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1 i *  

A m a j o r  p rob lem { f a c i h g  t h o s e  tryin:' t c  '&lve the f o r c e  w i t h i n  
i 

t h e  h u ~ a n .  m u s c u i o s k e l e t a l  s y s t e m  is d e c i d i n g  hcw t c  d i s t r i b u t e  
L ' 

t h e J  j o i n t  moments a m o n g s t  m u s c u l a r  p r o t a g d c i s t s .  I n  t h i s  t h e s i s  a 
h i e r a r c h i c a l  p h y s i o l o g i c a l  model  is 6evel;oped Q h i c h  c a n  r e s o l v e  
i n d i v i a u a l  muscle  f o r c e 4  Thi l o w e s t  i e r e l  is a n  a n a t o m i c a l -  model 

a 
i h i c h  c o n s i s t s  of m u s c l e  'k,e.eometry,; . , i i $ r o  t y p e -  a n d  l i n e  df a c t i o n .  

The d a t a  which is n s c e s s a q y  1 imp lemen t  t6e model h a s  been  
tOd g l e a n e d  fro .  v a r i o u s  p o b l i s b e d  2 i u r c e s .  ' T h e  m i d d l e  l e & l  i s  a 

b i o n e c h a n i c a l  d e s c r i p t i o n  of  19 m u s c l e  m&t which i s  u s e d  t o  
estimate t h e  f o r c e  e a c h - m u s c l e  6d e x e r t  a t  a c e r t a i n  s t i m u l a t i o n  

g i v e n  i ts  p r e v i o u s  a c t i v a t i o n  an&. e u r r e n t  k i n e m a t i c s .  The d a i a  , . - 
d e f i n i n g  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  t h e  musc l e  uz l i t  were 

o b t a i o e d  f rom t h e  l i t e r a t c u r e  and i n c l u d e  f ibre t y p e s ,  fo rce  p e r  
u n i t  c r o s s - s e c t i o n a l  a r e a ,  - t h e  f o r c e - l e n g t h  a n d  f o r c e - v e l o c i t y  

r e l a t i o n s h i p s ,  a c t i v a t i o n ,  . e l a s t i c  a nd g e o m e t r i c a l  
c o n s i d e r a t i o n s ,  A t  t h e  t o p  of t h e  h i e k a r c h y  t h e  c o n t r o l  l p v e l  
p r o v i d e s  a  s i n g u l a r  s o l u t i o n  o f  t h e  moscle fcrces which i s  b a s e d  
on  a n e u r o ~ h y s i o l o g i c a  1 model o f  m u s c l e  r e c r u i t m e n t .  - A t  $ h i s  

l e v e l  m u s c l e  p r c t a g o n i s t s  and  a n t a g o n i s t s  are r e s p e c t k p o l  y  
f a c i l i t a t e d  o r  i r h i b i t e d  a c c q n g  to t h e i r  a b i l i t y  t o  g e n e r a t e  
t h ~  r e q u i r e d  n e t  musc le  moments a b o u t  t h o s e  j o i n t  a x e s  f o r  which 
a l a r g e  r a n g e  o f  movement e x i s t s ' .  c 

- -. The model  p r e d i c t s  t h e  i r d i v i d u a l  musc le  

s t r o n g l y  s u g g e s t e d  by EMG d d t a .  T h i s  iS i n  ccnt&&-to t h e  
r s d u c t i 0 . h  a n d  c p t i m i z a t i o n  me thods  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
The model a l s o  p r e d i c t s  p e a k  m u s c l e  f o r c &  well m i t h i r !  t h e  - . 

'1 

imposed p h p s i o h c g i c a l  c o n s t r a i n t s ' t o  g e n e r a t e  t h e  measured  n e t  
/ 

m u s c l e  moments (peak musc l e  f o r p e s ,  n c r m a l i z e d  t o  i a a l n e t r i c ,  o f  
0.21 0 . 1 4 ) .  Muscle r e c r u i t a e k  ;as c o n f i n e d  almsst e n t i r e l y  t o  

t h e  s l o w  t w i t c h  f i b r e s  d u r i n g  t h e  w a l k  and - a n t a g o n i s t i c  m u s c l e  

a c t i v i t y  was d e m o n s t r  a t  edb. 

iii 
I 

+ 1 

. ,  



d .' , / 
1 ,  . , 

!he. results p a r t i a l l y  demonstra-te  t h a t  i t  i s  f e a s i b l e  t o  

c o n s t r u c t  a, h i e r a r c h i c a l  p h y s i o l o g i c a l  ' model - to e v a l u a t e  
i n d i v i d u a l  muscle forces, Th i s  s t a t e m e n t  must . be ,  tempered 
somewhat knowing tha . i  b e t t e r  a n a t o m i c a l  and n e u ~ o p h y ~ i c l o ~ i c a l  
d a t a  must be made a v a i l a b l e  and t h a t  the model  be  r i g o n r o u s l p .  
validated t o  u s e  i t  a s  a' musc l e  force predictor. . 

* 
- .  



I n  a p p r e c i a t i o n  * t h e  a u t h o r  would- l i h i ,  tp t h a n k  h i s  s e n i b r  '7 
- 

, . 
s u p e r v i s o r s  Dr\.9 Jamds B. M o r r i s o n  a n d  cr. A r t h u q  E. Chapman f o r  I 

/' 

t h e i r  k i n d  a s s i s t a n c e  d u r i n g  t h e  p r e p a r a t i o h  o f  t h i s  work. T h a n k s  
a r e  a l so  e x t e n d e d  t c  D r s .  Parveen ~ a w a  a n d  Thodias C a l v e r t  f o r  
t h e i r  h e l p  g u i d a n c e  i n  t h e r p a s t  t h r e e  y e q r s .  T& Tom P o i k e r  my 
g r a t i t u d e  f o r  i n t r o d u c i n g  me t o  t h e  c o n c e p t  $5 of h o m o g e ~ e o u s  
t r a n s f o r m a t i o n s .  S p e c i a l  ,, t h a n k s  a re e x t e n d e d  t o  

I 

D r .  D.G.E. R o b e r t s o n  a n d  G. C a l d w e l l  f o r  t h e i r  h e l p  - d u r i n g  t h e  

d a t a  c o l l e c t i o n  a n d  t o  t h e  D e p a r t m e n t  o f  P h y s i c a l   ducati ion' a t  - 
- - 
I, "' 

t h e  U n i v e r s i t y  - of B r i t i s h  C o l u h b i a  f o r  t h . e  u s e  'of; t h e i r  
52' 

f ac i l i t i e s .  I am a l s o  i n d e b t e d  to *my iife, ~ u t k ,  f o r  h e w i n  
/&ZJ' 

t h e  d a t a  c o l l e c t i o n  a n d  t y p i n g  t h e  f i n a l  m a n u s c r i p t .  G. H a c k i e ' s  
- am3 D. Thornson's  c o n s e n t  t o  a c t  a s  s u b j e c t s  was a l s o  a p p r e c i a t e d .  

F i n a n c i a l  a s s i s t a n c e  f o r  t h i s  thesis was g i v e n  by t h e  D e p a r t m e n t '  

o f  ~ i G s i 0 1 0 ~ ~  qt  Simcn F r a s e r  U n i v e r s i t y ,  t h ' e  S c h o o l  o f  P h y s i c a l  . ; 
C-, a n d  H e a l t h  E d g c a t i o r  a t  t h e  ~ n i v e r s i t ' y  o f  T o r o q t o ,  the B r i t i s h  

3 

' C o l u m b i a  l l r t h r i t i f  S o c i e t y ,  a g r a n t  from t h e  B r i t i s h  C o l u m b i a  - 

H e a l t h ,  Care R e s e a r c h  F o u ~ d a t i o n ,  a n d  a  s c h o l a r s h i p  f r o m  t h e  

N a t u r a l  " s c i g i ~ c e s  a n d  E n g i n e e r i n - g  R e s e a r c h  C o u n c i  1 = ( C A N A D A )  . 
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- d i s t a n c e  t h e  m u s c l e  b e l l y  h a s  s h o r t e n e d  frcm .its . 
i n i t i a l  l e n g t h  b . 
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s - v e l o c i t y  o:q-muscle b e l l y  s h o r t e c i n g  

SM, - s t i m u l a t i c r i  'to a  m u s c l e  f rom t ~ t h ' . ~ a t t e r n  g e p e r a t o r  
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SKA - s k i n f o l d  t h i c k n e s s  of  t h e  l t h  segmetnt  
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X,Y,Z - t h e  c b o o r d i n a t 6 s  o f  a p o i n t  i n  t h e  ' G R S  
a. .I .* 
X,Y,Z - t h e  a ~ c e l e r a t i o n  of a p o i n t  i n  t h ~  GRS 

. > 

. - a n g u l a r  a c c e l e r a t i o r i  cf t h e *  l t h  s e g m e n t  

- a n g l e  of ' p n n a t i o n  o f  t h e  mth musc le  =m- 
Y 

6 

A t  - time i n t e r v a l  b e t w e e n  s a m p l e  p e r i o d s  t - 1 
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P e n r o d  gt (1'974) a c c e ' p t e d  %is d e  f i n i t i o f  b u t  p b w n i n s h i e l d  

e t  a. (1978a.b)  a ' dop ted  a  s l i g h t l y  m o d i f i e d  f o r m .  They ' d i v i d e d  - 
t h e  f o r c e  i n  a m u s c l e  ' b y  i ts  ~ h y s i o l o g f c a l  cross-isectbca-1 a r e a ,  

- 

- - - 

i n  e s s e n c e  m i r i m i z i c g  t E e  s t ress  i n  t h e  m u s c l e  set. IL -a similitr 

v e i n ,  h o t t i  . ( 1 9 7 8 )  e x a m i n e d  fonr v a r i a t i c n s  o f  t h e  - *  

m i n i m i z a t i o n  o f  t o t a l  m u s c u l a r  e f f o r t  ( t h e  sum if f o r c e s  i n  t h e  

m u s c l e s ,  t h e  sum o f  f o r c e s  s q u a r  d ,  ' t h e  Sum of t h e  r a t i o s  of T a c t u a l  f o r c e / m a x i m a l  forceQ a n d  h e  sum of s q u a r e s  .of a r t u a l  

f o r c e / m a x i m a l  f crce f o r  a l l  m.uscles)  . T h e i r  p r e d i c t e d '  r e s u l t s , ,  

c o m p a r e d  t o  EBG d a t a ,  i ~ d i c a t e d  t h a t  > t 6 e  sum o f  s q u a - r e s  o f  . a c t u a l  
I 

f o r c e / m a x l m a l  f o r c e  was % t h e  b e s t  ' C r i t e r i c n  t o  -use .  - ~ o w e r e r ,  o n e  , 

of  t h e  a u t h o r s  ( P e d o t t i ,  1 9 7 4 )  i n v e s t i g a t i n g  t h e  same - p r o b l e m ,  
0 

r e p o r t e d  t h a t  g c p d  r e s u l t s  were o b t a i n e d  b y  m i n i m i z i n g  t h e  

m e t a b o l i c  e n e r g y  e x p e n d i t u r e .  A s  p o i n t e d  o u t  by H a t z e  ( 1 9 7 9 a )  t h e  , . 
most a p p r o p r i a t e  c r i t e r i o n  r e m a i n s  u n r e s c l ~ e d .  

S e F r e g  a n d  A r v i k a r  (1973 ,  1975) e x a m i n e d  t h e  p l a u s i b i l i t y  o f ,  
EL 

t 

m i n i m i z i n g  t h e  t o t a l  m u s c u l a r  f o r c e  w h i l e  s t a n d i n g  a n d  d u r i r - g  

q u a s i - s t a t i c  g a i t .  They r e j e c t e d  it  i.n f a v o u r  o f  a  c r i t e r i o n  

w h i c h  m i n i m i z e d '  t h e  ,.Sum o f  a l l  t h e  m u s c l e  f o r c e s  p i u s  fou;  times 

t h e  sum of t h e  moments  a t  a l l  t h e  j o i n t s .  T h i s  t h e y  d e t e r m i n e d  b y  

c o m p a r i n g  t h e  s o l u t i c n s  of v a r i o u s  o b j e c t i v e  f u h c t i o n s  w i t h  t h e  

m u s c l e  o u t p u t  a s  i c d i c a t e d  by EMG. S e i r e g  a n d  A r v i k a r ' s  w o r k  m u s t  

b e  examined  c r i t i c a l l y ,  h o w e v e r ,  s i n c e  t ~ e i ? ~ o b j e c t i v : a  f u ~ c t i o n  

was ke lec ted  e x a m h i n g  a s t a t i c  p o s t u r e ,  w h i c h  may. r o t  h o l d  up 

u ~ d e r  d y n a m i c  s i t u a t i o r s .  I n  a d d i t i o a ,  , i t  is d i f f i c u l t  t o  

e n v i s a g e  t h e  p h y k i b l o g i c a l  j u s t i f i c a t i c a  . of  i u c h  ' a complex.  
I 

o b j e c t i v e  f u c c t i o n ,  i 

The p r i n c i p l e  o f  m i n i m a l  t o t a l  m u s c l e  f o r c e  ha;  beer .  

c h a l l e n g e d  by B a r b e n e l  ( 1  972)  who s t u d i e d .  t h e  b i o r n o c h a z i c s  " o f  t h f  

t e m p o r o m a n d i b u l a r  j o i n t  arid p r e d i c t e d  t h a t  f c r  m i n i m a l  t o t a l '  

m u s c u l a r  f o r c e ,  t h e  o r l y  m u s c l e  a c t i n g  d R g  b i t i n g  would b e  the 

m a s s e t e ~  muscle . ,  EHG e v i d e r - c e  agd p ' a l F 8 t i o n  ' o f  t h e  jaw m u s c l e s  

i n d i c a t e d  many mcre rnukc les  t o  be  a c t i v e .  : When - s t u d y i c g  t h e  

b i o m e c h a n i c s  of t h e  d b c w  fee (1976)  c -osc luded ,  a s  d i d F a r b e r . e ! , ,  



_ - -  3 

t h a e  t h e  p r i n c i F 1 e  o f  m i n i m h  t o t a l  - m u s c u l a r  f o r c e  i s  u n l i k e l y  t o  

b e  %rue: ' ~ z i t z e  ( 1 9 7 6 )  a l s o  d-isagre:ed w i t h - t h e  s r i n c i p l e  s t a t i n g  ' * 

- - ---- - __ -- 
- - - t E a i 7 i T  i s  h i g h l y  u n l i k e l y  - t h a t  a l l  m o , t i o n s ,  . e s p s c i a i l y  . 

-5 . ' .  

t i m e - o p t i m a l  p r o c e s s e s ,  o b e l  t h e  p r i n c i ~ l e  o f  m i n i m a l  m o s c u l a r  
r 

e f f c r t ,  I t  s h c u l d  ge n o t e d  t h a t  t h & ~  seems t c  a n  i n h e r e h t  

' a s s u m p t i o n  t h a t  time o p t i m a l i t y  is  i m p o r t a n t .  This may be  t r u e  i n  

a .  small s u b s e t  . o f ,  human a c t i v i t i e s  - t u t  t h e r e  i s  n o t h i n g  €0 
4 .- 

j u s t i f y  t h i s  s s s u m p t i o n  . f o r  human l o c o m o t i o n .  . I n  f a c t  i t  s u f f e r s  . 
f r o m  the same criticisms as the a b o v e  ' c r i t e r i a .  

The  m i n i m a l  f q c e  ' c r i t e ; i o n  t e n d s  t o  p a r t i t i o n  : a l l  o f  the 
f o r c e  r e q u i r e d  in$' t h e  s i n b l e  ' o p t i m a l d  m u s c l e ,  & i n s t  e 8 d  o f  
d i s t r i b u t i n g  t h e  l o a d  a m o n g s t  s y n e r g i s t s .  H a r d t  (1978)  s u g g e s t s  

t h a t  i t  is i m p o r t a n t  t o  c o n s i d e r  m u s c l e s  as 'more  t h a n  j u s t  i d e a l  

f c r c e  a c t u a t o r s ,  ' s i n c e  t h e  c e n t r a l  n e r v o u s  s y s t e m  - - 

,. 

m u s t  s u r e l y  c o n s i d e r  t h e i r .  d y n a m i c  a n d  seat ic  p r o p e r t i e s  when 

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

(1979)  d e v e l o p e d  a m c d e l  r e l a t i n g  t h e  k i n e m a t i c s  o f  a m u s c l e  t o  

its m e t a b o l i c  c o s t .  The m i n i m i z a t i o n  o f  t h e  power  r e q u i r e m e n t  o f  +. 

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

human l o c o m c t i c z .  
st B 

' A l t h o u g h  s e v e r a l  i n v e s t i g a t c r s  h a v e  h y p o t h e s i z e d  t h a t  t h e  - 

- p e r f o r m a n c ~  c r i t e r i d ' n  g o r e r n i h g  t h e  m o t i o n -  o f  dn a n i m a l  i s  t h e  , 

~ i n i m i z a t i o n  o f  e n e r g y  e x p e i d e d  (Chow a n d  J a c o b s e n ,  1971; R a r d t ,  ' 
*\ 
P 

I I 1978;  H a t z e ,  1 9 7 6 ;  Nubar a n d *  C o n t i n i ,  1961) t h i s  c o n c e p t  h a s  n o t  

b e e n  grov 'en  a t  t h e ,  l e v e l  o f  s e l e c t i v e  a c t i v a t i o n .  ' HowevBr, a  ' " L, 
v a r i e t y  c f  i n v e s t i g a t i o n s  s u g g e s t  t h a t  it is f o l l o w e d  g l o b a l l y ,  

I 

S a u n d e r s  g$ a. (1953) h a v e  ~ h o w n  t h a t  t h e  g e n e r a l  mot ion  ' o f  t h e  

b o d y  d u r i n g  w a l k i n g  is s u c h  t h a t  t h e  mcvements o f  t h e  c e n t r e  o f  
g r a v i t y  o f  t h e  body are m i n i m i z e d .  H a r g a r i a  (1976)  -has a l s c  - 
d e m o n s t r a t e d  t h a t  n o r m a l  w a l k i n g  s p e e d s  a re  u s u a l l y  c h o s e n  t o  

L2. 

r e q u i r e  t h e  l e a s t  .energy e x p e n d i t u r e  ' a s  mea-sured b y  oxyger! 
-- 

c c n s n m ~ t i o n  p e r  d i s t a n c e  t r a v e l l e d ,  

The o p t i m i z a t i o n  o f  m u s c u l a r  power ,  a s  w i t h  f c rce ,  t e n d s  'do 

a s s l g i  a l l  of  t h e  a c t i v a t i o n  t o  a s i n g l e  o p t i m a l  m u s c l e  w i t h .  



. . 4 
T . %  

r a p i d  p o w e r - k w i t c h i n g '  a m o n g s t '  m u s c l e s  ( H a r d t ,  1  978)-. Th&s would 

1ea.d t o  f a t i g u e  in t h o s e  f i b r e s  activated. I n  a d d i t i o n ,  EMG 
- - 

e v i - d e n c e  s h o v S  tliat - wscles t e n d  t o  act as  p g r o u p  
- 

s p e r g i s t i c a l l y  ( P a u l ,  1974;  UCAL B e r k e l e y ,  1953). S i n c e  t h e r e  

is  no known p h y s i o l o g i c a l  e v i d e n c e  s u g g e s t i r - g  t h e  d i r e c t  - - -  

n o n i t o r i n g  a n d  c o n t t o l l i n g  o f  power i n  i n d i v i d u a l  m u s c l e s ,  t h e  
\ C 

' o p t i m i z a t i c f l  me thod ,  i n  i ts p r e s e n t  f o r m ,  i s  n o t  
- p h y s i o l o g i c a l l p  v i a b l e .  . T h i s  is s u p p l e m e n t e d  b y  t h e  r e c e n t  work ' 

o f  P a t r i a r c o  gf 91. (1 98 1) who exdrnined s eve ra i  o p t i m i z a t i d n  

m o d e l s  t o '  p r e d i c t  i n d i v i d u a l  m u s c l e  f o r c e s .  The  y c o n c l u d e d  t h a t  

- n,..the i m p c s i t i o n  of a d d i t i o n a l  p h y s i o l o g i c a l - b a s e d  c o n s t ~ a i n t s  

are e s s e n t i a l  t'o d i s t j f g u i s h i n g  ( s i c )  t h e  r o l e  cf i n d i v i d u a l  . ' 
. I 

muscles. t1 

I n  t h i s  t h e s i s  a d e p a r t d r e  from a  m a t h e m a t i c a l l y  op . t ima1  

s o l u t i o n  i s  p r e s e n t e d .   hen o n e  s p e c u l a t a t e s  o n  t h e  a r o l u t i o n  of 

two . j o i n t .  m u s c l e s  ( E l f t m a n ,  1939;  Harrison, 1970)  a n d  t h e  

d i v i s i o n  o f  m u s c i e  i n t o  t w o  m g j o r  t y p e s  ( s l o w  t w i t c h  w h i k h  is 

b o t h  e n e r g y  e f f i c i e n t  a t  l o w  s h o r t e n i n g  v e l o c i t i e s  and' q e c r u i t e d  

first, * a n d  fast t w i t c h  w h i c h  is mcre e c o n c m i c a l  a t  h i g h e r  

s h o r t e n i n g  v e l o c i t i e s  a n d  r e c r u i t e d  s e c o n d  (Awac a n d  G o l d s p i n k ,  

1 9 7 2 ;  Burke  a n d  E d g e r t o n ,  1 9 7 5 ;  G i b b s  a n d  ~ i b s o n ,  1972;  U e n d t  a n d  

G i b b s ,  1 9 7 3 ) ) ,  o n e  ' i s  d r a w n  t o  t h e  c o n c l u s i , o n  t h a t  t h e  
b 

m i n i m i z a t i o n  o f  ' m e t a b o l i c  c o s t  is a  g o a l  o f  t h e  n e u r o l o g i c a l  

c o n t r o l .  s y s t e m .  ' T h i s  is n o t  t o  say t h a t  a n  o p t i m i z a t i o c  

t h e  oh j e c t i v e  f u n c t i o n  c h o s e n  t o  m i n i m i z e  e n e r g y  

h a s  t o  The  c o n c e p t -  o f  m i n i m i z a t i c n  o f  e c e r g y  i s  

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

o n e  which  i s  ' h a r d - w i r e d *  L n t o  t h e  ' s y s t e m  t h r o u g h  e v c l u t i o n .  /' I t  
/ls a l s o  l i k e l y  t h a t  t h e  c r i t e r i o n  a c t u a l l y  used t o  d i s t r i b u t e  

f o r c e  a m o n g s t  t h e  i n d i v i d u a l .  m u s c l e s  is  a c o m p r o m i s e  of c o m p e t i n g  . 

s u c h  as  e n d u r a n c e  a c d  s p e e d .  
i 

I 

r 

5 CI + 



-- 
The aimp p i  t h i i  t h e s i s  'was t 6  f o r m u l a t e  ' and  i m p l e m e n t  a '. 

, h i e r a c h i c a l  p h y s i o l o g i c a l  ' model, b a s e d  cn w e l l - d e f i n e d  

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

i n d i v i a q a l  . ~ u s c l e  f o r c e s  i n  t h e  m u s c u ~ o s k e l e t a l  s y s t e m .  The 

dynami> ' fane t ion  a % o f  t h e  l o w e r  i m b  d u r i n g  nprma-l human l a i o m o t i a n  

w a s  chds?sp t c  a p p l y  t h e  model .  27w 

-1 

PRQ- 

~ h e s e - w e r e  1) t o  d e f i n e  a s t a n d a r d  l o w e r  l i m b  w h i c h  i n c l u d e s  

m u s c l e  g e o m e t r i e s ,  m u s c l e  a n d  l i g a m e n t '  l i nes  of a c t i c n ,  s e g m e n t a l  

p h y s s ~ a l  p r o p e r t i e s ,  a n d  s e g m e n t a l  reference a x e s ,  2 )  t o  d e v e l o p  

a met'hod f o r  s c a l i n g  t h e  s t a n d a r d  l o w e r  l i m b  t o  a s u b j e c t ,  3) t o  

collect.Qhree-dimensicnal s e g m e n t a l  k i . n e m a t i c  a n d  j d i n t  moment 

d a t a  d u r i n g  a n o r m a l  g a i t  p a t t e r n ,  4 )  t o  c a l c u l a t e  t h e  m u s c l e  

forces  a n d  . 5 )  . , t o  c o m p a r e  t h e  t e m p o r a l  s e q u e n c e  of  t h e  m u s c l e  

. f o r c e s  w i t h  p u b l i s h e d  EHG d a t a .  

on t h e  b a s i s  o f  t h e  l i t e r a t u r e  c o n c e r n ~ d  w i t h  t h e  e s t i m a t i c n  .of 

' q u s c l e  f o rce i s  d u r i n g  a c t i v i t y  ( P a u l ,  1965 : Horr ' i son ,  1967; S e i r - e g  

, a n d  ~ r v i k a r ,  1973,  1975; C r o w n i n s h i e l d  et &., 1978:  P e d o t t i  . e t  &. , 1978;  H a r d t ,  - 1 9 7 8 )  it w a s  h y g o t h e s i z e d  t h a t  a c c u r a t e  - 
m u s c l e  f o r c e  i n f o r m a t i o n  car! b e  e s t i m a t e d  u s i n g  t h e  p h y s i o l o g i c a l  

model  a n d  d a t a  a n a l y s e s  p r e s e n t e d  i n ,  t h i s  t h e s i s .  S i n c e  d i r e c t  

v e r i f i c a t i o n  o f  t h i s  h y p o t h e s i s  i s  i m p o s s i b l e '  i t  was q l s o  

,. .-> h y p o t h e s i z e d  t h a t  t h e  t e m p o r a l  . .  j s e q u e n c e  c f  t h e  e s t i m a t e d  m u s c l e  
f o r c e s  will comFare  f a v o u r a b l y  w i t h  p u b l i s h e d  EHG d a t a .  

\ 



The d a t a - a q u i s i t i o n  p o r t i o n  o f  ' t h i s  s t u d y  was. c o n d u c t e d  i n  t h e  - a 

~ i o m e c h a n i c s  f a c i l i t i e s  a t  t h e  g k v e r s i t y  o f  B r i t i s h  C o l u m b i a  $ n 6  
d a t a - r e d u c t i o n  was p e r f o r m e d  a t  ~ i m o n  Fraser U n i v e r s i t y .  T h i s  - 

s t u d y  was r e s t r i c t e d  t o  o n e  male s t u d e n t  r h o  h a d  ro $&own A 

p a t h o l o g i c a J  o r  n e u r o l o g i c a l  d i s c r d e r .  The s u b j e c t  was r i k d i r e d  . , 

t o  u n d e r g o  a l ' e c g t h y  a n t h r o p o m e t r i c  s e s s i o n  A" s o  t h a G  a s t a n d a r d  
l o w e r  l imb  c o u l d  be scaled t o  him. He was t h e n  r e q u i r e d  t o  

p e r f o r m  a se r ies  of w a l k i n g  t r i a l s .  - 

R A T I O N A L E  E a  zm STm 

S e v e r a l  i n v e s t i g a t o r s  h a v e  a t t e m p e d  t o  estimate t h e  m a g n i t u d e  of 

t h e  m u s c l e  forces. 111 h a v e  r e s o r t e d  t c  u s i n g  s i m g l i f i e d  s y s t e m s  

( P a u l ,  1965;  x o r r f  s o n ,  1967) o r  o p t i m i z a t i o n  m e t h o d s  

( C r o w n i n s h i e l d  pf ., 1 9 7 8 a , t ;  H a r d t ,  1978; P e d c t t i  et a., 
7978;  S e i r e g  a n d  A r v i k a r ,  1 9 7 5 ) .  One may a r g u e  t h a t  t h e i r  m u s c l e  
f o r c e  v a l u e s  were g e n e r a t e d  u s i n g  q n e s t i c n a b l e  m o d e l s ,  b u t  t h e  

r a t i o n a l e  f o r  u n d e r t a k i n g  , s u c h  work is commendable .  T h i s  t h e s i s  

i s  an a t t e m p t  t o  d e p a r t  f rom a  p ' u r e l y  m a t h e m a t i c a l  s o l u t i o n  t o  

s o l v e  . for  t h e  i n d i v i d u a l  m u s c l e  f o r c e s .  It is clear t h a t  a 

c o m p l e t e  k i n e t i c  d e s c r i p t i o n  o f  human g a i t  h a s  many a p p l i c a t i o n s  
i n c l g d i n g  t h e  i m p r o w e m e n t  o f  a t h l e t i c  p e r f c r m a n c e  a n d  t h o  

c l i n i c a l  s t u d y  o f  p a t h o l o g i c a l  g a i t  a r i s i n g  f r o m  m u s c l e  
a c t i v a t i o n  . a b n o r m a l i t i e s ,  t e n d o n  t r a n s p l a n t s  'or a m p u t a t i o n .  The  

mode l  w i t h i n  t h i s  t h e s i s  c o u l d  a l s o  b e  u s e d  a s  a r e s e a r c h  t o o l  i n  

w h i c h  iys temat ic  a l t e r a t i o n  O f  t h e  m u s c l e  p r d p e r t i e s  w o u l d  a l l c w  

t h e i r  t r u e  v a l u e s  t o  h e  e s t i m a t e d .  



tn 
d
 

r
l 

+
J
 

I-) 
0
 
a
 

8' Q
, 
C
 

4' a, 
4J 
Id 
4J 
-rl 
r
l 

.A
 

U
 

id 
W

 

V
 

C
, 

k
 

u
 
0
 

+
J
 

id t-4 
C

, 
,u a 
t-4 V

] 
4

 
V

] 
-P

C
 

r
l 
a
 
a
 

Id 

4J 
.r( 
Id 
tn 

Id ' 

P
I 
3
 

tn 
u

 
4
 

C
, 

C
I 

@
 

m
 

T
I

 
u

 
P

 
r
l 

I
d

*
 

Id 
+
' 

V1 
f

i
U

 
u
 

a
o

o
 

0
 

Y
 

k
 

(d
 

o
o

t
n

 
+J 

-rl 
V

 
4J 

3 
a
 

m
' 

W
Q

,
 

I
d

d
b

 
83 

C
 

a, 
V

] 
-rl 

a
 

Id 
-rl 

~
2
 

Y
 

w
 

a
 

ti 
G

n
o

 
O
i
d
t
n
 



reprekeat i rg t h e  a n a t o m i c a l  s t r u c t u r e  i n  o r d e r  t o  p a r t i t A i o n  t h e  . 
- .  

j o i n t  moments  a m c n , g s t  t h e  m u s c l e s .  T h i s  t h e s i s  f a l l s  i ~ t o  t h e  

1atte.r  g r o u p -  < 

K t - n e m a t i c s  ---- 
- P ~ o c c m o t i b n  a s  a f o n c t i o n  o f  t i u i & % n d  s F a c e  h a s  been ,  t h e  f o c u s  o f  

most g a i t  i n v e s t i g a t i o n s .  R e g a r d l e s s  cf . t h e  c o m p l e x i t y  o f  t h e  

a n a l y s e s ,  t h e  human l i m b  i s l l m o d e l l e d  a s  a ser ies  o f  s t i c k - l i k e  

r i g i d  l i n k a g e s  ( C h a f f i n ,  1 9 6 9 ;  D e m p s t e r ,  1 9 5 5 ;  P l a g e n h o e f ,  1 9 7 1  ; 

T h u r n a u r ,  1 9 6 7 )  . A p p r o p r i a t e  a r t h r o p c m $ t r i c  m e a s u r e s  a re  d e f  Zned  

(i-e. mass, l o c a t i o n  of t h e  c e n t r e  o f  mass., mcrndnt of , i n e r t i a )  

s u c h  t h a t  t h e  m o d e l  b e h a v e s  r e a l i s t i c a l l y  ( D e m ~ s t o r ,  1 9 5 5 :  

Drillis and C o n t i n i ,  1966 ;  P a g e ,  1 9 6 9 a , h ,  1970a;b ;  Hatze, 1 9 7 5 b ) .  

T h e  d e s c r - i p t i o n  o.f t h e  d i s p l a c e m e n t  $ i s t o r y  f o r  e a c h  l i n k  i n  t h e  - 

mode l  i s  t h e  most e l e m e n t a r y  f o r m  o f  k i n e m a t i c  a n a l y s i s  

. ( E l a c J a r s k i  pl. , 1 9 7 5 ;  ~ r i e v e  a n d  Gear, 1 9 6 6 ;  K e t t l e k a m p ,  
f 1 9 7 0 :  Lamoreux ,  1972: S a i t o  & 22.. 1974). o t h e r  m e a s u r e m e n t s  a r e  

% 
t h e  c a l c u l a t i o n  of t h 4  s e g m e ~ t  a n d  t o t a l  b o d y  c e n t r e s  o f  mass, 

v e l o c i t i e s  a n d  a c , c e l e r a t i - o n s  ( ~ l a j i  & 2 L . j  1 9 7 5 :  W i n t e r  et &. , 
2. 

1975.):. , The n o r m a l  r a n g e  of t h e  k i n e t i ?  v a r i a b l e s  o f  t h e  l o w e r  
I @-- r .  

l i m b  h a s  , bee r .  t h e  s u b j e c t  . o f  s e v e r a l  s t u d i e s  ( L a m o r e u x ,  1 9 7 2 ;  

1 e v e r . s '  et qL., ' 1 9 4 8 ;  H u r r a y  gJ a l . ,  1 9 6 4 ;  S a u c d e r s  et &.., 1 9 5 3 )  - ! \ 

a n d  t h e s e  h a v e  b e e ?  c o m p a r e d  w i t h  a t y p i c a l  p o ' p u l a t i o n s  . 

( B a r t h c l o m e w ,  1 9 5 2 ;  v a n  - F a a s s e n  s, gl., 1 9 6 9 ;  F i n l a y  a n d  

K a r p o v i c h ,  1 9 6 4 ;  S c d e r b e r g  gf &., 1 9 7 5 ) .  
\ 

  he m a j o r  p r o b l e m  w i t h  t h e  k i n e m a t i c  s t u d i e s  is t h a t  t h e y  ' 

cffer d e s c r i p t i v e  p a r a m e t e r s  b u t  l i t t l e  e x p l a n a t i o n  of t h e  ' 
# 

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

' . h o u e v e r ,  a s  t h e y  E a v e  b e e n  r e s p o c s i b l e  f o r  t h e  d & e l c p m e x t  of . 
. -. 

r a ~ i d  m e a s u r e m e n t  s y s t e m s .  Two t e c h n i q u e s  w h i c h  h a v e  r e c e i v ~ d  

much i n t e r e s t -  a r e  c i n e m a t o g r a p h y  a r d  e l e c t r o g o n i o m e t r y .  B o t h  

m e a s u r e m e n t  s y s t e m s  have .  t h e  same p k p o s e ,  t o  y i e l d  a c o m p l e t e  

k i l o m a t *  d e s c r i p t i c a  cf g a i t ,  b u t  t h e y  a c h i e v e  t h i s  g o a l  f r o m .  

t u c  d i f f  a r e n t  * a F p r c a c h e s .  
- 

J .  

C 

- .  



c- 

2 

I"  

C F  
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* \ ,  
< 

i 
9 

The p h o t o g n a p h f c  m e a s u r e m e n t  of acvement ,  - b e g u n  b y  Marey . ." 
( 1 7 3  i n  F L a ~ c e  a n d  H u g b r i d g e  ( 1 9 5 5 )  i r z  America, - is t h e  mwt - 

\ , -2 -* 
u i d e l y  u%d &&>Cd' ,akquisi t ior .  s y s t e m  ( S u t h e r l a n d ,  1 9 7 2 ) .  C i n e f i l m  

h a s '  t h e  a h v a n t a e e  t h a t  it cah b e  r e r u r  t o  g e t  a g u a l i t a t i . v e  

assesspre~t of  t h e  movemenit, a n d  w i t h  s t o p  m o t i o n  c a p a b i l i t y  t h e r e  

is c o n s i d e r a b l e  d e n e f ~ t  i n  b o t h  i t h l e t i c  a n d .  c l i n i c a l  s e t t i n g s .  fl 
The. p r o l o n g e d '  d o v e l o p t t e n t  t i n e  a n d  t h e  mimua i  l a b o u r  r e q u i r e d  t o  . 

6 

ex t r ac t  t h e  q u a n t i t a t i v e -  d a t a ,  e v e n  w i t h  s e m i - a u t o m a t e d  f i l m  

a n a l y s e r s ,  c a n  b e  r e s t r i c t i v e  a n d  r e n d e r  s u c h  s y s t e m s  i m p r a c t i c a l  .- 

f o r  r o u t i n e  c l i n i c a l  u s e  ( S m i t h ,  1 9 7 6 ;  W i n t e r ,  1976).  T h e r e  a r &  

a l s o  c a l i b r a t i o n  p r o b l e m s  when t h r e e - d i m p n & o n a l L  d a t a  is r e q u i r e d  
f 

* - 

(Cavanagh ,  1 9 7 9 ;  , , v a n  GhCLnwe, '1974;  - Y o l t r i n g ,  7 9 7 5 , 1 9 7 6 ) .  Newer, 
d 

more a u t o m a t e d ,  e l e c t r o d ? , p t i c a l  sy%ems (eg S&SPOT b y  SELCOn d~ 
o f  Sweden) are a v a i l a b l e  b u t  -the e r r o r  i n  p o i ~ t  l o c a t i o n  a n d  

c o s t s  may b e  e x c e s s i v e  d e p e n d i n g  u p o n  t h e  a p p l i c a t i o n  ( A n t o n s s o n ,  

1979;  Arcan  et &.; 1979; O b e r g ,  1 9 7 4 ) .  .. 

