i o n  p o i n t  on back o f  s 'u r face form o f  a  pe rpend icu la r  
f rom the  center  o f  a  l i n e  conne.ct ing t h e  i  1 i o c r i s t a l e  t a r g e t s  t o  
a  l i n e  connec t i ng  t h e  T I 2  and L5 su r face  t a r g e t s  

Pubo tube ros i t y  s u r f a c e  (35 mm l a t e r a l  f rom pub ic  symphysis 
s u r f a c e  p o i n t )  

S h i f t e d  ASlS (a p o i n t  10 mm l a t e r a l  t o  ASlS sur face)  

S h i f t e d  i n f e r i o r  t u b e r o s i t y  (a p o i n t  10 mm l a t e r a l  t o  i n f e r i o r  
t u b e r o s i t y  p o i n t  wh ich  i s  p r o j e c t e d  v e r t i c a l l y  t o  t he  seat  
s u r f  ace) 

Other than nuchale, these p o i n t s  were ob ta ined  d i r e c t l y  u s i n g  geometr ic  

c o n s t r u c t i o n .  

For t he  smal l  female an e s t i m a t i o n  o f  t h e  nuchale l o c a t i o n  was 

o b t a i n e d  u s i n g  the  data  o f  Young e t  a l .  (1983). I n  t h e i r  r e p o r t ,  t h e  

l o c a t i o n  o f  nuchale was g i v e n  i n  anatomical  coo rd ina tes  (mi 1 1  imeters)  as 

XA=-88, YA=O, ZA=-31. I n  otherwords,  nuchale i s  beh ind  and below t h e  

c e n t e r  o f  a  l i n e  connec t i ng  t h e  t rag io ins  which serves as the  o r i g i n .  I n  

a d d i t i o n ,  t h e  coo rd ina tes  o f  t h e  centelP o f  a  l i n e  connect ing  t h e  

i n f r a o r b i t a l e s  a re  g i v e n  as X =69.8 mm. When t h i s  c o n s t r u c t i o n  i s  A 
superimposed on t h e  same c o o r d i n a t e  d i r e c t i o n  u s i n g  t h e  same o r i g i n ,  i t  

i s  found t h a t  t h e  Young e t  a l .  (1983) i n f r a o r b i t a l e  i s  9 mm beh ind t h a t  

o b t a i n e d  i n  t he  c u r r e n t  s tudy .  A lso ,  t he  nuchale was p r o j e c t e d  t o  be 

18 mm beh i nd t h e  su r face  o f  t h e  head p r o f  i l e 1 i ne which was measured 

d i r e c t l y .  I f  t h e  mismatch between i n f r a o r b i t a l e s  i s  e l i m i n a t e d  by 

s h i f t i n g  t r a g i o n  fo rward ,  t hen  t h e  nucha le  s t i l l  f a l l s  9 mm beh ind  t h e  



s u r f a c e  o f  t h e  head. I t  can be sugges ted  t h a t  t h e  n u c h a l e  t a r g e t  was 

measured t o o  f a r  b e h i n d  t r a g i o n  i n  t h e  Young e t  a l .  s t u d y  based on h a i r  

t h i c k n e s s  and t h e  use  o f  a  cap d u r i n g  t h e i r  pho tography .  Based on t h i s  

assumpt ion,  t h e  n u c h a l e  p o i n t  was moved a l o n g  t h e  X L  c o o r d i n a t e  a x i s  t o  

l i e  on t h e  s u r f a c e  fo rm.  A s i m i l a r  s h i f t  was necessary  i n  t h e  case o f  

t h e  l a r g e  ma le  fo rm.  I n  t h a t  case  t h e  i n f r a o r b i t a l e  p r e d i c t e d  f r o m  t h e  

M c C o n v i l l e  e t  a l .  (1980) r e p o r t  was f ound  t o  b e  1 7  mm b e h i n d  t h a t  

measured a t  UMTRI . A lso ,  t h e  n u c h a l e  was 16 mn b e h i n d  t h e  s u r f a c e  o f  

t h e  dummy fo rm.  I t  appears t h a t  t h e r e  i s  a  d i s c r e p a n c y  i n  t r a g i o n  

l o c a t i o n s  as measured i n  t h e  two s e t s  o f  s t u d i e s .  T h i s  i s s u e  has a l s o  

been d i s c u s s e d  i n  Volume 2 on t h e  m i d - s i z e d  ma le .  

W i t h  a l l  t h e  p o i n t s  a v a i l a b l e ,  each s e g m e n t a t i o n  p l a n e  was 

computed d i r e c t l y  u s i n g  t h r e e  p o i n t s .  Tab les  3 and 4 show t h e  f o r m u l a e  

f o r  t h e  segmen ta t i on  p l a n s  f o r  t h e  s m a l l  f e m a l e  and l a r g e  ma le  s u r f a c e  

forms . 



4.0 DEVELOPMENT OF ANATOM l CALLY BASED 

SEGMENT COORDINATE SYSTEMS 

This section of the report summarizes the development of 

anatomically based coordinate systems for each of the various segments 

of the body. The coordinate systems which have been constructed are the 

same as, or very similar to, those which have been reported by 

McConville et al. (1980) in developing anthropometric relationships of 

body and body segment moments of inertia. As such, they have been used 

directly in the presentation of center of mass and inertial data and 

provide the linkage between the coordinate system defining the principal 

axes of inertia and the standard coordinate system at the center of the 

H-points. In order to construct coordinate systems and relate them to 

the standard system, it was necessary to know three points i n  the 

segment. The following three were used: 

One at the origin 
One on an axis 
One in one of the orthogonal planes 

The points used for each system are defined in Table 2 of Volume 2. 

Data used are given in Tables 1 and 2 of this volume. The locations of 

the origins of the various segment anatomical coordinate systems are 

given in Tables 5 and 6 for the snall female and large male. Tables 7 
and 8 give the cosine matrices expressed in degrees for a1 1 anatomical 

axis systems with respect to the hip point coordinate system, while 

Tables 9 and 10 present the cosine matrices directly. 





The b a s i c  i n f o r m a t i o n  f o r  these computat ions i s  con ta ined  i n  t h e  

r e p o r t s  by McConv i l le  e t  a l .  (1980) and Young e t  a l .  (1983). S p e c i f i c  

numbers a r e  g i v e n  f o r  t he  d i s t a n c e  f rom t h e  o r i g i n s  o f  a n a t o m i c a l l y  

based segment c o o r d i n a t e  systems t o  c e n t e r s  o f  volume. I n  a d d i t i o n ,  

r e g r e s s i o n  fo rmulas  have been p rov ided  t o  p r e d i c t  volume and i n e r t i a l  

p r o p e r t i e s  o f  t h e  v a r i o u s  segments o f  t h e  body. 

The b a s i c  anthropometr ic  da ta  f o r  t h e  small  female and l a r g e  

male groups (see Sec t ion  3 o f  Volume 1) have been supplemented by the  

su r face  p r o f i l e  data  g i ven  i n  Tables 1 1  and 12. These were measured 

d i r e c t l y  on t h e  c l a y  form b e f o r e  molds a~nd c a s t i n g s  f o r  t h e  f i n a l  

su r face  forms were made. The data  f rom these two resources was then 

used t o  s e l e c t  an thropometr ic  v a r i a b l e s  f o r  use i n  t h e  r e g r e s s i o n  

equat ions .  T h i s  task  was made more comp l i ca ted  by t h e  d i f f e r e n c e  

between t h e  seated postures  o f  t he  c u r r e n t  s tudy and t h e  s tand ing  

postures  which were t h e  b a s i s  o f  t h e  r e g r e s s i o n  equat ions .  V a r i a b l e s  

s e l e c t e d  were s i m i l a r  t o  those used i n  t h e  mid-s ized male computat ions 

(Vo 1 ume 2) . 
The p r e d i c t e d  volumes and t h e  sum o f  volumes f o r  t h e  whole body 

a re  g i ven  i n  Tables 13 and 14 f o r  t he  snia l l  female and l a r g e  male 

su r face  forms. The va lues ob ta ined  f o r  t h e  l e f t  and r i g h t  s i d e s  o f  t h e  

body have been averaged. These calcula1:ions a r e  based on a  d e n s i t y  
3 assumption o f  1.0 gm/cm . Using t h i s  v a l u e  f o r  d e n s i t y ,  t h e  r e s u l t i n g  

t o t a l  body we ights  would be o v e r e s t i m a t t ~ d  by 

Small Female = 3.0 pe rcen t  
Large Male = 5.4 pe rcen t  

I  f  a  dens i t y  v a l u e  o f  0.92, as has been proposed by Dempster ( 1  955) , i s  

used f o r  t h e  tho rax ,  t h e  p r e d i c t e d  va lues  f o r  we ight  a r e  much c l o s e r  t o  

s u b j e c t  means, e s p e c i a l l y  f o r  t h e  smal l  female.  Because o f  t he  apparent 

ove res t ima t ion ,  volume s c a l i n g  f a c t o r s  were used t o  y i e l d  body segment 

we ights  which, when summed, y i e l d e d  t h e  c o r r e c t  t o t a l  body we igh t .  For 



volume, the large male scale factor was 0.949 based on the 5.4 percent 
overestimation. For moment of inertia corrections this led to a scale 

factor of 0.966 using the analog 

Volume = 0.949V - (-98271) 3 

The scale factor for the small female was selected as 1.0. This was 

based on the smaller overestimation of volume and the fact that using 

Dempster 's data (1955) , the overest imat ion can become an 
underestimation. Clearly, some additional work should be done to better 

specify segment densities. 

Young et al. (1983) and McConville et al. (1980) give the 

locations of centers of volume in segment anatomical coordinate systems. 

The assumption has been made that center of volume and center of mass 

are coincident. These data are provided for average females and males. 

To take this into account, the data have been scaled down for the small 

female and scaled up for the large male. The scaling is based on 

comparisons of anthropometric data on length, depth, height, breadth, 

etc. for the various segments. As anatomically based coordinate systems 

are oriented primarily in the same directions as heights, depths, and 

breadths are measured, this scaling procedure appears reasonab!e. 

Tables 15 and 16 give the locations of estimated segment centers of 
gravity with respect to the whole-body coordinate systems for the small 

female and large male. Tables 17 and 18 give the locations with respect 
to the individual segment coordinate system, thus documenting the 

scaling which was carried out. 

The anthropometric variables used in the moment of inertia 

regression equations are given in Tables 19 and 20 for the two surface 

forms. The resulting moments of inertia are given in Tables 21 and 22. 

Both predicted and scaled results are included in the tables. 

The principal axes of inertial for each segment have been 

computed by both Young et al. (1983) and McConvi 1 le et al. (1980) with 

respect to segment anatomical coordinate systems. In the present study, 

these transformations were modified slightly to reflect the body 

symmetry assumption. Tables 23 and 24 present the principal axes of 



i n e r t i a  w i t h  respec t  t o  anatomical  axes as c o s i n e  m a t r i c e s  i n  degrees 

w h i l e  Tab les  25 and 26 p resen t  t he  cos ine  m a t r i c e s  d i r e c t l y .  Tables 2 7  

th rough 30 do t h e  same f o r  t h e  p r i n c i p a l  axes w i t h  respec t  t o  t h e  

H-po in t  c o o r d i n a t e  system. 





6.0 J O  l NT CENTERS 

The development o f  j o i n t  cen te rs  f o r  t h e  smal l  female and l a r g e  

male was based on t h e  r e s u l t s  a l ready  ob ta ined  f o r  t h e  m id -s i zed  male 

and p resen ted  i n  Volume 2. Because o f  t h e  s i m i l a r i t y  o f  body p o s t u r e  o f  

t h e  t h r e e  s u r f a c e  forms, i t  was p o s s i b l e  t o  s c a l e  up f o r  t h e  l a r g e  male 

and s c a l e  down f o r  t h e  smal l  female. The l o c a t i o n s  o f  t h e  r e s u l t i n g  

j o i n t  c e n t e r s  a r e  g i v e n  i n  Tab les  31 anti 32 w i t h  respec t  t o  H -po in t  

c o o r d i n a t e s .  Tab les  33 and 34 l i s t  t h e  r e s u l t s  i n  segment coo rd ina tes .  

Head/Neck. For t h e  head/neck j u n c t i o n ,  t he  l o c a t i o n  i s  chosen t o  be t h e  

o c c i p i t a l  condyles.  For t h e  mid-s ized male, t h i s  p o i n t  i s  a t  

(XHZH) = (- 1 1 ,  -26) i n  head segment coord  i na tes  . The s c a l e  f a c t o r  on 

head 1 ength  (XH) and head he i g h t  (I , ,)  i s 0.978 f o r  t h e  sma I 1 female 

y i e l d i n g  a  sca led  j o i n t  which rounds 0f.F t o  (-11,-25). The l o c a t i o n  o f  

t h i s  p o i n t  can be t rans formed t o  H -po in t  coo rd ina tes  u s i n g  t h e  

a p p r o p r i a t e  cos ine  m a t r i x  and t r a n s l a t e d  t o  t h e  o r i g i n  u s i n g  da ta  f rom 

t h e  t a b l e  l i s t i n g  segment o r i g i n s .  Scale f a c t o r s  f o r  t h e  l a r g e  male a r e  

1.025 on t h e  X ,  c o o r d i n a t e  and 1.009 on t h e  ZH c o o r d i n a t e .  T h i s  y i e l d s  h 
a  sca led  condy le  p o i n t  w i t h  segment coo rd ina tes  ( - 1  1 ,-26) . Scaled 

l o c a t i o n s  f o r  some j o i n t s  show a  g r e a t e r  d i f f e r e n c e  f rom t h e  mid-s ized 

male. 