& . e c t r o g a n i o m e t e . r s  g i v e  a d i r e c t . .  e'lectrica'l' m e a s u r e  of t h e  
9-, 

j 0 ~ 3 ~ ~ n ~ k s  , -- a n d  are r e l a t i v e l y  i n e x p e n s i v e .  . However, t h e y  mus t  . 

b e  =orrectiy a l i g n e d  w i t h  th-cent l i m b  &egmentk  t o  

r e p r o d u c i b l e  v a l u e s  ( w i n t e r ,  1 9 7 6 ) ,  ' A v a k i e t y  o f  c u s t o m  ma 

d e v i c e s  Q a v e  a p p e a r e d  a n d  t h e  more recent o n e s  d c  n c t  h\$ve t o  b e  . ' 

\ \ & -  a l i g n e d .  'one '  s u c h  L e l e c t r o g o n i o m e t e r  is t h a t - d e v e l o p e d  by, a team 

at t h e  C a n a d i a n  A r t h r i t i s  R e s e a r c h  S c c i e t y  i? c c n  j u n t i o A  w i t h  

4 \ 

e n g i n e e r s  a f ,  t h e  Unr e r s i t y  6f B r i t i s h  C o l u m b i a .  . T h i s  d \ev ice  
\ '  

m e a s u r e s  t h s e e . ~ w t u a l l $  o r t h p g o n a l  r o t a k i c n s  a t  t h e  h i p ,  k n e e  ,and 

a n k l e .  j o i n t s ,  b i l a t e r a l l y  (Aannah,  , 1980)  . A S  w=td a31 \ 
e l e c t r o g o n i  o m e t e r s ,  a l t h o u g h  d i r e c t  r e a d o u t  is a v a , i l a b l e ,  

c a l i b r a t i o n  p r o c e d u r e s  must  b e  pe r fa=rned  t o  r e la te  t h e  a l e c t r i c a l  ' 

s i g n a l s  t o  r e l a t i v e  j o i n t  a n g l e s .  F o r  k i n e m a t i c  m e a s u r e m e n t s .  of 

g a i t  t h i s  c a l i b r a t i o n  is s u f f i c i e n t  (Lamoreux,  1 9 7 2 ) .  Howeyer, - 

i f  g a i t  d y r k m i c s  a r e  d e s i r e d ,  t h o  l o c a t i o n  o f  t h e  s u b j e c t  ir . . - - 
s p a c e  J a b s o l u t e  f r a m e  o f  r e f e r e n c e )  is  n e c e . s s a r y  ( W i n t e r ,  1979) . :% 

T h i s  r e q u i r e s  k p o w i c g  t h e  a b s o l u t e  l o c a t i c n  o f  a r en4@egm& arid 
2 

$ t h e n  u s i n g  t h e  j c i n t  a n g l e s  t c  f i x  t h e  o t h e r  s e g m e ~ t s  Fn space. 
i: 

- 

To t h i s  a u t h o r s  k c ' c u l e d g e  n o  s u c h  s y s t e m  is, a v a i l a b l e  - to  p e r f o r m  

t h e s e  a n a l y s e s .  
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b e m a t o g r a p h i c  a n d  e l e c t r o g o a i o . e t r i c -  d a t a  a c q n i s t i o n  s y s t e m s  

g e n e r a t e  d i s p l a c e m e a t -  time o r ,  a n g l e - t i m e  h i s t o r i e s  o f  . t h o  , 
s e g m e n t s  b e i n g  s t u d i e d .  P a r  t h o s e  i n v e s t i g a t i o n s  which estimate'  

, t h e  j o i n t  a n d  m u s c l e  f o r c e s  (see b e l o w )  t h e  d e t e r m i q a t t o n  o f - t h e  

d e r i v a t i v e s  o f  t h e  d i s p l a c e m e n t  d a t a  a re  3 e c e s s a r y .  U n t i l  

d u e  t o  t h e  a m ~ l i f i c a t i o n  of n o i s e  - i n  
, * b 

( F e l k e l ,  .1951; P e i z a c k  & &.. 
1977).  To  mj.nimcize t h e  n o i s e  . many m e t h c d ~  h a v e  -beer! d e v e l o p e d  

s u c h  a s  p c l y n q i a i a l  f i t t i n g s  ( ~ u c ,  1965;  P l a g e r h e e f ,  19681 , c u b i c  
s p + i n e s  (r;bld. -1974: ~ e r n i c h e  e t  d. ,- ,1976) . d t g i w l t e r i n g  -", - ~. 
( P e z z a c k  'c& a., 1977) a n d  F o u r i e r  s e r i e s  (capPo@$ ""*.. 19-75; . ' c -. . 
H a t z e ,  1977b: RcGhee, 1 9 7 6 )  . A11 o f  tYlese m e t h c d s  e s & & n t i a l l y  

l e w - p a s s  f i l t e r  t h e  d a t a  b e f o r e  any d i - f  f e r e n t i a - t i c 3  i s  a t t e a p t e d .  
I 

I f  t h e  d i s p l a c e ' m e n t  f u n c t i o n  i s  p e r i o d i c  t h e  F o u r i e r - t e c h n i q u e  is A 

a t t r a c t i v e  s i n c e  t h e  f i l t e r  c u t o f f  f r e q u e n c y  is d e t e r m i n e d J b y  t h e  
A. 

number o f  , h a r m o n i c s  l n c l L d e d  i n  t h e  r e c o n s t r u d i o r  ( H a r d t ,  1 9 7 8 )  . 
* .  

~ o v e v e r ,  t h e *  c u b i c ,  s p l i n e  a n d  d i g i t a l  f i l t e r i n g  a re  t h e  t w o  m o s t  
a 

w i d e l y  u s e d  t e c h n i q u e s  s i n c e  t h e  d i s p l a c e m e n t  f n ~ c t i o n  is  % ' 

d g e n e r a l l y '  n o n q - p e r i o d i c  (Hi l ler .  19'80) . . .. 
6- ' 

,-- u a  ~ e a c t i o ~  F o r c e s  d . ~ o m e r &  
A n a l y s e s  o f  human l o c o m o t i o c  - h a v e  l e d  many r e s e a r c h e r s  - t o . -  

i n v e s t i g a t e  t h e  m a g n i t u d e  o f  ' the j o i n t  r e q c t i o c  f o r c e s  ' a n d  

momec ts, I n  a l l  o f  t h e s e  s t u d i e s  t h e r e  is tle i n h e r e n t '  

' a s s u m p t i o n  t h a t  t h e  r e a c t i o n s  arg p r o v i d e d  
by  

o r c e s  a n d  p u r e  ' 
" 

< .  

noment  g e n e r a t o i s .  S i n c e  t h e  t r u e  j o i n t  f o r c e s  ( c a l l e d  t h e . :  - 

a r t i c u l a r  d r$cne-opbone  f o r p e s )  a r e  a f e s u l t  'if' t h e  e x t i r r a i ,  
4 % -  g r % v i t a t i o n a l ,  i n & t & l  a n d  t h e  m;scle a n d  l i g a m e n t  f o r c e s  a c t t n g  

, 9' 

t h r c u g h  eocment arms, t h e  l r e a c t i o ~ !  g o r c e s  car. _sigrif i c a n t l y  

u n d e r e s t i m a t e  t h e  l e a d i n g  o n  t h e _  - - j o i n t s .  
- - . - ,  > 

4. 

. T o - d e t e r m i n e  t h e  j c i n t  r e a c t i o n  f o r c e s  a n d  mom$nts,. t h e  l i m b  - 
k 

k i n e m a t i c s  a n d  the m d g n i t u d e  a n d  l o c a t i o n  o f  t h e  e x t e r n a l - f o r c e s  - '  - 

a c t i n g  o n  t h e  sps ' tem a re  u s e d  i n  c o n j u n c t i o n  w i t h  a?. a p p r o p r i a t e  
** - 

mode:,' The I n v e r s e  Dynamics  _ p r o b l e m  ( s o  - c a l l e d  b e c a u s e  
1 ', 

c o n v e n t i o n a l  d y n a m i c s  p r e d i c t  d i s p l a c e m + t &  from- fc rces )  his o n l y '  
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+ r e c e n t l y  b e e n  a ~ p l i e d  t o  t h e  human ,body. E l f t m a n t 9 s  (1 939)  work ' 

- was an ear ly ia t tempt  ,.bt t h e s e  c a l c u l a t i c n s  b u t  was l i m i t e d  t o  

two-d imens i cns .  It is t h e .  p a p e r  by B r e s l e r  a r d  F r a n k e l  (1950)  

t h a t  s t a n d s  o u t  a s  t h e  classic dynamic  work i n  t h e  b i o m e c h a n i c s  

l i t e r a t u r e  o f  g a i t .  Tbgy, p r e s e a t  t-brec d i m e c s i o n a l  r e a c t i o n  
, 5  

force a n d  moment c u r v e s  f o r  t h e  h i p ,  k n e e  and  a n k l e  j o i n t s  d u r i n g  . 9 

- l e v e l  w a l k i n g .  ' .More r e c e n t  i n v e s t i g a t c r s  p r e s e n t  s imi la r  c u r v e s  

f o r  n o r m a l  (Cappdzzo g f  Q., 1975 : Cavanagh a n d  Gregor ,  1975: 

- c h o u  a n d  J a c o b s c n ,  1971; HcGhee g& a&.,- 1 9 7 6 ;  Oberg;  l 9 7 4 ) ,  
li 

p a t h o l o g i c a l  (Ha rks  and ~ i r s c h b e r g ,  1958). alid a t  h l e i i c  a c t i v i t i e s  
-, 

(mann a n d  s p r a g u e ,  1980: . ~ a t G h r s k ~  a n d  Alesh;nqky, 1975). '. 

~419 e s t i m a t i o n  o f  j o i n t " k e i c t i 0 n  for ;es  a n d  moments i s  b a s e d  

on a c c u r a t e l y  kncwing f h e  k i n e m a t i c s  and  a r t h r o p o m e t r y  o f  %an  
- I 

a p p r o p r i a t e  model.  A lar 'ge p a r t  o f  c u r r e n t  b i c m e c h a n i c s  r e s e a r c h  

is c o n c e r n e d  w i t h  t h e  e s t i m a t i c n  o f  t h e s e  p a r a m e t e r s  w i t h F n i r n a l  
/ 

, + /-' e r r o r .  It h?s  b e e n  s u g g e s t e d  t h a t  c u r r e n t  t e c h r i q u e s  y i e l d  v a l u e s  

cf r e a c t i o n  f o r c e s  and moments w i t h i n  a n  a c c e p t a b l e  10  p e r d e n t  - 
e r r o r  (Cappozzo gt a&., 1975: Cavanagh, 1979; Bcrman a n d  Winter, 

1 9 7 6 ) .  

a u s c l e  F o s g  Anal vses 
The nex t ,  s t e p  il! t h e  u n d e r s t a n d i n g  of  l o c o m o t i c n  is 3 h e  i n c l u s i o n  

of  i n t e r n a l  m o d e l l i n g  s o  t h a t  musc le*  and  a r t i c u l a r  f o r c e s  may b e  

c a l c u l a t e d .  Plowever, t h e  human m u s c u l o s k e l e t a l  s y s t e m  i s  
I 

- m e c h a n i c a l l y '  r e d u c d a n t  and  the  c l a s s i c a l  ; e c p a t i o n s  o f  k i n e t i c  

a n a l y s i s  p e r m i t  an  i n f i n i t e  number o f  s c l n t l o n s  t c  s a t i s f y  t h e  

j c i n t  moment e q u a t i o n s .  I n  work where  it has been n e c e s s a r y  t o  , 

r e s o l v e  t h i s  d i lemma,  i n v e s t i g a t o r s  have  g e n e r a l l y  ' used o n e  o f  
I 

two  methods.  

Fenrod g& &. (1  974) b e s t  d e s c r i b e s  t h e  f i r s t  method, t h e  

' r e d u c t i o n '  t e c h n i q u e .  by s t a t i n g  t h a t  t h e  cumber o f  a c t i v e  

m u s c l e s  o r  m n s c l ~  g r a n p s  w i l l  be no  9 r e a t e r  t h a n  t h e  r i m b e r  o f  

r c t a t i o r i a l  a e g r e s e  cf f reeddm * a t  a n y  giver!  j o i r t .  E o t h  P a u l  - 
(1965) and  l o r r i s o r  ( 1 9 6 7 )  a p p l i e d  t h i s  t e c h r i q u e  t o  g e t  a n  

a p p r o x i m a t e  s o l u t i o n  of t h e  musc l e  fb;ces a b o u t  t h e  h i p  and k n e e ,  
-. 
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-- u r e s p e c t i v e l y .  P a u l ' s  work i s  i n t e r e s t i n g  i n  t h a t  s e v e r a l  m u i c l e  

g r o u p s  were k n o w n  t o  _have c o m p l i m e n t a r y  f u n c t i o n s  a t  t h e  h i p .  Tc 

r e s o l v e  t h i s ,  ~ a u ;  a t t r i b u t e d  a l l  Of t h e  f o r c e  a c t i e n  t o  e a c h  b 
Z 

grroup i n  t u r n  i ~ s t e a d  o f  d e f i n i n g  a s i n g l e  e q u i v i l e n t  m u s c l e .  

Knowing t h a t  t h e  f o r c e  must  b e  s h a r e d  by  t h e  t w o  g r o u p s ,  t h e  t r u e  

s o l u t i o n  mus t  ' l i e  w i t h i n  t h e  two s i n g u l a r  s o l u t i o r s  o b t a i n e d .  A 

r e f i n e m e n t  of t h e  ' r e d u c t i o r l  t e c h e i q u e  is t h e  d i ~ i s ~ o n  o f ,  f o r c e  , - 

, amongs t  m u s c i e s  i n  a g r o u p  d e p e q d i n g  upon t h e i r  r e s p e c t i v e  

c r o s s - s e c t i o n a l  areas ( A t e x a c d e r  a n d  V e r n c n ,  1 9 7 5 )  . I n  summary,  

t h e  g o a l  o f  t h e  r e d u c t i o n  method  i s  t o  r e d u c e  a n  i n i t i a l l y  

i n d e t e r m i n a t e  s o l u t i o n  t o  o n e  t h a t  i s  a m e n a b l e  t o  s o l u t i o n .  

The ' o p t i m i z a t i o n *  m e t h c d  is t h e  a l t e r n a t i v e  p r o c e d u r e  f o r  

s o l v i n g  m u s c l e  forces, S i n c e  its i n t r o d u c t i o n  by ~ e i r e g -  e ~ d  

A r v i k a r  (1973)  a n d  P e ~ l r o d  et a. (1974)'  it h a s  b e e n  a p p l i e d  t o  

. g a i t  b y  s e v e r a l  i n v e s t i g a t c r s  ( C r o w n i n s h i e l d  ' a l . ,  l 9 7 8 a ,  b ;  

H a r d t ,  1 9 7 8 ;  P e d o t t i  a l . ,  1 9 7 8 ;  S e i r e g  a n d . A r v i k a r ,  1975)  . I n  

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

i n  s u c h  a  way as  t o  a ' o p t i m i z e  same  o b j e c t i v e .  Se ve r a l  
a .  

opt imizat i !on  c r i t e r i a  h a v e  b e e n  exami ,ned.  E x a m p l e s  i n c l u d e  t h e  
* c m i n i m i z a t i o n  o f  1 )  t h e  sum o f  t k e  m u s c l e  f o r c e s  ( C r o w n i n s h i e l d  et 

al.. ,. 1978b;. P e n r o d  g& d., 1 9 7 4 ) ,  2 )  t h o  sum o f  t h e  s q u a r e s  o f  - 
a c t u a l  m u s c l e  f o r c e / m a x i m a l  . m u s c l e  f o r c e  ( P e d ~ t t i  et-&, - 1 9 7 8 ) ,  

3 )  t h e  sum of  t h e  m u s c l e  f o r c e s  p l u s  • ’ c u r  t imes t h e  suju o f  t h e  

moments a t  a l l  ' t h e  j o i n t s  ( S e i r e g  a n d  ~ r v i k a r ,  1 9 7 3 ,  1975)  a n d  4 )  
c- 

t h e  m u s c u l a r  power  - ( ~ & d t ,  1 9 7 8 )  . i 

- 
3 

The a p i r o p r i u a t e n e ; s  o f  t h e s e  two t e c t i n i q u e s  t c  e s t i m a t e  t h e  

m u s c l e  f o r c e s  was n o t  known _a pl!iori a n d  h a d  t o  b e  e s t a b l i s h e d  

i n d i r e c t l y  en t h e  b a s i s  of e x ~ e r i m e n t a l  o r  p u b l i s h e d  d a t a .  Tho 

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

forces w i t h  EMG is g e n e r a l l y  used s i n c e  n o n - F n v a s i v e  m e t h o d s  t o  

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

r e d u c t i o n 8  a n d  ' o p t i m i z q t i o n  ' t e c h n i q u e s  r e v e a l  s e r i o u s  d o u b t s  

t c  t h e i r  . a c c e p t a b i l i t y .  When, t h e  t e m p o r a l  s e q u e n c e  o f  m u s d e  

f o r c e  were c o m p a r e d  w i t h  EMG, good a g r e e m e n t s  were f c u c d  f o r  some 



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

i m p r e s s i o n  t h a t  b o t h  m e t h o d s  are m e c h a n i c a l  a n d  m a t h e m a t i c a l  

s o l u t i o n s ,  r e s p e c t i v e 1  y, a n d  t h a k  thebbcdy  of ~ h y s i o l o g i c a l  a n d  

n e u r o l o g i c a l  d a t a  h a s  n o t  b e e n  a d e q u a t e l y  e x a m i n e d  t o  d e f i n e  

a d d i t i o n a l  r e l a t i o n s h i p s .  
f 

SUMMARY O 

.r 

n 

I n  t h i s  ~ h a p t e r  a brief  ' o v e r v i e w  o f  t h e  b i o m e c h a n i c s  o f  human 

g a i t  was p r e s e n t e d .  It' was s u g g e s t e d  t h a t  c n r r e c t  t e c h n i q u e s  car! 
. . estimate t h e  j e i n t  r e a c t i o n  f o r C e s  a h d  moments  t o  a h i g h . d e g r e e  ' 

of k a c c u r a c y .  Mwevel;, no mcde l  h a s  y e t a b e e n  ~ u b - l i s h e d  which * a d e q u a t e l y  p a r t i t i o n s  t h e  j o i n t  momepts a m o n g s t  t h e  m u s c l e s .  T h i s  

t h e s i s  was t h e r e f o r e  i n i t i a t e d  t o  d e v e l o p  a t e c h n i q u e  t o  'estimate 

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





t a l u s  s e g m e n t .  ' I t  s h o u l d  b e  n ~ t e d -  t h a t  t h e  ~ T P  j o i n t  was . * 
i n c l u d e d .  t o  es t imate  t h e  maximum a n d  minimum l l e n g t h s  o f  t h e  

m u s c l e s  c r o s s i n g  i t;  moment s  were n o t  s c l v e d  a b o u t  t h i s  j o i n t .  

' a n  e x a m i n a t i o n  cf t h e  m u s c u l a r  s y s t e m  o f  t h e  lower l i m b  

r e v e a l e d  38 m u s c l e s  o f  raajor i m p o r t a n c e .  S e v e r a l  m n s c l e s  were 

p a r t i t i o n e d  i n t o  two o r  more d i s t i n c t  s t r u c t u r e s  d u e  t o  

f u n c t i o n a l  c o n s i d e r a t i o n s  ( G r a n t ,  1 9 7 2 ) .  I n  a l l ,  47 ' m u s c l e s '  

w e r e  deemed  s i g n i f i c a n t  a n d  are l i s t e d  i n  T a b l e  1. f l u s c l e s  

o m i t t e d  i n c l u d e  a r t i c u l a r i s  g e n u s ,  b e c a u s e  o f  its s m a l l  s i z e  a n d  

s p e c i a l i z e d  f u n c t i o n ,  an6 s e v e n  m u s c l e s  i n t r i n s i c  t o  t h e  f o o t .  

Twenty- f  i v e  l i g a m e n t s  were d e f i n e d  c r o s s i n g  t h e  h i p ,  k n e e  a n d  

a n k l e  . j o i n t s .  ' T h e s e  & a r e  l i s t e d  i n  T a k l e  2. N o t e  t h a t  two 

l i g a m e n t s ,  t h e  p o s t e r i o r  c ' a p s u l a r  a n d  t h e  d e - l t o i d ,  ;ere 

s u b d i v 2 d e d  i n t o  s e v e r a l  d i s t i n c t  f u n c t i o n a l  s e c t i o n s .  It m u s t  b e  

n o t e d  t h a t  f o r c e s  were n o t  a s s i g n c ? d  t o  t h e  l i g a m e n t s  ir t h i s  

t h e s i s .  T h e  l i g m e n t s  were i n c l u d e d  i x !  t h e L i x a t o m i c a l  m o d e l  f o r  

, f u t u r e  a n a l y t i c a l  c o n s i d e r a t i o n .  
1 

1 

To e s t a b l i s h  a m a t h e m a t i c a l  m o d e l ,  s k e l e t  a1 r e f e r e n c e  systems 

(SRS) were d e f i n e d  f o r '  t h e  p e l v i s ,  t h i g b ,  s h a n k ,  t a l u s ,  $ f o o t  a n d  

t ce  s e g m e n t s .  .The p r i m a r y  SRS were l q c a t e d  a t  t h e  crest ,  

h i p ,  k n e e ,  t i h i o t a r s a l ,  s u b t a l k  a n d  HTP j o i n t  - c e n t r e s ,  

r e s p e c t i v e l y ,  a s  shown i n  F i g u r e  1. S e c o n d a r y  SRS were d e f i n e d  

by t r a n s l a t i n g  t h e  p r i m a r y  SRS t o  t h e  d i s t a l  e n d  o f  t h e  s e g m e n t  

( e g .  p r i m a r y  p e l v i s  a t  t h e  p u b i c  crest  t o  s e c o n d a r y  p e l v i s  a t  t h e  
4 

h i p  j o i n t  c e n t r e ) ' ,  4 

C o o r d i c a t e s  d e f i n i n g  t h e  SRS- weret m e a s u r e d  , f r o m  a 

d i s a r t i c u l a t e d  d r i e d  male C a u c a s i q n  s k e l e t o n  ( u s i n g  s e p a r a t e  

r e f e r e n c e  s y s t e m s  ( Q A )  f o r  t h e  Ith s e g m e n t .  T h e  t a l u s  a n d  t oe s  

were i n c l u d e d  w i t h  t h e  f o o t  f c r  t h e s e  m e a s u r e m e n t s .  A s p e c i a l  

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

. it d e f i n e d  t h e  r e f e r e n c e  s y s t e m  Q ( s e e  F i g u r e  2 ) .  T h e  r e s o l u t i o n  

o f  t h i s  t h r e e - d i m e n s i o n a l  a n t h r o p o m e Y e r  was a p ~ r c l x i m a t e l  y  1 m m  

t h r c u g h o u t  i ts w o r k i n g  v c l u m e  o f  0.4 x 1.2 x 0.5 m .  C a r t e s i o n  



f a b l e  1 The L-ower 3 x t r e m i t y  Musc l e s  I n c l u d e d  i n  t h e  model .  '. 

P s o a s  ma jo r  
l l l a c u s  . 

su e r s o r  
i n P e r l c r  

e x t e r n u s  
i n t e r n u s  

Husc le  
/ 

I n d e x  Name . 

i i r i f  o r ~ i  s 
u a d r a t u s  f e m o r i s  
ectirreus 

Adduc to r  l o n  gus  
A d d u c t o r  magnus 
Adductor  magnus 
Addnct'or magnus 
Adductor  k r e v i s  
G l u t e u s  m$n&mns 
G l u t e n s  In;nlmus 
G l u t e u s  mlnlmus 
Glu t eas  m e d l u s  
G l u t e u s  m e a i u s  
G l u t e u s  m e d l u s  
G l u f e u s  max$nus 
G l u t e u s  mgxlmus 
T e n s o r  f a s c l a  l a  
SemimemQanosns 
S e m i t e n b n o s u s  
Graci l js  
Sar t o r l u s  
R ec t u s  
Baceps 
B l c e p s  
V a s t u s  

J o i n t  I r ivo lvement  * 

* 
H i  P Knee Ankle - HTP 

V a s t u s  i n  t e r m e d i u s  
V a s t u s  m e d i a l i s  - - 

pop l i t - ens  ' I 

G a s t r o c n e m i u s  l a t e r a l )  
Gastrocnemius m e d i a l )  
P l a n t a r i s  

I 
Sol g u s  
T i b l a l i  
T i b i a l i  
Pe roneu  
P e r o n e u  
Pe roneu  
E x t e n s o  
Ext  en so 
F l e x o r  
P l e  x o r  

a n t e r i o r  

2 o s t e r i g  
ongus  

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

i i t o r u m  
a 9 l u c l s  1 

. m  l o n g u s  
l o n  g u s  

l o n g  u s  
.on gu s 



Table 2 The ~ c w e r  E x t r q m i t p  L i g a m e n t s  I n c l u d e d  i r !  t h e  Model. 
r 

L i g a m e n t  J o i n t  I n v o l v e m e n t  
In 'dex ' Name Hip  Knee TT.  ST 

Su e r  o r  f l i c f e m o r a  
I n  P er f o r  ~ l ~ o f e m o r a  
P n b o f e m c r a l  

1 
I s h i o f  emoral 
Medial c o l l a  t e ~ a l  
Lateral  c o l l a t e r a l  
Med. p o s t e r i o r  c a p s u l a r  
Mid. p o s t e r i o r  c a p s u l a r  
L a t .  c s t e f i c r  c a p s u l a r  
a n t e r E e r  c r u c i p t e  
P o s t e r l c r  c r u c l a t e  
O b l i q u e  p o p l i t e a l  
A n t e r i o r  t a l o f i b u l a r  
P o s t e q i o r  t a l o f  i b u l a r  
A n t e r l o r  t a l o t l b l a l  
P o S t e r i o r  . t a l o t  i b i a l  
C a l c a n e c f i b u l a r  
T i b i o n a v i c u l a r  
n i d d l e  d e l t o i d  
P o s t e r i o r  d e l t o i d  
T a l c n a v i c  u l a r  
Ant, I n t ,  t a l o c a l c a n e a n  
P a s t ,  I n t .  t a l o c a l c a n e a n  
Later a1 t a l o c a l c a n e a n  
P o s t e r i c r  t a l o c a l c a n e a n  

c o o r d i n a t e s  o f  t h e  o r i g i n  a n d  a p o i n t  5 0  .Em a l o n g  t h e  p o s i t i v e  X ,  

Y, 'and 2 ages f o r  e a c h  o f  t h e  p r i m a r y  SFS, a n d  t h e s  o r i g i n  of  t h e  
s e c o n d a r y  SRS were m e a s u r e d  a n d  a r e  g i v e n  i n   able 3. \ i 

\ a 
Leu a n d  L e w i s  (19771 e x a m i n e d  a v a r i e t y  o f  s c a l i n g  t e c h n i q u e s  

a n d  d e m o n s t r a t e d  t h e  s u p e r i o r i t y  o f  t h e  h , o m o g e ~ e o u s  d e f o r m a t i o n  
o v e r  o t h e r  s c a l i n g  schemes .  I n  t h e  p r e s e n t  m c d e l  a n  a n a l o g o u s  

s c a l i n g  t e c h n i q u e  was u s e d  which e m ~ l o y s  t h e  homogeneous  
c o o r d i n a t e  r e p r e s e n t a t i o n  o f  a p o i n t  a n d  a c o m p l e t e l y  g e n e r a l i z e d  
4 x 4 -  t r a n s f o r m a t i o n  m a t r i x  t o  t r a n s f o r m  o n e  t h r e e - d i m e n s i o n a l  
s p a c e ,  t o  a o t h e r  ( P i e r r y n o w s k i ,  1980 )  . Knowing the l&a t i d n  o f  .. 
s e v e r a l  p o i n t s  of p r o m i n e n c e  on a s k e l e t a l  s e g m e n t ,  a n d  t h e  
c o r r e s p o n d i n g  l o c a t i o n  o f  t h e s e  same p c i n t s 9 e a s u r e d  & ax on a 
s u b j e c t ,  a t r a n s f o r m a t i o n  h a t r i x  c a n  b e  c a l c u l a t e d  which 

P 
t r acs f  o r m s  t h e  d a t a  f r o m  a  d i s a r t i c u l a t e d  s k e l e t a l b  s e g m e n t  i n t o  



F i g u r e  1 .eleta1 ref 
extr emit 
z p h  at tEb  - Talus 
Sub talar 

that the 
.d~cnlar to 

Erencs s stems (SRSh forsthe buman 
1 - $ , = l o i s  at t e P U b x  Crest: 

J o i z t ;  3 - Shank  a t  the Knee- 
a!iehe T i k c t a r s a l  Jcint: 5 - Foot 
Join*; -6 - Toes at the idTP Joint, 
Z-axrs fcr SRS 7,2 and 3 are 
the paper and towards the r~ader. " 

I 

- i - . 



a- s l i d e s  along t h e  ZTki 
m -  s l i d e s  along t h e  X and Y axes 

~ i g n r e  2 The  t h r e e  d i m e r s l c ~ a l  a n t h ~ o ~ ~ m e t e r ,  . - 

that  s&me?t o f  the s u b j e c t .  Rhen applLed w i t h  a grdup of  a t  

least f o u r  p o i n t s  on a body segment a r i g i d  body t r a n s l a t i o n  $r.d 

r o t a t i o n  is performed a l o n g  w i t h  a homogeneous de format ion  of t h e  

i n i t i a l  segment  ( s k e l e t o n )  i n t o  the f l n a l  segment ( s u b j e c t )  . 
These t r a n s f o r - m a t i o ~ s  were used t o .  1ccatefik.e SRS w i t h i n  the 

s u b j e c t ,  S p e c i ' f i c s  r e g a r d i n g  the / methcd of implementing tho - 

t r a ~ s f o r m a t i o r a l  scaling is fcund ir! Chapter IV, The t h e o r y  
- 

underlying t h e  t r a n s f o r m a t i o n  is found  in Apperdix A -  



T a b l e  3 The  P o i c t s  G e f i n i n g  t h e  P r i a a r  a n d  S e c c n d a r  
S k e l e t a l  R e f e r e n c e  S stems (SEX) a n d  t h e  c e n & e s  
o f  nass f o r  e a c h  S k e  9 e t a 1  Segment .  
A 1 1  v a l u e s  i n  m m ,  

R e f e r e n c e  S y s t e m  

S e g / l t  O r i g i n  
/ 2  * 
/33 8 

Shank  /K 1 7 3  64-4 1 4 3  
/TT 1 9 1  2 5 5  1 4 3  
/ca 1 8 0  4 8 5  1 4 3  

T o e s  /HTP 296 222 '  174  

I l o c a t i o n  o f  t h e  p r i m a r y  r e F e r e n c e  r y s t e m  
2 . l o c a t i o n  o f  t h e  s e c o n d a r  - r e f e r e n c e  s y s t ~ m  
3 l o c a t i o n  of  t h e  c e n t r e  o? mass 

d u s c l e  Line of Acti_on a Ar,ms 

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

a s  - s t r a i g h t  l i n e s  j o i n i n g  o r i g i n  t o  i n s e r t i o n  ( H a r d t ,  1978 :  - 
Dostal a n d  Andrews,  1981)  . However, many m u s c l e s  a r e  d e f l e c t e d  

o v e r  t h e  s k e l e t a l  f r a m e w o r k  o r  p a s s  t h r o u g h  t e n d o n  s h e a t h s  which 

a re  c o n s t r a i n e d .  S e i r e g  a n d  A r v i k a r  ( 1973) r e p r e s e n t e d  many o f  

t h e  m u s c l e s  c r o s s i n g  t h e  a n k l e  iri t w o   arts to a c c o u n t  f o r  t h e i r  
r 

-- , l a r g e  c h a n g e  i n  d i r e c t i o n .  However, t h e i r  m e t h c d  o f  c o l l e c  t i o r  

cf d a t a  frcm aE a n a t o m i c a l  a t l a s ,  w i t h  a r ~ s o l u t i o r  o f  3mm 

( A r  v i k a r  ,- 197 I ) ,  mus t  he s u s p & t ,  F r i g o  a ~ l d  P e d o t t i  (1977)  
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- 2 l  
2 3  

- 

F o r  t h o s e  m u s c l e s  w i t h - a n  odd number  o f .  p o i n t s  ( m u s c l e s  1 ,  2 ,  ,- 

22, 23, 25, 27 ,  ' a n d  34)  S i m p l e  s t r a i g b t  l i n e  s e g m e n t s  were u s e d  A 

t o  j o i n  t h e  p o i n t s  a n d  t o  c a l c u l a t e  t h e  m u s c l e  * l e n g t h s .  F o r  a l l  

m u s c l d s ,  . summing a l b n g  : t t e  l e n g t h  o f  ' a l l  of t h e  s e c t i o n s .  

c o m p r i s i n g  it, a l b e i t  s t r a i g h t  o r  c n r v h d ,  g a v e c  its l e n g t h  ' (lR) . 
, " 

S i n c e  t h e  pa te l l a  was n o t  i n c l u d e d  i n  t h e  mode l  a d d i t i o n a l  
1 

c o n s t r a i n t s  were n e c e s s a r y  t o  @@ef ine  t h e  l o c a t i o n .  o f  t h e  

q u a d r i c e p s  ( m u s c l e s  28, 31, 32, 33)  t h e  k n e e .  - E a c h  o i  t h e s e  

. m u s c l e s  was a s ~ u m e p t o  arise. f rom i t s  r e s p e c t i v e  o r i g i n  ( p o i n t v  

- l ) ,  c o n v e r g e  and meet a t  a p ~ i n t  6.m a n t e r i o r  - t o  t h e  most 
a n t e r i o r  a n d  s u p  r i o r  a s p e c t  o f  the f e m o r a l  p a t e l l a r  s u r f a c e  b (&nt '  21, curve t t h i r d ~ o i n t  ( p o i n t  3 ) ,  ar?d t h e n  i n s e r t  i n t o  

t h e  t i b i a 1  $ n b e r o s i t y  ( p o i n t  4)- T h e s e  p o i n t s  are shown i n  
- - . + 

~ i ~ & + -  3 i e & t i ~ ~  t o  t h e  t h i g h  a n d  s h a n k  s e g m e n t s .  
3- - 

To d e f i n e  t h e  l i n e  6f a c t i o n  of a q n a d r f c e p ,  t h e ' l i n e  t h r o u g h  .- 
t h e  3 r d  a n d  4 t h  p o i n t s  was c o n s t r a i n e d  t o  i n t e r s e c t  t h e  l o n g  a x i s  

o f  t h e  t i b i a ,  i n  t h e  p l a n e  o f  t h e  h i p ,  k n e e  a ~ d  a n k l e  j o i n t s ,  

,wi th  a n  a n g l e  ( 4 )  i< d e g r e e s  g i v e n  by: 

where  8 is t h e  a m g l e  o f  t h e  t h i g h  ~ e l a t i v e  t o  t h e  s h a n k  ( f u l l  
+ 

extens" i rdokis  z E r o  d e g r e e s )  , T h i s  . eqnat ian  was c a l c u l a t e d  frcm . - 
= 

d 

2- 

: d a t a  c o l l e c t e d  f rom i p  k v o  s a g i t t a l  p l a n e  X-ray p h & o g r a p h s  o f  a 
male k n e e  j o i n t  ( m o r r i s o n ,  1967) .  Ey d e f i n i n g  t h e  d i s t a n c e  

b e t w e e n  p o i n t  3 a n d  ' b i i n t  4 t o -  be  a c c ~ s t a n t  v a l u e  ( ~ g .  2  m m ) ,  

t h e  l o c a t i o n o f  t h e  t h i r d  p o i n t  was-calcqlated. p i t t i n g  a c u r v e  

f r o m  p o i n t  2 t o  3 (see ~ p p e n d i x  B) c c m p l e t e l y  d e s c r i b e d .  t h e  

l o c a t i o n  c f  e a c h  g u a d r i c e ~  m u s c l e ,  
7 

- 
Knowing t h e  l i n e  o f  a c t i o n  cf t h e  m o s = l e s  i n  t h e  n e i g h b c u r h o o d  . 

o f  the joint cen t res ,  t h e  moment arms were c a k u l a t e d ,  ~ e t&i J& + 
' -  . _ '  a r e  f o u c d 5 i n  A p ~ e n d i x  C .  I t  s h o u l d  be  n o t e d  t h a t  t h i s  a n a l y s i s  -. 

t e c h n i q u e  d o e s  n o t  t a k e  i n t o  a c c o u n t  t k e  i n f l u e n c e  cf one m u s c l e  
I "& 



HIP 

TO THE 
ANKLE JOINT CENTRE 

* .  Figure muscle i n  the 
A s a g i t t a l .  plane 

JI. 

3 The . d e f  i r - i t i o n  of a q n a e i c e p  
riergkbonrhood cf t h e  k ~ e e  j o ~ q t .  
vzew is shown. 



o v e r l y i n g  a n o t h e r .  S i n c e  t h i s  t e n d s  t o  i n c r e a s e  t h e  d i s t a n c e  t h e  

s u p e r f i c i a l * m n s c l e s  l i e  f rom.  t h e  j o i n t  c e ~ t r e s  t h e  c a l c u l a t e d  

m u s c l e ,  mcment a r m s .  are.  underestimates. T o  c o r r e c t  t h e s e  

u n d e r e s t i m a t i c n s  E y c l e s h y m e r  and  S c h o e m a k e r s  (1970) a t l a s  of  
c r o s s - s e c t i o n  a n a t o m y  was u s e d  t o  d e f i n e  t h e  l o c a t i o n  cf t h e  

m u s c l e s  as t h e y  p a s s e d  t h r o u g h  -the t r a n s v e r s e  p l a n e  c e n t r e d  a t  

t h e  h i p ,  k n e e  a n d  a n k l e  j o i n t s .  T h e s e  d a t a  are  f c u n d  i n  T a b l e  5 
5 

s c a l e d  t o  t h e  s k e l e t o n .  T h o s e  m u s c l e s ,  w i t h  z e r o  v a l u e s  were n o t  
5 

m o d i f i e d .  

L i s a m e n t  L i n e  pf A c t i c n  a n d  lo rnen t  X r m s  

The l i n e  , o f  a c t i o n  o f  t h e  l i g a m e n t s .  were d e f i n e d ( i r  t h e  same 
A manner as t h e  m u s c l e s .  E a c h  l i g a m e n t - w a s  r e p r e s e n t e d  b y  a n  , 16 

e l a s t i c  t h r e a d  which c o n n e , c t e d  from t h e  c ? n t r o . i d  o f  i ts  area  o f  

o r i g i n  t o  t h e  c e n t r o i d  o f  its area o f  i r t k e r t i o n .  However, u n l i k e  
t h e  m u s c l e s  a l l  l i g a m e n t s  w e r w d e f i n e d  as  o n e  s t r a i g h t  l L n e  

s e c t i o n .  The c o o r d i n a t e s  o f  t h & e  p o i n t s  a r e  g i v e n  i n  T a b l e  6 - . .  
r e l a t i v e  t o  t b e  spp rcp r i a t f  s k e l e t a l  s e g m e p t  ( r e f e r e n c e  s y s t e m  

QI). T h e s e  p o i n t s  were t r a n s f & m e d  t o  t h e  s u b j e c t  a n d  t h e  l e n g t h  

o f  e a c h  l i g a m e n t  c a i c u ~ a t e d . ~  T h e  i i g a m e n t t s  moment arms, . r e l a t i v e  
t o  t h e  j o i n t  c e n t r e s ,  were c a l c u l a t e d  ir! a s imi l a r  manner a s .  t h e  

m u s c l e s ,  O -Q 

M u s c l e  G e c m e t r p  ' -- -- 
The g e o m e t r y  .of t h e  human a m b u l a t o r y  m u s c l e s  i s  a v a i t a b l e  i n  t h e  
f o r m  of  q u a l i t a t i v e  i n f o r m ' a t i o n ,  b a t  there i s ' a  d e f i h t e  l a c k  o f  

r e l i a b l e  g u a r t i t a  t i v e  d a t a .  ~ l e r a n d e r  azd V e r n o n  ( 1  9 7 b  p r e s e r t  

. c o m p l e t e  sets  o f  g e o m e t r i c a l  d a t a  o n  1 7  of t h e  m u s c l e s  c r o s s i n g  
t h e .  k n e e  a n d  a n k l e ,  b u t  t h e i r  work c a n  b e  c r i t i z e d  o n  t h e  g r o u n d s  

of low s a m p l e  size (n=1)  a n d  e x c l u s i o n  o f  t e n d c c s .  P e d o t t i  a. 
( 1878)  p r e s e n t  t h e  . , mean l e n g t h s ,  f i b r e  l e n g t h s  and,  

I 

c r o s s - s e c t i o c a l  a reas  o n  11 m a j o r  l o c c m o t o r  m u s c l e s  b u t  no  

i r d i c a t i o n  o i  t l e i r  d a t a  s c u r c e  Ts g i v e n .  S c h u m a c h e r S k d  'wolf f 

(19 66a ,  b) r e p o r t  t h e  drf mass and  p h y s i c l o g i c a  1 c r o s s - s e c t i o n a l  
a r e a  of macy of t h e  l o w e r  l i m b  m u s c l e s ,  b u t  b e c a u s e  o f  t h e .  .- 

a d v a c c e d  a g e  o f  t h d r  21  c a d a v e r s  (mean a g e  7 2 - 5  y e a r s )  ,, a n d  

7 
'\ 

# \ A  



1 Location of t h e  - n u s c l e s  in. t h e  Transve se P)ane a t  
B 

T: the Hlp, Knee acd Ankle Jolnts, A l l  v a - u e s  ~ r !  m m .  
Table 5 

Knee 
X - z 

Ankle 
X z Muscle  

:- 
3 .  
4 
5 
6  
7  
8 .  - 9 

10 
11 
12 
13 
14 
15 - 
16 
17 
18 
19 
20 
2 1 
22 
2 3  
24 
2 5  
26 

30 
3 1 
3 2  
33  
34 
3 5  " 

3 6  
37  
38  
39 
40 
4 1  
42 
4 3  . 
4 4  
45 
46 
4 7  

Note: With the s k e l e t o n  i n  t h e  a n a t o m i c a l  p o s i t i c n  +X i s  a n t e r i o r  
and +Z 1s l a t e r a l .  



Table 6 ' T h e  P c i n t s  D e f i n i n  t h e  L i n e  of A c t i o n  of t h e  
l i g a m e n t s  w i t h i n  t % e  S k e l e t c n .  A 1 1  v a l u e s  i n  rnrn,. 

I 

o n  p o i n t  
s e g m e n t  

L i g a m e n t  number  4 LI 

p o s s i b l e  a t r c p l i y  o f  t h e  m u s c l e s ,  o n e  m u s t  be c a u t i o u s  when 

e x t r a p o l a t i n g  t h e s e  d a t a  t o  a y o u n g e r  p o p u l a t i o n .  ~ l l  . o f  t h o  

above .  s t u d i e s  are l i m i t e d  i n  t h e i r  a p p l i c a t i o n  i n  t h a t  t h e r e  i s  

m i n i m a l  i n • ’  o r m a t i o n  p r o v i d e d  r i t h  w h i c h  t o  scale  t h e  t a b ' u l a t e d  

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

\ 

S k e l e t a l  m u s c l e s  c o m p r i s e  two f i b r e  c r i e n t a t i c n s ,  . p a r a l l e l  a n d  

p e n n a t e ,  a n d  t h e i r  f i b r e s  may a t t a c h  i n t o  t h e  s k e l e t a l  f r a m e w o r k  

d i r e c t l y  o r  v i a  t e n d o n s .  V a r i o u s  . c h q a c t e r i s t i c s  o f  t h e s e n  

s t r u c t u r e s  , c a n  h e  d e f i n e d  as  shown  i n  F i g u r e  4. Six v a l u e s  wh ich  

were deemed  i m p r t a n t  are t h e  t e n d o n  a n d  f i b r e  l e n g t h s  a s  a 
t 4 

p e r c e n t a g e  o f  t h e  t o t a l  m u s c l e  l e h g t h  (%L , XL' ) , ,  a m u s c l e  s h a p e  
f a c t o r  (E) w h i c h  i s  t h e  maximum a n a t o m i c a l  c r o s s - s e c t i o n a l  area 

S H  (x') d i v i d e d  by  i ts  mean a n a t a l n i c a l  a r e a  ( A  ) , 
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T 

c r o s s - s e c t i o n a l  area o f  t 'he t e n d c n  ( A  ) , f i b r e  a n g i e  o f  p e n n a t i o n  

(a) a n d  i h e  m u s c l e  mass ( m )  . If a  m u s c l e  had  t w o  t e c d o n s  t h e  

e f f e c t i v e  c r o s s - s e c t i c n a l  a rea  vas .  c a l c u l a t e d ,  t o  g i v e  a c o r r e c t  

valse o f  c o m p c s i t e  c o m p l i a n c e .  

E y c l e s h y m e r  a n d  S c h o e m a k e r ' s  a t l a s  of c r o s s s e c t i o n  w a t o m y  

' (1970)  was u s e d  t o  - d e f i n e  a l s t a s d a r d *  s e t  c f  r e p r e s e n t a t i v e  

m u s c l e s  a n d  t e n d o n s .  I n  t h i s  work t h e  body  of a b l a c k -  A s e r i c d n  

male, f i x e d  i n  t h e  a n a t o m i c a l  p o s i t i o n ,  was s e r i a l l y  s l i c e d  a n d  

m e t i c u l o u s l y  r e p r o d u c e d .  S i n c e  t h e  l c c a t i o n  o f  t h e  ' s l i c e s '  were 

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

c r o s s - q e c t i o n a l  areas, l e n g t h  a n d  v o l u m e  o f  m o s t  o f  t h e  d e s i r e d  
'3 - 

m u s c l e s  a n d  t e n d o n s  c o u l d  b e  d e t e r m i n e d .  Areas v e t e  m e a s u r e d  by 

p l a n i m e t r y  - a n d  v o l u m e  o b t a i n e d  by s u m r i n g  t h e  p r o d u c t s  of t h e  

a r e a  a n d  ' s l i c e t  t h i c k n e s s .  The m u s c l e  mass was e s t i m a t e d  by 

m u l t i p l y i n g  t h e  vo lume  by t h e  d e n s i t y  o f  m u s c l e  (1050 k g  m - 3 )  . 
A d d i t i o n a l  i n f o r m a t i o n  were a l s b  a v a i l a b l e  f o r  s c a l i n g  p u r p o s e s .  

H u s c l e  g e o m e t r i e s  were a l s o  a c q u i r e d  f rom f o u r  c t h e r  m a j o r  a n d  

many micor s o u r c e s .  - .  A r e f e r e n c e  p b l e  t c  s u p p l y  mcre t h a n  3 0  of 

' t h e  d e s i r e d  items cf i n f o r m a t i o n  was d e f i n e d  a s  a  m a j o r  s o u r c e .  

T h e s e  were t h e  w o r k s  o f  V o s s  ( 1 9 5 6 ) ,  S c h u m a c h e r  a n d  U o l f f  

( 1 9 6 6 a , b ) ,  A l e x a n d e r  a 3 4  Vernon  (1975)  a n d  P e d o t t F  gg a. (1 978)  , 
w h i c h  r e s p e c t i v e l y  s u p p l i e d  34,  9 4 ,  68 a ~ l d  33 Items of 
i n f o r m a t i o r .  It s h o u l d  be  n o t e d  t h a t  S c h u m a c h e r  a n d  Wolf f ' s  r aw 

d a t a  was c o l l e c t e d  by s e v e r a l  s t u d e n t s  who e a c h  e x a m i n e d  a  f e w  

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

more d e t a i l e d  i n f c r m a t i o n  (Bub, 1963;  L a d r i c k ,  1 9 6 3 ;  G. f l u l l e r ,  

1 9 6 6 ;  K. f l u l l e r ,  1 9 6 7 ;  Neumann, 1963 ;  Rohmann, , 1 9 6 3 ) -  As n o t e d  

i n  t h e  i n t r o d u c t o r y  p a r a g r a p h  t o  t h i s  s e c t i o r . ,  t h i s  a u t h o r  was  

s k e p t i c a l  o f  t h e s e  d a t a  b e c a u s e  cf low s a m ~ l e  s i z e s  a n d  - '  

n o n - t y p i c a l  s u b j e c t s .  The m i n o r  s o u r c e s  t y p i c a l l y  p r e s e n t  

' d e t a i l e d  g e o m e t r i c a l  d a t a  on c n e  o r  t w c  m u s c l e s ,  a l t h o u g h  some 

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

n a r k s  of A r n o l d  a n d  Worthman ( l 9 , 7 4 ) ,  B a r r e t  (1 9 6 2 )  , B e n r i n g h o f f  

a n d  R o l l h a u s e r  (1 952), B l a n t o n  a n d  %gs (1 970)  , C h h l b b e r  a n d  
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Paral l el 

. Pennate 

Figure Q G e c ~ e t r i c a l  charac te r i s t i c s  cf p a r a l l e l  and pencate 
musc le s .  S y r i b o l s  are e x p l a i n e d  ~ r ,  t h e  t e x t .  
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S i n g h  ( 1 9 7 0 ) ,  F i s h e r  (1 906)  , Haggmark 32. .(1978)+, / H a x t o n  

(19 44) , J e n s e n  a n d  netcalf (1 975a ,  b )  ,, Kann (1 9 5 7 ) ,  Kapan j i  

( l 9 7 O ) ,  Khan a n d  Khan ( l 9 7 6 ) ,  Kclt (1937)  , R e y s  ( l g l S ) ,  

~ c h w a r z a c h e i  (1 959)  , S o k o l o w s k a - P i  t u c h o w a  et a. (1 974) ,. 

T r z e c s c h i k  a n d  L o e t z k e  (1 9 6 9 ) ,  a n d  Walker et &. (1964). 

The d a t a  from t h e  major a n d  m i n o r  s c u r c e s  were c o m p a r e d  t o  

~ y c l e s h y m e r ' a ~ d  S c h o e m a k e r ' s  work t o  d e t e r m i n e  t h e i r  s u i t a b i l i t y  

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

geometries, m e a s u r e d  a t  t h e  a n a t o m i c a l  l e n g t h ,  a re  p r e s e n t e d  i n  
T a b l e .  7, N o t e  t h a t  t h e  g l u t e i  mimimus a n d  m e d i u s  were s p l i t  i n t o  

t h r e e  e q u a l  s e c t i o n s .  ' It was a l s o  a s s u r e d  t h a t  25 p e r c e n t  o f  t h e  
w 

g l u t e n s  maximus f i b f e s  i n s e r t  i n t o  the i l i o - t i b l a l  t r a c t .  E n t r i e s  

d p c l o s e d  i n  b r a c k e t s j a r e  t h o s e  f o r  w h i c h  t h e  a u t h o r  was u r a b l e  t o  
r 

l o c a t e  s u F 9 i c i e n t  i n f o r m a t i o n  t o  be d o n f i d e n t  o f  t h e  r e s u l t .  

I n  a d d i t i o n  t o  t h e  m u s c l e  g e o m e t r i e s  ' t h e  a r e a  r e p r e s e n t a t i o c  

of t h e  t h r e e  f i b r e  t y p e s  (SO, PO, FG) w i t h i n  a  , g i v e n  m u s c l e ' w e r e  

a l s o  r e q u i r e d .  Few d a t a  e x i s t  i n  t h e  l i t e r a t u r e  a n d  mary v a l u e s  

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

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

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

d i s t i n c t  s t r u c t u r e s ,  d u e  t o  f u n c t i o n a l  c o n s i d e r a t i c n s ,  t h e y  were 

c o n s i d e r e d  i d e n t i c a l  i n  f i b r e  t y p e  d i s t r i b u t i o n .  

t 
Two p a p e r s  s u p p l i e d  most o f  t h e  human f i b r e  t y p i n g  d a t a  a n d  

d e s e r v e  s p e c i a l  m e n t i o n .  J o h n s o n  . ( 1 9 7 3 )  e x a m i n e d  t h e  

d i s t r i b u t i o n  o f  f i b r e  t y p e s  i n  36 m u s k l e s  from s i x  y o u n g  male . 
'I 

s u b j e c t s  (mean a g e  22 y e a r s ) .  F o u r t e e n  o f  t h e  m u s c 1 . e ~  were 

o b t a i r e d  from t h e  l o v e r  l i m b .  T h i s  p a p e r  is L i m i t e d  i& t h a t  t h e y  

only s u b d i v i d e d  t h e  f i b r e  p o p u l a t i o n s  i n t o  f a s t  a n d  s l o w  t w i t c h  - 

g r o u p i n g s .  N e v e r t h e l e s s ,  t h i s  r e f e r e n c e  s u p p l i e d  t h e  SO 

d i s t r i b u t i o n  f o r  m u s c l e s  1, 2, 11, 12,  13, 21 ,  22 ,  27,  2 8 ,  2 9 ,  

30, 33 ,  3 9  a n d  41. T h e  s e c o n d  p a p e r  ( E d g e r t o r .  et a., 1975)  

e x a m i n e d  f c u r  l e g  m u s c l e s  ic - 3 2  humans  (mean a g e k  59  y e a r s )  b u t  

r e p c r t  t h e  d i s t r i b u t i o n  of - t h e *  t h r e e  f i b r e  t y p e , s .  T h i s  p a p e r  

s u p p l i e d  t h e  SO, FO, FG d i s t r i b u t i c n  f c r  v a s t u s  l a t e r a l i s  a ~ d  
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~ a b i e  7 The 'Standard1 Muscle Geometrical Data. 

Hustle 961,~ 
- 
d oc E aT - mass - - xso XF o 'X~F G 

( O9 (mm2-1 tg) 
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I 3 2  
i n t e r m e d i u s ,  g a s t r o c n e m i u s  a n d  s o l e u s .  A d d i t i o n a l  r e f e r e n c e s  u s e d  

, f o r  i s o l a t e d  f i k r e  t y p e  d a t a  i n c l u d e  A n d e r s o n 6  ( 1 9 7 5 ) ,  B u c h t h a l  
f 

, ( 1 9 7 0 ) ,  C o s t i l l  ( 1 9 7 6 ) ,  E l d e r  ( 1 9 8 0 ) ,  P r i n c e  ( 1 9 7 6 ,  1 9 7 7 )  a n d  

i Vii tasa lo  ( 1 9 7 8 ) .  / 
1 ,' 

Ariaco (1973)  p r e s e n t e d  d a t a  cn t h e  t r i p a r t i t e  f i b r e  

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

: A t r a n s f o r m a t i o n  b € t ~ e € ~  t h e  v a s t u s  l a t e r a l i s  a n d  i n t e r m e d i u s ,  

: - p a s t r o c ~ e m i n s  a n d  s o l e u s  f i b r e  e o m p o s i t i c n  of man ( E d g e r t o r !  & 
i 

I . 1975) a n d  mammals ( A r i a n o ,  1973) was d e g i n e d .  T h i s  
C 

t r a n s f o r m a t i o n  was  u s e d  t o  estimate t h e  f i b r e  c o m p o s i t i c n  of 

m u s c l e  11, 12 ,  13i 27 ,  28, 29 ,  30, 33,  3 9  a n d  Y1. S i n c e . t h e  

p r e d i c t e d  v a l u e s  were r e l a t i v e l y  c lcse t o  t h c s e  r e p o r t e d  b y  

J o h n s o n  et a. (1973)  , t h i s  a u t . h o r  was c c i f i d e n t  . o f  - t h e  

s u i t a b i l i t y  o f  u s i n g  mammalian f i b r e  t y p e  d a t a ,  s u i t a b l y  

t r a n s f o r m e d .  N e v e r t h e l e s s ,  t h e '  known $0 d i s t r i b n t i c n s  were u s e d  

a n d  t h e  p r e d i c t e d  e r r o r  d i v i d e d  a m o n g s t  t h e  FO a n d  FG f i b r e s .  T h e  

f i b r e  c o m p o s i t i o c  of m u s c l e s  9 ,  10,  1 4 ,  23,  24 ,  25, 26, 3 4 ,  37,  

40,  42 ,  43, 44, 46 a n d  4 7  wgre d e f i n e d  b y  t h e  t r a n s f o r m a t i o n  + 

t e c h n i q u e  e x c l u s i v e l y .  

I 
I 
i No d a t a  were a v a i l a b l e  f o r  s e v e r a l  m u s c l e s  a n d  t h e s e  were 

s u b d i v i d e d  i n t o  t h e  r a t g o s  50:20:30 f o r  t h e  S0:TZO:FG f i b r e  t y p e s .  
I T h e s e  m u s c l e s  w e r e - n u m b e r e d  3 t o  8, 1 5  t c  20 a n d  45. F o r  muscles 

1,  2, 21  a n d  22 t h e  S O  d i s t r l k u t i o n  was known ( J o h n s o n  & Q.., 

1973)  a n d  t h e  r e m a i n d e r  was s p l i t  be tweer ,  t h e  FO a n d  FG f i b r e s  i n  

t h e  r a t i o  2:3. 

T h e  t r i p a r t i t e  f i b r e  t y p e  d i s t r i b & i o n S  f c r  e a c h  o f  t h e  
, 

m u s c l e s  i n c l u d e d  i n  t h e  mode l  a r e  g i v e r !  i n  - T a b l e  7. It is 

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

a p p r o x i m a t e l y  correct. T h e  v a s t u s  l a t e r a l i s  m u s c l e  h a s  b k e n  

e x t e n s i v e l y  b i o p s i e d  ar.d t h e  d i s t r i b u t i c n  o f  f i b r e ,  t y p e s  w i t h i n  

i t  v a r i e s  w i t h  sex ( K c e r i  et a, 1977)  a n d  a t h l e t i c  a b i l i t y  

( C o s t i l l  et d., 1 9 7 6 ;  G o l l n i c k  et 41.. 1 9 7 2 ;  T h o r s t e n s s o n  e_t 
. , 1976)  . I d e a l l y  a ser ies  o f  m u s c l e  b i o p s i e s  o n  t h e  s u b  j o c t  

would  g i v e  more c c n f i d e n t  r e s u l t s  b u t  most  s u b j e c t s  would c b j e c t  . 



t o  s u c h  a p r o c e d u r e .  However ,  u n l e s s  s e v e r a l  b i o p s i e s  were 

a n a l y z e d  f r o m  a t  leas t  t h e  l a r g e s t  m u s c l e s ,  t h e  b i o p s i e s  w o u l d  

9 n o t  be o f  much u s e  b e c a u s e '  o f  v a r i a b i l t t y  ( E l d e r ,  1 9 7 7 ;  G r e e n ,  

1979)- .  

P h y s i c a l  P r o p g g G e ~  qf S e s m e n t s  - 
To c a l c u l a t e  t h e  j o i n t  momen t s  a n d  f o r c e s  i n  ar! i n d i v i d u a l  it i s  

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

characterized t h a t  s u b j e c t .  T h e s e  v a l u e s  c o n s i s t  o f  t h e  mass, t h e  

l c c a t i o n  of t h e  c e n t r e  o f  mass a n d  t h e  t h r e e  p r i n c i p a l  momen t s  o f  . 
i n e r t i a  f o r  e a c h  s e g m e n t  cf i r terest .  

S e v e r a l  r e s e a r c h e r s  ( B r a n c e  a n d  q i s h e r ,  1889: D e m p s t e r ,  1 9 5 5 ;  

Drll+is a n d  C o n t i r l ,  1 9 6 6 )  p r e s e n t  c a d a v e r  d a t a  o n  b o d y  s e g m e n t  

carameters. P ~ e d i c t i v e  e q u a t i o n s  h a v e  a l s o  b e e n  d e v e l o p e d  

( F i s h e r ,  1 9 0 6 ;  C l a u s s r  e+ a&., 1 9 6 9 ;  Hapavan ,  J964;  Hatze, 1 9 8 0 a ;  

J e n s e n ,  1975; millis a n h  c o n t i n i ,  t 9 6 6 )  , u s i n g  s i m p l e  

a n t h r o p o m e t r i c  m e a s u r e s .  . T h e s e  e q u a t i c n s  ar9 s u p e r i o r  t o  c a d a v e r  

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

may n o t  c o r r e l a t e  w i t h  t h e  s u b j e c t  p c c l .  The b e s t  m e t h o d  of 

e s t i m a t i n g  t h e s e  p a r a m e t e r s ,  h o w e v e r ,  i s  t o  m e a s u r e  t h e m  

d i r e c t l y -  Bresler a n d  F r a n k e l  (1950)  - u s i c g  a q u i c k  r e lease  

. t e c h n i q u e ,  a n d  Hatze ( 1 9 7 5 b )  a c d .  A l lum a n d  Young ( 1 9 7 6 ) ,  a p p l y i n g 1  
r 

t h e  r e l a x e d  o s c i l l a t i c n  m e t h o d ,  d e t e r m i n e d  t h e  momeht g f  i n e r t i a  
1. 4 

cf s e v ~ r a l  s e g m e 3 t s -  T h e  a p p l i c a t i o n  o f  t h e s e  twc t e c h n i q u e s  a re  
1. s i m ~ l e ,  ac ~ o t  r e q u i r e  much C n s t r u m e n t a t i o n  a n d  a r e  v e r y  

r e p r c d u c e a b l e ,  Hcwever ,  t h e s e  t e c h n i q u e s -  m u s t  b e  a p p l i e d  t o  e r d  

s ~ g m e n t s  a n d  c n l y  i n  t h c s e  p l a n e s  w h e r e  t h e  s e g m e n t  i s  a l l o w e d  t c  

r c t a t e .  

7 Data f r o m  t h e  p a p e r s  c i t e d  a b o v e  were u s e d  t o  estimate t h e  .- 

m a s s ,  mass c e n t r c l d  ana t h e  t h r e e  p r i n c i p a l  momen t s  o f  i n e r t i a '  

f c r  t h e  t h i g h ,  s h a n k  a n d  f c c t  s e g m e n t s  ( t h e  t c e  d n d  t a l u s  - 

s e g a e n t s  were i r i c l u d e d  w i t h i n  tte f o o t ) .  T h e s e  a r e  p r e s e n t e d  i n  
- - 

T a b l e  8. The  mass . r a l u e s  a re  a f v e n  a s  a p e r c e n t a g e  o f  t h e  
- 

. s u b j e c t ' s  t o t a l  b c d y  mass. T h e  t h r o e  r a d l i  o f  g y r a t i o n ,  r e l a t i v e  

t h e  SRS i m b e d d e d  a t  t h e  c e 9 t r . e  -of m a s s  f o r  e a c h  s e g m e r ? t ,  a r e  
CI q - 

I 
# 4 

b? 



T a b l e '  8 . T h e  Body S e g m e c t  P a r a m e t e r s .  

S e g m e n t  nass2 X Y Z 
Ll 

1 r a d i u s  of g l r a . t i o n  o f  t h e  s e  ment  a b o u t  
t h e  c e n t r e  o f  mass a s  a f r a c e i o n  of t h e  
s e g m e n t  l e n g t h  

2 mass a s  a f r a c t i o n  o f '  t h e  t o t a l  b o d y  mass 
3 t o  t h e  k n e e  ' ~ i n t  

Rige t o  t h e  I T  J & n t  
5 *TT t o  t h e  HTP joint, 

a g i v e n  a s  a p e r c e n t a g e  o f  t h e  s u b  j e c t t s  s e g m e c t  l e z g t h .  T h e  moment 
, 

o f  i n e r t i a  is c a l c u l a t e d  u s i n g :  t 

w h e r e  IA - moment o f  i ~ e r t i a  o f  t h e  I t h  s e g m e n t  a b o u t  i ts  c e n t r e ,  

o f  mass, K1 - t h e  r a d i u s  cf g y r a t i o n  a s  a f r a c t i c c  o f  t h e  s e g m e r t  
C 

l e n g t h ,  Ll - t h e  s e g m e n t  l e r y t h  a n d  - t h e  mass of t h e  

segmen t . ,  

The  l o c a t i o n  of e a c h  s e g m e n t ' s  c e n t r e  of mass a re  g i v e n  i n  

c o o r d i n a t e s  r e l a t i v e  t o  t h e  r e f e r e n c e  s y s t e m  b y  w h i c h  t h e  SRS, 

m u s c l e ,  l i g a m e n t  a n d  p a l p a b l e  p o i n t s  r e r e  d i g i t i z e d  (PA) . T h e s e  

d a t a  a re  f o u n d  i n  T a b l e  3.  

HUSCLE MODEL -- --- 
I n  l o c o r n o h i o n  o n l y  o n e  f o r c e ,  t h a t  p r o d u c e d  b y  m u s c l e ,  cap  be 

v o l u n t a r i l y  m o d u l a t e d  t o  p r o d u c e  v a r y i n g  m0vemer.t  p a t t e r n s .  * T h e  

c a p a c i t y  o f  a m u s c l e  t o  p r o d u c e  f o r c e  is d 9 p f ~ d e n t  upor,  i t s  f i b r e  

c c m p o s i t i o n ,  s u b s t r a t e  a v a i l a k i l l t y  , g e c m e t r y  a r d  i n s t a n t a n e o u s  

g t  a n d  v e l o c i t y .  R e c e n t  e v i d e n c e  s u g g e s t s  t h a t  t h e  

a c t i v a t i c n  h i s t o r y  o f  #a i n u s c l e  a l s o  a f f o c t s  i t s  fcrce o u t p u t .  



I n  t h i < s  s e c t i o n  a  t r a n s i t i o n  f rom t h e  real a h a t o m i c a l  s t r u c t u r e  

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

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

t h i s ,  i n  t u r n  s u g g e s t s  t h a t  t h e  m ~ c h a n i c a l  e l e m e n t s  m u s t  

c o r r e s p o n d  t o  s t r u c t u r a l ,  e l e m e n t s ,  , 

If  a n  u n a c t i v a t e d  m u s c l e  is s t r e t c h e d ,  - ' t e n s i o n  w i l l  be  

c b s e r v e d  which  i s  d u e  ' t o  a p a s s i v e  p a r a l l e l  e l a s t i c  c o m p o n e n t  

(PEC) I n  t h e  human body t h e  p a s s i r r e  t e n s i o n - l e n g t h  c u r v e s  o f  

the ,  a u s c l e s  v a r y  g r e a t l y  &epend+ing upon t h e  p e r c e n t a g e  o f  

- c o n n e c t i ~ v e  t i s s u e  ( G a s l s o ~  d. a n d  U i l k i e ,  19747.  S e v e r a l  s t u d i e s  

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

(Chapman, 1,975: E n g i n , 1 9 7 9 ;  Herman 22 gi., 1 9 6 6 ;  ~ t a h a l ,  1971 : 
. T a r d i e u  a,, 1976)  a n d  a l l  r e p o r t  n e g l i g i b l e  p a s s i v e  f o r c e s  i n  

t h e  m u s c l e s  c r o s s i n g  t h e  j o i n t s ,  w i t h i n  t h e  n o r m a l  r a n g e  o f  - _  
movement. F c r  t h i s  r e a s c n ,  t h e  PEC was o m g t t e d  f r o m  t h e  p r e s e n t  

a n a l y s e s -  

.When a m u s c l e  i s  a c t i v a t e d  i t  - p r o d u c e s  t e ~ s i o n  w h i c h  is 

t r a n s f e r e d  v i a  e l a s t i c  s t r u c t u r e s  t o  t b e  s k e l e t c n .  Termed *he 

ser ies  e l a s t i c  c o m p o o e n i s  (SEC) they,. e x i s t  w i t h i n  t h e  c o n t r a c t i l e  

m a c h i n e r y  (Huxley  a n d  Simmons, 1971 ;  J'ewell a n d  W i l k i e ,  1958) a q d  

t h e  t e n d o n s ,  I n  t h e  model  t h e "  f i b r e  a n d  t e n d o n  e l a s t i c  c o m p o n e n t s  

were t r e a t e d  s e p r a t e l y .  
1 

A m u s c l e ,  f r e e d  of a l l  its e l a s t i c  e l e m e n t s ,  c a n  now b e  

r e g a r d e d  as  a p u r e ,  c o n t r a c t i l e  element ( C E ) .  T h e  C E  is t h e  o n l y  

a c t i v e ~ c o n @ o n e n t  i n  t h e  m e c h a n i c a l  mcde l  a n d  i t s  f o r c e  o u t p u t  

d e p e n d s  o n  its l e n g t h ,  v e l o c i t y  a n d  t e m p o r a l  phenomena.  H u s c l e  

f i b r e s  a l s o  f a 1 1  i n t o  t h r e e  t y p e s , -  s l c w - o x i d a t i v e  ( S O ) ,  

f a s t - o x i d a t i r r e  (FC) an& f a s t -  g l p c o l y t i c  (PG) w h i c h  a re  i ~ t i m a t e l y  

a s s o c i a t e d  w i t h  t h e  f o r c e  o u t p u t  of t h e  CE, 

The e l e m e n t s  i n c l u d e d  i n  t h e  m e c h a n i c a l  m u s c l e  mode l  were 

a s s e m b l e d  a s  shcwn i n  F i g u r e  5. Two c o n f i g u r a t i o n s  were d e f i n e d  

t o  a c c o u r t  fc r  t h e  p a r a l l e l  a n d  p e ~ n a t e  f i b r e  g e c m e t r i e s .  I n  
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F i g u r e  5  t h e  s u ~ e r s c r i p t s  N, 0 ,  F, T, C E  and SEC d e n o t e  t h e  t o t a l  ,' 
m u s c l e ,  muscle k e l l y  , m u s c l e  f i b r e ,  t e r d c n ,  c o n t r a c t i l e  e l e m e n t  

a n d  t h e  se r i es  e l a s t i c  componen t . ,  T h e  s u b s c f i p t s  i, SO, F O ,  FG 

r e p r e s e n t  t h e  t h r e e  f i b r e  t y p e  d e s i g n a t i o n s .  ~ d d i t f o n a l  s y m b o l s  

a r e  g e o m e t r i c a l ,  ' i n d i c a t i n g  l e n g t h s  (L ,T) a c d  a n g l e s  ' (a) . . The 
/- 

s u p e r s c r i b e s  '. *,.=*= ' I 12 ' .  a n d  are  u s e d  a b o v e  I" a n d  I* t o  . 
8 

, i n d i c a t e  t h e  first d e r i v a t i v e  w i t h  r e s p e c t  t o  timer a n d  , t h e  
4 3 -  

a n a t o m i c a l ,  maximum a n d  minimum l e n g t h s ,  r e s ~ e c t i v e l y ,  The 
: r e s t i n g  l e n g t h ' s  o f  t h e  SEC a n d  CE were' d e f i n e d  as b e i ~ g  o n e - h a l f  

t h e  f i b r e  l e n g t h  wher? t h e  m u s c l e  is a t  its maximum v i v ~  l e r g t h  
A .  

(is) - ( B a h Z e r  &, 1968: - J q y c e  =Lo, 1 9 6 9 )  ., -It is a t  t h i s  - 
l e n g t h  t h a t  a m u s c l e  c a n  e x e r t  its g r e a t e s t  i s o m e t r i c  f o r c e .  

=re C o m ~ o s i t i o n  I t  is w e l l - e s t a b l i s h e d  t h a t  ,mammalian - 
s k e l e t a l  m u s c l e  f i b r e s  c a n  be c l a s s i f i e d  ' i c t o  t h r e e  f i b r e  t y p e s  

o n  t h e  + b a s i s  o f  t h e i r  m e t a b o l i c  a n d  e l e c t r o ~ h ~ s % o l o g i c a l  * 

. 0 -  
c h a r a c t e r i s t i c s .  ( B u r k e ,  1975.; C l o s e , .  19 72 ; E b e r s t e i n  and' 

t ~ d o d g o l d ,  7968: Goslow &., 1977a.b: S c h u m a l b r u c h  a n d  

K a m i e n i a c k a ,  1 9 7 4 )  ! Slow c o n t r a c t i n g .  f i b r e s  ( S O )  f o r m  a 

ho,mcgene o u s  g r o d p  which  show c o n s i d e r a b l e  r e s i s t a n c e  t o  f a  tQue .  

The f a s te r  f i b r e s  a r e  l e s s  u n i f o r m  t h a n  t s l o w  g r o u p ,  

d e v e l o p i t g  a, w i d e  r a n g e  o f  f a t i g u e  r e s i s t a x e .  However,  t h e y  car). 

b e  d i v i d e d  i n t o  t w o  g r o u p s ,  o n e  w h i c h  is k a t i g u e  r e s i s t a n t  (FO) 

w h i l e  )*he o t h e r  c o n s i s t s  o f  h i g h l y  f a t l g u a b l e  f i b r e s  ( F G )  . 
.(I 

A v a i l a b l e  e v i d e n c e  i n d i c a t e s  t h a t  t h e  f o r c e  d e v e l o p e d . b y  a 

g i v e n  a m o u n t  of ' c o n t r a c t i l e  material i s  a p p r o x i m a t e l y  t h e  same i n  
k 

fast a n d  s lowz m u s c l e  ( A l e x a n d e r  And ~ c l d z p h k , .  1 9 7 7 ;  F e n n  a n d  
C r r  

H a r s h ,  1935:  H e l l a n d e r  a n d  CThulin, 1962;  S e x t o n  a n d  Gerstoc, 

1 9 6 7 ;  Wells, - 1 5 6 5 ) -  ~ x c i s f d  m u s c l f s  f r o m  a w i d e  v a r i e t y  o f  

v & t e b r a t e s  h a v e  boen  f o u n d  t o  a t t a i n  maximum i s o m e t r i c  stresses 

i n  t h e  r a n g e  o f  20-35 N cut-2 ( A l e x a n d e r  and B e r n o r ,  7975). 

PIIT e x p e r i m e n t s  h a v e  b e e r  p e r f o r m e d  t o  m e a s u r e  t h e  maximum 

f c r c e s  w h i c h  c a n  be e x e r t e d  by  g r o u p s  c f  human m u s c l e s .  I n  many 
* 

c a s e s  t h e  , f o r c e  h a s  b e e n  . d i v i d e d  6 y  t h e  a n a t o m i c a l  



i I t - 
Parallel Pennate 

9 

F i g u r e  5 Gecmetries of the m e c h a n i c a l  m o d e l s  of p a r a l l e l  a n d  
p e n r a t e  muscles. Symbols  are e x p l a i r e d  rr t h e  t e x t .  

c r o s s - s e c t i o n a l  a r e a  of t h e  musc le ,  giving v a l u e s  up t o  9 

100  11 cm-2 h k a i  a n d  Fnkunga, 1970).  V a l u e s ~ o b t a i n e d  :II this way 

are n o t  t h e  s tresses a c t i ~ g  i n  t h e  m u s c l e  f i b r e s ,  i f  t h e  m u s c l e s  

are p e n n a t e .  Haxton (1944)  devised t h e  + c o r r e c t  method f o r  

r e l a t i n g  f o r c e  t o  stress i n  penaate musc le  ( o u t l i n e d  b e l o w )  a n d  

f o u n d  t h a t  t h e  ankle e x t e n s o r s  c a n  e x e r t  stresses u p  t o  

38 N cm-2. IE t h e  mnscze model  a  v a l u e  cf 40 B .cm-2 was 
P 

a s s i g n e d  t o  t h e  maximum i s o m e t r i c  f o r c e  p e r  u n i t  of p h y s i o l ~ g i c a l  

c r o s s - s e c t i o n a l .  a r e a  (f ) . It s h o u l d  be  ~ d t e d  t h a t  t h e  

p h y s i o l o g i c - a 1  c r c s s - s e c t i o n a l  a r e a  of a muscle was ntezrst+red a t  

its a n a t o m i c a l  l e n g t h  %(fn) a n d  t h e  maximum f o r c e  occurs a t  t h e  
A it 

maximum v i m  f i b r e  l e n g t h  (zn). 
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P _/i 
I n -  t h e  n e x t  s e c t i o ~  we - w i s h  t o  e x t e n d  from t h e  maximum 

i s o n e t r i c  fcrce e x e r t e d  b y  a m u s c l e  t o  a l l  c o n d i t i o n s  o f  l e i l g t h  
a n d  v e l o c i t y .  F i r s t ,  l e t  u s  e x a m i n e  t h e  l e n g t h  a n d  v e l o c i t y  o f  ' 

s h o r t e n i n g  ( o r  l e n g t h e n i n g )  o f  t h e  m u s c l e  f i b r e s  i n  r e l a t i o n  t o  
t h e  m u s c l e  b e l l y  l s n g t h  (L6). The. s c l u t i b n  cf t h e  f i b r e  l e n g t h  
a n d  v e l o c i t y  i n  a ~ a r a l l e l - f i b r e d  m u s c l e  is t r i v i a l .  I f  

d e c r e a s e s  by a d i s t a n c e  s (s is p o s i t i v e  f o r  a  s h o r t e n i n g  

m u s c l e ) ,  a t  t h e  v e l o c i t y  .;,* t h e  musclO' f i f r e s  a r e  d o i n g  t h e  same. 