C7/T1. I n  t h i s  case t h e  C 7  and g l a b e l l a  s u r f a c e  landmark da ta  were used 

t o  e s t a b l i s h  t h e  ang le  r e q u i r e d  f o r  use i n  t h e  r e g r e s s i o n  equat ions  

g i v e n  i n  t h e  t o r s o  1 i n k  s tudy  by Snyder e t  a l .  (1972) . C e r v i c a l  v e c t o r  

p r e d i c t i o n  equat ions  were a v a i l a b l e  t o  p r e d i c t  t h e  d i s t a n c e  o f  t h e  C 7  

s u r f a c e  marker t o  t h e  C7/T1 i n te rspace  as w e l l  as t h e  ang le  made by t h e  

v e c t o r  connec t i ng  C 7  t o  t h e  i n te rspace .  The p r e d i c t e d  ang le  t o  t he  

i n t e r s p a c e  was used d i r e c t l y .  However, t h e  d i s t a n c e  t o  t h e  i n te rspace  

was sca led .  



The f o l l o w i n g  c h a r t  shows t h e  s c a l i n g  used i n  t h e  t o r s o  f r o m  C 7  

t o  S 1 .  

Quan t  i  t y  

Upper t o r s o  d e p t h  (cm) 
Abdominal d e p t h  (cm) 
C7-TI2 v e c t o r  d i  s t a n c e  (mm) 
T12-L5 v e c t o r  d i s t a n c e  (mm) 
Upper t o r s o  ZH s c a l e  f a c t o r  
Upper t o r s o  X s c a l e  f a c t o r  

H 
Abdomen ZH s c a l e  f a c t o r  
Abdomen X H  s c a l e  f a c t o r  

La rge  Ma le  M id -S i zed  Ma le  Smal l  Female 

So, t h e  v a l u e  o f  2.99 i nches ,  t h e  d i s t a n c e  f r o m  t h e  C 7  s u r f a c e  marker  t o  

t h e  C7/T1 i n t e r s p a c e  f o r  t h e  m i d - s i z e d  male,  was b r o k e n  i n t o  ZH and X,, 

components and s c a l e d  t o  2.26 i nches  (57.4 mm) f o r  t h e  smal l f ema le  and 

3.45 i nches  (87.6 mm) f o r  t h e  l a r g e  ma le .  

T4/T5, T8/T9, T 1 2 / L l .  S i m i l a r l y ,  t h o r a x  v e c t o r  p r e d i c t i o n  e q u a t i o n s  

were used  i n  e s t i m a t i n g  t h e  l o c a t i o n  o f  t h e s e  i n t e r s p a c e s .  These 

r e q u i r e d  t h e  a v a i l a b i l i t y  o f  T4 and T12 s u r f a c e  ma rke r s .  The a n g l e  

be tween a  l i n e  c o n n e c t i n g  t h e s e  two p o i n t s  and a  v e r t i c a l  l i n e  s e r v e d  as 

t h e  r e f e r e n c e  a n g l e  f o r  use  i n  t h e  r e g r e s s i o n  e q u a t i o n s .  A f t e r  

c o m p u t a t i o n  o f  t h i s  a n g l e  f o r  t h e  s m a l l  f ema le  and l a r g e  ma le  fo rms ,  t h e  

e q u a t i o n s  were t h e n  used t o  p r e d i c t  t h e  f o l l o w i n g :  

r D i s t a n c e  f r om  T4 t o  T4/T5 i n t e r s p a c e  
r Vec to r  d i r e c t i o n  f r o m  T4 t o  T4/T5 i n t e r s p a c e  

D i s t a n c e  f r o m  T8 t o  ~ 8 / ~ 9  i n t e r s p a c e  
Vec to r  d i r e c t i o n  f r o m  T8 t o  ~ 8 1 ~ 9  i n t e r f a c e  

r D i s t a n c e  f r om  T12 t o  T12/L1 i n t e r s p a c e  
r V e c t o r  d i r e c t i o n  f r o m  112  t o  T12/L1 i n t e r s p a c e  

I n  each case  t h e  p r e d i c t e d  d i s t a n c e  was b r o k e n  i n t o  components and 

s c a i e d  f c r  l a r g e  ma le  o r  s m a l l  f ema le .  

L5/S1. The same p rocedu re  was adop ted  f o r  d e f i n i t i o n  o f  t h e  L5/S1 j o i n t  

as has been used f o r  t h e  m i d - s i z e d  ma le .  T h i s  was t o  choose a  p o i n t  on 

t h e  c e n t e r l i n e  o f  t h e  body w i t h  X H  and Z c o o r d i n a t e s  t h e  same as t h e  
H 

l a t e r a l  p o i n t  on t h e  f i r s t  s a c r a l  v e r t e b r a l  body.  These v a l u e s  were 

t a k e n  d i r e c t l y  f r o m  t h e  p e l v i s  s k e l e t a l  r e c o n s t r u c t i o n  d i s c u s s e d  i n  

S e c t i o n  2  and p r e s e n t e d  i n  T a b l e s  1 and 2. 



L2/L3. As i n  t h e  case o f  t h e  m i d - s i z e d  male, t h i s  j o i n t  was s e l e c t e d  t o  

be 60 p e r c e n t  o f  t h e  d i s t a n c e  a long  a  1 i n e  c o n n e c t i n g  L 5 / S 1  w i t h  T12/L1. 

S t e r n o c l a v i c u l a r .  For t h e  m id -s i zed  male, t h i s  p o i n t  was e s t i m a t e d  t o  

be one c e n t i m e t e r  below and two c e n t i m e t e r s  l a t e r a l  f r om t h e  body 

c e n t e r l i n e .  S c a l i n g  f o r  t h i s  p o i n t  i s  biased on t h e  Y va lues  f o r  t h e  H 
acromion p o i n t s  o r  0.84 f o r  t h e  smal l  female  and 1.02 f o r  t h e  l a r g e  

male. 

C l a v i s c a p u l a r .  For t h e  m id -s i zed  male, t h i s  p o i n t  was e s t i m a t e d  f rom a  

d e f i n i t i o n  by Dempster (1955) and measurements on bony m a t e r i a l  t o  be 

the  f o l l o w i n g  d i s t a n c e s  f rom t h e  a c r o m i c l - c l a v i c u l a r  a r t i c u l a t i o n  

1 andmark. 

byH = 27.5/2 mm toward  t h e  c e n t e r  o f  t h e  body 
AXH = 15 mm toward t h e  rea r  o f  t h e  body 
AzH = 10 mm down 

The s c a l e  f a c t o r  based on b i a c r o m i a l  d iame te r  developed f o r  t h e  

s t e r n o c l a v i c u l a r  j o i n t  was a l s o  used f o r  t h i s  j o i n t .  

Glenohumeral.  The glenohumeral j o i n t  c e n t e r  f o r  t he  m id -s i zed  male was 

based on a  r e c o n s t r u c t i o n  o f  s k e l e t a l  m a t e r i a l  ( t h e  humerus) i n  t h r e e -  

d imens iona l  space u s i n g  t i s s u e  t h i c k n e s s  e s t i m a t e s  and t h r e e  s u r f a c e  

landmarks ( g r e a t e r  t u b e r c l e  o f  t h e  humerus, 1 a t e r a l  humeral ep i  condy le ,  

and media l  humeral e p i c o n d y l e ) .  T h i s  p o i n t  i s  more o r  l e s s  f i x e d  w i t h  

r e s p e c t  t o  t h e  scapu la ,  and as such, w i t h  r e s p e c t  t o  t h e  acromion.  To 

e s t i m a t e  t h e  glenohumeral j o i n t  c e n t e r  f o r  t h e  smal l  female and l a r g e  

male, t h e  m i d - s i z e d  male v e c t o r  f rom acromion t o  t h i s  j o i n t  was sca led  

by t h e  f a c t o r  used f o r  t h e  s t e r n o c l a v i c u l a r  and c l a v i s c a p u l a r  j o i n t s .  

Elbow. T h i s  p o i n t  was computed d i r e c t l y  f o r  b o t h  t h e  smal l  female and 

l a r g e  male as t h e  m i d p o i n t  o f  a  l i n e  between t h e  media l  humeral 

e p i c o n d y l e  and a  p o i n t  8 mm above t h e  r a d i a l e .  The "8 mm" p o i n t  was 

es t ima ted  t o  be a long  a  l i n e  connec t i ng  r a d i a l e  w i t h  u l n a r  s t y l o i d  f o r  

t h e  seated occupants.  



W r i s t .  The r e c o n s t r u c t i o n  o f  t he  w r i s t  j o i n t  was based on t h e  - 
d e f i n i t i o n s  used f o r  t h e  m id -s i zed  male. The dimensions used were 

sca led  based on r a d i u s  l e n g t h  f o r  t h e  two forms (0.84 f o r  t h e  smal 1 

female and 1.07 f o r  t h e  l a r g e  male) .  

Hip. The h i p  j o i n t s  a r e  t h e  H-po in t s  d iscussed e a r l i e r  and g i v e n  i n  

Tab les  1 and 2 .  

Knee. The knee j o i n t s  were computed d i r e c t l y  as t h e  cen te r  o f  a l i n e  - 
connec t i ng  t h e  media l  and l a t e r a l  femoral  ep i condy le .  

Ankle. The a n k l e  j o i n t  has been d e f i n e d  f o r  t he  m id -s i zed  male as t h e  - 
m i d p o i n t  o f  a  l i n e  between t h e  t i p  of t h e  l a t e r a l  m a l l e o l u s  o f  t h e  

f i b u l a  and a  p o i n t  5 mm d i s t a l  t o  t he  t i b i a 1  m a l l e o l u s .  I n  o rde r  t o  

o b t a i n  t h e  " 5  mm" p o i n t ,  t h e  s p h y r i o n  was s h i f t e d  down t h e  l e g  a  

r e s u l t a n t  o f  5 mm f o r  t h e  seated s u b j e c t s .  



TABLE 1 

S U R F A C E  LANDMARKS RELAT l  VE TO H-PO I NT (mm) : 
SMALL FEMALE 

H E A D  

Landmark 

Glabel l a  
I n f r a o r b i t a l e  (L) 
I n f  r ao rb i  t a l e  (R) 
Trag ion (L) 
Trag ion (R)  
Gonion (L) 
Gonion (R) 
Gnathion 
Nucha 1 ef: 

TORSO 

X~ 

Suprasterna le  
Mesosternale 
Substernale 
N ipp le  (L) 
N ipp le  (R) 
10th Rib, a n t e r i o r ,  m i d l i n e  
Umb i 1 i cus 
Maximum Abdominal P ro t r us i on  
10th Rib (L) 
10th Rib (R) 

VERTEBRAL COLUMN 

H 

T I2  
L 2  
L 5 
Mid-Spine 10th Rib 
l n t e r s e c t i o n  p o i n t  on back o f  su r face  form 

o f  a  perpendicu lar  from center  o f  l i n e  
connect ing 10th r i b  t a r g e t s  t o  l i n e  
connect ing TI2 and L 5  su r face  targets$(  

l n t e r s e c t i o n  p o i n t  on back o f  su r face  form 
o f  a  perpendicu lar  from center  o f  l i n e  
connect ing i l i o c r i s t a l e  t a rge t s  t o  l i n e  
connect ing T12 and L5 sur face  ta rge ts> t  

z~ 



TABLE 1 
SURFACE LANDMARKS RELATIVE TO H-POI NT (mm) : 

SMALL FEMALE (Cont i nued) 

PELVl S (SURFACE) 

Landmark 
X~ 

Trochanter ion (UMTR I photo) (L) 
Trochanter ion (UMTRI photo) (R) 
1 1  iocristale (L) 
1 1  iocristale (R) 
Interior-Superior Iliac Spine (L) 
Anterior-Superior Iliac Spine (R) 
Pubic Symphysis 
Thigh/Abdominal Junction (L) 
Thi gh/Abdorni nal Junction (R) 
Trochanter ion (Skeletal Reconstruction) * 
Pubotuberos i ty 

SHOULDER 

Pubic Syrnphysis 
H-Poi nt 
Inferior Syrnphyseal Pole 
Left Ssperior Pole, Pubic Symphysis 
Ilio-Spinale Summum 
lliocristale Summum 
Inferior Tuberosity Point 
Posterior Point, 1st Sacral Vertebral Body 
Promontor ion 
Lateral Point, 1st Sacral Vertebral Body 

H 

- 3 
- 3 
- 83 
- 83 
- 15 
- 15 
44 
2 2 
2 2 
18 
4 4 

z~ 

4 2 
0 
40 
4 6 

- 15 
- 81 

2 4 
- 92 
- 66 
- 80 

Clavicale (L) 
Clavicale (R) 
Acromio-Clavicular Articulation (L) 
Acromio-Clavicular Articulation (R) 
Greater Tubercle Humerus (L) 
Greater Tubercle Humerus (R) 
Acromion (L) 
Acromion (R) 
Anterior Scye (L) 
Anterior Scye (R) 
Poster i or Scye (L) 
Posterior Scye (R) 
Super i or Marg i n Scapul a (L) 
Superior Marg i n Scapu 1 a (R) 
l nfer ior Margin Scapula (L) 
l nfer ior Margin Scapula (R) 

187 
-187 
138 

- 138 
103 

-103 
0 

117 
- 1  17 
kl 90 
k 35 

' 19 
- 19 
86 
86 
75 
75 
3 2 
6 0 
6 0 

- 18 
3 2 

0 
+ 80 
f 4  
f 5 
&lo9 
k114 
+ 48 

0 
0 

+ 19 

- 146 
-146 
-198 
-198 
-152 
-152 
-206 
-206 
- 106 
-106 
-191 
-191 
-262 
-262 
-250 
-250 

2 2 
0 

- 10 
2 6 
7 2 
7 7 

- 56 
4 1 
4 2 
46 

17 
- 17 
152 

-152 
178 

- 178 
171 

- 17 I 
130 
-130 
164 

- 164 
66 

- 66 
109 

-109 

397 
397 
398 
398 
380 
380 
376 
376 
337 
337 
286 
286 
379 
379 
292 
292 



TABLE 1 
SURFACE LANDMARKS RELAT l VE TO H-PO I NT (mm) : 

SMALL FEMALE (Continued) 

ARM 

Lateral Humeral Epicondyl e (L) 
Lateral Humeral Epicondyle (R) 
Radiale (L) 
Radiale (R) 
Med i a 1 Hurnera 1 Ep i condy 1 e (L) 
Medi a1 Humeral Epi condyl e (R) 
0 1 ecranon (L) 
Olecranon (R) 
Ulnar Styloid (L) 
Ulnar Styloid (R) 
Sty1 ion (L) 
Stylion (R) 

Landrnar k 

LEG AND FOOT 

X~ H 

Lateral Femoral Epicondyle (L) 
Lateral Femoral Epicondyle (R) 
Medi a1 Femoral Epi condyl e (L) 
Medial Femoral Epicondyle (R) 
Tibiale (L)  
Tibiale (R) 
Patella (L) 
Pate1 la (R) 
Sphyr ion (L) 
Sphyr ion (R) 
Metatarsal-Phalangeal I ( L )  
Metatarsal -Phal angeal I (R) 
Digit l l (L) 
Digit l l (R) 
Metatarsal-Phalangeal V (L) 
Metatarsal-Phalangeal V (R) 
Lateral Ma1 leolus (L) 
Lateral Ma1 leolus (R) 
Posterior Calcaneus (heel point) (L) :\ 
Posterior Ca lcaneus (heel point) (R) k 

z~ 

kLandmark determined by construction. 



TABLE 2 

SURFACE LANDMARKS RELAT l VE TO H-PO I NT (mm) : 
LARGE M A L E  

HEAD 

Landmark 

TORSO 

X~ 

Glabel la 
I nf raorbi tale (L) 
I nfraorbi tale (R) 
Tragion (L) 
Tragion (R) 
Gonion (L) 
Gonion (R) 
Gna th i on 
Nucha 1 ek 

VERTEBRAL COLUMN 

Y~ 

- 1  1 1  
-128 
- 128 
-2 12 
-2 12 
- 195 
- 195 
-108 
-293 

Suprasternale 
Mesos ternal e 
Substernal e 
Nipple (L) 
Nipple (R) 
10th Rib, anterior, midline 
Umb i 1 i cus 
Maximum Abdominal Protrusion 
10th Rib (L )  
10th Rib (R) 

z~ 

0 
37 

- 37 
8 3 

- 83 
70 

- 70 
0 
0 

-162 
- 1  19 
- 89 
- 59 
- 59 

3 3 
6 o 
75 

-126 
-126 

c 7 
T4 
T8 
TI 2 
L 2 
L5 
Mid-Spine 10th Rib 
Intersection point on back of surface form 
of a perpendicular from center of line 
connecting R10 targets to line 
connecting TI2 and L5 surface targetsfc 

Intersection point on back of surface form 
of a perpendicular from center of line 
connecting iliocristale targets to line 
connecting TI2 and L5 surface targets* 

684 
650 
650 
646 
646 
576 
576 
555 
612 

0 
0 
0 

132 
-132 

0 
0 
0 

194 
-194 

- 300 
-333 
-327 
-283 
-246 
-202 
-277 
-237 

-217 

459 
415 
364 
320 
320 
2 18 
172 
153 
143 
143 

0 
0 
0 
o 
0 
0 
0 
0 

0 

53 1 
42 1 
284 
155 
9 5 
19 
144 
7 7 

44 



TABLE 2 
S U R F A C E  LANDMARKS RELAT l  VE TO H-PO I NT (mm) : 

LARGE M A L E  (Cont i rrued) 

PELVl S (SURFACE) 

Landmark 

T rochan te r  i o n  (UMTR I photo)  (L) 
T rochan te r  i o n  (UMTR I photo)  (R) 
I 1  i o c r i s t a l e  (L) 
I 1  i o c r i s t a l e  (R) 
A n t e r i o r - P o s t e r i o r  . I l i a c  Spine (L) 
Anter  i o r - P o s t e r  i o r  l  1 i  ac Spi ne (R) 
Pub ic  Symphysis 
Thigh-Abdominal J u n c t i o n  (L) 
Thigh-Abdominal J u n c t i o n  (R) 
T rochan te r  i o n  ( S k e l e t a l  r e c o n s t r u c t  ion)  * 
l n f e r i o r  T u b e r o s i t y  P o i n t *  
P u b o t u b e r o s i t y *  

PELVIS (SKELETAL) 

X~ 

Pub ic  Symphysis 
H -Po in t  
l n f e r i o r  Symphyseal Po le  
L e f t  Super io r  Po le ,  Pub ic  Symphysis 
I l i o - S p i n a l e  Summum 
l l i o c r i s t a l e  Sumrnum 
l n f e r i o r  T u b e r o s i t y  P o i n i *  
P o s t e r i o r  P o i n t ,  1 s t  Sacra l  V e r t e b r a l  Body 
Promontor ion  
L a t e r a l  P o i n t ,  '1st Sac ra l  V e r t e b r a l  Body 

SHOULDER 

Y~ 

- - 

C l a v i c a l e  (L) 
C l a v i c a l e  (R) 
Ac romio -C lav i cu la r  A r t i c u l a t i o n  (L) 
Ac romio -C lav i cu la r  A r t i c u l a t i o n  (R) 
Grea te r  T u b e r c l e  Humerus (L) 
Grea te r  Tuberc le  Humerus (R) 
Acromion (L) 
Acromi on (R) 
A n t e r i o r  Scye (L) 
Anter  i o r  Scye (R) 
P o s t e r i o r  Scye (L) 
P o s t e r i o r  Scye (R) 
Super i o r  Marg i n Scapu 1 a  (L) 
Super i o r  Marg i n Scapula (R) 
l  n f e r  i o r  Marg in  Scapula (L) 
l n f  e r  i o r  Marg i n Scapu 1 a  (R) 

z~ 



TABLE 2 
SURFACE LANDMARKS RELAT l VE TO H-PO I NT (mm) : 

LARGE MALE (Continued) 

ARM 

Landmark 

LEG AND FOOT 

X~ 

Lateral Humeral Epicondyle (L) 
Lateral Humeral Epi condyle (R) 
Radiale (L) 
Radiale (R) 
Medial Humeral Epicondyle (I) 
Medi a1 Humeral Epicondyle (R) 
0 1 ecr anon (L) 
Olecranon (R) 
Ulnar Styloid (L) 
Ulnar Styloid (R) 
Sty1 ion (L) 
Sty1 ion (R) 

fcLandmark determi ned by construct ion. 

Y~ 

3 4 
34 
5 2 
5 2 
2 7 
2 7 
48 
48 
262 
262 
245 
245 

z~ 

Lateral Femoral Epicondyle (L) 
Lateral Femoral Epicondyle (R) 
Medial Femoral Epicondyle (L) 
Medial Femoral Epicondyle (R) 
Tibiale (L) 
Tibiale (R) 
Patella (L) 
Patella (R) 
Sphyr ion (L) 
Sphyr ion (R) 
Metatarsal -Phal angeal I (L) 
Metatarsal -Phal angeal I (R) 
Digit l l (L) 
Digit l l  (R) 
Metstarsa 1 -Phal angeal V (L) 
Metatarsal -Phal angeal V (R) 
Lateral Malleolus (L) 
Lateral Ma1 leolus (R) 
Poster i or Ca 1 caneus (heel poi nt) (L) * 
Posterior Calcaneus (heel point) (R) 

266 
-266 
26 1 

-26 1 
1 89 

-189 
234 

-234 
197 

-197 
138 

- 138 

41 1 
41 1 
4 14 
4 14 
4 3 3 
4 3 3 
460 
460 
72 1 
72 1 
845 
845 
889 
889 
832 
832 
71 1 
71 1 
74 1 
74 1 

207 
-207 
98 

- 98 
9 7 

- 97 
168 

-168 
6 3 

- 63 
8 5 

- 85 
150 

-150 
187 
-187 
135 

-135 
97 

- 97 

270 
270 
252 
252 
2 36 
236 
225 
225 
398 
398 
4 14 
414 

157 
157 
175 
175 
163 
163 
202 
202 
-131 
-131 
- 70 
' 70 
- 14 
- 14 
-105 
-105 
- 169 
-169 
-238 
-238 



TABLE 3 

FORMULATION O F  SEGMENTATION PLANES: SMALL FEMALE 

Head: .381 33xH + .92444ZH - 383.75 = 0 

Neck: .70711XH + .70711ZH - 177.48 = 0 

( f o r  a l l  XH 5 -194) 

Thorax: .41773XH - .90857ZH + 153.67 = 0 

Abdomen: .42046XH - .90731ZH + 112.93 = 0 

H ip :  - .79326XH + , 6 0 8 6 8 ~ ~  + .01568zH + 55.706 = 0 

(+ s i g n  on Y f o r  r i g h t  s i d e  o f  body) 
H 

Knee: -.95067xH + .31022ZH + 319.90 = 0 

Ank 1 e: .74130XH - .67118ZH - 519.21 = 0 

S hou 1 der  : .3762 1 xH k . 92649YH - .00936ZH - 77.4 1 1 = 0 

(+ s i g n  on Y f o r  l e f t  s i d e  o f  body) 
H 

E 1 bow: 

(+ s i g n  on Y,, f o r  l e f t  s i d e  o f  body) 



TABLE 4 

FORMULATION O F  SEGMENTATION PLANES: LARGE MALE 

Head : , 3 4 4 8 2 ~ ~  + .93867ZH - 473.43 = 0 

Neck: .70711XH + .70711ZH - 213.55 = 0 

Thorax: .51108xH - .85954ZH + 187.31 = 0 

Abdomen: 

Hip: 

(+ s i g n  on Y,, f o r  r i g h t  s i d e  o f  body) 

Knee: - . 9 7 7 8 0 ~ ,  + .20953Z,, + 368.98 = 0 

Ank 1 e: .69191xH - .721992,, - 593.44 = 0 

Shoulder :  , 3 4 6 0 5 ~ ~  + , 9 3 6 3 0 ~ ~  + .05993ZH - 14  1 - 80  = O 

(+ s i g n  on YH f o r  l e f t  s i d e  o f  body) 

Elbow: -.84192XH + .28017YH - .46117ZH + 78.614 = O 

( + s i g n  on Y H  f o r  l e f t  s i d e  o f  body) 



TABLE 5 

LOCATION O F  ORIGIN O F  SEGMENT ANATOMICAL 
COORD 1 NATE SYSTEMS: S14ALL FEMALE 

$ < P o s i t i v e  s i g n  on Y f o r  l e f t  s i d e  o f  body. 
H 

Segment 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
Upper Arms 
Lower Arms 
Upper Legs 
Lower Legs 
Feet  

TABLE 6 

LOCATION O F  O R I G I N  O F  SEG14ENT ANATOMICAL 
COORD l  NATE SYSTEMS: ILARGE MALE 

X, (mm) 

-180 
-238 
- 183 
- 96 
- 15 
-206 

2 8 
18 

378 
695 

Segmen t I xH (mm) 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
Upper Arms 
Lower Arms 
Upper l egs  
Lower Legs 
Feet  

Y H  (mm) 

0 
0 
0 
0 
0 

'1 7 1 f( 
k207 
k190 
k 35 
k115 

$ P o s i t i v e  s i g n  on Y f o r  l e f t  s i d e  o f  body, 
H 

ZH (mm) 

545 
445 

8 5 
125 
75 

376 
193 

- 18 
58 

- 126 



TABLE 7 

ANATOMICAL AXES WITH RESPECT TO HIP POINT AXIS SYSTEM: SMALL FEMALE 
(Cos ine  Ma t r  i x Expressed i n Degrees) 

Neck 

Segment 

Head 

Tho rax  

X~ 
A 

z~ 

X~ 
A 

z~ 

P e l v i s  

X~ 

3.7 
90.0 
93 7 

Abdomen 

Upper Arm (L) 