C o n s i d e r i n g  t h e  p e n n a t e  m u s c l e  t h e  a s s u m p t i o n  was made t h a t  

t h e  a n g l e  of p e n n a t i . 0 6  v a r i e s  b u t  t h e  m u s c l e  t h i c k n e s s  ( T )  d o e s  
n o t .  ' Calow a n d  i l e x a n b  ( 1973) r q 0 1 t e d  ' t h i s  f i n d i n g  a f t e r  

e x a m i n i n g  t h e  c o n t r a c t i o n  of: f r o g  h i n d  l e g  m u s c l e s .  L e t t i n g  t h d e  
7 

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

was : - 
b 

It v a s  now p o s s i t l e  t o  . d e t e r m i n e  t h a t  a decrease i n  t h e  b e l l y  

l ~ n g t h  (L') r e s u l t s ' , i n  t h e  f i b r k  l e n g t h  t o  c h a n g e  td :  
, 

3 
Kcowirg t h e  l e n g t h s  o f  t h e  f i b r e s  i n  t i n e ,  * t h €  v e l c c i t y  o f  f i b r e  

s h o r t e n i n g  was c a l c u l a t e d  b y  d i f f e r e n t i a t i o n .  ~ h e b i n s t a n t a n e o u s  
f i b r e .  l e n g t h s  a n d  v e l c c i t i e s  were u s e d  t o  m o d i f y  t h e  maximum 
f o r c e  o u t p u t  o f  a m u s c l e ,  

0 

Ser i e s  E l a s t i c i a  Uheg a m u s c l e  is a c t i v a t e d  i ts t e n s i o n  5s -4 
t r a n s f e r e d  v i a  t h e  s e r i e s  e l a s t i c  c c m ~ o n e n t s  (SEC) t o  , t h e  
s k e l e t o n .  I n  ' t h e  mode l  t h i s  e l a s i c i t y  was d i v $ d k d  i n t o  - two 

/ 

p a r t s ,  t h a t - k f  t h e  f i b r s  a n d  t h e  t e n d o n .  . The S E C  c a n n o t  c h a n g e  
a. - - 

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

t b e y  alt&-the i n s t a n t a n e o u s  l e n g t h  a n d  reloclty o f .  tlre Ct w h i c h  - .'. - 
m o d i f i e s  t h e  f o r c e  o u t p u t ,  



I Y 

40 
\ 

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

r e l a t i o n s h i p  f o r  t h e  f i b r e  SEC was e s t i m a t e d .  O n l y  t h o s e  r e s u l t s  

o b t a i n e d  f rom mammalian m u s c l e s  were u s e d  ( C l o s e ,  1 9 7 2 )  . No . 
d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  o f  t h e  SEC b e t w e e n  d i f f e r e n t  f i b r e  

t y p e s  h a r e  been  i n d i c a t e d  ( & o s e ,  1 9 6 4 ) .  
- r m  

T h e  maximum e x t e n s i o n  o f  t h e  f i b r e  SEC a t  P i s  a p p r o x i m a t e l y  
A 

0.07:;' *and i t ' s  n o r m a l i z e d .  compl ia .nce  / / ( t y p i c a  /- y  

v a r i e s  f r o m  1.25*10-2 a t  P ,to 13.15*10+ 

1967,  1968;  B a h l e r  a., 1968:  H c C r o r e y  aJ., 1.966; 

e t  a,, 1970)  . T h e s e  d a t a  were f i t t e d  b y  a - 
e g u a t i o n  t o  estimate t h e l P l r n g t h  o f  the 

f c r c e  i n  t h e  c o r r e s p o n d i n g  ,CE: , 

, - ,p, 
'& -i 

where  A, B, C a n d  x a i e  0.21188,  -0.52625, 0 .08438 and  Pi / P i  , 
r e s p e c t i v e l y .  The  n o r m a l i z e d  l e n g t h - t e n s i o n  c u r v e  f cr  t h e  f i b r e  

ser ies  e l a s t i c i t y  i s  shown i n  F i g u r e  6. 

F o r  many m u s c l e s  t h e  t e n d i n o u s  e las t i$ i ty  d o m i n a t e s  t h e  SEC.' 

U n f c r t u n a t e l y ,  mcst i n v e s t i g a t i o n s  e x a m i n e  t h e  effects o f  a g e ,  

i n t e r r a l  s t r u c t u r e  a n d  embalming  t e c h n i q u e s  OP tho u l t i m a t e  

n g t h  of t e n d o n  ( B l a n t o n  a n d  B i g g s ,  1970: c r o n k i t e , .  1 6  

a ,  ,970)  . $  S i n c e  t e n d o n  r u p t u r e s  a t  a p p r o x i m a t e l y  7 p e r  c e n t  

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

s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  t e n d o n  up t o  2 p e r c e n t  s t r a i n ,  

though,t  t o  b e  t h e  n o r m a l  p h y s i o l o g i c a l  r a n g e  ( G r a t z ,  193-1; H a r r i s  

. 1 9 6 4 ) .  However, B e n e d i c t  e t g l .  ( 1 9 6 8 )  d o  p r e s e n t  d a t a  

w i t h i n  t h i s  r a n g e  o n  t h e  f l e x o r  a r d  e x t e n s o r  m u s c l e s  of  t h e  human 

t o e s .  An a v e r a g e  s t r e s s - s t r a i n  r e l a t i o n s h i p  was e s t i m a t e d  f rom 

t h e i r  r e s u l t s .  Up t o  4  p e r  c e n t  s t r a i n  t h e  m o d u i u s  cf e l a s t i d i t y  

is c c n s t a n t  a n d  a p p r o x i m a t e l y  e q u a l s  200,000 p s i  (1400 N m m - , 2 f .  

Knowing a t e n d o e s  c r o s s - s e e t i o n a l  area i n  s m  (A') a n d  its 

a n a t o m i c a l  l e n g t h  c7) we c a n  a s t i m a t i  t h e  l e n g t h  cf t h o  t e n d o n  

a t  ' a n y  f o r c e  F" f r o m  t h e  f o l l o w i c g  e q u a t i c n :  
-A 



f SEC 
L: 

/ 

Figure 6 The ncrmalized Force-Length r e l a t l o n s h t p  o f  t h e  
f lkre serles elastic compcnent. 

> - 3  
. - 

The normalizpd lergth-tension curve for t h e  t endon  series 

e l a s t i c i t y  is shcwn i n  Figure 7. 



F i g u r e  7  The n o r m a l i z e d  Force-Lezg t l !  r e l a t i k c s h i p ,  of t h e  
t e n d o n  series ~ l a s t t c  c o m ~ c n e c t .  

Temporal P h e n o m m p '  - I t  is  well known t h a t  a muscle c a n 2 o t  b e  
a c t i v a t e d  or  r e l a x e d  i n s t a n t a ~ e o u s l y  ( S t e i n  a n d  Wong, 197ru) . 
T h i s  is p a r t i a l l y  d u e  t c  t h e  f o r c e - v e l c c i t y  r e l a t f c n s h i p  b u t  the 

time cou r se !  cf a m u s c l e f s  a c t i v a t i c a  is a l s o  r e s p o n s i b l e .  

D e f i n i n g  -the active s t a t e  ( q )  t o  be t h e  r e l a t i v e  a m o u n t  of 

c a l c i u m  bound t c  t h e  t ropoc in  m o l e c u l e  ( E s b a s h l  and Endo, 1968)  , 
t h e  c o n t r a c t i l e  e l e m e n t  p r o d u c e s  EO f o r c e  when q=O and maximum a t  

1 .  Note that a c t i v e  s t a t e  Fs l i z e a r i l y  r e l a t e d  t o  a m i x t u r e  o f  

t h e  a ldeunt  of k o c t r a c t i l e  m a t e r i a l  r e c r u i t e d ,  and.  f r e q u e n c y  of 

f i r i n g ,  b u t  d o e s  n o t  s p e c i f y  t h e i r  r e l a t i v e  c o , ~ t r i b u t i a n s  u r i l i k e  

B a t z e ' s  (1 977a ,  1 98Ob) n o d e l .  
8 



The r i s e  a n d  f a l l  o f  a c t i v a t i o n  were m o d e l l e d  b y  e x p o n e n t i a l  
h v 

e q u a t i o n s  w i t h  s u i t a b l e  time c o n s t a n t s ,  - t a n d  t, r e s p e c t i v e l y .  

Knobing t h e  p r e v i o u s  a c t i v a t i o n  q,  a t ,  time t-at (where  l / A t  i s  

t h e  s a m p l i n g  f r e q u e n c y ) ,  t h e  t o u n d a r y  a c t i v a t i o n s  a t  time t we;e q 

e s t i m a t e d ,  F o r  maximal  s t i m u l a t i o n  '(S=1) t h e  u p p e r  b o u n d a r y  

a c t i v a t i o n  is : 
h 

a n d  f o r  f u l l  r e l a x a t i o n  (S=O) t h e  lower b o u n d a r y  a c t i v a t i o n  i,s: 

- 

N o t e  t h a t  when t h e  s t i m u l a t i o n  e q u a l s  0.5 t h e  a c t i v a t i o n  d o e s  n c t  

The v a l u e s  cf t h e  time c o n s t a n t s  f o r  t h e  t h r e e  f i b r e  t y p e s  

w'ere e s t i m a t e d  f rom p u b l i s h e d  c u r v e s  ( B a h l e r  fi &., 1967;  Burke  

a., 1 9 7 3 a ) .  The time c o n s t a n t s  f o r  t h e  r i se  i~ a c t i v a t i o n  f o r  

t h e  three f i b r e  t y p e s  were e s t i m a t e d  a t  0 , 0 0 3  s. The  time 

c o n s t a n t s  f o r  t h e  f a l l  i n  a c t i v a t i o n  f c r  t h e  SO,  FO a n d  FG f i b r e s  

w e r e  0.073, -0.034 a n d  0 ,034  s, r e s p e c t i v e l y .  T h e  a c t i v e  s t a t e s  

(q )  f o r -  a f a s t  a n d  s l o w  t w i t c h  f i b r e  , p o p u l a t i c n  are  p l o t t e d  

a g i n s t  time i n  F i g u r e  8, Both  f i b r e  g r o u p s  r e c e i v e d  maximum 

s t i m u l a t i o n  - f rom 0.0 t o  0 , 0 2 s ;  s t i m u l a t i ~ n  c e a s e d  a t  0.02s.  
F 

It s h o u l d  b e  n o t e d  t h a t  d i f f e r e n c e s  i n  - t h e  rise o f  t e n s i o n  are  

p r e d o m i r e n t l y  due  t o  t h e  f i b r e  f o r c e - v e l o c i t y  r e l a t i o n s h i p s ,  

E? a c t i v a t i o n .  A l s o  t h e  a b o v e  r e l a t i o n s  are o n l y  a p p r o x i m a t e  a 
t 

b e s t .  S t e i n  and Wong (1974)  a n d  Wells ('1965) r e m a r k  t h a t  t h e  . t 
d e c a y  of  a c t i v a t i o n  is o n l y  a p p r o x i m a t ~ l y  e x p o n e r t i a l .  O f  more  

i m p c ~ t a c c e ,  Edman a r d  c o - w o r k e r s  (197 1, 1978) a n d  van A t t e v e l d t  - - 

a n d  Crowe (1980)  r e p o r t  o f  t r a ~ l s i e n t  e n h a a c i n g  a n d  d e p r e s s i n g  

e f fec t s  o n  c c n t r a c t i l e  f o r c e  ky p r e v i o u s  s t r e t c h  ar,d s h o r t e n i n g  

o f  t h e  m u s c l e  f i b r e s .  - T h e s e  m e c h a r i i c a l  e f fec t s  p r o b a b l y  m o d i f y  

t h e  c o n c e n t r a t i o c  o f  c a l c i u m  bcund t o  t h e  c o n t r a c t i l e  f i l a m e n t s .  _I 

i- 



F i g u r e  8 T h e  Bctiyaticn-Time r e l a t i c n s h i p  of a fast a n d  slow 
t w ~ t c h  f l b r e  population. 

~ n t u r e '  ref i n e m e r t s  o f  t h e  model s h o u l d  ' i n c c r F o r a t e  t h e s e  

findings. 
- - 

% ,  
T h e  Force - Lencrth R e l a t i o n s h i p  - -One o f  t h e  e a r l i e s t  
p r e d i c t i o n s  f r o p  t h e  s l i d i n g  f i l a m e r t  t h e ~ r - ~  cf' - c o n t r a c t i o n  was 

t h a t  a s  a m u s c l e h s  l e n g t h e n e d ,  t h e  area of o v e r l a p  of t h e  a c t i f i  
a n d  myosin f i lamects s h o u l d  d i m i n i s h ,  and  theref cre; t h e  t e n s i o n  

- d e v e l o p e d  s h o u l d  a l s o  d e c r e a s e  (Har son  and BU&I, _ 1 9 5 3 ) .  

P r e v i o u s l y  pub1  shed work by Ramsey a n d  S t r e e t  (1%40), d u p l i c a t e d  

by G o r d o ~  et &, (1966) c o ~ l f i r m e d  t h i s  t h e o r e t i c a l  p r e d i c t i o n .  



- 45: 
< 

S e v e r a l  a u t h o r s  h a v e  d e s c r i b e d  t h e  f c r c e - l e n g t h  r e l a t i o n s h i p ;  

m a t h e m a t i c a l l y .  B a h l e r  (1 96 8) , u s i n g  e x p e r i t n e c t a l  d a t a  f r o m  281 

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

f o r c e - l e n g t h  d a t a  f r o m  0.7 t o  1.2 ZF . A s  p o i n t e d  o u t  by  H a t z e :  - 
( 1 9 7 5 a ) .  h i s  e q u a t i o n  was a c c u r a t e  fcr  t h e  r a n g e  i n d i c a t e d  b u t !  

m u s c l e s  f r e q u e n t l y  e x c e e d  t h e s e  l i m i t s .  Hatze, m o d e l l e d  t h e  : 
s c  

r e l a t i o n s h i p  f rom 0.58 t o  1.8 L . 
D 

It  s h o u l d  b e  n o t e d  t h a t '  

n e i t h e r  o f  t h e  a b o v e  e q u a t i o n s  h a v e  a n y  ~ h y s i o l o g i c a l '  / 
- / I  

. s i g n i f i c a n c e  b e s i d e s  d e s c r i b i n g  t h e  r e l a t i o n s h i p .  / 
i 

/ I  

I n  t h e  p r e s e n t  i n v e s t i g a t i o n  t h e  f o r c e - l e n g t h  r e l a t i o n s h i p  was 
"' p - 

d e s c r i b e d  u s i n g  ~ h t r e ~ +  ( 1 9 7 7 a )  e q u a t i o n :  I 4 

- b* P f v  
Pt /P; = 0.32 + 0.71exp(-1 .112 (L /L -1 .0))  

A 

* s i n  ( 3 . 7 2 2 ( 1 ' / i P  - 0.656)) 
I 

i 
where  a l l  o f  t h e  s y m b o l s  h a v e  b e e n  ~ r e v i o u s l y  d e f i n e d .  The I i' 
n o r m a l i z a l i z e d  l e n g t h - t e n s i o n  r e l a t i o n s h i p  f o r  t h e  CE is s h o w n  i n '  

~ ,, 
F i g u r e  9. A l t h o u g h  e q u a t i o n  (12) f o l l o w s  t h e  f o r c e - l e n g e q  

r e l a t i o n s h i p  of a m u s c l e  f i b r e  a n d  n o t  t h a t  of a w h o l e  m u s c l e  i t \  

was t h o u g h t  t he  b e e t  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  ~ l s d ,  s i n c e  $ 
- t h e -  e q u a t i o n  d e f i n e s  t h e  f o r c e - l e n g t h  r e l a t i o n s h i g  b e y o n d  t h e  

maximum l e n g t h  d e f i n e d  i n  t h i s  t h e s i s ,  (1.02') a l t e r n a t i v e  iJ  
1 

rest l e n g t h s  c a n  b e  e a s i l y  d e f i n e d  a n d  i n c o r p c r a t e d  i n t o  t h e  1 

model  when more d e f i n i t i v e  r e s t  l e n g t h  d a t a  b e c o m e s  a v a i l a b l e .  
) 

F o r c e  - V e l c c i t v  R e l a t & q n s h Q  - I n  1 5 3 8  Bill d e t e r m i n e d  t h a t  / 
t h e  p r e v i o u s l y  well known i n v e r s e  r e l a t i o n s h i p  b e t w e e n  m u s c l e 1  

1 
f o r c e  a n d  t h e  s p e e d  of c o n t r a c t i o n . ,  near o p t i m a l  l e n g t h ,  ' f o r ;  

i" 2 0 (Penn a n d  Harsh ,  1935;  H i l l ,  1922 ;  L e v i n  a n d  Aymar, 1927.' 

WilkSe,  1950)  , c o u l d  be r e p r e s e n t e d  b y  
6' 

- - - 

where  ' a J  a n d  'b' a r e  p h y s i o l o g i c a l  c o n s t a n t s  p r o p o r t i o n a l  t o  t h e  

c r o s s - s e c t i o n a l  a r e a  o f  t h e  m u s c l e  a n d  its f i b r e  l e n g , t h .  



Figure 9 The  n o r m a l i z e d  Force-Length r e l a  t i a s h i p  of  t h e  
contractile e l e m e n t .  , 

H i l l ' s  c o n s t a n t  ' a 1  h a s  t h e  u n i t s  c f  f o r c e  arid i s  h i g h e r  f o r  

. f a s t  t h a n  slow m u s c l e s .  ' 13 t h e  model * a 1  was a s s i g n e d  0.20, 0.35 - c* 
a n d  0-35 P; for the SO, FO, and PG f i b r e  t y p e s ,  r e s p e c t i v e l y .  

The c o n s t a n t  'bl has t h e  u n i t s  of v e l c c i t y  a n d  i s  a p p r o x i m a t e l y  

s i x  t imes  g r e a t e r  f o r  a  f a s t  t h a ~  a slow muscle .  F o r  each m u s c l e  = , L 
'AF i n  the model  @ t l  was a s s i g n e d  0.40 L , 2.25 i' a n d  2.25 L f o r  

t h e  SO,  FO and  PG fiber t y p e s ;  r e s p e c t i v e l y  ( C l o s e ,  1964;  Wells, 

1965) . The f c r c e - v e l o c i t y  r o l a t i o ~ s h i p  o f  a f a s t  and s l ~ w  t w i t c h  

f i b r e  p o p u l a t i o n  a r e  shown l a  F i g u r e  10, F o r ,  b c t h  f i b r e  g r g u p s  

F" = 1000A. 2' = O.OSm, = 0.051~ and q = 1.0. 
- 



---- 
0 4 

Figure 10 The ' ~ o r c e - ~ e l o c l t  r e l a t i c n s h i p  of a fast and slow 
twitch f l b r e  popu I a t l o n .  

In the model, j o  mechanical ,  d i f fererces  were a s s u m e d  t o  e x i s t  

b e t w e e n  t h e  two f a s t  t w l t c h  f F b r e  typos. Hcwever, t h e  

d i s t r i b u t i o ?  of  force amongst m u s c l e s  according t o  f i b r e  t y p e  

waul$ be. 3 q u a n t i t a t F v e l p  d i f f e r e n t  i f  they were n o t  s u b d i v i d e d .  

Also future k f i r e r n e ~ t s  to t h e  model ccnld i n c l u d e  the d e c a y  of 

f o r c e  w i t h  f a t i q n e  (Burke.  g& &., l 9 7 3 a )  . 



4 8  

H i l l ' s  e q u a t i o n  s u f f e r s  f r o m  a number  o f  d e f i c i e n c i e s ,  t h e  

major o n e  b e i n g  t h a t  it is c o n f i n e d  t o  c o n c e n t r i c  c o n t r a c t i o n s  

e v e n  t h o u g h  a l a r g e  p r o p o r t i o n  o f  m u s c l e  a c t i v i t y  is e c c e n t r i c  

( A b b o t t  g$ q,l., 1 9 5 2 ) .  However ,  l i t t l e  is known a b o u t  t h e  maximum 

f o r c e  o u t p u t  of  a m u s c l e  u n d e r g o i n g  an e c c e n t r i c  c o n t r a c t i o n .  

S u g i  (1972)  s t u d i e d  t h e  f o r c e  c h a n g e s  d u r i n g  t h e s e  c o n t r a c t i o c s  
ta 

a n d  h a s  c l e a r l y  d e m o n s t r a t e d  t h a t  a s  s t r e f c h i n g  v e l o c i t i e s  
* * cc 

i n c r e a s e  t h e  f o r c e  r i ses  a b o v e  isometric (P  ) t o  a p l h t e a u .  

 his is shovr? i n  ~ i g u r e  10. It c a n  b e  s e e n  t h a t  H i l l ' s  e q u a t i o n  
' 

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

v e l o c i t y  o n l y  fir m u s c l e  s h o r t e n i n g .  Once m u s c l e  is  l e n g t h e n e d ,  

a d i f f e r e n t  r e l a t i c p s h i p  i s  f o l l o w e d .  T h e  maximum f o r c e  
I 

d e v e l o p e d  b y  a m u s c l e  i n  e c c e n t r i c ~ c o n t r a c t i o n s  was d e f i n e d  t o  b e  
-a 

1.25 P = P ( J o y c e  & d., 1 9 6 9 ;  Katz, 1 9 3 9 )  a n d  t h e  

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

h y p e r b o l i c  r e l a t i o n s h i h ,  a l b e i ' t ,  c n e  d i f f e r e n t  t h a n  t h e  

s h o r t e n i n g  c o n d i t i o n ,  
Y 

- v  

T h e  e q u a t i o n  u s e d  t o  d e s c r i b e  t h e  e c c e n t r i c  h a l f  of t h e  
a c t  

f o r c e - v e l o c i t y  r e l a t i o n s h i p  (L < 0)  was r e w r i t t e n  f r o m  F* gh  

(1977)  a n d  f o l l c w s :  

-a 
5 

'c.* ..rL ce. P? = P ;  - D ( E ;  - P; ) / ( D  - L ; )  4 

-a 'CO where  D = b ( G >  P P i  + a )  ( 1 4 )  

The s e c o c d  s h o r t c o m i n g  of 
;cL 

p a r a m e t e r s  P ,  a n d  'a' are n c t  

l e n g t h  df t h e  C E  a n d  a c t i v a t i o ~ ,  

h a s  b e e n  e x t e n s i v e l y  r e p o r t e d  

H i l l ' s  e q u a t i c r  i s  t h a t  t h e  

c o n s t a n t  b u t  f u n c t i o r p  o f  t h e  
t 

N e v e r t h e l e s s ,  H i l l ' s  e q u a t i o n  

on  i n  t h e  l i t e r a t u r e .  a n d  t h e  

p a r a m e t e r s  ' a *  a ~ l d  ' b '  a r e  r e l a t e d  t o  t h e  e n e r g y  ~ r c d u c t i o n  o f  a  - 

m u s c l e  (Hatze a n d  \ B U Y S ,  -1 977 ;  H i l l ,  1 9 2 8 ) .  T o  a d j u s t  e q u a t i o f i s  

( 1 3 )  a n d  (14)  b o t h  $* a n d  l a '  were s c a l e d  by  t h o  f o r c e - l e n g t h  

r e l a t i c n s h i  F, . g i v e n  i n  e q u a t i o n  (12)  ( A h b o t t  a n d  n i l k i e ,  1 9 5 3  ; 

B c r n h o r s t  a n d  ~ i n a r d i ,  1 9 7 0 ;  H a t s u m o t o ,  1967) , ar,d t h e  a c t i v a t i o n  , 

q ,  g i v e n  I n  e q u a t i o n s  (10)  a n d  (11) ( B i g l a n d  a n d  L i ~ p o l d ,  1 9 5 4 ;  

H i y a s h i t a  gt a., 1 9 6 9 ) .  
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4 t h e  v e l o c i t i e s  o f  t h e  S E ~ ? S  (L ;- ) 'and t e n d o r !  ( L  ) . How t h e s e  . . 
were d e r i v e d  i s  d i s c u s s e d  below. 

I t  - 
83 I 

5 Knowing t h e  l e n g t h s  a n d  v e l o c i ' t i e s  o f  t h e  muscle,  SEC arid 

t e n d o n ,  t h e  l e n g t h s  and v e i o c i t i e s  o f  t h e  CE* s (15 .iq ) were 

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

The b o u n d a r y  a c t i v a t i o n  l e v e - 1 s  o f  t h e  t h r e e  C E * s  a t  time 

t - A t + d t  were c a l c u l a t e d  u s i n g  e q u a t i o n s  (10) a n d  (1 1) . Knowing 
< - 

t h e  l e n g t h s  a n d  v e l o c i t i e s  a t  time t - A t ,  a n d  t h e ' a c t i v a t i o n  l e v e l  -- 
of t h e  t h r e e  CE! s a t  time t - 4 t + d t ;  t h e s e  were u s e d  t o  estimate 

t h e  forces i n  t h e - , C E s s  a t  t i m e  t - A t + d t  u s i n g  e q u a t i o n s  (13) a n d  
r 

. (14 ) .  Knowing ' t h e  forces PC' , t h e  c o r r e s p o n d i n g  l e n g t h s  of t h e  
SEC a n d  t e n d o n s  a t  time t - 4 t + d t  were q e r i v e d .  ' s i n c e  we now know 

L" a t  times t - A t  a n d  t - A t + d t ,  t h e '  v e l c c i t i e s  o f  t h e s e  

s t r u c t u r e s  were e s t i m a t e d  f r o m  t h e i r  c h a n g e  'ir. l e n g t h  t imes t h e  
r 

L, 
I 

r e c i p r o c a l  of 4t .  
1 

- 

9 

* 

S u f f i c i e n t  i h f o r m a t i o n  now e x i s t i d  t o  c a l c u l a t e  t h e  l e n g t h s  

a n d  v e l o c i t i e s  cf t h e . % ~ * s  a t  time t - A t + d t .  I t  c a n  b e  s e e n  t h a t  
I 

t h e  a b o v e  s t e p s  were k times, t o  e s t i m a t e  t h e  m u s c l e  

" f o r c e  a n d  a c t i v a t i o n  a t  time t. .. 

CONTROL BODEL 

1n t h e  l a s t  s e c t i o n  t h o  f o r c e  a m u s c l e  e x e r t s  when e x p e r i e n c i n g  a 

p a r t i c u l a r  s t i m u l a t i o n  was d e v e l o p e d .  The c o n t r c l '  model se lec t s  " 
, t h e  m u s c l e  s t i m u l i  b a s e d  on a n e u r o p h y s i o l o g l c a l  model  o f  m p s c l e  

r e c r u i t m e n t  t o  g e n e r a t e  t h e  n e t  m u s c l e  mcmen'tsi T h i s  m o d e l  is 

d i s c u s s e d  belcw. . ,  , 
I 

~ t o o h r s i o 1 ~ ~  c o n s t r a i n t s  

u s e  T V P ~  p e c ~ a t m e n t _  I t  is weI.1 known t h a t  most  mammal fa^ 
m u s c l e s  are composed  o f  d i f f e r e n t  f i b r e  t y p e s ,  ' u h i c h  c a n  b e  

c o n v & i e n t l y  l u m p e d  i n t c  t h e  t h r e e  c a t e g o r i e s  S O ,  PO a n d  FG. 

terms o f  f u n c t i o n , .  t h e  FG u n i t s  a r e  f o r  s h o r t - t e r m  p o w e r f u l ,  

p h a s i c  a c t i v i t y ,  a n d  t h e  FC f i b r e s  a r e  b e t t e r  a d a p t e d  f o r  
a 

r e p e t i t i v e    ha sic a c t i v d t y .  On t h e  o t h e r  hand,  t h e  SO f i b r e s  
/ 

f 
A 

/ 
/ 

.r 



l & - s p e e d  e c o n o m i c a l  c o n t r a c t i l e  u a i t s ,  s u i t a b l e  for  s u s t a i n e d '  ' 

' t o n i c  a c t i v i t y .  It is t h o u g h t  t h a t  d u d n g  v o l u n t a r y  m u s c l e  
w, 

c o n t r a c t i o n s ,  m u s c l e  u r i t s  a r e  r e c r u i t e d  i n  o r d e r  & d i m i n i s h i n g  
f a t i g u e  r e s i s t a n c e .  T h i s  p a t t e r n  h a s  been e x p e r i m e n t a l l y  s h o w q  
i n  bo th  c a t  ( g i n d e r  & a., 1978: ~ o s l o w  s-d., 1977b: R e n r  i 
and Olson ,  1965;  Ualmsley & a. , 1978) ' a n d  hGman s t u  
( ~ e s m e d t  a n d  Godanx, 1977a,b:  G o l l n i c k  & 91.. 1974: Henn 
, 1965;  H i l ee r -Brown-  g& a., 7973) . It h a s  a l s o  &en  1 

+ r e p o r t e d  t h a t  when h i g h e r  l e v e l  m u s c l e  f i b r e s  a r e  r e c r u i t e d ,  

t h o s e b  p r e v i o u s l y  r e c r o i t e d  a r e  n o t  d e a c t i v a t e d  (Desmedt and  . 

Godaux; 1977a;  G o l l n i c k  et a., 1974) . D e f i n i n g  t h e  r e c r u i t m e n t  
I - P ' 

p a t t e r n  o f  f i . r e  t y p e s  a s  f i x e d  we c a n  write: C (. ' ,:2. 
* r '  . 

i 

.SO ---- > SO + PO ---- > SO + F O  + FG (15)  - b 

T h e r e  . is st i l l  scme d e b a t e  a b o u t  t h i s  r e c r u i t m e n t  o r d e r ,  - 
c o n c e r n i n g  w h e t h e r  a l l  f i b r e s  i n  a l o w e r  l e v e l  must be r e c r u i t e d  
b e f c r e  t h e  n e x t  l e v e l  i s  e n t e r e d .  The b e s t  e v i d e n c e  comes =om 
g lycogen  d e p l e t i o n  s t u d i e s  (Burke  a n d  ' I s a i r i s ,  1973: Essec and  % , 

H e n r i k s s o n ,  1974: G a r n e t t  et a., 1 9 7 8 ;  G o l l n i c k  22 a,, 197J4) 
which i n d i c a t e  t h e  hamogeneous l o s s  o f  s u b s t r a t e  f rom all f i b r e s  
o f  a similar t y p e ,  i n d i c a t i n g  t h a t  a l l  f i b r e s  were i n  u s e .  . - 
However, some r e s e a r c h e r s  h a v e  hy p c t h e s i z e d  t h e  movemect of 
s u b s t r a t e  f rom c n e  f i b r e .  t o  a n o t h e r  (Essen  a d  vaggmark, 1975)  

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

model i n c o r p o r a t e s  ar! immutab le  r e c r u i t m e n t  o r d e r  . o f  musc l e  
f i b r e s  g i v e n  by r e l a t i o n  ( I S ) .  

I ,  

P a t t e r n  G e n e r a t o r s  T h r e e  ma jcr* c c m p c n e n t s  cf - the - ' n e u r a l  

-- c o n t r o l  s y s t e m  fcr l o c o m o t i o p  have  b e e n  i d e n t i f i e d  a n d  i n c l u d e -  1 )  
a r e l a t f ' v e l y  au tonomous  g e n e r a t c r ,  r e s i d i n g  i n  t h e  i n t e r n e u r o n s  

o f  t h e  l umbar  s p i r a l  c o r d ,  which can  p r o v i d e  f o r  r h y t h m i c  #. 
. 

s t e p p i n g ,  ' 2) a  ~ p i n a l  s y s t e m  r e c e i v i n g  a c t i v a t 3 n g  s i g n a l s  from 
4 s u p r a s p i n a l  s c u r c e s ,  and  3) a  s egmen ta2  a f f e r e n t  i ~ p n t  which , - A 

i n t e r a c t s  w i t h  t h e  s p i n a l  programme ' e i t h e r  b y  d i r e c t  f e e d b a c k  o r  
c h a n n e l l i h g  t h r c u g h  a s c e n d i n g  n e u r a l  pathways.  



. 52 

T h a t  t h e  l u m k a r  s p i n a l  a o r d  c o u l d  s u p ~ o r t  s t e p p i n g  movements 
i n  t h e  limbs o f  a n i m a l g  w i t h o u t  h i g h e r  l e v e l  i n p u t  h a s  been  known 
a l o n g  time (Graham Brown, 1916; G r f l l n e r ,  1973;  S h u r q g e r  a n d  

~+z 

Dykman, 1951)  r ~ u r t h e r , '  t h e  a f f e r e n t  i h p u t ,  i f  ~ u 4 ~ i c a l l y  =- - -, 4- - . - ~s 

r e a o v e d ,  was a l s o  f cun& t o  b e  n o n - e s s e n t i a l  tc ~ h y t h m i c d c t i v i t ~  
F "  

( G r i l l n e r  a n d  Zangger ,  1974: ' Taub a ~ d  Berman, '1 968) . T h i s  
e v i d e n c e  s l i g g e s t s  ' t h a t  o n e  o r  more p a t t e r n  g e n e r a t o r s  can p r o d u c e  , 

r e l a t i v e l y  e f f e c t i v e  movement p a t t e r n s .  Such  a scheme i s  
d e m o n s t r a t e d  by much e x p e r i m e ~ t a l  e v i d e n c e ,  a t  l e a s t  i n  t h e  c a t  
( G r i l l n e r ,  1975;  Perret a n d  Cabe lguen ,  1980: S h i k  and O r l o v s k y ,  
1976) .  ,k, 

l 

I n  t h e  p r e s e n t  model t h o s e  f a c t o r s  deemed n e c e s s a r y  were a s  

f o l l o w s  : 

1 Up t o  t h r e e  F a t t e r n  g e n e r a t o r s  ( r eocq  s i g n a l  o u t p u t s )  e x i s t  
a t  e a c h  j o i n t ,  c o r r e s p o n d i n g  t o  of  d a g r e e s  of  
f reedom t h a t  j o i n t  provides . -  t h e  f o o t  was 

c o n s t r a i n e d  t o  move a b o u t  t h e  u n i - a x i a l  t i b i o t a r s a l  and  
s p b t a l a r  j o i n t s ,  r a l a t i v e  t o  t h e  shank.  . Two g e n e r a t o r s  were 

assumed t o  c o n t r o l  t h e  m u s c l e  momerts  ab ,on t  these two a x e s .  

1 he 
~ h s  o u t p u t  l e v e l  of a g e n e r a t o r  v a r i e s  i n  crher  t o  m a t c h  - 
moment r & u i r c m e n t s  a t  e a c h  j o i n t ,  d a d  i t  was c o n t r o l l e & b y  

s u p r a s p i n a l  a n d  s e g m e n t a l  s i g n a l s .  

2 For e a c h  p a t t e r n  g e n e r a t o r  its p r o t a g o n i s t s  ' a e d  a n t a g o n i s t s  

. were r e s p e c t i v e l y  f a c i l i t a t e d  a n d  i n h i . b i t &  by  t h e  same 
' > 

s i g n a l :  T h i s  p r e s u p p o s e s  t h a t  t h e r e  @as no..) a ~ f f e r e n t  i n p u t  
m o d i f y i n g  t h e  s i g n a l  t o  a s e l e c t e d  muscle.  Ir c t h e r  words  a  ,, 

L 4' 
f e e d  ' f c r w a r d  s y s t e m  was model led .  It is  kriown t h a t  t h e  

f e e d b a c k  s i g n a l s  are r o t  e s s e n t i a l  f c r  p r o d u c i n g  t h e  b a s i c  
movement  pattern.^. The s i g n a l s  from t h e  ransc le ,  j o i n t  a r d  -, 

s k i n  r e c e p t o r s  a r e  u s e d  a s  a  f i n e  c o n t r o l  a n d  t o  modi fy  t h e  
o u t p u t  t c  c o r r e c t  f o r  n n f o r s e e n  d i s t u r b a n c e  (i. e. f a t i g u e  o r  
s t e p p i r i g  on a p e b b l e ) .  S i n c e  these a f f e r e n t  s i g n a l s  a r e  

E O E - e s s e n t i a l  t o  r h y t h m i c  a c t i v i t y  ( G r i l l n e r  , 1975)' t h e y  w&e 



e ~ c l u d e d  f rom t h e  model f o r  s i m p l i c i t y  a t  T h i s  s t a g e .  ~ u t u r e  
, < 

r e f i n e e n t s  to  t h e  model c o u l d  a d d  s u c h  a f f g r e n t  f e e d b a c k .  a 

TWO s i m p l e  e x a m p l e s  are  g i v e n  t o  i l l u s t r a t e  t h e  c o n t r o l  mo'del. 
d 

C o n s i d e r  e l e v e n  m u s c l e s  s i t u a t e d  a r o u n d  a= h + p o t h e t i c a l  j o i n t  t h a t  

h a s  two  d e g r e e s  of f reedon ,  f l e x i o n - e x t e n s i o n  a n d  
a d d b c t i o n - a b d u c t i o n  (see F i g u r e  11). A11 o f  t h e  k u s c l e s  h a r e  t h e  
moment arms shcwn'. I f  e q u a l  f l e x i o n  a n d  a d d u c t i o n  moments are 

,4 

d e s i r e d  n u s c l e s  (and 10  1.42 (0.71 + 0.71) times 

and  i u s c i e s  9 a d  11 times a s  s t r o n g l y  a s  
m u s c l e s  3 b n d  5; m u s c l e s  2 a n d  6 r e c e i v e  a  n e t  s t i q u l u s  s k g n a l  of 
z e r o ,  and t h e  r e m a i n i n g  t hree m u s c l e s  a re  f n h i b i t e d  *?by '' t h e  

d 6  

c o n t r o l  model. T h i s  is a n  example o f  a, g r o u p  of muscJ%s b e i n g  
p r e f e r e n t i a l l y  r e c r u i t e d  because t h e y  s a t i s f y  twc mcments a t  a -  

s i n g l e  j o i n t .  Bcte t h a t  muscles '  4,. 9,  10 a n d  11 do n o t  r e c e i v e  
a l l  o f  t h e  s t i m u l a t i o n  from t h e  f l e x i o n - e x t e n s i o n  a n d  P h s  

a b d u c t i o n ~ a d d u c t i c n  p a t t e r n  g e n e r a t o r s  s i n c e  t h e y  are h o t  p u r e  
f l e x o r s  o r  , a d d n c t o r s .   hey ' recef oe i n p u t s  c a l c u l a t e d  
trigonometrically based%on t h e i r  p o s i t i c n  (see = ~ f g o r e  11) .  . 

1 ; r' 

The seccnd example  c o n c e r n s  i t s e l f  w i t h  t h e  a b i l i t y  of a --Y 

s i n g l e  musc le  to s a t i s f y  t h e  n e t  m u s c l e  mnents  a t  two d i f f e r e n t  
T 

j o i n t s .  If  a m u s c l e  car! g e n e r a t e  p a r t  cf t h e  ; e q u i r e d  ne"t musc l e  

momeat a t  mote t h a n  one  j o i n t  'it  ill be p r e f e r e c t i a l l y  s e l e c t e d  
a 

b y  v i r t u e  cf r e c e i v i n g  p o s l t i v e  s t i m u l i  f r o m .  two o r  more, 

g e n e r a t o r s .  
0 .  

The c o n t r o l  model r e c r u i t s  g r o u p s  c f  m u s c l e s  i n  a c c o r d & s  t o  
- 

- .  
t h e i r  'ability t c  g e n e r a t e  a ' r e q u i r e d  n e t  musc l e  moment.; 

I n d i v i d u a l  m u s c l e s  w i t h i n  q s p e c i f i c  g r o u p  Bay r e c e i v e  d i f f e r e n t  

a c t i v a t i n g  . s i g n a l s ,  d e p e n d i n g  upon t a b i 1 i . t ~  t o  s a t i s f y '  o n e  
o r  more n e t  mn$kle moaents .  t h e r e  is l i t t l e  

n e n r o p h y s i o l o g i c a l  e v i d e n c e  t o  su a te  t h e  number o f  
i&epnd+rt stiruli an2 kou t h e y  are r w a  *s #e fcsenteter 
a u s c l e s  t h e  actukl a e n r a l  c o n t r o l  of l 2 d i v i d u a l  m u s c l e  

recruitmect must  be l a r g e l y  t h e o r f z e d .  a n t i 1  b e t t e r  s p a t i a l  and  
- 

tempcrai t ~ e u r c ~ h y s i o l c g i c a l  d a t a  i s  o b t a i ~ e d ,  c o n s i d e r i n g  a l l  
t 

I 

\ 
* \ 

.B \ 



Figure Eleven h o t h e t i ~ a l  muscles s i t u a t e d  around a j o l o t  
where b o g  f l e q o n  (f) ard M n c t i a e  tkdf muscle 
rnomerts are r9qulr d .  b )  The ~ormalized stlmulatJon 
from the flexlon (e&nsion p a t t e r n  e l e r a t a r  B) t h e  
rornalized s t i z u  a on f r o r  thp abau t i on /adduct ior .  

ttern g e n e r a t o r ,  C t h e  s t ~ n u l a ~ f o c  n a p  a t  the Eht, and D) the l o c a k ~ o n  of the eleven muscles.- 
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d e g r e e s  o f  f reedom i n  t h e  1oc.cmotor s y s t e m  a n d  t h e  i n f l u e n c e  of 
7 

p e r i p h e r a l  i n f l o w ,  t h e  c o n t r o l  model  w i l l  b e  s c i e n t i f i c a l l y  . 
- s t i m u l a t i o n  - A c t i v a t  i o n -  Muscle  For?e R e l a t i o n s h i p  

* 

The a b i l i t y  o f  a  s i g n a l  from a  p a t t e r n  g e n e r a t o r  (SH) t o  p roduce  
* 

a  muscle f o r c e  d e p e n d s  upon t h e  f a c t o r s  m o d i f y i n g  t h e  m u s c l e v s  

f o r c e  o u t p u t .  T h e s e  were d i s c u s s e d  e x t e n s i v e l y  i n  t h e  musc lk  

model s e c t i o n  i n  which t h e  bcundary '  maximum a n d  minimum force 

o u t p u t s  a  muscle were c a l c u l a t e d .  These  are a v a i l a b l e  a s  t h e  
't " LC maximum (P; ) and  minimum (F, ) muscle f o r c e s  and  t h e  maximum 

( G ; )  and  minimum ( 5 )  a c t i v a t i o n s  a t  time t. The s t i m l l l a t i o n  t o  

g e n e r a t e  any  i n t e r m e d i a t e  m u s c l e  f o r c e  is *also d e f i n e d .  

One example  I s  p r e s e n t e d .  I n  F i g u r e  12  th ,e  r e l a t i o n s h i p  

be tween  a C E v s  a c t i v a t i o n ,  s t i m u l a t i c n  a n d  f o r c e  o u t p u t  i s  
V'ck ha V A - 

diagrammed. I n  t h e  example Fi .r, F; , q;, q ;  and q; are 61 N, 100  

, N ,  0.60,, 0.80 and 1.00 f o r  t h e  SO f i b r e s ,  33 N,  150  N, 0.2d, 0.40 

and 1.00 f o r  t h e  FO f i b r e s ,  a n d  0  N, 1 9 9  N, . O . O O ,  0.00 'and 1.00 - 
- f o r   the^^ f i b r e s  when t i s  0.02 s. S i n c e  t h e  FO f i b r e s  a r e  

a c t i i r a t e d  a f t e r  t h e  SO f i b r e s ,  a n d  t h e  PG g f t e r  t h e  FO, t h e s e  

c u r v e s  a r e  s h i f t e d  t o  t h e  r i g h t  t o  f a l l  between 1  and  2, a c d  2 t o  

3 SI, r e s p e c t i v e l y .  Note t h a t  s i n c e  t h o  l e v e l -  o f  a c t i v a t i o n  

and 4,. ) remains c o n s t a n t  a t  i m u l a t i c n s  h e l o w  0, and  a b o v e  1  f 
(see E q u a t i o n s  1 0  and  11 )  t& f o r c e  g e n e r a t e d  by t h e  SO f i b r e  

remaim c o n s t a n t  a t  s t i m u l a t i c n s  below 0  a n d  a b o v e  1. S i m i l a r  

r e l a t i o n s h i p s  h o l d  f o r  t h e  FO and  FG f i b r e s .  I t  s h o u l d  a l s o  be  

n o t e d  t h a t  a l i n e a r  r e l a t i c n s h i p  was a s sumed  between t h e  
* 

a c t i v a t i o n  a ~ d  t h e  f i b r e  f o r c e s  f o r  t h i s  example  o n l y .  I n  

g e n e r a l  t h e  relations hi^ i s  n o n l i n e a r  and d e p e n d s  upon t h e  

m u s c l e ' s  geome t ry ,  k i n e m a t i c s  and p r e v i c u s  a c t i v a t i o n . "  



Figure 1 2  A s i m p l i f i e d  S t  jmulat ior ,  ( S  - A 9 t  i v a t l c n  (q) -Force 
(Picc) r e l a t l o n s h r p  of a h y p o t  h e t i c a l  musc le ,  



T h e  l i n e  o f  a c t i o n  of a l i g a m e n t  g e n e r a l l y  g e n e r a t e s  a  moment 
a b o u t  a l l  t h r g e  a x e s  a t  a j o i n t ,  a l b e i t  s m a l l  a b o u t  t h o s e  a x e s  

, I f o r  which l a r g e  r a n g e  o f  movemert e x i s t ,  S i m i l a r i l y ,  m u s c l e s  , -, , 
g e n e r a t e  moments a b o u t  a l l  a x e s  b u t  g e n e r a l l y  o f  a '  lesser 

magni tude  a b c u t ' .  t h o s e  a x e s  f o r  which  movement i s  c o n s t r a i n e d .  
T h i s  s u g g e s t s  t h a t  f o r c e s  mus t  be  a s s i g n e d  t o  t h e  m u s c l e s  a n d  

l i g a m e n t s  s i m n l t a n e o u s l ~  t o  b a l a n c e  t h e  j o i n t  moments. S i n c e  t h e  

t e c h n i q u e  u s e d  i n  t h i s  t h e s i s  t o  d i s t r i b u t e  force amongs t  t h e  

m u s c l e s  o n l y  c o n s i d e r s  t h e  m a j o r  d e g ~ e e s  of f r e e d o m  o f  t h e  l o w e r  
l i m b  t h e  l i g a m e n t s  were n o t  c o n s i d e k e d .  T h i s  was based  on  t h e  

\ 
- 

a s s u m p t i o n  t h a t  t h e  l i g a m e n t s  g e n e r a t e  small mcmhnts.  a b o u t  t h e  
\ 

major d e g r e e s  o f  f reedom d u e  t o  t h e i r  smaller 'mcment arms and  
f o r c e  when compared t o  t h e  m u s c l e s   orrison on, 1 9 6 7 ) .  

- 

BnallPsis 
I n  t h i s .  s e c t i o n  t h e  method u s e d  t o  e s t i m a t e -  t h e  musc le  f o r c e s  i n  
t h e  l o w e r  l imb  i s  d e v e l o p e d .  A s i m p l e  e x a m p l e  l e a d i n g  t o  t h e  
f i n a l  s o l u t i o n  is p r e s e n t e d .  

6 - 
A s a g i t t a l  p l a n e  v ie ;  of t h e  knee  a n d  a o k l e , '  w i t h  f i v e  m u s c l e s  

c r o s s i n g  t h e s e  j o i n t s  is shown i n  F i g u r e  13. I t  i s  assumed t h a t  
a l l  m u s c l e s  l i e  i n  t h e  s a g i t t a l  p l a n e  and + 6  a n d  -30 Nm o f  n e t  
musc l e  moment are r e q u i r e d  a t  t h e  k n e e  and a n k l e ,  r e s p e c t i v e l y .  
To make t h e  example  s i m p l e  e a c h  musc l e  was assumed t o  b e  composed 
o f  one  f i b r e  t y ~ e  ( S O )  a n d  t h e  a c t i v a t i c n  c o n s t r a i n t s  are-: = 0.0 

Ir 
and q  = 1.0. The f o r c e  e x e r t e d  by e a c h  musc l e  a t  f u l l  a c t i v a t i o n  

(?), a n d  t h e  mcment .arms o f  t h e  musc l e s ,  at e a c h  j o i n t ,  a re  
, . 

g i v e n  i n   able 9. f l a t h e m a t i c a l l p ,  a  n e g a t i v e  moment arm 
i n d i c a t e s  t h a t  t h e  m u s c l e  g e n e r a t e s  a  c c u n t e r - c l c c k w i s e  moment on 
t h e  s egmen t  be low t h a t  j o i c t .  I f  a  m u s c l e  d o e s  n o t  c r o s s  ' a  i 

j o i n t ,  i ts moment arm was s e t  t o  z e r o .  
* 

Two p a t t e r n  g e n e r a t o r s  a r e .  r e q u i r e d ,  ' o c e  a t  t h e  knee ,  t h e  

o f h e r  a t  t h e  a n k l e .  T h e s e  i n  t u r n  f a c i l i t a t e  o r  i n h i b i t  a m u s c l e  

( w i t h  s i g n a l  SH) d e p e n d i n g  upon t h a t  m u s c l ~ ~ s  a b i l i t y  t o  
c c n t r i b u t e  t o  t h e  r e q u i r e d  n e t  m u s c l e  mcments. I f  t h e  s i g n  of. - , 



F i g u r e  1 3  A s i m p l i f i e d .  s a g i t t a l  p l a n e  v iew cf t h e  knee a ~ d  
a n k l e  j o i n t s -  P l v e  major m u s c l e s  are shown, 

t h e  moment arm o f  a muscle, a t a  g i v e n  joint, is  oppcsite t o  t h a t .  

o f  t h e  r e q u i r e d  xt mnscle  moment, * t h a t  m u s c l e  is i n h i b i t e d  

( S )  - If t h e  sigr; match, ' it is f a c i l i t a t e d  (+SM) . A musc l e  
b with a moment arm of zero i s  i g n o r e d .  In t h e  p r e s e n t  example 

m u s c l e s  1 and 3 were h h i b i t e d  and 2 f a c i l i t a t e d  w i t h  s i g o a l  SM, 

a t  t h e  k n e e  and muscles 3 ar.d 4 were f a c i l i t a t e d  and 5 i n h i b i t e d  

by SB, a t  t h e .  a n k l e ,  



/ 

-- -- - '. 

Table 9 H y p o t h e t i c a l  Moment A r m s  ( m )  and naximum F o r c e  o f  
F l v e  Knee a n d  A n k l e  n u s c l e s  (see t e x t ) .  

+ Muscle  

Bornen* A r m s  
Knee -0 .05 +0.02 -0.04 0.00 . 0.00 

A n k l e  0.00 0.00 -0.06 -0.05 +0.02' 

' 
A g i v e n  m u s c l e l s  f o r c e  o u t p u t  i s  a n o n - l i n e a r  f u n e i o ~  , o f  its . 

s t i m u l a t i o n .  In  t h o  p r e s e n t  s i m p l e  e x a  n p l e  t h e s e  r e l a t i o n s h i p s  

-were l i n e a r i z e d  t c  t h r e e  regions: I 

N o t e  t h a t  t h e s e  e q u a t i o n s  a p p l f  - t o  c h i s  p r o b l e m  o n l y ;  t h e  mode l  

i n c o r p o r a  e s  a l l  st i m u l a t r o n - m u s c l e  f crce non- l i n e a r i t i e s  (see f t h e  S t i m u J a t l o n -  a c t i v a t i o n -  m u s c l e  f o r c e  r e l a t i o n s h i p )  . 
/ 

A y u s c l e l s  s t i m u l a t i o n  i s  t h e  sum cf t h e  i n p u t s  f r o m  t h e  
1 

p a t t e r a  g e n e r a t c r s .  By s o l v i n g  f o r  t h e  s i g n a l s  f ro& the p a t t e r n  

g e n e r a t o r s  (sn,  a n d  SH,) . t h e  f o r c e  i n  e a c h  h u s c l e  c a n  be 
-. - 
' - d e t e r b i c e d .  H u l t i p l y i n g  by t h e  moment arm a t  a j o i n t ,  a n d  

summing a c r o s s  miscles. t h i s  mus t  e q u a l  t h e  r e q n G e d  net  m u s c l e  

moment a t  t h a t  j o i n t .  We t h e r e f o r e  n e e d e d  ' t c  s o l v e  t w o  

s i m u L t a r e o u s  n o c - l i r e a r  e q u a t i o n s  f o r  SEI, a n d  Snl. I n  t h i s  

e x a q p l e  Stl,  a n d  S t ! ,  were 0.4 a n d  0.6. r e s p e c t i v e l ~ .  The m u s c l e  

- forces u e r e  $ h e n  &stermined t o  be 0,  8 0 0 ,  250, 309 a n d  O N. T h e s e  

c o r r e s p o n d  t o  an a c t i v a t i o n  o f  0.0, 0.4,  0.2, 0.6 , a n d  0 - 0  for t h e  
h Y i v ~  m u s c l e s  concerned. ' - '  

E x p a n d i n g  t h e  a b o v e  s i m p l e  p r o b l e m  t o  t h e  human l o c o m o t o r  

Kncwing t h e  s t i m u l a t i o n -  ' s y s t e m  was s t r a i g h t f o r w a r d .  . 



60  

a c t i v a t i o n - m u s c l e  f o r c e  r e l a t i c n s h i p  and t h e  m,cment arms o f - t h e  

47 l o c o m o t o r  m u s l e s ,  s i g n a l s  from 6 p a t t e r n -  g e n e r a t o r s  ( t h r e e  a t  

t h e  h i p ,  two  a t  t h e  a n k l e  a n d  o n e  a t  t h e  knee)  were d e t e r m i n e d  by 
"% 

s b l v i n g  6 s i m u l t a n e o u s  n o n - l i n e a r  e q u a t i o n s  t o  g e n e r a t e  t h e  
c o r r e s p o n d i n g  n e t  m u s c l e  moments (IHSL r o u t i n e  ZSCNT, 1980) .  The 

form o f  t h e  e q u a t i o n s  were a s  f o U o G s :  

where HJk - j t h  j o i n t  n e t  musc l e  moment a b o u t  t h e  k t h  a x i s ,  

HA+ - mth musc l e  *s moment arm a t  t h e  jth' j o i n t  

a b o u t  t h e  k t h  a x i s ,  
M a n d  F,, - f o r c e  i~l t h e  mth musc l e  ( f u n c t i o n  o f  t h e  

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

i t s  m e c h a n i c a l  p r o p e r t i e s  p a s t  h i s t o r y ) .  

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

< 

To s o l v e  f o r  t h e  musc l e  forces i n i t i a l l y  t h e  musc le  model 
' c a n n o t  be e x e c u t e d  s i n c e  t h e  p r e v i c u s  musc l e  f o r c e s  a r e  n o t *  

known. E i t h e r  a n  estimate o f  t h e  musc l e  f o r c e s  a t  t h e  p r e v i o u s  

f r a m e  mus t  b e  made o r  t h e  a c t i v a t i o n  c c n s t r a i n t s  removed ( t h e  
a u t h a ; f * s  c h o i c e ) .  Whichever  method i s  'us&d,  t h e  m u s c l e  

v e l o c i t i e s  mus t  a l s o  b e  e s t i m a t e d .  This s u g g e s t s  t h a t  t h e  
computed musc l e  f c r c e s  f o r  t h e  f i r s t  few f r a m e s  w i l l  b e  in e r r o r  ' 

and  t h a t  t4e i n i t i a l  o u t p u t  s h c u l d  b e  d i s c a r d e d .  

It  would b e  n a ' i v e ' t o  s u g g e s t  t h a t  t h e  model d e v e l c p e d  i n  t h o i s  

c h a p t e r  a c c u r a t e l y  d e s c r i b e s  t h e  complex  p r o c e s s p s  f c r  t h e  

r e c r u i t m e n t  o f  t h e  l o c o m o t o r  musc les .  Hcwever, i t  is a n  a t t e m p t  

- t o  i n c o r p o r a t e  p h p S i o l o g i ~ a 1  and  n e u r o l o g i c a l  d a t a  i n  t h e  

s o l u t i o n '  o f  S o r e  d i s t r  i b n t i o n .  The model I n c l u d e s  t h e ,  

e x p c n e n t i a l  rise a n d  f a l l  of a c t i v a t i o n  which c a n ,  l e a d  t o  

a r t a g o n i s t i c  m u s c u l a r  a c t i s i t y ,  and  assumes  smoo th  d i s t r i b u t i o n  
o f  f o r c e s  amongs t  s y n e r g i s t i c  m u s c l e s ,  a s  p r e d i c t e d  by E H G .  
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The method o f  p r e d i c t i n g  t h e  m u s c l e  f o r c e s  s h a r e s  many o f  t h e  

li m i t a t i o p s  of p r e v i o u s  w c r k e r s .  The v a r i e t y  o f  a n a t o m i c a l  d a t a  

i n c o r p o r a t e d  w i t h i n  t h e  mode l  was a .  k e s t  c a r e f u l l y  es t imated,  P- 
~ h e s e  i n c l u d e  t h e  g e o m e t r y  a n d  f i b r e  c o m p o s i t i o p s  o f  t h e  m u s c l e  

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

j o i n t  c e n t r e  l o c a t i o n s  a n d  t h e  e s t i m a t i o n  o f  t h e  m u s c l e  moment 

arms a lso  h a d  t o  ke  r i g o r o u s l y  d e f i n e d ,  

o n e  criticism of t h e  model  is t h e  i n c l u s i o n  o f  n u m e r o u s ,  o n l y  

p a r t i a l l y  s u p p o r t e d  a s s u m p t - i o n s .  T h e s e  i n c l u d e  t h e  a b i l i t y  t o  
a c c u r a t e l y  estimate t h e  l o c a t i o n ,  i e n g t h s  a n d  v e l o c i t i e s  o f  t h e  

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

f o r c e - s t i m u l a t i o n  r e l a t i o n s h i p  f rom . , g e o m e t r i c a l  $rcpert3es a n d  

s t r u c t u r e  k i n e m a t i c s ,  a n d  t h e  c o n c e p t  o f  p-tern g e n e r a t o r s ,  F o r  

t h e s e  a s s u m p t i o n s  t h e  a u t h o r  makes n c  a ~ o l o g i e s .  The mode l  i s  

meant  t p  be a p r o t o t y p e  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  t h e  

t e c h n i q u e ,  A s  i m p r o v e d  d a t a  becomes  a v a i l a b l e  t h e s e  m u s t  b e  

i n c l u d e d  t o  i m p r o v e  t h e  m o d e l ' s  p r e d i c t i v ~  a b i l i t y ,  
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To test t h e  mcde l  d e v e l o p e d  i n  t h e  l a s t  c h a p t e r  a v a r i e t y  of d a t a  

3 were r e q u i r e d .  T h e s e  i n c l u d e  t h e  t r a n s f o r m a t i o n s  m a p p i n g  t h e  

s k e l e t o n  t o  a s u b j e c t  w h i l s t  i n  t h e  a n a t o m i c a l  p o s i t i o n  a n d  a t  

e a c h  i n s t a n t  of time d u r i n g  t h e  movement c y c l e  f o r  which  m u s c l e  

f o r c e s  a re  d e s i r e d ,  I n  a d d i t i o n , .  ah e s t i m a t i o n  cf t h e  n e t  muscle 

m'oments c a l c u l a t e d  from t h e  l i m b  k i n e m a t i c s  a n d  t h e  g r o u n d  

r e a c t i o n  farces were r e q u i r e d .  T h e  e x p e r i m e n t a l  p r o c e d u r e s ,  

e q u i p m e n t  a n d  a n a l y s e s  u s e d  t o  d e t e r m i n e  t h e  i n p u t  d a t a  a r e  

d i s c u s s e d  i n  tus c h a p t e r .  S p e c i f i c s  r e g a r d i n g  t h e  model  

i m p l e m e n t a t i o n  are a l s o  c o v e r e d .  

E X P E R I M E N  -- TAL DESIGN 

One h e a l t h y  a t h l e t i c  male ~ a u c a s i a n  v c l u n t e e r  was , s e l e c t e d  f o r  

t h e  e x p e r i m e n t  ( a g e  2 7  y e a r s ,  h e i g h t  1.781, mass 70.8kg)  b a s e d  OF. 

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

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

was r e q u i r e d  t o  u n d e r g o  a  l e n g t h y  a n t h r 0 ~  metrlc s e s s i o n  so t h a t  

a s t a n d a r d  l o w e r  l i m b  c o u l d  b e  s c a l e d  t c  him, A series of t r i a l s  

i n v c l v i n g  n o r m a l  g a i t  were *en p e r f o r m e d .  From t h e s e  t r i a l s  a 
r e p r e s e n t a t i v e  w a l k i n g  t r i a l  was s e l e c t e d ,  O n l y  o n e  w a l k i n g  c. 

t r i a l  was u s e d  a s  it was a n  a t t e m p t  t o  tes t  t h e  f e a s i b i l i t y  o f  

u s i n g  a new t e c h n ' q u e  t o  e s t i m a t e  t h e  muscle f o r c e s .  

TO estimate t h e  m u s c l e  f o r c e s  d u r i n g  human a c t i v i t y  t h e  model  

r e q u i r e d :  1)  t h e  d e f i n i t i o n  of e a c h  m u s c l e  as s c a l e d  t o  the 

s u b j e c t ,  2 )  t h e  i n s t a n t a n e o u s  l e n g t h s  a n d '  v e l c c i t i e s '  o f  t h e  

mus .c les  a t  t h o s e  p c i n t s  d u r i n g  t h e  =ovenrent c y c l e  f o r  which  

forces were d e s i r e d  t o  b e  c a l c u l a t e d ,  3) t h e  moment arms o f  t h e  - 
m u s c l e s  a b o u t  t h e  SRS a n d  4) t h e  n e t  muscle mcmen s c a i c u l a t e d  X 
r e l a t i v e  t o  t h e  SRS. The p r o c e d u r e s  u s e d  t o  es t imate  \ t h e s e  mode l  

i n p u t s  a r e  d i s c u s s e d  below,  



p e f i n i n q  S u b i e c f l g  

I n  C h a p t e r  I11 an a ~ t h r o p o m e t r i c  m o d e l  was d e f i n e d  ' f o r  t h e  human 

r i g h t  l o w e r  l i m b  i n  t h e  a n a t o m i c a l  p o s i t i o n .  It was t h e r e f o r e  

n e c e s s g r y  t c  t r a n s f o r m  t h e  s k e l e t o n  d a t a  t o  t h e  A b j e c t  w h i l s t  i2 

t h e  same A s u b s e q u e E t  t r a n s f o r m a t i o n  o f  t h i s  da ta  ta  

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

l e n g t h .  v e l o c i t y  a o d  moment a r m s  o b  t h e  m u s c l e s  a t  e a c h  i n s t a n t  

. d u r i n g  movement. I n  - a d d i t i o n ,  t h e  d i s p l a c e m e n t  o f  e a c h  s e g m e n t ' s  

c e n t r e  o f  m b s  a d  t h e  mass mcments o f  i n e r t i a  were a v a i l a b l e .  

b a t o m i c a l  P c s i  ti= , To c a l c u l a t e  t h e  t o t a l  l e n g t h  of t h e  

m u s c l e s  t h e  t r a n s f o r m a t i o n  t e c h n i q u e  was u s e d .  C o m ~ o s e d  o f  two 

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

e a c h  segment .  l o c a t a b l e  o n  b o t h  t h e  s k e l e t a l  b o n e  a n d  t h e  - 

s u b j e c t .  F o r  t h e  s e g m e p t s  o f  i n t e r e s i  s e v e r a l  b o r y  l a r d m a r k s  a r e  

p a l p a b i e  a n d  are l i s t e d  i n  T ' a b l e  10. S i n c e  t h e  l o c a t i o n  o f  t h e  

m u s c l e s  a n d  t h e  o r i e n t a t i o n  o f  t h e  s k e l e t a l  r e f e r e n c e  . .syst;ms 

(SRS) was t h e  g o a l  o f  t h i s  a n a l y s i s  t h e  X ,  Y ,  a n d  Z c o o r d i c a t e s  

o f  t h e  s k e l e t o n  p a l p a b l e  p o i n t s  were m e a s u r e d  r e l a t i v e  - t o  t h e  

same  f e f e r e n c e  s y s t e m  Q A .  

The s e c o n d  e q u i r e d  t h e  c o l l e c t i o n  o f  t h e  -X, P a n d  Z 

c o o r d i n a t e s  cf p o i n t s  o u t l i n e d  i n  Table 1 0  OE t h e  s u b j e c t .  

The s u b j e c t  l a y  s u p i n e  upon a  t ab l e  I n  . t h e  a n a t o m i c a l  p o s i t i o n ,  
I 

w h i l s t  t h e s e  measuremen ' t s  were t a k e n  r e l a t i v e  t o  t h e  r e f e r e n c e  

s y s t e m  R .  The t h r e e - d i m e c s i o n a l  a n t h r o p o m e t e r  was, u s e d  t o  

c o l l e c t  t h e s e  v a l u e s  (see F i g u r e  2 )  . Kncwing t h e  c c o r d i n a t e s  o f  
1 

t h e  p a l p a b l e  . p o i n t s  on b o t h  t h e  s k e l e t o n  a n d  s u b j e c t ,  
J. 

t r a n s f o r m a t i o n  ma tr ices were c a l c u l a t e d  (see Appendix  A )  which-  

scale, t r a n s l a t e  a n d  r o t a t e  t h e  s k e l e t a l  material t o  ' f i t '  t h a t  

o f  t h e  k u b j e c t .  T h e  c o o r d i n a t e s  d e f i n i n g  t h e  m u s c l e s ,  l i g a m e n t s ,  

s r e f e r e n c e  a x e s  ,and t h e  l o c a t i q n  o f  t h e  c e n t r e s  cf mass were t h e n  
t r a n s f o r m e d  f r o m  t h e  s k e l e t o n  t c  t h e  s u k j e c t .  F c r  e x a m p l e ,  . t h e  

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

m u l t i p l i e d  by t h e  c o r r e s p o n d i n g  t r a n s f o r m a t i c n  m a t r i x  [ T4 ] t o  

l o c a t e  t h i s  p o i n t - i n  t h e  r e f e r e n c e  s y s t e m  R. The l e n g t h s  o f  t h e  



T a b l e  10  The L c c a t i o n  of t h e  P a l p a b l e  F o i n t s  or: t h e  S k e l e t o n  
a n d  S u b j e c t .  

P e l v i s  
1 
2 
3 
4 

' 5  
* 6 

T h i g h  
1 
2 
3 
4 

5 
? 

P u b i c  c r e s t  
B n t e r i  cr 
~ n  te rFor  
P o s t e r i o  
Pest e r ic  
t i p  af t 

A n t e r i , o r  
most a n t  
most med 
d i s t a J  p  
s u p e r l c r  
d i s t a J  p  
s u p e r l c r  

:,"g:ri;s 
r s u p e q o r  
r s u p e r l o r  
h e  c o c c y x  

s y p e r i o s  
e r l o r  p o l n  
i a l  p a r t  o 
a r t  o f  t h e  

t o  t h e  i ~ ,  
a r t  o f  t h e  
t o  t h e  i n  

ac s p i n e  
a c  s p l n e  
l a c  s p m e  
i a c  s p i n e  

t e r c o n d y l a r  

e a t e r  t r c  
1 c c n d y l e  
n d y l e  
n d y l e  j u s  

n o t c h  
d y l e  ' u s t  

n o t c d  

Shank  
1 " most m e d i a l  ~ o i n t  of m e d i a l  c o n d y l e  
2 l a t e r a l  t o p  p a r t . o f  t l b i a l  t u b e r c s l t y  
3 f i b u l a r  h e a d  
4 t i p  o f  l a t e r a l  m a l l e o l u s  
5 t i p  cf m e d i a l  m a l l e o l u s  

m e d i a l  t o  i n s e r t i o n  o f  A c h i l l e s  t e n d o n  
2 l a t e g a l  tl i n s e r t i o n  cf A c h i l l e s  t e n d 0 3  
3 p r o x l m a l  e n d  o f  5 t h  metatarsal 
4 r o x i m a l  e n d  o f  1 s t  metatarsal  
5 & $ a 1  e n d  cf 3 r d  m e t a t a r s a l  
6 d i s t a l  e n d  o f  5 t h  m e t a t a r s a l  
7 ' m e d i a l  a n t e r i o r  u p p e r  b o r d s r  o f  t a l u s  

L 

---- --- 
-. 

h 

m u s c l e s  were d e t e r m i n e d  a n d  u s i n g  t h e  g f c m e t r i c a l  d a t a  i n  T a b l e  7 
I 

t h e  f i b r e  a n d  t e n d o n  l e n g t h s  were c a l c u l a t e d .  I 

Knowing t h e  l o c a t i o n  o f  t h e  p o i n t s  d e f i n i n g  t h e  l i n e  o f  a c t i o r .  
. . 

o f  t h e  m u s c l e s  a ~ l d  l i g a m e n t s  t h e  moment a r m s  of t h e s e '  s t r u c t u r e s  

were " d e t e r m i n e d  (see A p p e n d i x  C ) .  As ~ o t e d  i n  C h a p t e r  111, 

h d w e o e r ,  t h i s  t e c h n i q u e  d o e s  r o t  t a k e  i h t o  a c c o u r t  t h e  i n f l u e n c e  

cf c n e  m u s c l e  c v e r l p i n g  a n o t h e r  t h e r e b y  u n d e r e s t i m a t i ~ g  t h e  - 

m u s c l e ' s  moment arms. T o  c i r c u m v e n t  t h i s  p r o b l e m  t h e  l o c a t i o ~  o f  

t h e  m u s c l e s  as t h e y  pass t h r c u g h  t r a n s ~ e r s e  p l a r e s  certered  a t  

t h e  h i p ,  knee a p d  a r t k l e  w e r e  d e f i n e d  (see T a b l e  5 ) .  I t  was 

t h e r e f o r e  ~ e c e s s a " y  t o  s c a l o  t h e s e  v a l u e s  t o  t h e  s u b j e c t  w h i l s t  - 

i n  t h e  a n a t o m i c a l  p & i t i ? n .  Knowing t h e  P: a c d "  2 s c a l i n g  f a c t o r s  
0 
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f o r  t h e  s u b j e c t ' s  t h i g h .  s h a n k  a n d  f o o t  ( d ' e r i v e d  f ro ;  t h e  

t r a n s f o r m a t i o n s  bekween t h e  s k e l e t o r i  a n d  t h e  s u b j e c t  (see 

Appendix  A ) )  t h e  d a t a  i n  T a b l e  5 were a p p r o p r i a t e l y  s c a l ' e d .  ,,These 

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

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

m u s c l e f s  mbment arms. 
.& 

To scale t h e  ' s t a n d a r d '  m u s c l e  g e c m e 4 t r i c a l  d a t a .  t o  t h e  s u b j e c t  

sir  a n t h r o p p m e t r i c  m e a s u r e m e n t s  were r e q u i r e d  -- two l e n g t h s ,  

s k i n  f o l d s  a n d  g i r t h s .  The l e n g t h  o f  t h e  t h i g h  s e g m e n t  -(L,) was 
d e f i n e d  a s  b e i n g  t h e  d i s t a n c e  f r o m  t h e  most  l a t e r a l l y  p r o j e c t i n g  

p a r t  o f  t h e  g r e a t e r  t r o c h a n t e r  t o  a t h e  avqrage c e n t r e  o f  t h e  Knee 

j o i n t .  F o r  t h e  s h a a k ,  t h e  d i s t a n c e  from t h e  k n e e  j o i n t  cexitre t b  . 
t h e  a n k l e  j o i n t  u a s  d e f i n e d  as its l e o g t h ,  (L,) . 

5 
f l i d w a ~  d o n g '  t r  

t h e s e  two l e n g t h s  g i r t h  ( C  , C,) a n d  ' s k i n f c l d  (SK,, - SR;) - 

r,, 
- 

-. -- 
m e a s u r e m e n t s  were t a k e n .  . T h e  s k i n f o l d s  ~ ~ r e  u s e d + $ ~  - a d  j u s t  ' t h e ,  

4 8 

. g i r t h s  b e c a u s e  o f .  d i f f e r e n t  s u b c u t a n  fops f a t  d e p o s i t s .  B Y  4 
a p p r p x i m a t i n ' g  t h e  g i r t h  t o  b e  t h e  c i r c u m f e r e n c e  cf a circle, ,  t h e  

l e a n  g i r t h  _ . (G). o f  a s e g m e n t  was. e s t i m a t e d  by s u b t r a c t i ~ g  TT * SK 

f r o m  C .  f 

The-  two  l e a n  g i r t h s  a d d  l e n g t h s  ware  u s e d  t o  s c a p t t e  
A 

' s t a n d a r d f  muscles t o  t h e  s u b j e c t .  T h e  f o u r '  s c a l i n g  f a c t o r s  were 

d e f i n e d  as- f o l l o w s :  

S,, = L,/39 - 5  (cm/cm) 

where  S,, S,, 6 - l e n g t h  s c a l i r g  f a c t o ' r s ,  a n d  S,, , S,, - area 
- 

s c a l i n g  f a c t o r s  f o r  t h e  t h i g h  a n d  , s h a n k ,  r e s p e c t i v e l y .  The ' z+:- c 

n u m e r i c a l  v a l u e s  were d e r i v e d  frurd- t h e  f s t a s r d a r t t '  d a t a  b a s e -  -- 

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

- s e g m e c t s  ( i n d i c e s  1-34) u s e d  e q u a t i o n s  (18) a n d  (20) a n d  a l l  
\ ' 

- 
A 



f 
3 

? r! 
- Q* - 5, 

a 66' 
--, 7 

o t h e r s  ( i n d i c e s  39-47), e q u a t i o n s  ( 1 9 )  a n d  2 1 )  , .  he 
c r o s s - s e c t i o n a l  area o f  t h e  t e n d o n s '  (A') Pere ~ u l t i p l i e d  b y  t h e  

area . s c a l i n g  factors. T h e  l e n g t h  gecmethe3 - >  , (XL' ,XL' ) were n o t  

m u l t i p l i e d  b y  s c a l i n g  f a c t o r s  s i n c e -  , t h e s e  da ta  .were g i v e n  a s  
p e r c e n t a g e s  of m u s c l e  l e r g t h .  ~ 6 ~ t a l  . & a l e  l e n g t h s  were 

b 

c a l c u l a t e d  ' f r o m  t h e  muscle ;  l i n e  of a c t i o ~ ;  as d e s c r i b e d  

p r e v i o u s l y .  ' T h e r e f o r e  t h e  l e n g t h s  o f  t h e  m u s c l e s  sere t c i l o r e a  - .  
t o  a i n d i v i d u a l  s u b j e c t  b y  t h e  u s e  -a% _the t r a n s f c r m a t i o n s .  TBQ 

a n g l e  o f  p e n n a t i o n  was  n o t  s c a l e d  a n d  t h e  miss cf a a u s c l e  ' w a g  

m u l t i p l i e d  . b y  t h e  l e n g t h  a n d  a r e a  s c a l i r g  f a c t o r s ,  The I 

physiological~cross-ssctional area (km) o f  t h e  m u s c l e  was: 

+ o  \ 
A" = m,/(p.* L,) * E 

a a a t o m i c a l  fibre l e n g t h  (cat), a n d  E t h e  m u s c l e  s h a p e  f a c t o r .  N o t e ,  

t h e  sobscri  ~t p  d e n o t i n g  m u s c l e  g e o m e t r i e s  p r e v i o u s l y  s c a l e d  t o  

t\e s u b j e c t .  

TYe maximum, 18 l e n g t h s  o f  t h e *  m u s c l e s w r e r e  r e q u i r e d  t o  

i m p l e m e n t  t h e  m c d e l  as  d e f i n e d  i n  C h a p t e r  111. T h e s e  were 
@ 

estimated b y  m a t h e m a t i c a l l y  m o v h g  t h e  j c i n t s  o f  t h e  l o w e r  l tmb  

t h r o u g h  t h e i r  f u l l  r a n g e  { o f .  m o t i o h  abosut t h e  s k e l e t a l  r e f e r e n c e  - 
s y s t e m  a x e s ,  The r a n g e  of m o t i c n  o f  t h e  j e i n t s  are g i v e n  i n  

Table  11, T h e s e  are  t h e  maximum. v q l n e s  a s  r e p o r t e d  by Kapand  j F  

(1970).  Moving - t h e  j o i n t s  t9 each p o s s i k l ;  c o . b i n a t t q n  o f  maximum 

j c i n t  a n g l e s  (128  p o s i t 3 0 r s )  . a n d  c a l c u l a t i n g  t h e  'musc le  l e n g t h s ,  
a 

t h e  nalrimum a n d  min i sum v a l u e s  were es t i ra ted .  
P 

w q  a c t i v u  The movement p a t t e r n  of ' t h e  l i m b s  were 

r e q u i r e d  f c r  t u c  p u r p o s e s :  1) t o  c a l c u l a t e  t h e  L pet m u s c l e  

moments a n d  2) .  te d e t e r m i n e  t h e  i n s t a n t a w u s  m u s f l e  l o m e n t  a rms ,  
- * \  

l e n g t h s  a n d  v e l o c i t i e s ,  To t r a c k  the s e g m e n t s *  i~ 

t h r e e - d i m e n s i c n & l  space a c i n e m a t ~ q r a p h i c  s y s t e m  #as . " A  

k 

The s u b j e c t  w a l k e d  a l b n g  a p a t h  

Locam c i n e  c a m e r a s  viewed t h e  . s u b j e c t  f rom -the f r c n t  a n d  right. 