8 7 
go .o 
98.7 

Upper Arm (R) 

Y~ 

90.0 
0.0 

90.0 

A 
A 
A 

z~ 
86.3 
90.0 

3 7 

go .o 
0 .o 

go .o 

Upper Leg (R) 

81.3 
go.  0 

8.7 

2 4 . 7  
90.0 

114 .7  

Lower Arm w i t h  Hand (L) 

Lower Arm w i t h  Hand (R) 

90.0 
0 . 0  

90.0 

A 
A 
A 

A 
A 

z~ 

65.3 
90.0 
2 4 . 7  

148.2 
76.2 

118.0 

148 .2  
103.8 
118.0 

78.0 
13.8 
83 .4  

102.0 
13.8 
96.6 

61.1 
90.0 

151.1 

61.1 
90.0 

151.1 



TABLE 7 
ANATOMICAL A X E S  WITH RESPECT TO klI P POINT AXIS SYSTEM: 

SMALL FEMALE (Cosine Matr i x Expressed i n  Degrees, Continued) 

Segment 

Lower Leg (L) I :A 

Lower Leg ( R )  

Foot (L) 

Foot (R) 



TABLE 8 

ANATOMICAL AXES WITH RESPECT TO H IP  POINT AXIS SYSTEM: LARGE MALE 
(Cos ine  M a t r  i x Expressed  i n Degrees) 

Segmen t 

Head 

Neck 

Tho rax  

Abdomen 

P e l v i s  

Upper Arm (L) 

Upper Arm (R) 

Lower Arm wi  t h  Hand (L) 

Lower A r m  w i t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

A 
A 

z~ 

A 
A 

z~ 

A 
A 
A 

A 
A 

z~ 

A 
A 

z~ 

A 
A 
A 

X~ 
A 
A 

A 
A 
A 

A 
Y~ 

A 

A 
A 

z~ 

A 
A 
A 

X~ 

2.7 
90.0 
92.7 

24.2 
90.0 
65.8 

7 * 9  
90.0 
97 - 9  

30 7 
90.0 

120.7 

64.9 
90.0 

154.9 

57 3 
84.5 

146.7 

57 .3  
95.5 

146.7  

117.3 
66.8 

142.8 

117.3  
113.2 
142.8 

114.3 
85.7 

155.3 

1 1 4 . 3  
94 3 

155 3 

H 

90.0 
0.0 

90.0 

90 .O 
0 .0  

90.0 

go .o 
0 .0  

go .o 

90.0 
0 .o 

90.0 

90.0 
0.0 

90 .O 

112.4 
23.9 
98.1 

67.6 
23.9 
81 .g 

69 * 3 
25.4 
76.0 

110.7 
25.4 

104.0 

82.1 
8.0 

88.9 

97.9 
8.0 

91.1 

z~ 
87.3 
90.0 

2.7 

114.2 
90.0 
24.2 

82.1 
90.0 

7 - 9  

59 3 
90.0 
30 7 

25.1 
90.0 
64.9 

4 1 . 4  
66.8 
58.0 

41.4 
113.2 
58 .o 

35.4 
9 9 - 8  

123.6 

35 4 
80.2 

123.6 

2 5 . 7  
96 7 

114.7 

25 7 
83.3 

114.7 



TABLE 8 
ANATOMICAL A X E S  WITH RESPECT TO HIP POINT AXIS SYSTEM: 

LARGE MALE (Cosine Matr  i x Expressed i n Degrees, Continued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

Foot (L) 

F 00 t (R) 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 
A 

X~ 

47 - 7  
104.2 
134.2 

47.7 
75.8 

134.2 

57.8 
92.3 

147.7 

57.8 
87.7 

147.7 

H 

65.4 
25.1 
85.3 

114.6 
25.1 
94.7 

79 - 0  
11.8 
85.8 

101 .o 
11.8 
94.2 

z~ 
52.3  

110.2 
44.6 

52 3 
69.8 
44.6 

34.4 
101.5 
58.1 

34.4 
78.5 
58.1 



TABLE 9 

ANATOMICAL A X E S  WITH RESPECT TO HIP POINT AXIS SYSTEM: SMALL FEMALE 
(Cos i ne Mat r i x) 

Segrnen t 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper A r m  (L) 

Upper A r m  (R) 

Lower A r m  w i t h  Hand (L) 

Lower A r m  w i  t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

A 
A 
A 

A 
A 

z~ 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 
A 

X~ 
A 

z~ 

X~ 
A 
A 

A 
A 
A 

X~ 
A 

z~ 

X~ 

998 
.ooo 

- .0649 

.887 
,000 
.463 

989 
.ooo -. 151 

909 
,000 

- .418  

-589  
.ooo 

- ,808 

,625 
- ,006 
- ,780 

,625 
.0062 

- .78O 

- .850 
. 2  38 

- .470 

- ,850 
-.238 
- .470 

- ,264 
.178 

- .948 

-.264 
-.178 
- .948 

H 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

-0.169 
0.975 

-0.143 

0.169 
0.975 
0.143 

0.208 
0 - 9 7 1  
0.115 

-0.208 
0.971 

-0.115 

-0.048 
0.979 
0.197 

0.048 
0.979 

-0.197 

z~ 
,0649 
,000 
. 998 

- ,463 
.ooo 
,887 

,151 
,000 
989 

. 4  18 
,000 
909 

,808 
.ooo 
0589 

,762 
,222 
,609 

,762  
-.222 

,609 

.484 
- ,000 
- .875 

,484 
,000 

- 875 

,963 
.098 

-. 250 

963 
- .og8 
- ,250 



TABLE 9 
ANATOMICAL A X E S  WITH RESPECT TO H I P  POINT AXIS SYSTEM: 

SMALL FEMALE (Cos i ne Matr i x, Continued) 

z~ 
,652 

-.241 
7 19 

.652 
-24 1 
0719 

,845 -. 152 
.514 

,845 
.I52 
,514 

Y~ 

0.412 
0 9'39 
-0.069 

-0.412 
0 * 909 
0.069 

0.169 
0.986 
0.013 

-0.169 
0.986 
-0.013 

X~ 

- 637 
-.341 
-.691 

637 
-34 1 

-.691 

,508 -. 076 
- ,858 

,508 
,076 

- ,858 

Segrnen t 

Lower Leg (L)  

Lower Leg ( R )  

F 00 t (L) 

F 00 t (R) 

* A  
A 

z~ 

X~ 
A 
A 

X~ 
A 
A 

X~ 
A 

z A  



TABLE 10 

ANATOMICAL A X E S  WITH RESPECT TO HIP  POINT AXIS SYSTEM: LARGE MALE 
(Cos ine  M a t r i x )  

Segment 

Head 

Neck 

Tho rax  

Abdomen 

Pelvis 

Upper Arm (L) 

Upper A r m  (R)  

Lower Arm w i t h  Hand ( I )  

Lower Arm w i t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

X~ 

999 
,000 

- .0476 

,912 
,000 
. 4  1 0  

99 1 
,000 

- 0 1 3 7  

,860 
.ooo 

-.511 

.424 

.ooo 
- ,906 

,540 
,096 

- ,836 

,540 
- .og6 
- ,836 

- .459 
9 394 

- 797 

- 0459 
-.394 
-. 797 

-.412 
.074 

- . 908 

-.412 
- .074 
- . go8 

A 
A 
A 

X~ 
A 

Z~ 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 
A 

A 
A 

z~ 

A 
A 

z~ 

A 
A 
A 

Y~ 

0.000 
1 ,000 
0.000 

0.000 
1 ,000 
0.000 

0.000 
1 ,000 
0.000 

0.000 
1.000 
0.000 

0.000 
1 .ooo 
0.000 

-0.380 
0.9 14 

-0.141 

0.380 
0.914 
0.141 

0.353 
0.903 
0.243 

-0 . 353 
0 . 903 

-0.242 

0.137 
0 9 990 
0.019 

-0.137 
0 990 

-0.019 

H 

,0476 
,000 
* 999 

-.410 
.ooo 
.912 

137  
,000 
-991 

.511 
,000 
.86O 

,906 
,000 
,424 

,750 
394 

0530 

750 
-. 394 

530 

.8 15 -. 170 
- -554 

.815 
,170 

- 554 

.go 1 -. 1 1 7  
-.418 

,901 
, 1 1 7  

-.418 



TABLE 10 
ANATOMl CAL A X E S  WITH RESPECT TO H I  P POINT A X  l S SYSTEM: 

LARGE MALE (Cos i ne Matr  i x,  Cont i nued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

F 00 t (L) 

Foot  (R) 

Y~ 

0.416 
0 .  906 
0.082 

-0.416 
0. 906 

-0.082 

0.190 
0.979 
0.073 

-0.190 
0.979 

-0.073 

Z~ 

. 6 1  1 
- ,346 

,712 

,611 
,346 
, 7 1 2  

.825 
- .2OO 

529 

.825 
,200 
529 

X~ 
Y~ 

A 

A 
A 
A 

X~ 
Y~ 
z~ 

X~ 
A 

z~ 

H 

0673 
-.246 
- -697 

.673 
,246  

- -697 

-532 
-.04O 
-.846 

-532 
.040 

-.846 



TABLE 1 1  

COORDINATES OF S U R F A C E  POINTS ON C L A Y  FORM: SMALL FEMALE 

L i n e  

BODY CENTERL l NE 

Se lec ted  P o i n t  

C ro tch  

Umbi 1 i c u s  

S u p r a s t e r n a l e  

Back o f  Chin (neck) 
Under Chin, F ron t  
F r o n t  o f  Chin, Low 
Lower L i p  (mid) 
Top L i p  (mid) 
Root o f  Nose 
T i p  o f  Nose 
Nas i o n  

z~ 
25 
4 7 
6 3 
7 6 
89 

102 
1 1 3  
125 
134 
140 
157 
172 
188 
203 
219 
236 
253 
274 
293 
312 
332 
348 
360 
370 
383 
392 
400 
416 
433 
445 
457 
467 
496 
506 
518 
531 
578 
593 
610 
629 
642 
654 
661 
667 

X~ 

69 
6 7 
6 3 
5 9 
5 3 
45 
38 
2 8 
16 
2 

- 15 
- 27 
- 37 
- 44 
- 52 
- 59 
- 66 
- 7 3  
- 79 
- 86 
- 96 
-106 
- 1  16 
-126 
- 136 
-145 
- 152 
-152 
-152 
- 150 
-103 
- 91 
- 87 
- 85 
- 89 
- 73  
- 89 
- 90 
- 93 
-102 
- 1  12 
- 130 
-147  
-175 

Y~ 

0  
o 
0 
0 
0 
0 
0 
o 
0 
0 
0 
0 
o 
0 
0 
o 
0 
0 
0 
o 
0 
O 
O 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
o 
0 
0 
o 
0 



TABLE 1 1  
COORDINATES O F  S U R F A C E  POINTS ON CLAY FORM: 

SMALL FEMALE (Continued) 

L ine  

C e n t e r l i n e  
(Con t i nued) 

B A C K  O F  SHOULDER 
TO BELOW BREAST 



TABLE 1 1  
COORDINATES O F  S U R F A C E  POINTS ON CLAY FORM: 

SMALL FEMALE (Cont i nued) 

L i ne 

TOP O F  SHOULDER TO H A N D  

TOP OF HEAD TO 
LATERAL SHOULDER 

Se lec ted  P o i n t  

Top o f  Shoulder 

Crook o f  Elbow 

W r i s t  

A t  Hand 

Top o f  Head 

F ron t  o f  Ear 
Bottom o f  Ear, F r o n t  
Jaw 
Behind Ear, Down Neck 

Back o f  Neck 

L a t e r a l  Shoulder 

z~ 
400 
394 
384 
366 
345 
325 
309 
289 
272 
248 
269 
284 
301 
322 
3 4 7  
368 
388 
403 
423 
454 

667 
665 
656 
643 
622 
598 
579 
556 
519 
481  
508 
479 
450 
433 
420 
413 
404 
396 
382 

H 

-188 
-165 
-145 
-123 
-103 
- 88 
- 67 
- 45 
- 24 

5 
20 
32 
47 
63 
82 
95 

107 
114 
172 
132 

- 185 
-184 
-182 
-181 
-180 
-179 
- 1 7 4  
-169 
-165 
-163 
-194 
-199 
-206 
-212 
-214 
-215 
-209 
-202 
-186 

H 

150 
153 
157 
160 
164 
168 
173 
176 
178 
181 
178 
175 
172 
170 
167 
163 
157 
153 
148 
140 

0 
19 
41  
57 
68 
73 
70 
66 
63 
52 
54 
46 
48 
56 
80 

105 
131 
156 
179 



TABLE 1 1  
COORDINATES O F  S U R F A C E  POINTS ON CLAY FORM: 

SMALL FEMALE (Cont i nued) 

SIDE O F  ARM TO WRIST 

U N D E R S I D E  O F  ARM 

FLANK 

Selected Po in t  I 
Shoulder 

La te ra l  Hurneral Epicondyle 
(bend o f  e l  bow) 

Ulnar S t y l o i d  

Anter i o r  Scye (c lose) 

Low Po in t  on Elbow 

Ulnar S t y l o i d  

Poster i or  Scye (c 1 ose) 



TABLE 11 
COORDINATES OF SURFACE POINTS ON CLAY FORM: 

SMALL FEMALE (Cont i nued) 

L i n e  

F 1 ank 
(Con t i nued) 

INSIDE ARM 

OUTSIDE OF LEG 

X~ 

- 61 
- 40 

5 

-104 
- 88 
- 59 
- 29 

3 
27 
52 
73 
91 

111 
123 
142 

25 
62 

102 
113 
142 
175 
204 
238 
275 
301 
337 
368 
382 
397 
416 
437 
456 
4 7 7  
500 
525 
548 
573 
586 
603 
626 
642 
654 
680 
697 

S e l e c t e d  P o i n t  

Near Seat  

Scye 

Humera 1 Condy 1 e 

W r i s t  
Thumb Knuck 1 e 

Max. C i r c .  P t .  Upper T h i g h  

L a t e r a l  Femoral E p i c o n d y l e  

Max. C a l f  C i r c .  P t .  

M in .  Ank le  C i r c .  P t .  

L a t e r a l  M a l l e o l u s  

M e t a t a r s a l  Pha langea l  V 

H 

162 
177 
188 

131 
136 
139 
142 
150 
145 
146 
146 
144 
140 
135 
101 

188 
186 
181 
180 
174 
165 
157 
149 
141 
134 
128 
121 
125 
132 
138 
138 
137 
132 
125 
119 
115 
116 
119 
122 
128 
134 
139 
156 
163 

H 

3 2 
7 

- 15 

357 
285 
262 
237 
213 
225 
255 
295 
333 
374 
394 
434 

-11 
- 4 

5 
5 

14 
2 4 
30 
39 
4 7 
5 2 
57 
6 1 
4 0 
19 

- 11 
- 37 
- 6 1  
- 87 
-110 
-136 
-160 
-186 
-197 
-210 
-229 
-212 
-194 
-156 
-131 



TABLE 1 1  
COORDINATES OF SURFACE POINTS ON CLAY FORM: 

SMALL FEMALE (Continued) 

H 

- - 
73 
7 1  
76 
75 
78 
79 
80 
82 
8 1  
82 
85 
86 
87 

109 
106 
102 
92 
87 
84 
83 
83 
81 
79 
80 
81 
83 
87 
89 
92 
91 
91 
91 
96 
99 

104 
105 
107 
128 
145 
156 
163 

H 

- - 
305 
328 
344 
368 
381 
398 
422 
445 
469 
502 
537 
567 
576 

32 
61 
96 

127 
213 
245 
277 
299 
328 
367 
387 
408 
430 
455 
480 
518 
550 
585 
606 
632 
658 
685 
715 
733 
728 
722 
7 1 7  
708 

L i n e  

UNDERSIDE OF LEG 

TOP O F  L E G  

z~ 
- - 

- 1 1  
1  
8 

- 15 
- 40 
- 64 
- 92 
-114 
-128 
-153 
-180 
-205 
-215 

6  1 
6 5 
7 2  
80 
9 8  

105 
112 
116 
120 
172 
113 
133 
5 3 
2  2  

- 8  
- 5 6  
- 98 
-134 
-143 
-138 
-123 
-103 
- 77 
- 66 
- 74 
- 86 
- 9 9  
-155 

Se lec ted  P o i n t  

Seat-Th i gh J u n c t u r e  

Knee P i  t 

Th igh  Abdominal P o i n t  

Top o f  Knee 

P a t e l  l a  

Toe I 
Toe I  I  
Toe I  I  I  
Toe IV  
Toe V 



TABLE 1 1  
COORDINATES O F  SURFACE POINTS ON CLAY FORM: 

SMALL FEMALE (Continued) 

L i n e  

INSIDE LEG 

Se lec ted  P o i n t  

C ro tch  

Media l  Femoral Ep i condy le  
T i b i a l e  

Max. C a l f  C i r c .  P t .  

Ank le  

Sphyr i o n  
Arch 

M e t a t a r s a l  Phalangeal  I 

H 

76 
107 
1 4 7  
182 
207 
242 
285 
321 
350 
373 
388 
422 
446 
483 
508 
535 
575 
592 
626 
635 
682 

Y~ 

12 
14 
12 
19 
27 
35 
35 
31 
33 
38 
42 
45 
48 
52 
61 
64 
66 
61 
7 1  
72 
78 

H 

- 3 
4  

13 
2  3 
32 
4  9 
60 
69 
7 4 
5 6 
35 

- 1 0  
- 33 
- 70 
- 96 
-124 
-156 
- 1 7 8  
-213 
-165 
-138 



TABLE 1 2  

COORDINATES O F  S U R F A C E  POINTS ON CLAY FORM: LARGE MALE 

- ~- 

L ine  
-- - 

BODY CENTERLINE 

Selected Po in t  I 'H 

Crotch 

Throat  

Under Chin 
F ron t  o f  Chin 

L i p ,  Bottom 
Mid L i p  
Top L i p  

Back o f  Nose 
T i p  o f  Nose 

Top o f  Forehead 



TABLE 12 
COORDINATES O F  S U R F A C E  POINT ON CLAY FORM: 

LARGE MALE (Con t i  nued) 

H 

654 
608 
565 
520 
479 
429 
385 
374 

386 
431 
462 
479 
489 
482 
454 
426 
405 
378 
379 
348 
321 
314 
327 
340 
362 
385 
415 
456 
499 
504 

778 
767 
749 
667 
618 
580 

, 576 
542 
517 
501 
493 
485 
465 

L ine  

Body Cente r l i ne  
(Con t i nued) 

SHOULDER TO HANG 

TOP O F  H E A D  TO 
LATERAL SHOULDER 

1 

Selected Po in t  

Neck 

Top o f  Seat 

Shou 1 der 

Wr i s t  

Hand 

Top o f  Head 

Fron t  o f  Ear 

End L ine on Jaw 
S t a r t  o f  L ine  on Neck 

Neck and Shoulder Junc t i on  

X~ 

-307 
-291 
-291 
- 304 
-319 
-332 
-336 
-341 

-335 
-325 
-297 
-265 
-225 
-187 
-143 
-113 
- 9 4  
- 5 8  
- 6 0  
- 18 

8 
21 
42 
79 

137 
185 
236 
269 
298 
306 

-207 
-202 
- 2 0 1  
-199 
-198 
-197 
-222 
-237 
-250 
-252 
-235 
-226 
-202 

H 

0 
0 
0 
0 
0 
0 
0 
0 

125 
150 
166 
178 
186 
195 
205 
213 
217 
217 
217 
216 
223 
226 
231 
218 
205 
190 
173 
153 
133 
128 

0 
43 
63 
79 
78 
73 
66 
63 
75 

117 
160 
187 
230 



TABLE 12 
COORDINATES O F  S U R F A C E  POINT ON CLAY FORM: 

LARGE MALE (&nt i nued) 

Top o f  Head t o  
L a t e r a l  Shoulder 
(Con t i nued) - 185 

SlDE O F  ARM TO WRIST 

UNDERSIDE O F  ARM 

SlDE FROM POSTERIOR 
S C Y E  TO SEAT 

L a t e r a l  Humeral Condyle 
R a d i a l e  

C loses t  t o  U lnar  S t y l o i d  

Scye 

Low P t .  Elbow 

.Wr i s t  Crease 

P o s t e r i o r  Scye 

" F  l a t - T i  r e "  Crea!;e 

Th i gh-Abdorni na l  J u n c t i o n  

(Last  Poi n t  Measured) 



TABLE 12 
COORDINATES O F  S U R F A C E  POINT ON CLAY FORM: 

LARGE MALE (Cont i nued) 

Y~ 

215 
226 
226 
229 
226 
221 
215 
210 
206 

200 
201 
203 
201 
172 
137 
1 3 1  
134 
129 
128 
129 
135 
141 
163 
181 
185 

88 
89 
95 

102 
120 
133 
140 
148 
140 
132 

H 

- 7 2  
+ g 

53 
120 
217 
283 
343 
398 
417 

442 
477  
513 
532 
589 
663 
693 
705 
718 
734 
744 
751 
773 
800 
832 
852 

6 95 
692 
682 
643 
568 
503 
454 
41 1 
360 
307 

L i n e  

OUTSIDE O F  LEG 

UNDERSIDE OF LEG 

z~ 
- 9 

2 1 
38 
6 3 
96 

119 
139 
158 
160 

133 
8 9 
44 
18 

- 50 
-129 
-161 
-175 
-189 
-222 
-220 
-214 
-190 
-159 
-105 
- 76 

-239 
-213 
-199 
-154 
-102 
- 60 
- 5 
+ 81 

4 8 
8 

Se lec ted  P o i n t  

Approx. 0 .5  cm i n  f r o n t  o f  
L a t e r a l  Femoral Ep i condy le  

Max. C a l f  C i r c .  P o i n t  

Approx. 0.5 cm beh ind  and 
below Ma1 l e o l u s  

Lowest P o i n t s  on 
Leg and Foot  

M e t a t a r s a l  Phalangeal V 

Base o f  Heel 

Knee P i  t 

(C loses t  P t ,  t o  Seat) 



TABLE 12 
COORDINATES O F  SURFACE POINT ON CLAY FORM: 

LARGE MALE (Cont i nued) 

z~ 
18 
19 

-238 
-239 

- 15 
- 36 
- 6 5  
- 9 5  
-107 
-107 
- 9 5  
- 72 
- 43 

7 
5 2 

118 
169 
202 
225 
226 
219 
188 
164 
143 
125 
108 

- 8 
- 1 5  
- 25 
- 37 
- 52 

H 

227 
-227 
-226 

227 

1 3 1  
123 
1 1 7  
111 
110 
108 
113 
1 2 1  
128 
141 
151 
161 
164 
168 
160 
157 
156 
149 
148 
144 
138 
136 

131 
149 
162 
173 
184 

X~ 

929 
928 
765 
766 

907 
857 
823 
780 
750 
739 
i O 5  
676 
645 
599 
573 
522 
482 
459 
429 
404 
356 
249 
1 7 4  
120 
97 
54 

897 
887 
888 
882 
874 

L i n e  

TOEBOARD POINTS 

TOP O F  LEG 

TOE TIPS 

S e l e c t e d  P o i n t  

P a t e l  l a  
Top o f  Knee 

Nea res t  t o  Thigh-Abdom. J c t .  

Toe I  
Toe I  I 
Toe I  I I  
Toe IV  
Toe V 



TABLE 1 2  
COORDINATES OF SURFACE POINT ON CLAY FORM: 

LARGE MALE (Con t i nued) 

L i ne 

INSIDE O F  LEG 

INS l D E  ARM 

Se lec ted  P o i n t  

C ro tch  

C loses t  t o  Med. Fern. Epicon,  

C loses t  t o  T i b i a l e  

C loses t  t o  Sphyr ion  

Near Arch 
C loses t  t o  M e t a t a r s a l  Phal . 1 

A n t e r i o r  Scye 

C loses t  t o  Med. Hum. Epicon.  

C loses t  t o  S t y l i o n  
C loses t  t o  W r i s t  Crease 

X~ 

146 
182 
226 
254 
2 70 
348 
404 
452 
484 
51 1 
593 
624 
667 
703 
7 2 2  
753 
798 
854 

-115 
- 83 
- 63 
- 2 7  

9 
34 
70 

100 
149 
201 
242 
251 
262 
283 

H 

9 
16 
37 
5 5 
64 
89 
96 
99 
9 1 
85 
86 
83 
79 
69 
64 
69 
77 
90 

167 
159 
157 
167 
183 
191 
181 
174 
166 
154 
141 
138 
128 
103 

z~ 
8 

2 6 
4 7 
6 1 
7 3 

131 
168 
135 
8 3 
45 

- 34 
- 6 5  
-101 
-129 
-137 
-141 
-128 
- 68 

421 
362 
327 
301 
258 
238 
262 
287 
323 
369 
412 
419 
431 
446 



TABLE 13 

ESTIMATED SEGMENT MASS AND VOLUME: 
SMALL FEMALE 

Segment 

- - 

P r e d i c t e d  Mass 
(gm) 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
R i g h t  Upper A r m  
L e f t  Upper A r m  
R i g h t  Lower A r m  w i t h  Hand 
L e f t  Lower A r m  w i t h  Hand 
R i g h t  Upper Leg 
L e f t  Upper Leg 
R i g h t  Lower Leg 
L e f t  Lower Leg 
R i g h t  Foot  
L e f t  Foot 

TOTAL 

fiThe number i n  p a r e n t h e s i s  i s  based on a  dens i t y=0 .92 .  T h i s  
y i e l d s  a  t o t a l  body we igh t  l e s s  than  1 pe rcen t  d i f f e r e n t  f rom the  
a c t u a l  v a l u e  ob ta ined  by  t h e  s u b j e c t  p o p u l a t i o n .  



TABLE 14 

ESTIMATED SEGMENT MASS A N D  VOLUME: 
LARGE MALE 

fcThis mass cor responds t o  a we igh t  o f  225.8 I b .  