T a b l e  11 Fange o f  Ho t ion  of t h e  J o i r i t s  o f  t h e  ~ o w e r  Limb. - 
, ' 

Range  o f  Mpt i cn  ( d e g r e e s )  

J o i n t  +X -I +Y, - -? - +2 . -2. 

Hip 30 65 , 30 60 Knee 14a ,as 
~i b i 0 t a r s . a  
S n b t a l a r  5 0  " 25 - 4. 

25 ' 40 

H I P  9 0  -' 5 0  a 

bese a e t h e  s e v e  ma cr d e  rees o f  f reedom of t h  
Tower f mb a b o u t  t#e sas. ~ o 4 e  t h a t  t h e  MTP is i n c f u d e d .  

m 6 

.f 
C 

s i d e s ,  r e s , p e c t i v e l y .  The t v o  camera were a c c u r a t e l y  set a t  40 
I c r 

and 160 f rases ~ e r  second  u s i r g  s h u t t e r  p u l s e  c o r r e l a t o r s  s o  t h a t  

e v e r y  fo .ur th  f r a m e  of ,  t h e  s e c o n d  c a m e r a  was s y n c h r o n i z e d  w i t h i 2  

114 fra&.:(f3.13ms) of - t h e  first. a idway  a l o n g  t h e  -walk p a t h  two 

g r i d  b o a r d s  (1.2 x 2 . 4 ~ )  were p l a c e d ,  j o i n e d  a t  r i g h t  a n g l e s ,  

upon Which. a  p r e c i s 3 0 n  0.1. c c n t r o l  g r i d  was p l aced .  ' s u s p e n d e d  
. f rom t h e  t c p  cf t h e  g r i d  b o a r d s  f o u r  damped ~ l u m b  l i n e s  were 

7 

p l a c e d  t o  f a c i l i t a t e  t h e  a l i g r m e n t  of t h e  r e f e r e n c e  system 

( c c n t r o l  g r i d s )  "in s p a c e .  Along these l i n e s  2 8  c c n t r c l  p o i n t s  (15 
4 

m d i a n e t i r )  we e e&abl i , shed  w i t h q  r e s p e c t  t o  t#e f i r e d  g r i d  6 
o r i g i n  ( G R S ) .  'These p o i n t s  were used  t c  create t v o  414 aiatrices, 

on@ f o r  each v iew, -  t h a t  d e f i n e d  t h e  t r a n s f o r m a t i o n  b e t w e e n  t h e  

p r o  j e c t e d .  f i lms  - image ' p l a n e  and  t h r e e  d i m e n s i o n a l  -qpace .  The 
4 - b 

t h e d r y  and i m p l e ~ e n - t a t i o n  ' of t h i s  t a c h & u e  is ;&e&ribed- i n  
I = 

d e t q i l  i q S A p p e n d i x  D. I n  t h e  f l o o r  b v e a t h  t h i s  c a l i k r a t e d  s p a c e  
' a Kistler force p l a t e  was mounted. D e t a i l s  r e g a r d i n g  t h e  f o r c e  

P l a t e A r e  f c u n d  i n  a l a t e r  s e c t i o n -  

The *Locam c a m e r a s  were s i t u a t e d  a p p r c x i m a t e l y  8. f rom t h e  g r i d  
7 

.beards, p o & t i c n e d  by r e f e m g  €6 &e image  v - 5 s i b l e  t h r o u g h  t h e  
Locam v i e w f i n d e r s .  A s u i t a b l e  l o c a v o n  f o r  a c a m e r a  was d e f i n e d  

9 

a s  being t h a t  1o . ca t i on  i n  w h i c h  t h e  f u l l  e x t e n t  c f  t h e  c o n t r o l  
g r i d s  could be c l e a r l y  seen, The* f o c a l  l e n g t h  b f  t h e  lens was 



t h e h  a d j u s t e d  s o  t h e  t w o  c o n t r p l ' g ; i d s  f i l l e d  80 p e r c e n t  o f  t h e  
f rame.  

S i n c e  t h e  t e c h n i q u e  u sed  t o  d e f i n e  a  p o i n t  * in  t h r e e  
- 

d i m e n s i o c a l  s p a c e  emplcyed  t w o  f i x e d  cameras ,  once  t h e  c o n t r o l  
p o i n t s  a n d  g r i d  board-s  were f i l m e d  t h e y  were removed,  p e r m i t t i n g  
s u b s e q u e n t  f i l m i n g  o f  t h e  e x p e r t  m e ~ l t a l  s i t u a t i o n ,  However, i t  was 
i m p o r t a n t  t a  make s u r e  t h a t  s u b s e q u e n t  f r a m e s  o f  i n t e r e s t  d i d  n o t  

c h a n g e  scale, t r a r s l a t e  n o r  r o t a t e  w i t h  r e s p e c t  t o  t h e  f r a m e  
c o n t a i n i n g  t h e  c o n t r o l  p o i n t s ,  The i n c O r p o r a t 5 o n  o f  f o u r  p o i n t s  
v i s i b l e  i n  t h e  c o r n e r s  05 a l l  t h e  f r a m e s ,  when d i g i t i z e d ,  a l l o w e d  

f o r  frame r e g i s t r a t i o n .  

The c o n t r o l  g r i d s  were n o t  usod  t o  c o r r e c t  k o r  m i r r o r ,  l e o s  
At 

a c d  . f i l m  d i s t o r t i  cns .  P r e v i o u s  work b y  t h e  a u t h o r  ( P i e r r y n o w s k i ,  
1980) d e m o n s t r a t e d  t h a t  t h e  c o n t r o l .  g r i d s  were n o t  3 e c e s s a r y  t o  

1 

i n c r e a s e  t h e  a c c u r a c y  o f  l o c a t i n g  a  p c i n t  I n  s p a c e  w i t h  t h e  
p a r t i c u l a r  s e t u p -  u sed ,  P r e l i m i n a r y  work a l s o  i n d i c a t e d  t h a t  t h e  

t e c h n i q u e  a n d  a n a l y s i s  r e g i m e n  c o u l d  p c s i t i o n  a  ~ c i n t  w i t h f  n  2mm.4' - 

The c o n t r o l  g r i d s  w e r e  o n l y  Csed t o  a l i g n  t h e  r e f e r e n c e  s y s t e m -  i n  * - 
s p a c e  and  f i x  t h e  28 c o n t r o l  p o i n t s  w l t h  r e s p e c t  t c  it, 

b 

A t  l eas t '  i h r e e  m a r k e r s  a r e  n e c e s s a r y  t o  d e f i n e  a  r i g i d .  body l  i n  
' 

- .  
0 

s p a c e .  The t r a r i s f o r a a t i o n  t e c h n i q u e  ' employed .  i n  t h i s  t h e s i s  . 
r e q n r r e d  4 - m a r k e r s  p e r  s egmen t  b e c a u s e  s c a l i n g  i c  t h e  H, Y awl Z 

- d i r e c t i o n s  was i n i t i a l l y  i k l n d e d .  S u b s e q u e n t  p r o c e s s i < g  o f  t h e  
- t r a n s f o r m a t i o n  removed t h e  ' s c a l i n g  terms, Deta i l s  aFe  f o u n d .  i n  

k- 

Appendix A,- P a r i o u s  c o n s t r a i n t s  h a d  t o  be  a d h e r e d  t o  whet 

l b c a t i n g  t h e s e  p o i n t s  a c d  i n c l u d e d  t h a t  t h e y  were v i q b l e  i n  e a c h  - 
v i e v ,  a t  a l l  times, and  t h a t  t h e y  d i d  not move r e l a t i v e  t o  t h e  

- u n d e r l y i n g  bony framework,  I f  many p c i n t s  were l o c a t e d  p e r  
segment ,  a n d  s k i n  movement assumed t o  b e  raodcm, t h i s  e r r o r  . cou ld  ' 

be minimized.  S i c c e  t h e  s u b j e c t  was f i l n e d  from a p g r c x i m a t e l y  t h e  
. . 

f r o n t  a n d  r i g h t  s i d e s ,  m a r k e r s  were . l o c a t e d  or! t h e  s u b j e c t  as ' .  

? i n d i c a t e d  -in T a k l e  12,  



T a b l e  12 The & c a t i o n  o f  t h e  l t a r k e r s  on  t h e  S u b j e c t .  

P e l  v i s  
1 
2 
3 
4 
5 

3 o ' c l o c k  u o s j t i o n  
6 o ' c l o c k  f ios&tTon 
9 o ' c l o c k -  posx t+on  

?2 o ' c l o c k  p o s i t l o n  
midway be tween  t h e  n  

on t h e  
O R  t h e  
on t h e  
on t h e  
a v a l  an  

l a t e r a l  s ' d e  
l a t e r a l  s i d e  - 

- 

l a t e r a l  s i d e  
l a t e r a l  s i d e .  
d  t h e  p n b l c  crest 

. Thigh  
1 a n t e r i o r  a s p e c t ,  p r o x i m a l  

I 2 a n t e r i o r  a s p e c t ,  p r o x i m a l  m i d d l e  
3 a n t e r i c r  a s p e c t ,  m ~ d d l e  
4 a t e r i o r  a s p e c t ,  d i s t a l  m i d d l e  
5 a n t e r i c r  a s p e c t ,  d i s t a l  
6 l a t e r a l  a s p e c t ,  p r o x i m a l  _ 
7 l a t e r a l  a s p e c t ,  p r o x i m a l  m i d d l e  s 
8 l a t e r a l  a s p e c t ,  m i d d l e  
9 l a te ra l  a s p e c t ,  d i s t a l  m i d d l e  

10 l a t e r a l  a s p e c t ,  d i s t a l  

Shank 
a 

1 a n t e r i c r  a s p e c t ,  ' p r o x f  ma1 
2 a n t e r i c r  p s p e c t , ,  p r o x i m a l  m i d d l e  
3 a n t e r l o r  a s p e c t ,  m i d d l e  - 
4 a n t e r i c r  a s p e c t ,  d i s t a l  midd 

a " 5 a n t e r i o r  a s p e c t ,  d i s t a l  
6 l a t e r a l  a s p e c t ,  p r o x l m a l  
7 l a t e r a l  p s p e c t ,  pqoxirnal  m i d d l e  
8 l a t e x a l  a s p e c t ,  rmdd le  
9 l a t e r a l  a s p e c t ,  d i s t a l  m id&le  .z 

10 l a t e r a l  a s p e c t ,  d i s t a l  
P 6 s 

F o o t  
d i s t a l  end  o f  t h e  1 s t  metatarseh 
r o x r m a l  e n d  o f  t h e  1 s t  m d t a t a r s a l  
i s t a l  end  of the 4 t h  metatarsal 
r o x i m a l  e n d  o f  4 t h  m e t a t a r s a l  
i s t a l  end  o f  t h e  5 t h  m e t a t a r s a l  

Prom a knowledge  o f  t h e  1 o c a t i o . n  o f  t h e  a b o v e  m a r k e r s  on t h e  

sob je t i n  b o t h  t h e  a n a t o m i c a l  p o s i t i o n  (refererce s y s t e m  R )  and  ..i , i n  s p  ce (GRS), t h e  l o c a t i o n  o f  t h e  p e l v i s , ' t h i g h ,  s h a n k  a n d  f o o t  

we d e t e r m i n e d  u s i n g  t h e  t r a n s f o r m a t i o n  method f o r  e a c h  f r a m e  o f  

c i n e  d a t a .  I n  t h e  p r e s e n t  work t h e  t a l u s - a n d  t o e s  s egmen t  were 

i n c l u d e d  w i t h  t h e  f cct, F u t u r e  r e f i n e m e n t s  t o  t h e * d a t a  c o l l e c t i o n  

t e c h n i q u e s  s h o u l d  i n c o r p o r a t  e'] s e p a r a t e  t a l u s  a n d  t ~ e  movements 

during move mect. T h e s e  t r a n S f o r m a t i o n s  l o c a t i ~ g  t h e  s e g m e n t s ,  in 

space were t h e n  u s e d  t o  e s t i m a t e  t h e  l c c a t i o n  o f  the l i n e  of  

action of t h e  m u s c l e s ,  t h e  c e n t r e  o f  mass o f  t h e  s e g m e c t s  a n d  t h e  

l o c a t i o n  o f  t h e c  s k e l e t a l  r e f e r e ~ l c e  s y s t ~ a ~ .  



70 

I n  C h a p t e r  111 i t  was sBow'n t h a t  an i t e r a t i v e  r e c u r s i v e  

p r o c e d u r e  was n s e d  t o  est3mate t h e  musf le 
f o r c e s ,  I t  was 

- therefore deemed a d v a n t a g e o u s  Yo g e l t e r a t e  a n y  number o f  s&les  

p e r  movement c y c l e  f o r  a n y  n u n h e r  o f  c y c l e s ,  S i n c e  t h e  movement 

p a t t e r n s  .were p e r i o d i c  and  have  a l l  t h e  p r o p e r t i e s  o f  well  i 

behaved  f u n c t i o n s ,  t h e  F o u r i e r  s e r i e s  r e p r e s e n t a t i o n  of e a c h  
e l e m e n t  o f  t h e  t r a n s f o r m a t i o n  m a t r i c e s  was nsed .  S i n c e  t h e  

v a l i d i t y  o f  c a l c u l a t i n g  d e r i v a t i v e s   fro^ d i s p l a c e m e n t  d a t a ,  known 

t o  c o n t a i n  n o i s e ,  d e ~ e n d s  upon i n i t i a l  noise r e d u c t i o n  ( ~ e z z a c k  . 

e t  &., 1977) , t h e  d e l e t i o n  o f  t h e  h i g h e r  h a r m o n i c s  f rom t h e  - 
F o u r i e r  series , was employed (Cappozzo g& =&. , 1975) . I! 

n o r m a l i z e d  power ( t h e  sum o f  t h e  p o w e r s  a c r o s s  h a r m o n i c s  e q u a l s  

100 p e r c e n t )  a t  e a c h  h a r m o n i c   umber, f o r  t h e  48 t r a n s f o r m a t i o n  
e l e m e n t s  [ f o u r  s e g m e n t s  times t w e l v e  u n i q u e  e l e m e n t s  p e r  

t r a n s f o r m a t i o n ) ,  is shown i n  F i g u r e  14,  I n  t h i s  t h e s i s  t h e  f i v t  
four h a r m o n i k  "ere i n c l u d e d  i n  t h e  r e c ~ p s t r u c t e d  signs*, 

c o r r e s p o n d i n g  t o  78 p e r c e n t  power r e t u r n e d .  D e t a i l s  regar 'd ing .  

t h e  F o u r i e r  t r a n s f o r m a t i o n  are  found  i n  Appendix E.  

- To d e t e r m i n e  t h e  n e t -  m u s c l e  ; moments d u r i n g  a c t i v i t y  t h e  masses\  
and t h e  t h r e e  p r i c c i p a l  moments of i n i r t l a + f o r  e a c h  segment  were 

- r e q u i r e d .   he v a l u e s  u s e d  are found  i n  3 a b l e  8, ,The  

d i s p l a c e n e ~ t s  and  a c c e l e r a t i o n s  o f ,  t k e  r e g  s e g m e n t s  a n d  t h e  
h ground  r e a c t i c n  f o r c e s  were a l s o  r e q u i r e d  t h r o u g h  t h e  c o m p l e t e  . i 

movement c y c l e .  
6 

I 

S e q a e n t  K i n e m a t i c s  How t h e  d i s p l a c e m e n t s  a ~ d  t h e  mass moments 

o f  i n e r t i a  cf t h e  , s e g m e n t s  we re  measu red  is a l l n d e d ' t o  above .  It 
1 

s h o u l d  b e  ~ o t e d  t h a t  t h e  mass  moments o f  i n e r t i a  were g l v e n  a b o u t  

t h r e e  o r t h o g o n a l  a x e s  (SRS) imbedded a t  e a c h  s e g m e n t ' s  cexitre o f  
mass. S i n c e  t h e  j o i n t  moments were i n i t i a l l y  c a l c u l a t e d  r e l a t i v e  

t o  t h e  g l o b a l  r e f e r e n c e  s y s t e m  ( C R S J ,  imbedded  a t  t h e  j o i ~ l t  

c e n t r e s ,  t h e  mss. moments o f  i n e r t i a .  f o r  e a c h  segmen t  we re  
' ?  

t r a n s f o r m &  t c  con fo rm t o  t h e  G R S .  



F i g u r e  14' The rormalized ouer (sum of A t h e  pawe 
harmonics e q u a l s  900 X )  a t  each h a r r n c n l i ~ d f k b ~ ~ ~ % f  
t h e  48 t ransformat ion  elemects (4  segments times 12 
nnlque e l e m e ~ t s  per  t rans f  crmatioc) . - 

3 
" 3 

* 5 
3 
1 
4 
2 
d 

f 



s- 

, 
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Given t h e  t h r e e  p r i n c i p a l  moments cf i n e r t i a  o f  t h e  l t h  

d i r e c t i o n  c o s i n e s  ( l ,m,n) of c n e  of t h e  GRS a x e s  r e l a t i v e  t o  t h e  

' c o r r e s p o n d i n g .  S3tS a x i s  t h e  noment o f  i n e r t i a  was c a l c u l a t e d  

' us ing :  

, 

The l i n e a r  a c c e l e r a t i o n s  o f  t h e  c e n t r e  .of  mass o f  e a c h  s e g m e n t  . 

were o b t a i n e d  by d i f f e r e n t i a t i n g  t h e i r  d i s p l a c e m e n t s  wi th  r e s p e c t  

t o  time. S i n c e  t h e  raw d i s p l a c e m e n t  d a t a  v e r e  s u i t a b l y  s m o o t h e d  

by F o u r i e r  ser ies  t r u n c a t i o n ,  a f i n i t e  d i f f e r e n c e  method was used  

(Da in ty8  1979; W i n t e r ,  1979) . To c a l c u l a t e  a c c e l e r a t i o n s  f rom 

d i s p l a c e m e n t  d a t a  t h e  f o l l o w i n g  e q u a t i c ~  was a p p l i e d :  

where Z t  is t h e  a c c e l e r a t i o n  a t  time t ,  x t  t h e  d i s p l a c t i m e ~ t - a t  
r 

., d time t a n d  A t  t h e  time be tween  a d j a c e n t  s a m p l e s .  
. - 

. k  

8 ' 

The a n g u l a r  a c c e l e r a t i o n s  o f  each '  segment  were o b t a i  e d  i n  a  

s imilar  manner from t h e  s e g m e n t  a n g l e s .  The s e g m e n t  a n g l e s  were 

c a l c u l a t e d  frcm t h e  p o i n t s  d e f i n i n g  t h e  SFS. 

Ground R e a c t i o n  ~ p r c e s  A f o r c e  measn r i  ng d e v i c e  (Kistler, 

92611) was mounted i n  t h e  f l o o r  o f  t h e  walk p a t h  t c  measu re  t h e  

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

l o c a t i o n  o f  t h e  c e n t r e  o f  p r e s s u r e ,  t h e  free moment. ~ o s i t L o n e d  a t  
t h e  ' c e n t r e  o f  F r e s u r e ,  a n 8  t h e  t h r e e  c c m p o n e n t s  of t h e  g r o u d d  

r e a c t i o n  r e l a t i v e  t o  a  r e f e r e n c e  s y s t e m  imbedded w i t h i n  t h e  p l a t e  
i t s e l f  (PRS) . These, d a t a  were a p p r o p r i a t e l y  a m p l i f i e - d ,  

c a l i b r a t e d ,  s y n c h r o n d z e d  t o  t h e  c h e f  llr frames a a d  m a n i p u l a t e d  

t o  coz f rom t o  t h e  GRS (see Appendix F ) .  



A f r e e  body d i a g r a m  of t h e  r i . g h t  l e g  d u r i ~ g  t h e .  
s t a n c e  p h a s e  of '  w a l k i ~ g  is shcwn i n  E i g n r e  15. The GRS, the 

I 

t h r e e  componen t s  o f  t h e  g round  r e a c t i o ~  f o r c e  (Fy,, P1, , Fh ) , 
l 1  

a nh  t h e  t h r e e ,  r e a c t i o n  f o ~ c e s  (&,=, P9 , F, ,~  ) and  n e t  m u s c l e  

moments ( I ,  M , H )  a t  t h e  h i p  a re  i n d i c a t e d .  T o  d e f i n e  t h e  

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

welie u s e d ,  These are  t h e  H-hip, K-knee, A - t i b i o t a l a r ,  and  

P i u b t a l a r  j o i n t s ,  t h e  T - t h i g h ,  S-shank, a n d  P - f c c t  r c e n t r e s  of 

mass a n d  O-the c e n t r e  of E r e s s n r e  on  t h e  f o o t .  
'.C 

'Two e x t e r n a l  f o r c e s  act  o n  t h e  body s e g m e n t s  d u r i n g  wa lk ing .  . 

T h e  first, g r a v i t a t i o n a l  f o r c e ,  was c o n s i B e t e d  t o  ac t  a t  t h e  

c e n t r e s  o f  mass f o r  e a c h  segment ,  T h e s e  were d e n o t e d  by il w i t h  

a n  a p p r c p r i a t e  s u b s c r i p t ,  T h e  s e c o n d  e x t e r n a l  f o r c e  was t h e  

ground r e a c t i o n  f o r c e  which was c o n s i d e r e d  t o  ,be a p p l i e d  t o  t h e  

f o o t  a t  t h e  c e n t r e  of p r e s s u r e .  . ! 

, 

By c o n s i d e r ' i n g  a f r e e b o d y  d ipg ram o f  t h e  l e g ,  c u t  a t  any 

j o i n t ,  t h e .  e q u a t i c n s  o f  a p t i o n  fo; t h d  r e m a i n i n g  l Gab* p a y  be  

s t a t e d  i n  terms cf f o r c e s  a n d  moments, D I A l e m b e r t l s . p r i n c i p l e s  

of mot ion  were t h e n  u s e d  t o  e q u a t e  t h e  i n t e r n a l  f o r c e s  - a n d  

moments w i t h  t h e  g r a v i t a t i o n a l ,  r e a c t i o n  and  i n e r t i a l  f o r c e s .  

T a b l e  1 3  shows t h e  formulas-  u s e d  .to c a l c u l a t e  t h e  j c i n t  r e a c t i c n  

f o r c e s  a n d  t h e  n e t  musc l e  moments. I k e s e  f o r c e s  were r e s o l v e d  

i n t c  components  p a r a l l e l - t o  t h e  G R S  and are d e n o t e d  w i t h  ' t h e  

s u b s c r i p t s  X,Y and  2. The s i g n  c o n v e n t i o n  f o r  t h e  j o i n t  f o r c e s  

and  n e t  musc le  mcments, w i t h  r e s p e c t  t o  t h a t  p a r t  o f  t h e  l e g  

below t h e  j o i n t ,  is show3 i n  F i g u r e  1.5, The n e t  rruscle moments 

a c t i n g  a t  each j o i n f  were t h e n  e x p r e s s e d  i n  t e r m s  o f  t h e  

a p p r o p r i a t e  SRS (see Appendix P ) .  



of the right leg during Figure 1 5  E f ree-body diagram 
a c t i v i t y .  



5' 

React ion  Forces Table  Formulas Used t o  C a l c u l a t e  -the 
and t h e  N e t  ! ~ l u s c l e  Mcments. ' J o i n t  

See t h e  ncmere4ature for t h e  symbol definitions; 

B c d e l  Impkrnentat- -- 
The c a l c u l a t i o n s  required t o  e s t i m a t e  the f o r c e s  i n  t h e  

i n d i v i i 3 n a l  m n s c l f s  were e x t r e m e l y  l a b o r i o u s  h e ~ c e  a series o f  six 

summary each  deve l cped .  A b r i e f  ccmpnter Frcgrarnmes were 

found below.  



Programme 1: T r a n s f o r m e d  t h e  s k e l e t o n  a n d  t h e  ' s t a n d a r d 1 .  
9 -  

d a t a  bases t o  d e f i n e  t h e  s u b  jrct ir t h e  a r a t o m i c a l  p o s i t i o n .  T h e  

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

arms, a n d  t h e  l o c a t i o n  o f  t h e  SRS Tand c e n t r e s  o f  mass were 

d e f i n e d .  
\ > 

P r o  gramme 2 : D e f i n e d  t h e  l o c a t i o n  o f  t h e  twc cine cameras i n  

s p a c e  u s i n g  t h e  28- c o n t r o l  p o i n t s .  E s t i . m a t e d  t h e '  three 

. d i m e n s i o n a l  l o c a t i o n  o f  t h e  s e g m e n t  markers d u r i 3 g  t h e  w a l k i n g  

'cycle. C a l c u l a t e d  t r a n k o r m a t i o n s ,  u s i n g  t h e  s u b j e c t  m a r k e r s ,  t o  
. -a 

l o c a t e  t h e  s u b  j e c t t  s s e g m e n t s  i n  s p a c e .  F o u r i e r  s e r i es  t r u n c a  t i o n  

v a s  u s e d  t o  s m c o t h  t h e  d a t a  a n d  t o  d e f i n e  a n y  number o f  f r a m e s  

p e r  w a l k i n g  c y c l e  ( c i n e f i l m  t a k e n  a t  40 fp s ,  a n a l y s e s  a t  

200 f p s ) .  
P C 

programme '3: ~ r a n s f o r m e d  t h e  f o r c e  p l a t e  d a t a  f r o m  a n  

i n t e r n a l  r e f e r e n c e  s y s t e m  (PRS) t o  t h e  g l o b a l  r e f e r e n c e  s y s t e m  

(GR S) . 
Programme 4:  C a l c u l a t e d  t h e .  i n s t a n t a n e o u s  1 e n  g t  h s ,  

v e l o c i t i e s  a n d  moment arms o f  t h e  m u s c l e s ,  a n d  t h e  l o c a t i o n  o f  . 

t h e  SBS and c e n t r e s  o f  mass d u r i n g  t h e  movement c y c l e .  
. .  '. .. 

P r o g r a m n e  5: c a l c u l a t e d - t h e  n e t  m u s c l e  moments r e l a t i v e  t o  

b o t h  t h e  GRS a n d  t h e  SRS. 
d 

J Programme 6 :  . a l c u l a t e d  t h e  o u t g u t  f r o m  e a c h  p a t t e r n  

g e n e r a t o r  which i d  t u r n  s p e c i f i e d  t h e  f o r c e s  i n  t h e  m u s c i e s .  It 
I 

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

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

u s e d  f o r  a l l  data p r e s e n t a t i o n  p u r p o s e s .  l h i s  was n e c e s s a r y  s i n c e  

a r e c u r s i v e  ~ r o c e d n r e  was u s e d  t o  estimate the m u s c l e  f o r c e s  (see 

C h a p t e r  111). ,- 



T h e s e  s i x  p rogrammes  r e q u i r e d  f i v e  i n p u t  da t a  f i l e s .  T h e s e  

c o n t a i n e d  t h e  f o l l o w i n g  i'nf or  m a t i o n  : - 

- d 

s 

F i l e  A: The a n t h r o p g m e t r i c  m e a s u r e a e n t s  ' s b t a i n 6 d  f r o m  t h e  

s u b j e c t .  .... 

.. 
P i l e  B: The  s k e l t o n  a n d  c s t a n d a r d *  d a t a  bases. 

P i l e  C:  The d i g i t i z e d  c o o r d i n a t e s  of t h e  c o n t r o l  p o i n t • ˜ ,  frame \ 

r e g i s t r a t i o n  p o i n t s  a n d  t h e  s e g m e n t  m a r k e r s  as s e e n  bg'each c i n e  .. 
camera. 

P i l e  D: A c c n t r o l  f i l e  d e f i n i n g  t h e  nu'mber o f  s a m p l e s  p e r  

c y c l e ,  c y c i e s ,  m u s c l e s ,  s e g m e n t s  a n d  v a r i o u s  u s e r  d e - y d  

o p t i o n s .  

P i l e  E:' The f o r c e  p l a t e  d a t a .  

A b l o c k  d i a g n m  o f  t h e  c o m p u t e r  p rogrammes  is. shown i n  
I .  - 

Figure 16. T h e  c o m p u t e r  programmes,  w r i t t e n  i n  FORTRAN, were 
i m p l e m e n t e d  c n  a 1BH Sys tem/370  ' n o d e 1  1 4 8  c o m p u t e r .  The + 

p;ogrammes were memory e f f i c i e n t  (<256K e a c h )  t c  allcw f o r  t h e i r  , 

e v e n t u a l  i m p l e m e n t a t i o n  o n  a small i n -  h o u s e  mini c o m p u t e r  - s y s t e m  ' 

( H e u l e t t  P a c k a r d  S e r i e s  9800 Sys tem 35A).  , 
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T a b l e  15  . , The P c i n t s  D e f i n i n g  - t h e  Pr ima-r  ani3 S e c o n d a r  
S k e l e t a l  R e f e r e n c e .  S y s t e m s  (SR a n d  t h e  ~ e n e r e s  
of Bass U i t h i n  t h e  s q e c t  o m i c a l  P o s i t i o n ) .  A 

A l l  v a l u e s  ~ n  mm. , . 

i - r" 
R e f e r e n c e  S  y s t e m  

L L -2F * 
- Seg/Tl O r i g i n  " - -+X - +Y 

5% 
- ? 

~ ' e l v i s @ ~  172 i 0 0 4 - 5  % 222 - 9 9  5 7 5  Y7_105U 57; 
/H 110 1024 666 
-/cu * d 

,- T h i g h  /H 110 10 4 6 6 6  1 5 9  1028 6 7 1  102 1074 668 
1 /R 7 1 7  5g0 675 0 /CH 115 822 668 

'1 

B 
'5 .  ,. 

Shank  /K 1 7 550 675. 167 556 680 111 600 673 112 5 5 1  7 2 4  +c 

/TT 0 8 925 681 
/CH ~ 106 376 677 t 

. 

F o o t  /ST $87 - 1 1 1  8 2  117 151  681  047 142 685 090 110  732. 4 
/HT% 79 062 0903 

a .  
/CH 163 079 671  B 

T o i s  /UTP 226 057 697  f i 0  071 715 208 103 707 212 ' 042  743 

1 l b c a t i o n  o f  t h e  p r i m a r y  r e f e r e n c e  s y s t e m  
e 
3 

I o c a t i o n h f  t h e  s e c o r d a r  r e f e r e n c e  s y s t e m  
l o c a t i o n  cf t h e  c e n t r e  o?  mass 

- -- - ---- 
3 Leu a n d  L e w i s  (1977) r e m a r k  t h a t  t h e  t r a n s f o r m a t i o n a l  s c a l i n g ,  

t e c h n i q u e  is a more a c c u r a t e - - m e t  hod f o r  a c c o u n t i n g  f o r  , i ~ d i v i d u a l  

- g e o m e t r i c a l  +- d i f f e r e n c e s  i f  s u f f i c i e n k  a c c n r a c y  is u s e d  t o  L o c a t e  

t h e  p a l p a b l e  p 'gdnts .  , However, if" more f h a n  4 p o i n t s  are  u s e d  to . 

d e f i n e  a t r a n s f o r m a t i o n  t h e  i m p o r t a n c &  o f  a n y  g i v e n  p o i n t  is 

r e d u c e d ,  a f a c t  n o t  e m p h a s i z e d  by L e v  a n d  L e v i s .  I n  f a c t  the; ' 
s u g g e s ' t  i n  a recent p a p e r ( ~ e w i s  a&. , 1980) that i f  mere Bhart j: 

4 p c i n t s  are  a v a i l a b l e  a n o n - h o n o g e n e a w  s s c a l i a g  t k ' c h n i q u e ,  & s e d  . 
o n  f i n i t €  e l e m e n t  p r i n c i p l e s ,  be u s e d .  A l t h o u g h  t h i k '  t e c h c i q u e  

i s  a c c u r a t e  it  re l i es  on knowing t h e  definite c c c r d i n a t e s  o f  t h o  
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T a b l e  17 -The P o i n t s  D e f i n i n  t h e  Line o f  A c t i g n  o f  t h ~  
11 amerts a i t h i n  , t % e  Sob ject (Rnatorn;lcal  P o s r t i o n )  . 

v a l u e s  i n  mm.  

A on segment 
l i g a m e n t  nn,m bet* 

.a, 

p o i n t  
, 

p a l p a b l e  p o i n t s  t o ' f i t  s k e l e t o n  t o  t h e s e  p o i n t s  e x a c t l y .  It 

is 1 P k e l y  t h a t  . some exists  i n  t h e  m e a s u r e m e n t  o f  t h e  

p a l F a b l e  p o i n t s  a n d  a  mean s q u a r e  best * f i t  s h o u l d  b e  e m p l o y e d .  
', 

A t e s t  of  .the- t r a n s f o r m a t i o n a l  t e c h n i q u e ' s  a c c u r a c y  c a n  b e  
3. 

d e d u c e d  i n  t w o  w a y s  f r o m  t h e  d a t a  p $ e s e c t e d .  F i r s t ,  i f  o n e  &' 
a 

m u l t i p l i e s  a s , k e l e t o n  p a J p a b l e  p c h t  b y  t h e  a p p r o p r i a t e  

t r a n s f o r m a t i o n ,  t h e  correspc-riding s u b j e c t  p a l p a b l e  p o i c t  s h o u l d  

b e  f o r t h c o m i n g .  T h i s  was d o n e  and  t h e  maximum a b s o l u t e  c o o r d i n a t e  
1 

error was 5 m m  a n d  t h e  u n s i g n e d L ' e r r o r  2 mm.  S e c o ~ i i ,  i f  o n e p  

c o m p a r e s  t h e  c o c r d i n a t e s  o f  t h e  p r i m a r y  a n d  s e c o n d a r y  SRS, a s  

g i v e r  i n  T a b l e  15, t h e  j c i n t  c e n t r e s  s h c u l d  a l i g n .  F o r  e x a m p l e  

t h e  p r i m a r y  SES f o r  t h e  s h a n k  ( k n e e )  and t h e  s ~ c o c d a r y  SRS for 



\the , t h i g h  , ( a l s o  t h e  k n e e )  are w i t h i n  2 am. ~ h e s i  r e s u l t s "  s u g g e s t  
t%at: 1) g e o m e t r i c a . 1  d i f f e r e n c e s  b e t w e e n  t h e  b o n e s  o f .  t h e  human 

lower l i m b  are l a r g e l y  homogeneous  d e f o r m a t i o n s .  a n d - 2 )  t h e  u s e  o f  ' 

a r e d u n d a n t , .  s e t  o f  p o i n t s  t o  d e f i n e  a t r a n s f c r m a t i o n  i s  ' 
3 .  

+ - '  b e n e f i c i a l .  It s h q u l d  be noted., h o w e v e r ,  t h a t  t h : s e e r e s u l t s  were 

o b t a i n e d  from o n l y  o n e  s u b j e c t  w h i c h  s u g g e s t s .  b u t  aces n o t  p r o v e  

"- 
t h e  s u i t a b i l i t y  cf t h e  s & a l i n g  t e c h n i q u e .  

Knowing'  t h e  c o o r d i n a t e s  d e f i n i n g  t h e '  SBS a n d  t h e  l i n e s  o f  

a c t i o n  o f  t h e  m u s c l e s  " a n d  l i g a m e n t s  t h e  moment a r m s  o f  t h e s e  
s t r u c t u r e s ,  - r e l a t i v e '  t o  t h 3  SRS, were c a l c u l a t e d .  . .  T h e s e  are  

x% 

p r e s e n t e d  i n  T a b l e s  1,8 a n d  19. ~ h e s e  v a l u e s  were c c m ~ a r e d  t o  b o t h  
b o o k s  of  , a n a t o m y  (Beetham 22 a,, 1 9 6 5 ;  Crouch, 1972;  G r a n t ,  

1972;  Inman,  1976 ;  K a p a n j i ,  1970 ;  K e n d a l  et &., 1 9 7 1 f  R o u v i e r e ,  

1 9 7 4 ;  S t e i n d l e r ,  -1955; Warf e l ,  1974)  t o  d e t e r m i n e  q u a l i t a t i v e  ' 

c o r r e c t n e s s ,  a n d  t o  v a r b u s  p u b l i s h e d  s o u r c e s  (Smidt ,  1973;  
, 

S u t h e r l a p d ,  1966) for q n a n t i t  a t i i e  v e r i f i c a t i o n .  B 

a . = i  
' I n  mos t  cases t h e  s i g n  a n k ~ g n i t u d e  of . t h e  moment a r m s  

m a t c h e d  . t h e f a n a t o m i = a l  a t l a s e s  a& r e f e r e n c e s .  Those  t h a t  d i d  

n o t  c o u l d  be a t t r i b u t e d  t o  ' two r e f e r e n c e s  c o n t r a d i c t i n g  o n e  
a n d t h e r  o r  s p e c i a l i z e d  m o d e l l i n g  ( o n e  m u s c l e  s p l i t  i n t o  v a r i o u s  . 

s u b u n i t s  w i t h  d i f f e r e n t  a c t i o n s )  d' T h k s e  r e s u l t s  were p a r t i a l l y  , 
a c h i q v e d .  by ; the  s p e c i a l i z e d  mo e l l i n g  cf t h e  m u s c l a c s  moment arms 
(see C h a p t e r  111) i n  t h e  c r e i g h b o u r h o c d  of t h e  j c i n t  - c e n t r e s ,  
However, it is s t r o n , g l p  s u g g e s t e d  t h a t  a t h r e e - d i m e n s i o n a l  

r e c o n s t r u c t i o r -  o f  t h e  c o u r s e  of t h e  m u s c l e s  n e a r  t h e  j c i n t  

c e n t r e s  u s i n g  X-ray p h o t o g r a m m e t r y  a n d  imbedded  wires w i t h i n  t h e  
mu'scle t e n d o n s  (see An gt, &. , 1979) m a s t  b e  u n d e r t a k e n  t o  b e t t e r  
estimate t h e  mnsc le  1s noment  arm=' 

--.,/ 

To scale t h e  ' s t a n d a r d 1  m u s c l e  g e o m e t r i e s  f & m    able 7  t h e  t h e  

a n a t o m i c a l  l e n g t h  of e a c h  m u s c l e  (I") a n d  t h e  l e h g t h ,  g i r t h  a n d  

s k i n  4 0 1 4  t h i c k n e s s  cf t h e  t . h i g h  a n d  shank were r e q u i r e d .  The  
s e g m e n t  m e s u r e m a t s  were 39 .8  cm, 50.0 cm a n h  4.1 m m  f o r  t h e  
t h i g h  a n d  44.8 cm, 32.8 cm ' a n d  4.6 mm f o r  t h e  s h a n k ,  
r e s p e c t i v e l y .  T h e  r e s u l t s  o f  t h e .  g e o m e t r i c a l  s c a l i n g  are f o u n d  i n  
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Table 20. I n c l u d e d  a r e  t h e  must$et s maximum, a n a t d m i c a l  a n d  
A 

=k ZW - 
minimum l e n g t h s  (in, L ,L -1, mass  ( m )  , a n d  t h e  a n a t o m i c a l  l e n g t h  
o f  t h e  m u s c l e  f i b r e s  ti*) . ' The t e n d c n 1 s '  l e n g t h  I? a n d  " - 
c r o s s - s e c t i o n a l  a rea  (aT ) *are a l s o  i n c l u d e d .  T h e  a r e a s  (A? ) a n d  
t h e  maximum i s o m e t r i c  c o n t r a c t i l e  e l e m e n t  f o r c e  v a l u e s ,  p a r a l l e l  
t o  its f i b r e s  (P") are l o c a t e d  i n  T a b l e  21. To  c o m p l e t e  t h e  

d e f i n i t i o n  o r  t h e  s u b j e c t ' s  l o w e r  l i m b  a s a g i t t a l  a n d  E r o n t a l  

p, iane v i e w  o f .  t h e  l i n e s  of a c t i o n ' o f  t h e  4 7  m u s e l e s ,  s c a l e d  t o  

t h e  s u b j e c t ,  are shown i n  F i g u r e  17. 
f 

- The a n a t o m i c a l  d a t a  base is a c c m p q s i t e  Qf t h e  r e s u l t s  

r e p o r t e d  by many i n d i v i d u a l s  (see C h a p t e r  111) c c a l ' e s c e d  J n t o  . 