Segment 

Head 
Neck 
Thorax 
Abdomen 
P e l v i s  
R i g h t  Upper A r m  
L e f t  Upper A r m  
R i g h t  Lower A r m  w i t h  Hand 
L e f t  Lower A r m  w i t h  Hand 
R i g h t  Upper Leg 
L e f t  Upper Leg 
R i g h t  Lower Leg 
L e f t  Lower Leg 
R i g h t  Foot  
L e f t  ~ o o t  

TOTAL 

P r e d i c t e d  Volume 
(cm 3 

4,753 
1,231 

34,160 
3,108 

16, 900 
2,431 
2,431 
2,556 
2,556 

11,950 
11,950 
5,331 
5,331 
1,638 
1,638 

107,964 

Sca led olume 
(cm 4 ) 
4,511 
1,168 

32,418 
2 9 949 

16,038 
2 9 307 
2 307 
2,426 
2,426 

11,341 
11,341 
5 9 059 
5,059 
1 ,554 
1 9 554 

102,458 

Es t ima ted  Mass 
(gm) 

4,51 1 
1,168 

32,4 18 
2 9 949 

16,038 
2 307 
2 , 307 
2,426 
2,426 

11,341 
11 ,341  
5 9 059 
5 , 059 
1 9 554 
1 , 554 

102,458fi 



TABLE l!; 

LOCATION O F  ESTIMATED SEGMENT CENTERS O F  GRAVITY 
WlTH RESPECT TO WHOLE-BODY COORDINATE SYSTEM: 

SMALL FEMALE 

Segment I XH (mm) I Y,, (mm) / ZH (mm) 

Head 
Neck 
Thorax  
Abdomen 
P e l v i s  
Upper Arms 
Lower Arms w i t h  Hands 
Upper Legs 
Lower Legs 
Fee t  

* P o s i t i v e  s i g n  on Y r e f e r s  t o  l e f t  s i d e  o f  t h e  body. 
H 

TABLE 16 

LOCATION O F  ESTIMATED SEGMENT CENTERS O F  GRAVITY 
WlTH RESPECT TO WHOLE-BODY COORDINATE SYSTEM: 

LARGE MALE 

Y ~ P o s i t i v e  s i g n  on Y r e f e r s  t o  l e f t  s i d e  o f  body .  ti 

Segment 

Head 
Neck 
Thorax  
Abdomen 
P e l v i s  
i lpper  Arms 
Lower Arms w i t h  Hands 
Upper Legs 
Lower Legs 
Fee t  

xH (mm) 

-205 
-2  17 
-198 
- 1  18 
- 73  
- 94 

183 
203 
514 
805 

Y H  (mm) 

0 
0 
0 
0 
0 

- +205:'; 
f182 
21 40 
f1 36 
2119 

zH (mm) 

6 7 8 
557 
292 
120 

13 
356 
347 

80 
2 6 

-151 



TABLE 17 

LOCATION O F  ESTIMATED SEGMENT CENTERS O F  GRAVITY 
WlTH RESPECT TO SEGMENT COORDINATE SYSTEMS: 

SMALL FEMALE 

TABLE 18 

Segment 

Head 
Neck 
Thorax  
Abdomen 
P.e I v i s 
Upper A r m  (R) 
Upper A r m  (L) 
Lower A r m  w i t h  Hand (R) 
Lower Arm w i t h  Hand (L) 
Upper Leg (R) 
Upper Leg (L) 
Lower Leg !R) 
Lower Leg (L) 
F oo t (R) 
F oo t (L j  

LOCATION OF ESTIMATED SEGMENT CENTERS O F  GRAVITY 
WlTH RESPECT TO SEGMENT COORDINATE SYSTEMS: 

LARGE MALE 

x, (mm) 

- 2 
5 2 
59 

5 
-76 
115 
115 

1 1  
1 1  

-16 
-16 
- 13 
- 13 
-68 
-68 

Segmen t 

Head 
Neck 
Thorax  
Abdomen 
P e l v i s  
Upper A r m  (R) 
Upper Arm (L) 
Lower Arm w i t h  Hand (R) 
Lower Arm w i  t h  Hand (L) 
Upper Leg ( R )  
Upper Leg (L) 
Lower Leg (R) 
Lower Leg (L) 
F 00 t (R) 
F O O ~  (L) 

Y A  (mm) 

0 
0 
0 
0 
o 

30 
-30 
- 14 

14 
6 0 

-60 
-48 

4 8 
3 

- 3 

Z, (mm) 

3 3 
4 4 

146 
- 22 

20 
- 147 
-147 
-135 
- 1  35 
- 143 
-143 
-131 
-131 

9 
9 

X k  (mm) 

8 .6  
65 3 
68.3 

- 4 . 7  
-85.6 

19.1 
19.1 

-10.7 
-10.7 

7 3 
7 .3  

- 1 2 . 9  
-12.9 
-82.1 
-82.1 

Y, (mm) 

0.0  
0.0 
0 .0  
0 .0  
0 .0  

34.2 
-34.2 

36.3 
-36 3 

72.8 
-72.8 
-62.7 

62.7 
- 0 .6  

0.6 

ZA (mm) 

31 - 3  
57.4 

207.5 
- 24.2 

10.9 
-185.6 
-185.6 
-176.5 
-176.5 
-208.6 
-208.6 
-150.6 
-150.6 
- 6.2 
- 6.2 



TABLE 19 

ANTHROPOMETRIC VARIABLES USED IN MOMENT OF INERTIA 
REGRESSION EQUATIONS: SMALL FEMALE 

Segmen t / hornen t 1 Anthropometr i c  V a r i a b l e s  

S ta tu re ,  we igh t  
Head c i r cumfe rence  

z Head c i rcumference,  head breadth ,  s t a t u r e  1 
Neck 

Thorax 

Abdomen 

P e l v i s  

Lower Arms 
( w i t h  hands) 

I  x 
I  Y 
I  z 

I  x 
I Y 
I z 

Upper Arms 

Elbow c i rcumference,  forearm-hand l eng th ,  
w r i s t  c i rcumference,  hand b read th  

Elbow c i rcumference,  forearm-hand l eng th ,  
w r i s t  c i rcumference,  hand b read th  

Forearm c i rcumference,  elbow c i rcumference,  
w r i s t  c i rcumference,  forearm b read th  

S t a t u r e ,  neck c i r cumfe rence ,  neck b read th  
S t a t u r e ,  neck c i  rcumference, neck l e n g t h  
Neck c i rcumference,  s t a t u r e ,  neck l e n g t h  

Weight, t ho rax  l eng th ,  b u s t  c i  rcumference 
Weight, t ho rax  l eng th ,  b u s t  c i r cumfe rence  
Bust  c i rcum. ,  10 th  r i b  b readth ,  t h o r a x  l e n g t h  

I x  
l y  
I  z 

I x  
I Y 
I z 

- - - - - - - 

S t a t u r e ,  we igh t  
S t a t u r e ,  we ight  
S t a t u r e ,  we igh t  

Weight, b i s p i n o u s  b read th  
S t a t u r e ,  we ight  
Weight, s t a t u r e ,  s u p r a i l i a c  s k i n f o l a  

I  x 

' Y 

I z 

--- 

Weight, ac romion - rad ia le  l eng th ,  
b i ceps  c  i rcumf erence ( r e  1 axed) 

Weight, ac romion - rad ia le  l eng th ,  
b i ceps  c  i rcumference ( re1  axed) 

S t a t u r e ,  we igh t  

Upper Legs 

Lower Legs 

Feet 

I x 

I  Y 
I z 

I  x 
l y  
I z 

I  x ' Y 
I  z 

Weight, t h i g h  l e n g t h ,  b u t t o c k  c i rcumference 
m i d - t h i g h  c i r cumfe rence  

Weight, t h i g h  l eng th ,  m i d - t h i g h  c i r cumfe rence  
Bu t tock  c i rcum.,  m i d - t h i g h  c i rcum. ,  s t a t u r e  

C a l f  depth,  c a l f  l eng th ,  knee c i rcumference 
C a l f  depth ,  c a l f  l eng th ,  knee c i rcumference 
Ca l f  c i rcum.,  knee c i rcum. ,  knee b read th  

S t a t u r e ,  we igh t  
Foot l eng th ,  s p h y r i o n  h e i g h t ,  we igh t ,  ank le  c i rcum.  
Foot l e n g t h ,  we igh t ,  sphy r ion  h e i g h t ,  s t a t u r e  



TABLE 20 

ANTHROPOMETRIC VARIABLES U S E D  IN  MOMENT OF INERTIA 
REGRESSION EQUATIONS: LARGE MALE 

Segment 

Head 

Neck 

Thorax  

Abdomen 

P e l v i s  

Upper Arms 

Forearms 
P l u s  Hands 

Upper Legs 

Lower Legs 

Fee t  

Moment 

I  x 
I  

I z  

I x  
l y  
I  z 

I x  
I Y  
I  z 

I x  
I Y  
I x  

I x  
l y  
I z  

I x  
I Y  

I z  

I x  
I Y  
I  z 

I x  
l y  
I z  

I x  
' Y  
' z  

I x  
' Y  
I  z 

An th ropome t r i c  V a r i a b l e s  

Head c i r c u m f e r e n c e ,  head b r e a d t h  
Head c  i rcumf e rence  
Head c i  r cumference ,  head l e n g t h  

Neck b r e a d t h ,  w e i g h t ,  neck l e n g t h  
Neck c i r c u m f e r e n c e ,  w e i g h t ,  neck b r e a d t h  
Neck c i r c u m f e r e n c e ,  neck b r e a d t h ,  w e i g h t  

S t a t u r e ,  w e i g h t  
S t a t u r e ,  w e i g h t  
We igh t ,  c h e s t  c i r c u m f e r e n c e  (sea ted)  

W a i s t  c i r cum. ,  abdomen l e n g t h ,  s u p r a i l i a c  s k i n f o l d  
Ci rcum. a t  R10, abdomen l e n g t h ,  s u p r a i l i a c  s k i n f o l d  
Wa i s t  c i r cum. ,  abdomen l e n g t h ,  s u p r a i l i a c  s k i n f o l d  

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

We igh t ,  b i c e p s  c i r cum. ,  a c r o m i o n - r a d i a l e  l e n g t h  
We igh t ,  t r i c e p s  s k i n f o l d ,  a x i l l a  arm dep th ,  

b i c e p s  c i r c u m . ,  a c r o m i o n - r a d i a l e  l e n g t h  
B i ceps  c i r c u m f e r e n c e ,  a x i l l a  arm c i r c u m f e r e n c e ,  

a c r o m i o n - r a d i a l e  l e n g t h  

Forearm-hand l e n g t h ,  w r i s t  c i r cum. ,  hand b r e a d t h  
Forearm-hand l e n g t h ,  w r i s t  c i r cum. ,  hand b r e a d t h  
Elbow c i r c u m f e r e n c e ,  m i d - f o r e a r m  c i r c u m f e r e n c e ,  

w e i g h t ,  hand b r e a d t h  

We igh t ,  s t a t u r e ,  m i d - t h i g h  c i r c u m . ,  t h i g h  l e n g t h  
We igh t ,  m i d - t h i g h  c i r cum. ,  s t a t u r e ,  t h i g h  l e n g t h  
W e i g h t , m i d - t h i g h c i r c u m . , u p p e r  t h i g h c i r c u m .  

S t a t u r e ,  c a l f  dep th ,  a n k l e  c i r cum. ,  c a l f  l e n g t h  
S t a t u r e ,  c a l f  dep th ,  a n k l e  c i r cum. ,  c a l f  l e n g t h  
C a l f  c i r cum. ,  w e i g h t ,  c a l f  l e n g t h ,  c a l f  d e p t h  

S t a t u r e ,  w e i g h t  
Foo t  l e n g t h ,  s p h y r i o n  h e i g h t ,  a n k l e  c i r cum. ,  w e i g h t  
Foo t  l e n g t h ,  a n k l e  c i r cum. ,  s p h y r i o n  h e i g h t ,  w e i g h t  



TABLE 21 

ESTIMATED SEGMENT INERTIAL PROPERTIES: 
SMALL FEMALE 

-- -- 

Head 
Neck 
Thorax  
Abdomen 
P e l v i s  
Upper Arms (each) 
Lower Arms w i  t h  Hands (each) 
Upper Legs (each) 
Lower Legs (each) 
Fee t  (each) 

TABLE 22 

2 
1 (gm cm 

2 I I (gm cm Segment 

ESTIMATED SEGMENT INERTIAL PROPERTIES: 
LARGE MALiE 

2 
I X  (gm cm ) 

Segment 

2 P r e d i c t e d  (gm cm ) 

Head 
Neck 
Thorax  
Abdomen 
P e l v i s  
Up. Arm (L) 
Up. Arm (R) 
Low. Arm 

& Hand (L) 
Low. Arm 

E Hand (R) 
UP.  Leg (L) 
UP. Leg (R) 
Low. Leg (L )  
Low. Leg (R) 
F 00 t (L) 
Foo t  (R) 

Sca led  (gm cm 2 ) 