T a b l e  7. T h i s  a u t h o r ' s  c o n t r i b u t i p n  h a s  b e e n  t o  d e f i n e  a , m e t h o d  

of s c a l i n g  t h e s e  data t o  a p a r t i c u l a r  i n d i v i d u a l .  A s  s u c h  t h e  

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

r e p o r t e d .  . 

P c r t u n a t e l y  t h e  a u t h o r  was able t o  o h t a i n  the:  t o t a l  l e g  m u s c l e  . - 
. mass v a l u e s  o f  t e n  male B e l g i u m  c q d a v e r s  (Cadave'r  ~ n a l y s i s  S t u d y ,  - 
1980). The a n t h r o p c m e t r i c  m e a s u r e m e n t s  n e e d e d  by t h e  * m o d e l  t o  

9 

estimate t h e  m u s c l e  masses were a l so  a v a i l a b l e ,  T h e r e f o r e ,  a n  

a t t e m p t  t o  v a l i d a t e  ' t h e  a ~ a t c m i c a l  m c d e l l s  e s t i m a t i o n  o f -  t h e  
t 

t o t a l  m u s c l e  mass was p e r f o r m e d .  The r e s u l t s  o f  t h i s  v a l i d a t i o n  

i s  f o u n d  i n  T a b l e  22. 4 

The m o d e l  c o u l d  c n l y  a c c o u n t  f o r  67  p e r c e c t  o f  ' t h e  d i r e c t l y  

' . m f a s u r e d  m u s c l e  mass. '  &en c o n s i d e r i n g  t h e  10 p e r c e n t  m e a s u r e d  
mass d u e  t o  n e r v e ,  c i r c u l a ~ n  a n d  m i s c e l l a n e o u s  t i s s u e  t n a r t i n  

* .  

a n d  D r i n k w a t e r ,  1 9 8 1  ) t h e  model  u n d e r e s t i m a t e s ,  r e a l i t y  by 

20  p e r c e n t .  T h i s  s u g g e s t s  t h a t  f u r t h e C m t o d y . -  m u s t  b e  i n i t i a t e d  t o  
B 

scale  t h e  A' s t a n d a r d  ' d a t a  base t o  a p a r t i c u l a r  i n d i v i d u a l  u s i n g  

a d d i t i o n a l  a n t h r o p o n e t r i c  m e a s u r e m e n t s .  I n  t h e  c o n t e x t  o f  tcis 
t h e s i s  t h i s  d i s c r e p a n c y  was m i n i m i z e d  b y  i n c r e a s i n g  . e a c h  \ 

p r e e c t e d  m u s c l e  mass by 2 5  p e r c e n t .  when t h e ,  i n d i v i d u a l ,  m u s c l e  
'r' , =  

f o r c e s  were c a l c u l a t e d .  This l e a d s  t o  a s i % i l a r  i n c r e a s e  i n  t h e  ' 
- 

c r ~ e ~ k e c t i o n a l '  area of - e a c h  m u s c l e  u i t h V a  c o n c c m i t a n t  i n c r e a s e  

i n  i ts maximpa i s c m e t r i c . f o r c e .  . J 



Table  20 The  S u b j p e c t r s  Muscle G e o k e t r i c a l  Data- Part I- , 
max anat rain an a t  +a nbt 

length l e n g t h  l e n g t h  l e n g t h  l e n  t h  area 
m u s c l e  m u s c l e  m u s c l e  f ~ b r e  t e n 8 o n  t e n d c n  mass 
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Table 2 1  The Sub jectls Muscle Geometrical Data. Pet 11. 

area area area ar& Porce Porce Porce -. Porce 
muscle SO F O  ' FG muscle SO FO PG 
(cm *a) (cm *cm) (cm*cm) (cm*cm) (N (N 1 (N) CN) 



Figure 17 A m e d i a l  azd E r c n t a l  view cf the u s c k  lines of. 
action as modelled w i t h i n  the s u b j e d .  -. a >  
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T a b l e  22 ~ a l i d a t l o n  o f  t h e  ~ d d e l ' y  ~st irnat i>rr  cf t h e  T o t a l '  
H n s c l e  Mass. f 

- ~ u s c l €  Mass - (  1 
C a d a v e r  m e a s u r e d  P r e  ? l c t e d  

6" --- . x\  .-. 
;* s 

3 = 
2 3 

'633 t 
4153 

39 83 
2413 

-' 4 2901 1782 
5 5877 36 56 
6 5357 3542 
7 7923 5131 
8 * 

* 
4888 ' \ '3411 

9 7896 5306 
10 5489 39 26 .---.- ----I- 

mean 5508 3675 
SD 1 5 5 8  1077 

' 7 ?  
i i 

. - 
-r-- - _.-#- 

-% A; 

- 
. .  7\ 

1 
D u r i u  A c t i v i t v  ,- --- 
The  movement p t t e r n  o f *  t h e  s u b j e c t ' s  r i g h t  lcwer l i m b  w a s  - 
a n a l ? s e d  f o r  o n e  c o m ~ l e t e  w a l k i n g  c y c l e  a%! 200 f r a m e s  p e r  s e c o n d .  

T r a n s f o r m a t i o n  matrices were u s e d  t o  d e f i n e  t h e  l c c a t i o r !  o f  e a c h  

s e g m e n t  r e l a t i v e  t o  t h e  a ~ a t c m i c a l  p o s i t i d n  for 1-95 i n s t a n t s  
F 

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

m u s c l e s ,  t h e  SRS a r d  &lie c e n t i e s  o f  ma'ss were t h e s e f o r e  d e f i n e d .  

The  m u s c l e  l&$&gths, v e l o c i t i e s  a n d  moment arms were t h e n  
. ?% 

c a l c u l a t e d  from--these p o i n t s ,  A s t i c k  f i g u r e  r e p r e s e n t a t i o n  o f  

t h e  s u b  jectl s r i g h t  l o w e r  limb d u r i n g  t h e  w a l k  is shown , i n  
< 

F i g u r e  1 8 .  . . - 
% 

li 
The  s t r i d e -  time p n d  lencf th ,  c a l c u l a t e d  f rom r i g h t  h e e l  c o n t a c t  t o  

- k- 

r i g h t  h e e l  c o n t a c t ,  wege 0.975 s a n d  1.473 m, r e s p e c t i v e l y ,  a n d  

r i g h t  t o e  o f f  o c c u ~ d  a t  6 2  p e r c e n t  o f  t h e  s t r i ' d e  c y c l e .  
- 
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A s  d e m o n s t r a t e d  i n  c h a p t e r  111. t h e  l e n g t h ,  a a d  v e l o c i t y .  o f  a . 
- - 

b u s c l e  h a s  a ptcfc6n$ e f f e c t  b n  t h e  a m c u n t  o f  ' f o r c e  t h a t  c a n  b e  

b y '  it.  hem& :it is q& i n t e r e s t  t o  . - e x a m i n e  t h e  

l e n g t h  a n d  v e l o c i t y  c h a i g e s  o f  ;he n u s c l e s  d u r i n g  t h e  g a i t  c y c l e .  

T h e s e  v a l u e ;  qre p r e s e n t e d  i n  F i g u r e s  1 9  a n d  20. A 1 1  c u r v e s  ' i .  
- 

3 
b e g i n  a z d  e n d  a t  r i g h t  h e &  c o n t a c t .  

- .  
P r i g o  a n d  .' P e d c t t i  ( 1 9 7 7 )  r e p o r t  t h e .  ; s a g i t t a l  p l a n e  l e n g t h L .  . 

c h a n g e s  o f  1 1  m a j o r  l o c c m o t o r  m u s c l e s  d u r i n g '  l e v e l  walk&. T h e i r  
5 ,  

r e s u l t s  c o m p a r e  q u i t e  w e l l  ', w i t h  t h o s e  o f  figure 1 9  b o t h  'V ' 
m a g n i t u d e  : a d d  p a t t e r n  e v e n  t h o u g h  t h e y  d i d :  n o t  c o n s i d e ;  t h g  . 

m u s c l e  l e n g t h  cha .nges  'ir: t h e  c o r o n a l  br t r a n s v e r s e  p l a n e s .  T h i s  

was n o t  s u r p r i s i n g  s i n c e  . t h e  g r e a t e s t  a n g n l a t .  c h a n g e s  a t  t h e '  
L . > j o i n _ t s - m r  in t h e  s a g i t t a l  p l a n e .  ' &he r e s u l t -  the- p r s s e n t  

' n v e s t i g a t i c r ,  a l s o  compare  well t o  t h o s e  r e p o r t e d  by G r i e v e  

- -h . (1978)  whc e x a m i n e d  t h e  l e n g t h  c h a n g e s  i~ g a s t r o c n e m i u s  

d u r i n g  l e v e l  w a l k i n g .  

B-is i n t e r e s t & . g  t o  c-ompare t h e  m u s c l e  v e l o c i t i e s  ( ~ i g u r e  20) 
7 =: .. 

w i t h  t h e  maximum' * f i b r e c l l e n g t h s  (I g i v e n  i n  T a b l e  2 0 )  s i n c e  ir. 
B -. 

' c h a p t e r  111 i t  was shown t h a t  t h e  maximum ra te  o f  f i b r e  : 
s h o r t e n i n g  is  p r o  o r t i o n ' a l  t o  t h e  f i b r e  l e n g t h .  F a r  t h e  p a r a l l e l  

f i b r e d  m u s c l e s  t h _  r% mean ( s t a n d a r d  d e v i a t i o n )  maximum c o r c o n t r i c  
, . 

and  e c & n t r i c  f i b r e  v e l o c i t i e s  were 0 . 4 3  (0 .17)  a n d  0 .46  (0.18) ':" 
2 F 

>: +j 5 

L s t ,  r e s p e c t i v e l y .  T h e s e  r e s u l t s  s u k s t a n t i a t e  t h o s e  r e p o r t e d  ' $  
by H a r d t  (1  978) . T h e r e f o r e ,  i t  seems l i k e l y  t h a t  d u r i n g  n o r m q l  

w a l k i n g  t h e  s l o w  t w i t c h  r i b r e s  r a r e l y  e x c e e d  t h e i r  maiimum r a t & . - '  
- .  

, o f  i n t r i n s f c  s h o r t e n i n g  (Vd, which  e q u a l s  1.0 i' rl) d u r i a g  

c c n c e n t r i c  c o n  t r a c t i c n s .  F o r  t h e  p e n n a t e  m u s c l e s  t h e  v e l c c f t i e s  
C .- 

were 1.17 (0 .55)  - a p d  1.07 (0.50) .is - 1 ,  , r e s p e c t i v e l y . .  T h i s  
-- 

s u g g e s t s  t h a t  i f  t h e s e  muscles were r e c r u i t e d  duxlng t h e  p h z s e s  . 
I -  

of ~ a x i h a l  c o n t e n t i c  c relacit-ies t h e  s l o v  t w i t c h  filxes would $- 
a 

e x e r t  no  f o r c e .  Hcwever, m u s c l e s  t e n d  t c  k e  i n a c t i v e  during! t h e s e  .,- 
c o n d i t i c n s  ( R o r r i  s o n ,  1970)  . a -- 5 3 



F i g u r e , W  The muscle l & t h s  during the walking cycle. 
t 

, 



Figure 1 9  ~ o ~ t i ~ u c d .  
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Figure 1 9  Contiriued. 
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Figure 20 T h e  muscle v d o c i t i - e s  d k i n g  the w a l k i n g  cycle.. 
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Figure 20 ~ ~ n t i n u e d .  
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The ' j o h t  readti. n f o r c e s  a n d  t h e  n e t  gscle moments k e l a t i r e  t o  . 3 
t h e  GRS are ' p l o t t e d - - i n  ~ i ~ u r e s  21 and  22. T h e s e  were c m t p k e d  toz.'-: -- .i 

t h e  works  df ?;esler and P r a n k e l  (1 950) & d P a o l  (1954) .,who- '+- 4 

d e t e r m i n e d  similar- v a l u e s .  S i n c e  tlie p r e s e n i  i a n a - l y s e s  i i i $ .~de  
.-' 

t h e  i n e r t l a 1  c o n t r i b u t i o n  t o w a r d s  t h e  mom* a b q t  t h e -  l o n g  ais;  . - % - 
of t h e  )eg, a  c o n s t i t u e n t  c lud& i n  t h e  above works, 

h -. - - . - -a 

d i f f e r e  ces were n o t e d  b u t  s m a l l '  magnftade. ~ o t k  t h a t .  , B, 
e a c h - c u r v e  b e g i n s  a n d  e n d s  d t  r i g h t  heel c o n t a c t  and  t h a t  t h e  -- 

b 

s t= ide  time >as 0.975 s o f  which t h e  ' let ter  3 8  p e r c e n t '  ua; t h e  

s w i n g  phase ,  
t 

4 

,The  X-components cf moment a t  t h e  h i p ,  k n e e  a'nd a n k l e  j o i n t s  
di\ ++ 

- - 

d e m c n s t r a t e  - t h - p  e f fec t  . o f  mans b i p e d a l  forre o f  . l ocomot ion .  
3' 

.Abduct ive  musc l e  moments are r e q u i r e d  d u r i n g  . s i n g l e  s u p p o r t  t o  
- '9 

p r e v e n t  t h e  s u b j e c t  f r o m b f a l l i n g  t o w a r d s  %he u n s u p p o r t e d  s i d e .  . A s  , 
>T * - 

- lr p o i n t e d  o u t  by Bresler and  ' P r a n k e l  (1950) t h e  l a r g e  + @ d u c t i o n  .. 
moaent a t  t h e  h i p  is- o v e r l o o k e d  when s a g i t t a l  p l a n e .  a r a l y & e s  a r e  

- "  

" > 
. . 

t t w i s t i n g  moments ( t o r q u e s )  a t  t h e  j o i o t s .  The  h i $  , - r 
d b o n s t r a t e s  t h e  ' l a r g e s t  momect due  t a  t h e  added i n f l u e n c e  o f  t h e  

. h i g h .  A t  .bee-1 c o n t a c t  a m e d i a l  r o t a r y  moment f o l l o w e d  by a 

l a t e r a l  r o t a r y  c c m p o n i n t  was e r i d e n t ' a t  a f i  the . * 
i 

j c i n t s .  T h i s  i s  due  t o  r e l a t i v e  t o .  t h e '  , 
.. . r 1 

l e g  i l u r i n g  g a i t  ( E b e r h a r t  34., .1954) . . . - 
* , I' 

. - * 
c - 

--  he Z-components  o f  moment a r e  * o f  t h e  l a r g e s t  magni tude  s i n c e  
t h e y a r e - r e s p c d s i b l e  f o r - m a n ' s  p r o g r e s s i o n .  A t  t h e  h i p  a  lhrge , 

e x t e n s o r  mbment exlsfs a t  h e e l  c o n t a c t .  T h i s  is ' t o  r e t a r d  t h e  -E 
+ - 

- a c t i o n  o f  t h e  lcwer -&mb 20 make- r e a d y  foo t  c c n t a c t .  Th&s -is 2 - 
f o l l o w e d  by *a f l e x o r  oomknt, Feaking-z . j u s t  b e f o r e .  r i g h t  toe o f f ,  -. - -  .- - 

to a c c e l e r a t e  t h e  l i m b  f d r  + h e  siiiing phase .  
f 

> 
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A r e v i e w  o f  t h e  k n e e  moment c n r v e s  ir t h e  l i t e r a t u r e  by W i n t e r  . 
, . 

- (1980) d e m o n s t r a t e d  i n c o n s i s t e n t  r e s u l t s .  Rowever ,  n o t h i n g  - 
a b n o r n a l  a b o u t  t h e  p a t t e r n s  o f  t h e "  s u b j e c t ' s  e x a m i n e d  were 

r e p o r t e d .  A few g e p e r a l i t i e s  a b o u t  t h e  f c r m  o f  t h e  c u r v e s  c a w  b e  

made t o  which  t h e  p r e s e n t  v a l u e s  c o n f o r m .  F o l l o w i n g  h e e l  c o n t a c t  

a n d  p r i o r  t o  t o e  of f  a momect t e n d i n g  t c  e x t e n d  t h e  k c e e  e x i s t s .  

 his ' is n o t  s u r g r i s i n g  s i n c e  t h e  k n e e  m u s t  b e  s t a b i l i z e d  t o  

s u p p o r t  t h e  w e i g h t  o f  t h e  body .  O n l y  d u r i n g  f o o t  f l a t  a n d  p a r t  o f  

t h e  s w i n g  p h a s e ,  i s  t h e  k a e e  u n l o c k 4 d  ( f l e x e d ) . .  R-ler a n d  

F r a n k e l  ,(1980) r e m a r k  t h a t  t h e s e  a c t i c n s  p e r m i t  t h e  s u b j e c t  t c  

more  &ward w i t h  a m i n i m a l  r a i s i n g  o'f b i s / h e r  c e n t r e  o f  mass. 

  his l e a d s  t o  t h e  b e n e f i c i a l  r e s u l t  of d e c r e a s e d  s n e r g y  

e x p e n d i t u r e .  
. 

A t .  t h e  a n k l e  t h e  f l e x i o n - e x t e n s i o n  moment is c o n s i s t e n t  t o  

t h a t  r e p o r t e d  ky p r e v i o u s  i c v e s t i g a t c r s .  A p o s i t i v e  mcment i s  

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

s l a p p i n g  t h e  g s o o n d .  h e  l a t t e r  p a r t  cf t h e  . s t a n c e  p h a s e  i s  

e x t e n s i v e  -- t h e  t r i c e p s  s u r a e  are a c t i v e  t o  l i f t  an@ p r o p e l  t h e  - 
b c d j  $or ward. 

.+ .- 
The r e s u l t s  of t h e  c o m p u t a t i o n  o f  t h e  n e t  m u s c l e  moments 

r e l a t i v e  t o  t h e  SRS are  g i v e n  i n  F i g u r e  23. Thease v a l u e s  were 

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

moment c u r v e s  are  s i m i l a r t o  t h o s e  c a l c u l a t e d  a b c u t  t h e  GRS b u t  

t a k e  i n t o  a c c o u n t  t h e  s p a t i a l  p o s i t i o n  c f  t h e  s e g m e n t s .  

N D E L  R E S U L Z  

I n  t h i s  s e c t i o n  t h e  major r e s u l t s  o f  t h e  t h e s i s  a re  p r e s e n t e d .  

The m u s c l e  . f a r c e s  d u r i ~ g  a n o r m a l  w a l k  a r d  a n  e s t i m a t i c n  o f  t h e  

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

r e s p o n s e  of s e l e c t e d  m u s c l e s  t c  m a ~ i m a l  s t i m u l a t i c n  a re  p l o t t e d .  



F i g u r e  2 4  s h o w s  t h e  n o r m a l i z e d  f o r c e  v c f i l e  of e i g h t  m u s c l e s  
m a x i m a l l y  s t i m u l a t e d  f rom 10 t o  70 ms. T h e s e  m u s c l e s  were c h o s e n  . , 

s i n c e  t h e y  r e g r e s e n t  a v a r i e t y  o f  g e o m e t r i e s  - p a r a l l e l  a n d  
ff 

p e n n a t e ,  l o n g  a n d  s h o r t  t e n d o n s ,  a n d  a v a r i e t y  of fibre t y p e  

K d i s t r i b u t i o n s .  
Y.. 

E x a m i n i n g  t h e  r e s p o a  o f  t h e  i n d i v i d u a l  f ib re  t y p e s  

s e p a r a t e l y  - t h e s e  e x h i b i t  t h e  well kncwn f o r c e  c u t p u t s  f o r  fast 
't" . . 

and slow mammalian m u s c l e s  ( B a h l e r  a., 1 9 6 8 ;  C l o s e ,  

IS_ *' H a t z e ,  1 9 7 7 a ;  - btris,  1 9 6 1 ;  W i l k i e ,  1950)  . T h i s  was e x p e c t  d  - 
s i n c e  t h e  model  was b a s e d  o n  r e s u l t s  o b t a i n e d  by t h e s e  a u t h o r s ,  

However, t h e  r e s p c n s e  o f  t h e  t o t a l  m u s c l e  t o  a s t e p  i n p u t  o f  
s t i m u l a t i o n  d o e s  n o t  d e m o n s t r a t e  t h e  s m o c t h  i n c r e a s e  i n  f o r c e  a s  ' 
shown i n  t h e  l i t e r a t u r e .  A c h a n g e  i n  s l o p e  is e v i d e r t  when t h e  

5 f a s t  t w i t c h  f i b r e s  r e a c h  n e a r  maximal  f o r c e .  The mcdels f a i l u r e  

i s  d u e  t o  t h e  3 f a s t  a n d  s l o w  t w i t c h  f i b r e s  b e h g  s y n c h r o n o u s l y  

s t i m u l a t e d ,  e a c h  o f  w h i c h  h a s  d i f f e r e n t  m e c h a n i c a l  p r o p e r t i e s L  
I m p r o v e d  n o d e l    re diction would  r 6 s u l t  i f  a p c p u l a t i o n  o f ' f i b r e s  + 
( rno tc r  u n i t s )  were a s y n c h r o n o u s l y  s t i m u l a t e d  t c  s m c o t h  o u t  t h e  

r i s e  i n  f o r c e  p r o f i l e .  I n  t h e  p r e s e n t  a p p l i c a t i o n ,  t h a t  o f  

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

t h e  f a s t  t w i t c h  fibres are i n f r e q u ' e n t l y  r e c r u i t e d  t h e  p r e d i c t e d  

a n d  a c t u a l  f o r c e  d e v i a t i o n  would  be small. . 
Gscle F o r c e s  B u r i n s  the Walk 

T h e  t o t a l  m u s c l e  f o r c e  a n d  t h e  f o r c e  estileated t o  b e  g e n e r a t e d  b y  
e a c h  o f  t h e  m o d e l l e d  f i b r e s  u s i n g  t h e  p h y s i o l o g i c a l  m o d e l  a re  

p l o t t e d  i n  F i g u r e  $ 2 5 .  A11 c u r v e s  b e g i n  a n d  e n d  a t  r i  
c o n t a c t  which  d e f i n e s  o n e  w a l k i n g  s t r i d e .  T h e  ' b o x e s '  
p l o t s  r e p r e s e n t  t h c s e  p h a s e s  i n  t h e  g a i t  c y c l e  f c r  which E H G  

a c t i v i t y  h a s  be& shown t o  b e  p r e s e n t  ( U n i v e r s i t y .  o f  C a l i f o r n i a ,  

1953) .  

The f o r c e  p r c f i l e s  o b t a i n e d  f o r  m o s t  m u s c l e s  compare  well t o  

t h e  E H G  a c t i v i t y  when o n e  c o n s i d e r s  t h a t  t h e  E H G  a c t i v i t y  
p r e c e e d s  t h e  m u s c l e  t e n s i o r  b y  a p p r o x i m a t e l y  80 ms ( U n i v e r s i t y  o f  - 
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Figure 23 The n e t  muscle momects il! the s k e l e t a l  r e f e r e ~ c a  
s y s t e m .  
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F i g u r e  2 4  Res onse of  some muscles t c  maxima2 s t i m u l a t i o n  from 
0 c 70 s A u s  a t  t h e , ,  rest  ler! t h  a r ~ 3  
i spetr ic .  The  total muscle  (square ,* a d  t z e  slow 
o x i d a t i v e  (circle  L A, f a s t  c x i d a t ~ v e  ( riangle , ard 
fast g l y c a t y t t c  fFbre  force rofr es  are i 
shcyr.. gll r e s u f t : a ~ ~ ~ d m $ l i z e d  t o  t h e  t o % l  m n s c l e * ~  
maxz mum iscmetric force. 
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C a l i f o r n i a ,  1 9 5 3 )  . One a l s o  eJPgects d i f f e r e n c e s  i n  t h e  EHG 

p a t t e r n  b e t w e e n  s u b j e c t s  a n d  t r i a l s  ( E k e r h a s t  sf &., 1 9 5 4 )  s o  
t h a t  t h e  p u b l i s h e d  EMG. d a t a  may be  v i e w e d  a s  a gu&de n o t  a s  a n  q 

_ a b s c l n t e  i n d i c a t i c n  of t h e  t e m p o r a l  a c t i v a t i o n -  cf t h e  l o c o m o t o r  - .  

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

a m o n g s t  s y n e r g i s t s  (ecg. t h e  h i p  a d ' d u c t c r s  a n d *  f l e x o r s ,  t h e  v a s t i *  

a n d  t h e  t r  c e p s  s u r a e )  a c d  a p h y s i o l c g i c a l  time c c u r s e  f o r  e&h - 

i m u s c l e ' s  f o  ce ~ r c f i l e .  

The mod 1 was ab le  t o  a s s i g n  i n d i v i d u a l  m u s c l e  f o r c e s  well  

w i t h i n  t h e  i m p o s e d  p h y s i o l p g i c a l  c c n s t r a i n t s  t o  g e n e &  t e  t h e  

re u i r e d  j o i n t  mcments.  T h e s e  c o d t r a i n t s  i n c l u d e d  t h e i r  moment 8 
a r m s ,  f o r c e  p e r  u t i t  c r o s s  s e c t i o n a l  a r e a ,  t h e  f o r c e - l e n g t h  %nd * 

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

c o n s i d e r a t i o n s .  T h i s  is c o n t r a s t  t o  t h e  work o f  P a t r i a r c o  &. 
(1981)  whd i , ~ c l u d e d .  p h y s i o l a g i c a l  c o n s t r a i n t s  ir t h e  c o i t e x t  o f  

a n  o p t i m i z a t i o n  m o d e l  qnlq i f  t h e y  d i d  n o t  s i g n i f i c a n t l y  i n c r e a s e  . 

t h e  t o t a l  m u s c l e  f o r c e  l e v e l s .  It  i s  a l s o  i n t e r e s t i n g  t o  n o t e  - 

t h a t  t h e y  u s e d  a v a l u e  o f  150 N cm-2 f o r  the maximum f o r c e  p e r  
u n i t  c r o s s - s e c t i o n a l  area o f -  t h e  musc-le; t h i s  i,s a e a r l y  f o u r  I .  

times t h e  v a l u e  s u g g e s t e d  i n  t h e  l i t e r a t u r e  (see C h a p t e r  111). 

I t h i s  t h e s i s  t h e  mean peak m u s c l e  f o r c e ,  n c r m a l i z e d  t o  

i s o m e t r i c  w.as 0. 21 t 0.14 SD .which s u g g e s t s  t h a t  on l?  t h e  sJow A 

t w i t c h  f i b r e s  rere r e c r u i t e d  d u r i n g  t h e  n o r m a l  walk. T h i s  is ' 

v e r i f i e d  i n  F i g u r e  2 5  w h i c h  s h o w s ' t h a t  t h e  f a s t  twitch f i b r e s  

were i n f r e q u e n t l y  r e c r u i t e d .  I t  is  i n t e r e s t i n g  to n o t e  t h a t  th; b 

- 
f o u r  m u s c l e s  w h i c h  showed  f a s t  f l k r e  a c t i v i t y  (ob t u r a t o r  

i n t e r n u s ,  a d d u c t c r  l o n g u s  a n d  b r e v i s ,  and s a r t o r i u s )  are a l l  h i p  
l a t e r a l  r o t a t o r s  a n d  f l e x o r s .  c o m p a r i n i  t h e  mean l e v e l  of  m u s c l e  

r e c r u i t m e n t  (mean n o r m a l i z e d  m u s c l e  f o r c e )  a t  t h e  l o w e r  l i m b  

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

e x p l a i n e d  by t h e -  m o d e l s  r e q u i r e m e n t  t o  g e n e r a t e  t h e  n e t  m u s c l e  - 
, moments a b o u t  a l l  t h r e e A  h i p  axes. - Alt-hough t h e  p r e s e n t  s t a t e  o f  , , 

t e c h n o l o g y  c a n  n o t  g i v e  a d e f i n i t i v e  a s s w e r  on t h e  t r u e  l e v e l  of 
f 

m u s c u l a r  a c , t i v f  t y  & v i v o ,  i f  t h e  mean musculrdf r e c r u i t m w i t  a t  
I - - 1 .. 



* :. 
- Figure 25 The muscle f o r c e s  durfrg t h e  walk. The t o ta l  muscle 

( s q u a r e ) ,  a  the s l ~ w  x ~ t v ( c T r c l e j  f a s t  
o x i d a t i v e  (triangle). ar.d f a s t  g l y c o l y t i c  (diamond) 
f lkre  fo ce .  . y c f d e s  are shown. A 1 1  results 
narmali zeg f o l e  total rn~scl6~S m a x I m u i i s o m e t r i c  
force. T h e  ' boxest r e ~ r e s e n  t p u b l i s h e d  EHG 
a c t i v i t y .  w 
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t h e  h i p  .is not g r e a t e r  t h a n  t h a t  of t h e  k n e e  cr aakle ' ,  t h i s  
s u g g e s t s  e i t h e r  i m p r e c i s e  moment a . r m  e s t i m a t i o n s  ' c r  a n  i m p r o p e r  
c h o i c e  o f  . t h e  number of p a t t e r n  g e n e r a t c r s  c o n t r o i l i n g  t h e  h i p  

movements. m l y  w i t h  d i r e c t l y  v a l i d a t e d  musc le  fcrce p r e d i c t i o n s ,  

t h r o u g h  musc l e  f o r c e  t r a n s d u c e r s  o r  q u a n t i t a t i v e  E H G  t e c h n i q u e s ,  
Qill t h i s  be proven .  

A n t a g o n i s t i c  a c t i . v i  t y  was p r e d i ' c t e d  fo r  n c r m a l  w a l k i n g ,  
d e m c n s t r a t e d  by t h e  v a s t i  a n d  . t he -  h a m s t r i n g s  b e i n g  a c t i v e  j u s t  

a f t e r  h e e l  contact. ~ i e  modal  a l l c n s  s u c h  a c t i v i t y  d u e  t o  a 

p h y s i o l o g i c a l  time c o u r s e  f c r  t h e  d e c l i n e '  i n  m u s c l e  t e n s i o n  a c d  
t h e  need  t o  s a t i s f y  a number o f  j o i n t  mcments s i m u l t a n e o u s l y .  

The r e s u l t s  cf t h e  p h y s i o l o g i c a l  mcflel's e s t i m a t i o n  of t h e  

i n d i v i d u a l  musc le  f o r c e s  d u r i n g  no rma l  walk ing ,  when compared  t o  
,--- t h e  U n i v e r s i t y  o f  C a l i f o r r i a ' s  EMG d a t a ,  was g e z e r a l l y  e x c e l l e n t  

s u g g e s t i n g  t h a t  it c o u l d  b e  used a s  a musc le  f o r c e  p r e d i c t o r .  
Better a n a t o m i c a l  d a t a  a n d  a  r i g o r o u s  v a l i d a t i c n  cf t h e  model 

' I 

must b e  u n d e r t q k e n  however ,  b e f o r e  i t  c a n  be u s e d  i n  r e s e a r c h  o r  
c l i n i c a l  s e t t i n g s  (see Pan jabi,, 1979) . 
P a t t e s q  Geceratcr O u t c u t s  . 

I, F 

The - t e m p o r a l  ~ r c f i l e  o f  t h e  o u t p u t s  f r o q  t h e  s i x  p a t t e r n  

g e n e s a t o r s  a r e  . p r e s e n t e d  i n  F i g u r e  ' 26 .  S i x  g e n e r a t o r s  were 

h y p o t h e s i z e d ,  oEe f o r  e a c h  m a j o r  d e g r e e  o f  f r e e d c m  Jn t h e  l o w e r  
l imb, ,  which i n t e r a c t  t o  d e f i n e  t h e  n e u r a l  i n p u t  t o  t h e  l o c o m o t o r  

m uscle-s. 

- A p a t t e n ?  g e n e r a t o r  s t i m u l a t e s  t h o s e  m u s c l e s .  wh ich  c a n  

g e n e r a t e *  a r e q u i r e d  n e t  m u s c l e  moment (see t h e  c c n t r o l  model 

s e c t i o n  of C h a p t e r  111) . Uh J i s  it t h e n  t h a t  a t  c e r t a i n  p h a s e s  i n *  
t h e  g a i t  c y c l e  t h e  wrong m u s c l e s  are r e c r u i t e d ?  T h i s  i s  e v i d e n t '  

- whenever  a g e n e r a t o r  o u t p u t s  a n e g a t i v e  s t i m u l u s .  F o r  example ,  

d u r i n g  most cf t h e  s t a n c e  p h a s e  a p o s i t i v e  ( i n v e r s i o n )  moment is 
r e q u i r e d  a t  t h e  s u b t a l a r  j c i n t ,  y e t  t k e  f o o t  e v e r t e r s  ( p e  ,JQni t 

e x t m s o r  d i g i t o r u n  l c n g u s )  a r e  r e c r u i t e d .  One r e q s o n  is t h a t  t h e  

f o o t  i n v e r t e r s  c o u l d  n o t  be' d e a c t i v a t e d  q u i c k l y  enough ,  
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n e c e s s i t a t i n g  t h a t  t h e  e v e r t e r s  be r e c r u i t e d  t o  p r o d u c e  t h e  n e t  -1 
r + m u s c l e  moment a s  e x t e r n a l l y  m e a s u r e d ,  A' s e c o c d  r e a s o n  is ' t h a t  a. 

- - 
g i v e n  m u s c l e  n i g h t  h a v e ' t o  be c o n s i d e r e d  by: m o r e - t h a n  o n e  p a t t e r n  . ,  /- -.- - ' 

g e n e r a t o r .  -If a n u s c l e  - s a t i s f i e s  t h e  mcment a t  o n e  _ j c i n t  b u t  * - - 
o v e r s a t i s f i e s  t h e  moment a t  a n o t h e r ,  t h e  l a t t e r  - moment m u s t  b e  ,, 

b a l a n c e d  by a n t a g o n i s t i c  a c t i v i t y ,  A t  t h e  a n k l e  a l a rge  e x t e n s o r  
. ,  

A akoment i s  r e q u i r & d ,  which when s a t i s f i e d  c a u s e s  an i r v e r s i o n  
moment d u e .  t o  t h e  f e i n t  w a t o s y .  ; T h i s  u n w a n t e d  moment mus-t b e  

. - 
' b a l a n c e d  b y  ' a n a t a g o n i s t i c  a c t i ~ i + ~ -  Bn i n t e r e s t i n g  o u t  come' o f .  

, t h i - s  is t h a t -  whenever  a p a t t e r n  g e n e r a t o r  o u t p u t - s  a n e g a t i v e  

3 
/ - - s t i m u l u s ,  a n t a g o n i s t i c  m u s c l e -  a c t i v i t y  o c c u r s  a t  t h a t  d e g r e e  uf 

f r e e d o n  in t h e  mode l .  m his s h o u l d  n c t  be i n t e r F ; e t e d  a s  t h a t  , 
d 

o n l y  when a p t t e r h  g e n e r a t o r  o u t p u t s  a n e ' g 8 t i v e  s t i m u l i  

a n t a g o n i s t i c  a c t i v i t y .  o c c u r s .  C o - c o n t r a c t i o n  c a n  c c c n r  d u e  t o  
t h e  time i t  t a k e s  f o r  a m u s c l e  t o  ~abclish t e n s i o n  e v e c  i n  t h e  . 

u a b s e n c e  o f  s t i m u l a t i o n .  , - a 

. , 
T h e  d u t p u t  f rom t h e  p a t t e r n  g e n e r a t c r s  i n t e r a c t  t o  f o r m  t h g L p  . . 

n e u r a l  i n p u t  t o  e a c h  of t h e  4 7  m o d e l l e d  n u s c l e s  (see F i g u r e  2 7 ) .  