229990C 
. 22,200 

7,480,oOC 
267,000 

1,750,000 
182,000 
i 82, ooo 
421 ,000 

421,000 

1 ,g6o,ooo 
1 ,g6o,ooo 
846,000 
846,000 
10,600 
10,600 

267,700 
24,860 

5 570 000 
168,000 

1 ,580,000 
1 go, 000 
1 go, 000 
407,000 

407,000 

2 035 000 
2 035,000 
848,500 
848,500 
76,400 
76,400 

- - 

168,700 
31,900 

4,904,000 
48 1 , ooo 

1 ,956,000 
51,500 
51,500 
28,000 



TABLE 23 

PRINCIPAL A X E S  OF INERTIA WITH RESPECT TO ANATOMICAL A X E S :  SMALL FEMALE 
(Cos i ne Matr  i x Expressed i n Degrees) 

Segment 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper A r m  (L) 

Upper A r m  (R) 

Lower Arm w i  t h  Hand (L) 

Lower A r m  w i t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

A 

9 0 
0.0 
90.0 

90.0 
0.0 
90 .O 

90.0 
0.0 
90.0 

go .o 
0.0 

go .o 

90.0 
0.0 
90.0 

116.6 
27-7 
82.9 

63.4 
27.7 
97.3 

74.4 
17 3 
97.2 

105.6 
17.3 
82.8 

77.3 
12.8 
91.2 

102.7 
12.8 
88.8 

A 

48 
go .o 
4 2 

81.4 
90.0 
8.6 

70.9 
90.0 
19.1 

90.0 
90.0 
0.0 

92.7 
90.0 
2 7 

84.1 
97.3 
8.6 

84.1 
82 .9 
8.6 

95.4 
82.8 
9 7 

95 4 
97.2 
9 7 

81.7 
88.8 
8.4 

81.7 
91.2 
8.4 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 

z~ 

P 
P 
P 

P 
P 

z~ 

P 
P 
P 

P 
P 
P 

P 
P 

z~ 

P 
Y~ 

P 

X~ 

4 2 
go .o 
132 

8.6 
90.0 
98.6 

19.1 
go .o 
log. 1 

0.0 
90.0 
90.0 

2.7 
90 .O 
87.3 

2 7 
63.4 
92 - 5  

2 7 
116.6 
92.5 

17 
105.6 
82.6 

17 
74.4 
82.6 

15.2 
102.7 
98.3 

15.2 
77.3 
98 3 



TABLE 2 3  
PRINCIPAL AXES O F  INERTIA WITH RESPECT TO ANATOMICAL AXES: 

SMALL FEMALE ( ~ o s i  ne M a t r i x  Expressed i n  Degrees, Continued) 

Lower Leg (L)  
90.0 0.0 
90.0 go .o 

Lower Leg (R) 
90.0 0.0 
90.0 90.0 

Foot (1) 

F 00 t (R) 



TABLE 2 4  

PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO ANATOMICAL A X E S :  LARGE MALE 
(Cos i ne Matr i x Expressed i n Degrees) 

Segmen t 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper Arm (L) 

Upper A r m  (R)  

Lower Arm w i t h  Hand ( I )  

Lower A r m  w i t h  Hand (R) 

Upper Leg (L)  

Upper Leg (R) 

X~ 
P 
P 

X~ 
P 
P 

P 
P 
P 

P 
Y~ 

P 

P 
Y~ 

P 

P 
P 
P 

P 
P 

z~ 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 

z~ 

X~ 

3 6 
90.0 

126 

1 1  
90.0 

10 1 

14.5 
go. 0 

104.5 

2.6 
90.0 
87.8 

8 . 4  
90.0 
98 .4  

33 9 
123.9 
90.0 

33.9 
56.1 
90.0 

19.5 
109.5 
90.0 

19.5 
70.5 
90.0 

9.8 
99.8 
90.0 

9 8 
80.2 
90.0 

A 

90 
0.0 

90.0 

90.0 
0.0 

90.0 

90.0 
0.0 

90.0 

90.0 
0.0 

90.0 

90.0 
0.0 

90.0 

56 .1  
33.9 
90.0 

123 .9  
33.9 
90.0 

70 5 
1995 
90.0 

- - 

109.5 
19.5 
90.0 

80.2 
9.8 

90.0 

99 8 
9.8 

90.0 

z~ 
54 
90.0 
36 

7 9 
go. 0 
1 1  

7 5 - 5  
g0,o 
14.5 

92.2 
90.0 

2.6 

81.6 
90.0 

8.4 

90.0 
90.0 

0.0 

90.0 
90.0 

o .o 

90.0 
90.0 

1 
- - 

go .o 
gc .o 

1 

90.0 
90.0 

0 .o 

go .o 
go .o 

0 .o 



TABLE 24 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO ANATOMICAL A X E S :  
LARGE MALE (Cos i ne Ma t r  i x  Expressed  i n Degrees, Cont i nued) 

Ca 1 f (R) 

F 00 t (L) 

F 00 t (R) 

P 
P 
P 

X~ 
P 

z~ 

P 
P 
P 

2  4  
114 
9 0 

1 0  
86 
99 

1 0  
94 
99 

6 6 
2  4 
9 2 

94 
7 

8 5 

86 
7 

9 5 

9 0 
8 8 

1 

8 1 
9 5 
10 

8 1 
8 5 
10 



TABLE 25 

PRINCIPAL AXES O F  INERTIA WITH RESPECT TO ANATOMICAL AXES: SMALL FEMALE 
(Cos i ne  Mat  r i x) 

Segment 

Head 

Neck 

Tho rax  

Abdomen 

P e l v i s  

Upper A r m  (L) 

Upper A r m  (R) 

Lower Arm w i  t h  Hand (L) 

~- ~ 

Lower Arm w i  t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

P 
P 

z~ 

P 
P 
P 

P 
P 

z~ 

X~ 
P 

z~ 

X~ 
P 
P 

P 
P 

z~ 

P 
P 
P 

Xp 

i~ 
P 
P 
P 

P 
P 
P 

P 
P 
P 

X~ 

0 9 743 
0.000 

-0.669 

0 989 
0.000 

-0.150 

0 945 
0.000 

-0.327 

1 .ooo 
0.000 
0.000 

0.999 
0.000 
0.047 

0.891 
0.448 

-0.044 

0.891 
-0.448 
-0.044 

0 956 
-0.269 

0,129 

0 956 
0.269 
0.129 

0 965 
-0.220 
-0.144 

0 965 
0.220 

-0.144 

Y~ 

0.000 
1 .ooo 
0 .OOO 

0.000 
1.000 
0.000 

0.000 
1 .OOO 
0.000 

0.000 
1 .ooo 
0.000 

0.000 
1 .OOO 
0.000 

-0.448 
0.885 
0.124 

0.448 
0.885 

-0.127 

0.269 
0 955 

-0.125 

-0.269 
0 9 955 
0.125 

0.220 
0 975 

-0.02 1 

-0.220 
0 975 
0.021 

z~ 
0.669 
0.000 
0 743  

0.150 
0.000 
0 . 989 

0.327 
0.000 
0 945 

0.000 
0 .ooo 
1.000 

-0.047 
0.000 
0 999 

0 .103  
-0.127 

0 989 

0.103 
0.124 
0 989 

-0.094 
0.125 
0.986 

-0.094 
-0.125 

0.986 

0.144 
0.021 
0 989 

0.144 
-0.021 

0.989 



TABLE 25 
PRINCIPAL A X E S  OF INERTIA WITH RES13ECT TO ANATOMICAL A X E S :  

SMALL F E M A L E  (Cosine Matpix, Continued) 

Lower Leg (L) 1 .OOO 
0.000 
0.000 

Segrnen t 

Lower Leg (R) 

A 

- ~- ~p 

Foot (R) 



TABLE 26 

PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO ANATOMICAL A X E S :  LARGE MALE 
(Cosine M a t r i x )  

Segment 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper A r m  (L) 

Upper A r m  (R) 

Lower Arm w i t h  Hand (L) 

Lower A r m  w i  t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

A 

.809 

.ooo 
- .588 

.98 1 

.ooo -. 192 
,968 
.ooo -. 250 
999 
.ooo 
.038 

989 
,000 -. 146 
,830 

- 558 
.ooo 

.830 
- .558 
.ooo 

943 
- .334 
,000 

4 943 
,334 
.ooo 

985 -. 170 
,000 

. 985 
,170 
,000 

P 
P 
P 

P 
P 
P 

P 
P 
P 

X~ 
P 
P 

P ; P 
P 

P 
P 
P 

P 
P 
P 

P 
Y~ 
z~ 

P 
P 

z~ 

P 
P 

z~ 

P 
P 

z~ 

Y~ 

0.000 
1.000 
0.000 

0.000 
1 .ooo 
0.000 

0.000 
1.000 
0.000 

0.000 
1 .ooo 
0.000 

0.000 
1.000 
0.000 

0.558 
0.830 
0 .ooo 

-0.558 
0.830 
0.000 

0 334 
0.943 
0 .ooo 

-0.334 
0.943 
0.000 

0.170 
0 -985 
0.000 

-0.170 
0 985 
0.000 

z~ 
0.588 
0.000 
0.809 

0.192 
0.000 
0.981 

0.250 
0.000 
0.968 

-0.038 
0.000 
0 999 

0.146 
0.000 
0 989 

0.000 
0.000 
1 .ooo 

0.000 
0.000 
7.000 

0.000 
0.000 
1.000 

0.000 
0.000 
1.000 

0.000 
0.000 
1.000 

0.000 
0.000 
1 ,000 



TABLE 26 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO ANATOMICAL A X E S :  

LARGE MALE (Cos i ne Ma tr i x,  Cont i nued) 

Segment 

Calf (L) 

Calf (R) 

Foot  (L) 



TABLE 27 

PRlNCl PAL A X E S  O F  INERT1 A WITH RESPECT TO HIP 
POINT AXIS SYSTEM: SMALL FEMALE 

(Cosine M a t r i x  Expressed i n  Degrees) 

Segment 

Head 

Neck 

Thorax  

Abdomen 

P e l v i s  

Upper A r m  (L )  

Upper A r m  (R) 

Lower A r m  w i t h  Hand (L) 

Lower A r m  w i t h  Hand (R) 

Upper Leg (L) 

Upper Leg (R) 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

H 

45 7 
90.0 

135.7 

18.7 
go .o 
7 1  .O 

2 8 
90.0 

118 

24.7 
90 .0  

114.7 

51.2 
90.0 

141.3 

6 1 
6 8 

143 

6 1 
112 
143 

134.7  
66.6 

127.1 

134.7 
113.3 
127.1 

110.6 
77.8 

154.6 

110.6 
102.2 
154.6 

H 

go .o 
0 .0  

90.0 

90.0 
0.0 

90.0 

90.0 
0.0 

90.0 

90.0 
0 .o 

90.0 

90.0 
0.0 

90 .O 

127 
3 6 
9 1 

5 3 
3 6 
89 

63 3 
27.6 
88.9 

116.7 
27.6 
91.1 

78.6 
14.3 
79.6 

101.4 
14.3 

100.4 

z~ 
44.3 
90.0 
45 7 

109.0 
90.0 
18.7 

6 2 
90.0 
2 8 

65 3 
90.0 
24.7 

38.7 
go .o 
51.2 

5 0 
6 3 
5 3 

50 
1 1 7  
5 3 

5 7 
103.9 
143.1 

5 7 
76.1 

143.1  

23.8 
97 * O  

112.8 

23.8 
83.0 

112.8 



TABLE 2 7  
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO HIP POINT AXIS SYSTEM: 

SMALL FEMALE (Cosine M a t r i x  Expressed i n  Degrees, Cont inued)  

Segment I I Y~ 

Lower Leg (L) 

Lower Leg (R) 



TABLE 28 

PRINCIPAL AXES OF INERTIA WITH RESPECT TO 
HIP POINT AXIS SYSTEM: LARGE MALE 

(Cos i ne Ma t r  i x  Expressed  i n Degrees) 

Segrnen t 

Head 

Neck 

Tho rax  

Abdomen 

P e l v i s  

Upper Arm (L) 

Upper Arm (R) 

Lower Arm w i t h  Hand (L) 

Lower A r m  w i  t h  Hand (R) 

Upper Leg (L)  

Upper Leg (R) 

P 
P 
P 

P 
P 

z~ 

X~ 
P 
P 

X~ 
P 

z~ 

P 
P 

z~ 

P 
P 
P 

X~ 
P 
P 

P 
Y~ 
z~ 

P 
P 

z~ 

P 
Y~ 

P 

X~ 
Y~ 
z~ 

X~ 

38 7 
90.0 

128.7 

13.2 
90.0 
76.9 

22.3 
90.0 

112.4 

28.5 
90.0 

118.5 

7 3 . 3  
90.0 

163.3 

59.9 
102.8 
146.7 

59.9 
7 7  9 2 

146.7 

107.5 
58 3 

142,8 

107.5 
121.7 
142.8 

113.2 
81.8 

155.2 

113.2 
98.2 

155.2 

Y~ 

90.0 
0.0 

90.0 

90.0 
0.0 

90.0 

90.0 
'2.0 

90.0 

90.0 
0.0 

90.0 

90.0 
0.0 

go. 0 

78.8 
13.9 
98.1 

101.2 
13-9 
81 .9 

50.6 
42.8 
75.9 

129,4 
42.8 

104.1 

7 2 - 3  
17-9  
88.9 

107.7 
1 7  -9 
91.1 

Z~ 

51 - 3  
90.0 
38 7 

103.1 
90.0 
1 3 . 2  

67.6 
90.0 
22.3 

61.5 
90.0 
28.5 

16.7 
90.0 
73.3 

32 -6 
95.2 
58.0 

32.6 
84.8 
58.0 

44.6 
115.6 
123.6 

44.6 
64.4 

123.6 

29.8 
105.6 
114.7 

29.8 
74.4 

114.7 



TABLE 28 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO HIP POINT AXIS SYSTEM: 

LARGE MALE (Cosine M a t r i x  Expressed i n  Degrees, Continued) 

Segment 

Lower Leg (L)  

Lower Leg (R) 

Foot (L) 

F 00 t (R) 

P 
P 

z~ 

P 
P 
P 

P 
P 
P 

X~ 
P 

z~ 

X~ 

44.4 
85.8 

134.9 

44.4 
94.2 

134.9 

66.7 
85 - 9 

156.9 

66.7 
94.1 

156.9 

H 

89.4 
6.5 

83.5 

90.6 
6.5 

96.5 

82.5 
12.0 
82.7 

97 - 5  
12.0 
97.3 

z~ 
45 7 
95.3 
45.6 

45.7 
84.7 
45.6 

24.6 
100.8 
68.0 

24.6 
79 2 
68.0 



PRINCIPAL A X E S  OF INERTIA WITH RESPECT TO HIP 
POINT AXIS SYSTEM: SMALL FEMALE 

(Cos i ne Mat r i x) 

Segrnen t 

Head 

Neck 

Thorax 

Abdomen 

P e l v i s  

Upper A r m  ( I )  

Upper A r m  (R) 

Lower A r m  w i t h  Hand (L) 

Lower A r m  w i t h  Hand (R) 

Upper Leg (L) 

upper Leg (R) 

P 
P 

Z~ 

P 
P 
P 

P 
P 
P 

P 
P 
P 

X~ 
P 
P 

P 
P 

z~ 

X~ 
P 

z~ 

P 
P 
P 

X~ 
P 

z~ 

P 
P 
P 

X~ 
P 

z~ - 

X~ 

,968 
,000 

-.716 

* 947 
.ooo 
325 

,885 
.ooo 

-.466 

909 
.ooo 

-.418 

,626 
,000 

- ,780 
.48 
-37 

-.8O 

.48 
-.37 
-.80 

-. 704 
397 

-.603 

- ,704 
- 397 
-.603 

-0352 
,212 

- 903 
- 352 
-.212 
-. 903 

Y~ 

0.000 
1.000 
0,ooo 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

0.000 
1 .ooo 
0,000 

-0.60 
0.81 
-0.01 

0.60 
0.81 
0.01 

0.449 
0.886 
0.019 

-0.449 
0.886 
-0.019 

0.197 
0 969 
0.181 

-0.197 
0.969 
-0.181 

z~ 
-716 
,000 
,698 

- 325 
,000 
947 

,466 
.ooo 
.885 

,418 
,000 
909 

,780 
,000 
,626 

.64 
-46 
.60 

.64 
- .46 
.60 

545 
-.240 
- .800 

9 545 
,240 

- .800 

.915 
-.I22 
- ,388 

9 15 
.I22 

- .388 



T A B L E  29 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO HIP POINT AXIS SYSTEM: 

SMALL FEMALE (Cosine M a t r i x ,  Cont inued)  

Segment 

Lower Leg (L) 

Lower Leg (R) 

Foo t  (L) 

F 00 t (R) 

X~ 
P 
P 

P 
P 
P 

P 
P 

z~ 

P 
P 
P 

H 

0637 -. 34 1 
- .691  

,637  
,341 

- .691 

0593 -. 119 
- 797 

,593 
.11g 

-. 797 

H 

0.412 
0 909 

-0.069 

-0.412 
0.909 
o ,069 

0.400 
0 903 
0.163 

-0.400 
0 903 

-0.163 

=H 

.652 
- . 2 4 1  

7 19 

.652 
- 2 4  1 
. 719  

,702 
-.415 

.581 

,702 
.4 15 
.581 



TABLE 30 

PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO 
HIP POINT AXIS SYSTEM: LARGE MALE 

(Cosine M a t r i x )  

Segment 

Head 

Neck 

Thorax 

Abdomen 

Pelvis 

Upper A r m  (L )  

Upper A r m  ( R )  

Lower A r m  w i t h  Hand (L) 

Lower A r m  w i t h  Hand ( R )  

Upper Leg (L) 

Upper Leg (R) 

P 
Y~ 
'? P 

P 
P 
P 

X~ 
P 
P 

P 
P 
P 

X~ 
P 

z~ 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 

'? P 

P 
P 

z~ 

Y~ 

0.000 
1 .ooo 
0.000 

0.000 
1.000 
0.000 

0.000 
1.000 
0.000 

o .ooo 
1.000 
0.000 

0.000 
1 ,000 
0.000 

0.195 
0.971 

-0.141 

-0.195 
0 97 1 
0.141 

0.634 
0 9 734 
0.243 

-0.634 
0 73'4 

-0.243 

0 303 
0.952 
0.019 

-0.303 
0 952 

-0.019 

H 

,780 
,000 

- .626  

e973 
,000 
,227 

9 925 
.ooo -. 380 

879 
,000 

- , 4 7 8  

,287  
,000 

-.958 

,502 -. 2 2 2  -. 836 

.SO2 
,222 

-.836 

-.301 
-525 

- 0 7 9 7  

-.301 
- 0525 
- .797 

- .393 
,143  

- ,908 

- 393 
- . I 4 3  
- . 908 

z~ 
,626 
,000 
,780 

- , 2 2 7  
,000 
0 9 7 3  

.380 
,000 
0925 

, 4 7 8  
,000 
879 

. 958 
,000 
,287 

.842 
-.091 

-530 

.842 

.og1 
530 

. 7 1 2  
-0433  
- 554 

. 7 1 2  

.433 
- 055'4 

,868 
- .268 
-.418 

,868 
,268 

- .418  



TABLE 30 
PRINCIPAL A X E S  O F  INERTIA WITH RESPECT TO HIP POINT AXIS SYSTEM: 

LARGE MALE (Cosine M a t r i x ,  Cont i nued) 

Segment 

Lower Leg (L) 

Lower Leg (R) 

Foot  (L) 

F 00 t (R) 

P 
P 
P 

P 
P 
P 

P 
P 
P 

P 
P 
P 

X~ 

0 7 1 5  
,074 -. 706 

.715 
- ,074 
-. 706 

-395 
-07  1 

- .920 

395 
- - 0 7  1 
- ,920 

Y~ 

0.01 1 
0 994 
0.114 

-0.01 1 
0 .994 

-0.114 

0.130 
0 978 
0.128 

-0.130 
0.978 

-0.128 

z~ 
9 699 

- .092 
,700 

699 
.092 
.700 

. 909 -. 187 
-375 

909 
,187 
375 



TABLE 31  

LOCATION O F  JOINT CENTERS: SMALL FEMALE 

TABLE 32 

LOCATION OF JOINT CENTERS: LARGE MALE 

J o i n t  

Head/Neck 
C7/T1 
T4/T5 
T8/T9 
T12/LI 
L2/L3 
L j / S  1 
S t e r n o c l a v i c u l a r  
C l a v i s c a p u l a r  
Glenohumeral 
E 1 bow 
W r i s t  
H i p  
Knee 
Ank 1 e  

zH (mm) 

5 19 
429 
38 1 
2 7 3 
140 
102 
46 

389 
390 
354 
188 
385 

0 
7 1 

- 182 

xH (mm) 

- 189 
- 183 
- 205 
-196 
-149 
-121 
- 80 
-146 
-21 1 
- 174  

20 
134  

0 
363 
593 

zH (mm) 

619 
506 
439 
320 
175 
122 
4 2 

462 
470 
427 
242 
406 

0 
166 

-152 

J o i n t  

Head/Neck 
C7/T1 
T4/T5 
T8/Tg 
T12/L1 
L2/L3 
L5/S 1 
S t e r n o c l a v i c u l a r  
C l a v i s c a p u l a r  
Glenohumeral 
E 1 bow 
W r i s t  
H i p 
Knee 
Ankle 

Y H  (mm) 

0 
O 
0 
O 
0 
0 
O 

2 17 
2140 
f146 
f 1  79 
2155 
2 80 
2 75 
2 86 

xH ( 4  

-222 
-216 
-248 
-246 
-203 
-159 
- 93 - 1 7  1 
-261 
-2 17 

3 6 
264 

0 
413 
718 

Y H  (mm) 

0 
O 
O 
o 
0 
0 
0 

f 25 
2177 
21 86 
2225 
2162 
k 86 
2153 
f 99 



TABLE 33 

LOCATION O F  JOINT CENTERS I N  SEGMENT COORDINATES: 
SMALL FEVIALE 

J o i n t  

Head/Neck 
Headheck 
C7/T 1 
C7/T1 
T4/T5 
T8/T9 
T12/L1 
L2/L! 
L2/L3 
L5/S 1 
L5/S 1 
S t e r n o c l a v i c u l a r  (L) 
S t e r n o c l a v i c u l a r  (R) 
C l a v i s c a p u l a r  (L) 
C l a v i s c a p u l a r  (R) 
G 1 enohumer a 1 (L) 
G 1 enohumera 1 (R) 
G 1 enohumer a 1 (L) 
G 1 enohumera 1 (R) 
E 1 bow (I) 
E 1 bow (R) 
E 1 bow (L) 
E 1 bow (R) 
W r i s t  (L) 
W r i s t  (R) 
H i p  (L) 
H i p  (R) 
H i p  (L) 
H i p  (R) 
Knee (L) 
Knee (R) 
Knee (L) 
Knee (R) 
Ankle (L) 
Ankle (R) 
Ankle (L) 
Ankle (R) 

Segment 

Head 
Neck 
Neck 
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Abdomen 
Abdomen 
P e l v i s  
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Upper Arm (L) 
Upper Arm (R) 
Upper Arm (L) 
Upper A r m  (R) 
Lower Arm (L) 
Lower Arm (R) 
Lower Arm (L) 
Lower Arm (R) 
P e l v i s  
P e l v i s  
Upper Leg (L) 
Upper Leg (R) 
Upper Leg (L) 
Upper Leg (R) 
Lower Leg (L) 
Lower Leg (R) 
Lower Leg (L) 
Lower Leg (R) 
Foot (L) 
F 00 t (R) 

Coord inates  (mm) 



TABLE 34 

LOCATION OF JOINT CENTERS IN SEGMENT COORDINATES: 
LARGE MALE 

J o i n t  

Head/Neck 
Head/Nec k 
C7/T 1 
C7/T1 
T4/T5 
T8/T9 
T12/L1 
L2/?3 
L2/L3 
L5/S 1 
L5/S 1 
S t e r n o c l a v i c u l a r  (L) 
S t e r n o c l a v i c u l a r  (R) 
C l a v i s c a p u l a r  (L) 
C 1 av i scapu 1 a r  (R) 
G 1 enohumera 1 (L) 
G 1 enohumera 1 (R) 
G 1 enohumera 1 (L )  
G 1 enohurnera 1 (R) 
Elbow (L) 
E 1 bow (R) 
E 1 bow (L) 
E 1 bow (R) 
W r i s t  (L) 
W r i s t  (R) 
H i p  (L) 
H i p  (R) 
H i p  ( I )  
H i p  (R) 
Knee (I) 
Knee (R) 
K ~ e e  (L) 
Knee (R) 
Ankle (L) 
Ankle (R) 
Ankle (L) 
Ankle (R) 

Segment 

Head 
Neck 
Neck 
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Abdomen 
Abdomen 
P e l v i s  
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Thorax 
Upper A r m  (L) 
Upper A r m  (R) 
Upper A r m  (L) 
Upper A r m  (R) 
Lower A r m  (L) 
Lower A r m  (R) 
Lower A r m  ( L )  
Lower A r m  (R) 
P e l v i s  
P e l v i s  
Upper Leg (L) 
Upper Leg (R) 
Upper Leg ( I )  
Upper Leg (R) 
Lower Leg (L) 
Lower Leg (R) 
Lower Leg (L) 
Lower Leg (R) 
Foot  (L) 
F oo t (R) 

A 

- 1 1  
3 5 
8 7 
80 
39 
2 4 
4 7 
8 3 

- 39 
- 23 
- 68 

118 
118 

7 8 
7 8 
6 8 
6 8 
13 
13 

- 4 
- 4 
- 14 
- 14 
- 7 
- 7 
- 66 
- 66 

1 1  
1 1  
0 
0 

12 
12 
0 
0 

-133 
- 133 

Coord ina tes  

Y~ 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 5 
- 25 

177  
- 1 7 7  

186 
-186 
- 35 

35 
- 48 

48 
- 37 

3 7 
- 32 

32 
86 

- 86 
-132 

132 
- 54  

54 
55 

- 55 
4 1 

- 41  
- 15 

15 

(mm) 

A 

- 26 
112 

12 
422 
360 
242 

9 2 
34 

- 1 
-104 

4 1 
372 
3 7 2 
386 
386 
348 
348 

- 4 3  
- 43  
-358 
- 358 

10 
10 

-278 
-278 
- 61 
- 61 

8 
8 

-435 
-435 

2 '1 
2 1 

-423 
-423 

6 5 
6 5 
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