A g a i n  t h e  ibexesf an some p l c t s  repres&t t h o s e  p h a s e s  i n  t h e  -. 
g a i t  c y e l e  f o r  w h i c h  . E H G , a c t i v i t y  h a s  b e e n  shown t c  b e  p r e s e n t  - +, 

( g n i v e r s i t y  o f  C a : I i f o r n i a , .  1953)  . I f  a m u s c l e  r e c e i v e d  a -  n e t  - 

. n e g a t i v e  s t i m u l a t i o n  i t ' s  i n p t  was s e t  t o  0.0 a n d  a n e t  

s t i n u l a t i c n  greater t h a n  3.0 was reset & 3.0.. Note  t h a t  s i n c e  
P 

s t i m u l i  greater  t h a n  0.5, 1.5 a n d  2.5 r e c r u i t  t h e  SO, FO a n d  FG ' 
d- 

f i b r e s ,  r e k p e & j v e l y ,  t h e s e  c u r v e s  r e i n f o r c e  t h e  model  's 

p r e d i c t i o n  t h a t  t h e  fast t w i t c h  f i p r e s  are-. i n f r e q u e n t l y  n e e d e d  

' d u r i n g  n o r m a l  w a l k i n g ,  A - - - 

- P o o r  t e m p o r a l  c c r r e s p o n d e n c e  b e t w e e n  t h e  m o d e l ' s  

p r e d i c t i o n  of t h e  me-ma1 i n p u t  t o  c l e s  a n d  t h a t  shown -by 
EHG d a t a .  Th ' i s  s u g g e s t s  t h a t  t h e  c o n t r o l  model is d e f i c i e n t .  i n  

o n e  o r  more  areas. A p o s s i b l e  s o u r c e  cf e r r o r  i s  i n  c m i t t i n g  t h e  - 
'% 

r i c h  f e e d b a c k  t h s  s p i n a l  c o r d  ' r e c e i v e s  f rom t h e  m u s c l e s .  T h e s e  
s i g n a l s 3  r e p o r t i c g  t h e  l e ~ g t h ,  v e l o c i t y  and  t e n s i c n  states o f  t h e  

, .  m u s c l e  (Luqdburg ,  1969), c a n  modi fy  t h e  m a g n i t u d e  cf t h e  r e u r a l  
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The lboxes l  repjssent p u b l l s k e d  Z ~ G  data. , 
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s t S m u l a t i o n  t c  a s p e c i f i c  m u s c l e  ( G r i l l n e r ,  1 9 7 5 ) .  
. .  

T h e  

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

g o l g i  t e n d o n "  o r g a n s  i n t o  f u t u r e  v e r s i c n s  o f  t h e  mode l  may b e  - 

w a r r e n t e d .  ' 

A s e c o n d  s o u r c e  cf error  may r e s i d e  & t h i n  t h e  s p e c i f i c  .. 
a n a l y s i s  p e r f o r m e d . ,  The  g a i t  c y c l e  was t r c k e n  i n t o  1 9 5  e q u a l  time 

i n t e r v a l s  (At  = 0 - 005 )  f.or a n a l y s i s .  T h i s  m e a n s  - t h a t  t h e  m u s c l e s  

c c u l d  o n l y  r e c e i v e  a f i n L t e  number  c f  d i f f e r e n t  s t i m u l a t i o n  

l e v e l s .  The  r a p i d  o n - o f f  s t i m u l a t i o n  p a t t e r n s  r e c e i v e d  by  s o m e  

m u s c l e s ,  w h i c h  a r e  r e f l e c t e d  i n  tlieir jerk? f o r c e - t i m e  p r o f i l e s ,  
. " 

may b e  m i n i m i z e d  i f  t h e  a n a l y s i s  was p e r f o r x a e d  w i t h  a smaller  A t .  
- 

It i s  5 n t e r e s t i r . g  t o  ~ o t e  t h a t  Hatze ls  mode l  ( 1 9 7 5 a )  r e q u i r e s  a 
v. 

A t  t e n  l t imes smaller  t h a n  t h a t  u s e d  i n  t h i s  t6esis. I n  t h e  

c o n t e x t  o f  t h i s  t h e s i s  a smaller A t  was n o t  u s e d  b e c a u s e  of - - 

l i m i t e d  c c m p u t e r  r c s a n r c e s .  ~t s h o u l d  be  n c t e d  t - h i t  t h e  m o d e l  was 

r u n  a t  40 f r a m e s  p e r  s e c o n d  g i v i n g  m u s c l e  force  p a t t e r n s  n o t  

v a s t l y  d i f f e r e n t  f r c m  t h o s e  p r e s e n t e d  in t he .  b o d y  o f  t h i &  t h e s i s .  

S i n c e  t h e  f o r c e - v e l o c i t y  r e l a t i o n s h i p  t e n d s  t o  damp o u t  t h e  r a p i d  

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

a n a l y s i s  ra tes  may n o t ' b e  r e q u i r e d .  It is r e c o m m e n d e d ,  oweyer, 

-,+ 
e x ~ l o r e d .  

8 t h a t  t h e  s e r s b t i v i t y  cf t h e  m o d e l  t o  d i f f e r e n t  i n t e r v a  times b e  

2 

Cne o f  t h e  i n t e n t s  o f  t h l s  t h e s i s  was t o  u s e  t h e  r e s u l t s  o f  

t h e  p h y s i o l o g i c a l  m c d e l  t o  e x a m l n e  ' t h e  h y p o t h e s i s  t h a t  t h e  

o u t p u t s  f r c m  t h e  ?+%&ern g e c e r a t o r s  were O s i m p l e  o s c i l l a t i n g  

s i g a a l s  ( P a t l a ,  1981; P e r r e t  a n d  C a b e l g u e n ,  1980)  . T h e s e  . , 
> 

i n t e r a c t ,  s t i m u l a t e  t h e  m u s c l e s ,  a 2 d  f o r m  t h s  movement  we c a l l  

w a l k i n g  ( G r i l l n o r ,  1 9 7 5 ;  Shik a n d  - O r l c v s k y ,  , 1976) .  When o n e  , --L.\ 

e x a m i n e s  F i g u r e  2 6  h o w e v e r ,  nc s u c h  s t a t e m e n t  c a n  b e  made. T h e  

 patter^ g e n e r a t o r s ,  a s  d e f i n e d  i n  t h 5 s  t h e s i s ,  o u t p u t  r a t h e r  h 
c o m p l e x  w a v e f o r m s  w h i c h  $ u g g e s t  a  m a t h e m a t i c a l  r a t h e r  t h a n  a - 

p h y s i o z o g i c a l  f c u n d a t i o n .  - 
- 

0 

F u r t h e r  work O F  t h e  a n a l y s i s  o f  t h e  p a t t e r n  g e n e r a t o r  s i g n a l s  

sooms w a r r e n t e d  t c  d e s c r i b e  the.m ir. terms of n e u r o p h y s i a o l o g i c a l  
/ 

- 
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c o n s t r u c t s ,  I n s u f f i c i e n t  e x p e r i m e n t a l  e v i d e n c e  i s  a v a i l a b l e  t o  d o  
t h i s  a t  t h e  p r e s e n t  time. A s e c o n d  v e r s i o n  o f  t h e  m o d e l  c o u l d  

t h e n  be c o n s t r u c t e d  t o  a c t i v a t e  t h e  m u s c l e s  v i a  t h e  p a t t e r n  

g & S r a t o r  mode l  t o  p r e d i c t  t h e & e s u l t i n p  s e g m e n t  k i n e m a t i c s .  

~ s c u s s : o ~  a u g l i c a t i o c s  of the -iJinqsS - 
I 

The sc iep t i f ic  l i t e r a t u r e  \ s u g g e s t s  t w c  d i s t i n c t  a p p r o a c h e s  t o  

p r e d i c t  m u s c l e  f o r c e s ,  The first, t h e  ' r e d u c t t c n '  method ( P a u l ,  
'r 

196 5: B o r r i s o n ,  1 968) , , makes  a series o f  - a n a t o m i c a l  a n d  
- f u n c t i o n a l  ~ i m ~ l i ~ i c a t i o n s  t o  r e d u c e  t h o  number cf f o r c e - c a r r y i n g  - 
& r u c t u r e s  c r o s s i n g  a j o i n t  t o  make t h e  p r o b l e m  mathema t i c a l l y  . 

. s o l v a b l e .    his' method is u s e f u l  when j o i n t  force r a t h e r  t h a n  

m u s c l e  f o r c e s  a r e  r e q u i r e d .  
- 

e The s e c c n d  ~ r k c e a u r e ,  which  s o l v e s  f o r  i n d i v i d u a l  m u s c l e  

f o r c e s ,  t h e .  o p t i m i z a t i o n f  approach. T h i s  m e t h c d ,  d e  ve ' loped 

g i n c e  t h e  e a r l y  s e v e n t i e s  ( S e i r e g  a n d  A r v i k a r ,  1973,1974;  P e h r o d ,  

l 9 7 4 ) ,  is b a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  b o d y  selects m u s c l e s  

f o r  a g i v e n  a c t i v i t y ,  a c c o r d i n g  t o  some o b j e c t i v e  &efi a s  t h e  

m i n i m i z a t i o n  of m u s c l e  f o t c e .  T h i s  t e c h n i q u e  h a s  b e e n  w i d e l y  u s e d  

w i t h  v a r y i n g  d e g r e e s  o f  s u c c e s s .  Ir g e n e r a l ,  musc le  f o r c e  
s o l u t i o n s  h a v e  i m p r o v e d  w i t h  t h e  i n t r o d u c t i o n  o f  p h y s i o l o g i c a l l y  
b a s e d  c o n s t r a i n t s  s u c h  as m i n i m i z i n g  m u s c l e  stress 

( ~ r c w n i n s h i e l d ,  1 9 7 8 ;  P e d o t t i  g& d, - F a t r i a r c o  g& a, 1 9 8 1 ) ,  

power . (Hard t ,  l 9 7 8 ) ,  o r  e n d u r a n c e  ( C r o w n i n s h i e l d  a n d  B r a n d ,  

1 9 8 1 ) .  
A 

I n  t h i s  t h e s i s  a s i m p l e  n e n r o p h y s i c l c g i c a l  c o n t r o l  m o d e l  i s  

. .  d e v e l o p e d  t o  s e l e c t  i n d i v i d u a l  m 'usc les  f o r  a g i v e n  a c t i v i t y ,  
l a t h e n a k i c a l  a n a l o g u e s  o f  t h e  l o c o m o t o r  m u s c l e s ,  i n c o r p o r a t i n g  

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

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

s e g m e n t  movements a s  e x t e r n a l l y  r e c o r d i d .  S i n c e  i n d i v i d i a l  m u s c l e  
I 

c o n t r o l  is f o u n d e d  u p c n  p h y s i o l o g i c a l  c c n s t r u c t s ,  mathema t i c a l l y  
b a s e d  o p t i m i z a t i a n  t e c h n i q u e s  a re  n o t  r e q u i r e d .  T h i s  is n o t  t o  

s a y  t h a t  t h e  e x e c u t i o n  o f  movement d o e s  n c t  f o l l c v  scme o b j e c t i v e  

s u c h  a s  t h e '  mimimiza t i o n  of e n e r g y  c o s t  o r  m a x i m i z i n g  endur -ance .  





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

muscle moment g e n e r a t e d  b y  a  s u b j e c t  ( i .e.  u s i n g  t h e  CYBEX 

. i s o k i c e t i c  d p ~ c m o m e t e r )  t o  t h a t  e s t i m a t e d  b y  t h e  c o m p u t e r  m o d e l .  

S ~ e c i f i c  e x p e r i m e n t a l  p r o t o c o l s  c o u l d  a l s o .  b e  d e s i g n e d  t c  e x a m i n e  

t h e  i n t r i n s i c  s t r e n g + h ,  moment arm e s t l m a k i o n s  a n d  t h e  f o r c e -  * 
l e n g t h -  v e l ' o c i t p -  a c t i v a t i o n  p r o p e r t i e s  o f  s p e c i f i c  m u s c l e  g r o u p s  

(see H a t z e ,  l 9 8 O b ) .  

A s e c o n d  a n d  b e t t e r  v a l 5 d i t y  c h e c k  of t h e  m o d e l ' w o u l d  b e  t c  , 

u e r f o r m d a  c a t  e x p e r i m e n t  s i m n l t a ~ o o ' u s l ~  m e a s u ~ i n g  t h e  l i m b  a n d  
z 

j c i n t  k i n e m a t i c s  ( E a n t e r ,  1 9 3 8 ) ,  t h e  e l e c t r o m y o g r a p h i c  a c t i v i t y  ' 

o f  t h e  l o c o m o t o r  m u s c l e s  ( ~ n g b e r ~  a n d  L u a d b e r g ,  1 9 6 9 )  , a n d  

r e c o r d i n g  t h e  a f f e r e n t  a n d  e f f e r e n t  n e r v e  p o t e n t i a l s  ( P e r r e t  a n d  

C a b e l g u e n ,  1 9 8 0 ) .  ' D f r e c t  m u s c l e  f o r c e  ( W a l m s l e y  g& a&, 1 9 7 8 )  a c d  

l e n g t h  m e a s u r e m e n t s  ( P r o c h a z k a  22 d, 1974)  w o u l d  a l s o  b e  u s e d .  

0 p m  c o m p l e t i n g  t h i s  _ e z p e r F m e r . t a l  ~ h a s e  t h e  c a t ~ n u l d  b e  - - ' - 

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

7 m u s c l e s  d e t e r m i n e d  ( E u r k e  et d, 1 9 7 3 ;  J c y c e  et a l ,  1 9 6 9 )  . T h e  

\ f i n a l  e x p e r i m e n t a l  p h a s e  would.  see t h e  ? e o m e t r i c a l  p r o p e r t i e s  o f  

t h e  s a c r i f i c e d  cat  a c q u i r e d .  O n l y  t h r c u g h  a s e t  o f  e x p e r i m e n t s  

s u c h  a s  t ese c c a l d  t h e  m o d e l  w i t h i n  t h i s  t h e s i s , '  o r  a n y  9 
t e c h n i q u e  t h a t  a t t e m ~ t s  t o  s o l v e  - f o r  i n d i v i d u a l  m u s c l e  f o r c e s ,  b e  

- 
---- 

v a l i d a t e d .  S u c h  a n  e x p ~ r i m e n t  m u s t  h e  t h e  t h r u s t  o f  a m a j o r  

r e s e a r c h  e f f o r t  i n  t h e  n e a r  f u t u r e .  

, The m o d e l  w i t h i r  t h i s  t h e s r s  c o u l d  a l s o  b e  u s e d  a s  a r e s e a r c h '  

t o 6 1  i n  w h t c h  s y s t e m a t i c  ' a l te ra t icr !  cf t h e  m u s c l e  p r o p ~ r t i e s  

.wou ld  a l l c u  t h e i r  t r u e  v a l u e s . t o  b e  ~ s t i m a t e d .  F o r  i r s t a n c e ,  o n e  

j s h g r t c c m i 2 g  of t h i s .  t h e s i s  is t h a t  t h e  f a s t  t w i t c h  f i b e r s  were 
! . . 
9 o t  r e c r u i t e d  d u r i n g  t h e  w a l k .  By s t u d y i n g  some  max i ina l  human 

movement  (eg. m a x i m u m - o r e - h g g e d  v e r t i c a l  jump)  s e v e r a l  m u s c l e s  

s h o u l d  g e c e r a t e  Rear maxdrral F o r c e s .  T h i s  t e s t  c o u l d  j u s t i f y  o r  

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

t h e  maximum i 2 t r i c s l d  s t r e ~ g t h  o f  t h e  m u s c l e s .  S i m i l a r  - 
e x p e r i m e n t s  c o u l d  ke c o n s t r u c t e d  t o  t e s t  t h e  s i z s i t i v l t y  Z Y  t h e  

m o d e l l e d  s o l u t i m s  t c  v a r i a t i c n s  i n  t h e s e  i n t e r n a l ,  p a r a ~ e t e r s .  
C 



Fnndamen ta l  c h a n g e s  t o  t h e  model,  s u c h  a s  t h e  number o f  p a t t e r n  
g e n e r a t o r s  and  how t h e y  c o n t r o l  t h e  i r d i v i d u a l  musc les ,  c o u l d  
a l s o  be s u g g e s t e d  b y  a p p r o p r i a t e  model m a n i p u l a t i o n s ,  

A c o m p l e t e  k i g e t i c  d e s c r i p t i o n  o f  human g a i t  h a s  .many 
- 

a p p l i c a t i o n s  i n c l u d i n g  t h e  i m ~ r o v e m e n t  o f '  a t h l e t i c  p e r f o r m a n c e  ' 

a n d  t h e  c l i n i c a l  - s t u d y  o f  p a t h o l o g i c a l  g a i t  ; r i s i n g .  f rom musc l e  
I 

a c t i v a t i o n  a b n o r m a l i t i e s ,  t e n d o n  t r a n s p l a n t s  o r  - a m p u t a t i o c .  The  
u s e f u l n e s s  o f  t h e  p r e s e n t  i v n p l s m e n t i o n  cf t h e  p h y s i o l c g i o a l  model 
f o r  t h e s e  p u r p o s e s  i s  l i m i t e d  i n  t h a t  it is ' v e r y  time consuming  
which _maq n o t  be t o l e r a t e d  Cy t h e  c c a c h  or  p h y s i c i a n ,  The 
k i n e m a t i c . d e s c r i p t i o n  of t h e  moving s u b j e c t  was a c q u i r e d  f rom 

- 

c i n e m a t o g r a p h y  which  r e q u i r e s  time f c r  b c t h  p r o c e s s i n g  a n d  d a t a  
e x t r a c t i o n .  I d e a l l y  a n  o n - l i n e  k i n e m a t i c  4 a t a  a c q u i s i t i o n  s y s t e m  

j 

(SELSPOT, e l e c t r o g c n i o m e t r g )  married tc a  c8mpte r  c a p a b l e  o f  
s i n u l t a n e c n s l y  c a l c u l a t i n g  t h e  m u s c l e  f o r c e s  would see wide 
a p p l i c a t i o n ,  S i n c e  t h e  p r e s e n t  Smplemen ta t i on  t a k e s  a p p r o x i m a t e l y  

- - 
30 m i n u t e s  t o  a n a l y z e  o n e  s e c o n d  o f  knnan a c t i v i t y  i n d i v i d u a l  

musc l e -  f o r c e  a n a l y z e s  may n e v e r  f i n d  wide  u s e  i n  s p o r t  o r  
c l i n i c a l  s e t t i n g s ,  



CHAPTER VI 

CONCLUSIONS 
i F  

The aim of t h i s  ' t h e s i s  is t o  f o r m u l a t e  a n d  i m p l e m e n t  a 

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

lcwer l imb of a w a l k i n g  man. The  a p p r o a c h  d e v e l o p e d  

p h y s i o l o g i c a l  h i e r a r c h i c a l  mcde l  t h e  l o w e s t  l e v e l  o f  

c o n c e r n s  i t s e l f  w i t h  t h e  d a t a  n e c e s s a r y  t o  d e f i n e  

m u s c u l o - s k e l e t a l  s y s t e m .  T h e s e  i n c l u d e  t h e  m u s c l e  !s moment 

mode l  

r i g h t  

is a -  - 
which 

t h e  

arms, 
l e n g t h s  a n d  relccities.  Data d e s c r i b i n g  t h e  m n s c i 6  a i a t o r n y  a n d  

b o n e  s t r u c t u r e  are a l s o  i n c l u d e d .  
C 

The m i d d l e  s e c t i o n ,  t h e  m u s c l e  @ d e l ,  - d e f i n e s  t h e  f o r c e -  

, l e n g t h -  v e l o c i t  y - a c t i v a t i o n  r e l a t i o n s h g ~  cf a. s i n g l e  m u s c l e  u n i t .  

T h e s e  d a t a ,  w i t h  t h o s e  &om t h e  a n a t o m i c a l  m o d e l ,  a re  u s e d  t o  . .  
estimate t h e  maximum an'd minimum f o r c e  a m u s c l e  c a n  e ' x e r t  g i v e n  

its p r e v i o u s  f o r c e  h i g t o r y ,  c u r r e n t  k i n e m a t i c s a n d  p r e v i o u s  
- 

s t i m l a k o n .  T h e  s t i m u l a t i o n  needed  t o  g e n e r a t e  a n y  i n t e r m e d i a t e  

f o r c e  is a l s o  d e f f n e d .  --r 
I * 

,- 
A t  t h e  t o p  of t h e  . h i e r a r c h y  t h e  c o ' n t r o l  model  p r o v i d e s  a  

/ 

s i n g u l a r  s o l u t i o n  o f  t h e  m u s c l e  f o r c e s ,  wit hi^ t h e  c o n t r a i n t s  

d e f i n e d  i n  t h e  a u k l e  a n d  a n a t o m i c a l  mcde l s ,  6 y  . s t i m u l a t i n g  t h e  
L. -* . 

m u s c l e s .  The c o n t r o l  mode l  s e l ec t s  t h e  musc le  s t i m u l i ,  b a s e d  o n  

s i m p l e  n e u r o p h y s i o l o g i c a l  model 

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

w h i c h  l a r g e  r a n g e  o f  movement e x i s t ,  It is assumed t h a t  o n e  

p a t t e r r ?  g e n e r a t o r  e x i s t s  f o r  e a c h  m a j o r  d e g r e e  of f r e e d o m  i n  t h e  , 

l e g  , 
- 

fr 

E s t i m a t i n g  t h e  m u s c l e  f o r c e s  d u r i n g  human ac  ivlty r e q u i r e d  a - 
v a r i e t y  of i n f c r m a t i o n .  One male v o l u n t e e r  was s e l e c t e d  a n d  

u n d e r w e n t  a l e n g f h y  a n t h r e p o m e t r i c  s e s s i o n  s o  t h a t  a  s t a c h a r d  
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4, t h e  c o m b i n a t i o n  o f  a c c u r a t e  m o d e l l i n g  cf t h e  l i n e  of a c t i o n  o f  
t h e  m u s c l e s  and gdbd s e g m e n t a l  k in;mat ics  a l l o w e d  good 
e s t i n a t i o n s  o f  t h e  Q v i v o  l e n g t h  c h a n g e s  o f  t h e  m u s h e s  . 

d u r i n g  a c t i v i t y ;  - 
- 

5. t h e  mosc)e model  d o e s  n c t  a d e q u a t e l y  p r e d i c t  t h e  f o r c e  
F*, 

r e s p o n s e  of a t o t a l  m u s c l e  t o  a s t e ~  i n p u t  o f  s t i m u l a t i o n  d u e  
to  t h e  s l o w  a n d  f a s t  t w i t c h  f i b r e s  b e i n g  s y n c h r o n o u s l y  i 

r e c r u i t e d ;  and 
&* % 

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

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

r e c r u i t m e n t  was c o n f i n e d  a l m o s t  e n t i r e l y  t o  t h e  s l o w  t w i t c h  rC 

f i b r e s  and  b o t h  t h e  ~ ~ e r g i s t i c  a n d  a n t a g o n i s t i c  a c t i o n s  o f  
musc le  were d e m o n s t r a t e d  d u r i n g  n o r m a l  g a i t .  

On t h e  b a s i s  of  t h e  d a t a  c b t a i n e d  and  t h e  p r o b l e m s  e n c o  t e r e d  i n  -- 'Y 
t h i - s  s t u d y  t h e  f o l l o w i n g  r e c c m m e n d a t i o n s  i n t o  t h e  use  o f  a  

- - 

p h y s i o l o g i c a l  a t e e l  t o  s o l v ~ - f o r ~ - ~ l i d I  v i a u a l T u  scle  f o r c e s P  seem 
w a r r e n t e d :  

t h a t  t h e  ' a c c u r a t e  m o d e l l i n g  o f  t h e  nausculo- s k e l e t a l  s y s t e m  be  

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

series o f  r e v i s i o n s  t o  t h e  p r e s e n t  a n a t o m i c a l  mcdel,  

- - 
t h a t  t h e  a n t  h r o p c m e t r i c  s c a l i n g  t f c  hnique b e  improved  t o  - s, 

L 

t e t te r  p r e d i c t  t h e  mass a n d  c r o s s - s e c t i o n a l  p r o p e r t i e s  o f  t h e  
l o c o m o t o r  m n s c l ~ s ,  

t h a t  t h e  n u s c l e  model b e  m o d i f i e d  t o  i n c l u d e  t h e  a s g n c k r c n o u s  
r & X i t . e n t  cf moto r  u c i t s ,  

- 

9 t h a t  t h e  d a t a  c o l l e c t i o n  and a n a l y s i s  p r o t o c o l  h e  - r e p l i c a t e d  - - 
wi th  t h &  i n c J u s i o n  c f  EHG d a t a  s o  t h a t  t h e  p r e d i c t e d  musc le  

force $ r c f i b s  may b e  compared  t o  t h e  E n G  d a t a ,  



-4 

1 4 8  , 

5 .  t h a t  t h e  s e n s i t i v i t y  of the model s o l u t i o h s  t o  vary ing  d a t a  
. 

-, 
. c o l l e c t i o n .  r a t e s .  be  e x p l o r e d ,  1 

/ 

6 ,  t h a t  further wcrk b e  a o n e  on t h e  m o d e l l i n g  of t h e  p a t t e r n  

g e n e r a t o r s ,  and Y 

2 

7, t h a t  a v a l i d a t i o n  o f  the-' ' ~ o d e l  be undertaken to  

. 
7'- 

t h e  a c c e p t a b i l i t y  of  its p r e d i c t i o n s ,  v 
B 



If [ x  y ' z' 11  is some p o i n t  i n  t h r e e - d i m e n s i s a a l  s p a c e ,  we c a n  
> .  

' t r a n s f o r m  i t  t o  some  o t h e r  s p a c e  [ x l  y m  z *  1) q s i n g :  

T h i s  4x4 t r a n s f o r m a t i o n  can  be  p a r t i t i o n e d  i ~ l t o  f c u r  s e p a r a t e  

,' 
The  3x3 m a t r i x  creates  a l i n e a r  t r a n s f o r m a t i o n  4 n  t h e  form of 

? & + l i n g ,  s h e a r i n g  and r o t a t i o n .  T h e  1x3 row m$trix p r o d u c e s  , 

t r a n s f o r m a t i o n s .  T h e  f i n a l  s i n g i e  e l e m e n t  prcverf  5- o v e r a l l  
-e . LI 

s c a l i n g .  I t  s h c u l d  be roted t h a t  th'h first t h r e e  ;olumns_df ( d l  
-ab "- r 

ac t  e x c l u s i v e l y  or t h e  X ,  Y  and.!^ c c o i d i n a t e s ,  a r e s p e c t i r e l y ,  
w h i l s t  t h e  f o u r t h  column ac t s  on *all values. S i n c e  M e  - a r e  n o t  
i n t e r e s t e d  i n  a p e r s p e c t i v e  t r a n s f o r m a t i o n ,  and  w i s h  t o  s ca le  t h e  ' 
X, I and Z c o o r d i n a t e s  & d q e n d e n t l y ,  ' t h e  f o u r t h  oclnsn in 
e q u a t i o n  A 2  h a s  b e e n  set t o  z e r o s  a n d  one.  - - & - - - 



% "  

,*. 
* - 

7 
4 

150 - 
Expanding e q u a t i o r  ( A 1  ) a c d  s i m p l i f y i n g :  A 

- 
fl - A 

TI, x + Tt, y + T r l . z  + Ty, = x 1  
T , = . X  + T,, y + T3, Z + T*x = P t  
T , , ; + T , y  + T , , z + T , ,  = z l ,  -. ( A  4) 

7 
" % .. 

Assun ing  t h a t  x, y, z -and r*', p g  a n d - z 1  a r e  known, ' ~ q n q t i o n  (14) 
e 

r e p r e s e n t s  t h r e e  e q u a t i o n s  i n  t h e  12 uckncwn t r a n s f o r m a t i o n  
? 

e l e m e n t s .  Apply ing  t h e s e  e q u a t i o n s  t o  n (124) n c n - c o p l a r a  r known 

p o i n t s .  i n  two r e f e r e n c e  s y s t e s s ,  y i e l d s  a s y s t e m  of 3r e q n a t f o c s  

i n  12 nqknorns .  The t r a n s f o r m t i o n  c a n  t h e n  b; d e t e r m i n e d .  I f  0 4  
blem is q v e r s p e c i f i e d  and c a n  on-1y be so-lved by  some mean 

o r  the ?3" b q t  f i t ' t e c h n i g u e .  T h e  u s e  o f  b o r e  t h a n  f o u r  p o i n t s  
increases - - - ' : the  accuracy cf t h e  t e c h n i q u e  ard s h o o l d  b e  - used  - - 

- whenever  F o s s i g l e .  
I 

It is a l s o  po&i%le y t o  decompose a t r a n s f c r r n a t i o n  m 'a t r ix  

i n t o  t h r e e  matrices: t h e  f i rs t  (T,) i n c l u d e s  s c a l i r g  terms 

(Sx,Sy.Sz) . a n o t h e r  (T,) r o t a t i o n s  (Rx,Ry,Rz) a ~ d  t h e  t h i r d  (T,) 

t r a n s l a t i o n s  (Tx,Ty,Tz) . T h e s e  matrices a r e  w r i t t e n :  



r 

w h e r e  c a n d  s -' are t h e  c c s i n e  t h e  r o t a t i o n  a n g l e s  

C o n c a t e n a t i ~ n  of ' t h e s e  t h r e e  matrices: 

T, = T, * Ts *' TT 
i , -..- 

g i v e s  a w t r i x  whose  e l e m e n t s  . a p p r o x i m a t e  t h o s e  c a l c u l a t e d  v i a  - 

e q u a t i o n  (14). We can t h e r e f o r e  , d e f i n e  12  n o n l d n e a r  e q u a t i o n s  - . - 
w i t h  9 unkncvns .  T h i s  can be s o l v e d  u s i n g  a n o n l i n e a r  l eas t  

' s q k e  a l g o r i t h m  (ego I B S L  - ZXSSQ,. 1980) .  It is. t h e n  p o s s i b l e  t o  
r e c o n s t r u c t  a tr a n s f o r m a t i o c  m a t r i x  which i n c l u d e s  o n l y  t h o s e  *-a 

o c n s t i t u e n t s  t h e  u s e r  desires ( e g o  r o t a t i o n s  and t r a n s l a t i o n s )  . 



- . mf i n i n q  ug mnxE a g v i l i ~ e a r  s e c t & g ~ .  

L e t  a p a i r  o f  p o i n t s  t h r o u g h  w h i c h  t h e  - c u r v e  must p a s s  be  t h e  
v e c t o r s  P, a n d  P,. C o r r e s p o n d i n g  t a n g e n t  vectors a t  these p o i n t s  

* ' 
are  , and  P,. 1 n  t h e  mode l  t h e s e  are d q t e r m i n e d  f r d n  t h e  

d i r e c t i o n  c o s i n e s  o f  t h e  two s t r a i g h t  l i n e  s e g q e n t s  s u r r o u n d i n g  .4 

t h e  . . c u r v i l i n e a r  s e c t i o n .  T h i s  a l l o w s  a s m o o t h  t r a n s i t i o n  b e t w e e n  

t h e  s t r a i g h t  a n d  . cu rved  m u s c l e  s e c t i o n s .  
- 

* 
A eparametric c u b i c  p o l y n o m i a l  was u s e d  t o  f i t  -- t b e  c u r v e d  

s e c t i o n .  U i t h i n  t e , c n b i c  s e c t i o n  t h e  p a r a m e t e r  t v a r i e s  b e t w e e n  . ?  
t h e  t w o  - e n d  p o i n t s  t, a n d  t,. To s f m p l i f y  c a l c u l a t i o n s  wg can 

---. 
a s s i g n  t ,  = 0. i p a r a n i t r i c  c u b i c - p o l y n o n i ~ l  may b e  writted as: 

. L t 
J Y  

P  (t) .=-A + Et + . C t 2  + Dt3 (81) * 

. . 
- 

w h e r e  P ( t )  = [ x ( t )  y ( t )  ~ ( t )  ] is t h e  p c s i t i o r  v e c t c r  o f  a n y  p b i n t ,  

o n  t h e  c u r v e .  S i n c e  P, , P,, $, , a n d  6, are d e f i n e - d  as a b o v e  t h e  : ., T 
f o u r  c o e f f i c i e n t s  i n  e q u a t i c n  ( B 1 )  a re  '&t&ulated a s  f o l l o w s :  

a 

A = P, 

B = b ,  
c = 3 ( ~ ,  - ~ , ) / t 2  - ( 2 5 ,  + ; , I  /t, 

D -= 2 (P ,  - PI)  /t3 + ( , + It: A 
b 2  1 

. " 
,- 

Any p o i n t  a n d  t h e  l e a g t h  b e t w e e n  t h e  lircits t ,  a n d  t, c a n  t h e n  b e  

c a l c u l a t e d .  ;.'. 



. - D e f i n i n q  the and IisamenJ moment arms. 
w 

The m u s c l e  a n d  l i g a m e n t  moment arms ( A ) ,  r e l a t i v e  t o  t h e  GRS 

imbedded  a t  e a c h  j o i n t  c e n t r e ,  were c * a l c u l a t e d  f r o m  t h e  l i n e  of 

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

c e n t e r s  ( JC)  . ' Given  t w o  p o i n t s  d e f i n i n g  th"i! d i r e c t i o n  a n d  lirie of 
(EP,, t o  EP,, , w h e r e  k , i e p r e s e n t s  a c t i o n  o f  a m u s c l e  o r  l i g a m e n t  

t h e  X,  Y a n d  Z c c o r d i n a t e ) ,  t h i s  t h e  d i r e c t i o n  c o s i r e s  ( D )  of 

s t r u c t u r e  were c a l c u l a t e d .  

? 

EP,, ) 2 ) O S s  

The c o o r d i n a t e s  o f -  EP,, r e l a t i v e  t o  t h e  j o i x i t  c e n t r e  were 

d e t e r m i n e d  u s i n g :  , 

P, = EP,, - . JC, 

T h e  moment arms were t h e n  c a l c u l a t e d .  

b - E q u a t i o n s  ( C 1 )  . t o  (C3) c a l c u l a t e  t h e  moment arms o f  a 
1 

s t r u c t u r e  r e l a t i v e  t h e  t h e  G R S o  T o  t r a n s f o r m  t h e s e  moment a r m s  t o  

t h e  SRS t h e  method d i s c u s s e d  i n  A p p e n d i x  F was u s e d .  

i- " .  



F o r  t h o s e  u n f a m i l i a r  wi%b t h e  homogeneeus c o o r d i n a t e  

r e p r e s e n t a t i o n  a b r i e f  i n t r o d u c t i o n  f s given,. I n  t h i s  r i o t a t i o n ,  
a p o i n t  is r e p r e s e n t e d k % t h r e e  d i n e n s i c n s ,  whoqe r e a l  c o o r d i n a t e s  
are i n  X,Y, and-  Z, e i t h e r  as t h e  f o u r  p a r t  row v e c t o r  [ X  Y Z 1 1  

where, 1 is t h e  sca le  f a c t o r  o r  t h e  homcge?leous term, o r  a s  a n y  

m u l t i p l e  o f  t h a t  v e c t o r  where w is a r b i t r a r y , "  e .g .  [ w X , w Y , w Z , w ] .  

T h i s  v e c t o r  c a n  be r e p r e s e n t e d  i n  l o w e r  case n o t a t i o r  [x ,y ,z ,w]  
b e c a u s e  X,Y,  and  Z c a n  a l w a y s  be &itermined b y  d i v i d i n g  o u t  w. 

- 
We c a n  ncw d e f i n e  a g e n e r a l i z e d  4x4 t r a n s f o r m a t i o n  m a t r i x  f o r  

t h r e e - d i m e n s i o n a l  homogeneous c o o r d i n a t e s .  T h u s ,  i f  [x y z w ]  is  

some p p i n t  i n  t h r e e - d i m e n s i o n a l  s p a c e ,  we c a n  t r a n s f o r m  i t  i n t o  
some o t h e r - s p a c e  [ x l  y8  z' w 1  ] u s i n g :  

where [ T ' ]  is d i s c u s i e d  i n  A p p e ~ d i x  A.  A more cooaple te  
e x a m i n a t i o n  cf t h e  v a r i o u s  t r a n s f o r m a t i o n s  i n c o r p o r a t e d  w i t h i n  

t h i s  m a t r i x  is f c u n d  I n  Newman and  S p r c u l l  ( 1 9 7 9 ) .  

It is i m p o r t a n t  t o  n o t e  t h a t  t h e  t r a n s f o r m a t i c n  p r o j e c t s  o n e  

t h r e e - d i m e n s i o n a l  s p a c e  i n t o  a n o t h e r  t h r e e > i  m e n s i o n a l  s p a c e .  
These  r e s u l t s  c a n  t h e n  be p r o j e c t e d  o n t c  a  t w o - d i m e n s i o n a l  p l a n e ,  

"% s a p  Z = 0 b y  u s i n g :  



155 - . 

C o n c a t e n a t i o n  of  t h e  two matrices y i e l d s :  

It is now u s e f u l  t o  w r i t e ' t h e  t r a n s f o r m a t i o n  as: ' 

a 

Note t h a t  x* a n d  yX are t h e ,  c o o r d i n a t e s  i n  t h e  p e r s p e c t i v e  

p r o j e c t i o n  o n t o  t h e  2 o 0 p l a n e .  . A similar p r c c e d u r e  c a n  be  

f o l l o w e d  u s i n g  projections o n t o  t h e  X = 0 o r  Y = 0 planes. 
L 

I n  a two d i m e n s i o n a 3  v iew,  p roduced  by a camera ,  t h e  d e p t h  

c o o r d i n a t e  i s  no l o n g e r  a v a i l a b l e .  Aence we c a n  rewrite t h e  

p r o j e c t i o n  as: - 

W r i t i n g  o u t  e q u a t i o n s  ( D 5 )  we g e t :  
> - 

- 
4 

s u b s t i t u t i n g  w 1  frcm t h e  t h i r d  e q u a t i o n  i n t o  the f l r s t  two and , 

r e g r o u p i n g  y i e l d s :  



A s  s u g g e s t e d  b y  S u t h e r l a r d  ( 1 9 7 4 )  e q u a t i c n  (D7) c a n  b e  c o n s i d e r e d  

i n  t h r e e  d i f f e r e n t  ways. 

. 1)  Assume [ T I  a r d  X , Y ,  a n d  Z a r e  known. We t h e n  h a v e  t w o  
4 e q u a t i o n s  w i t h  unknowns x and  y*. T h e y  may b e  u s e d  t o  s o l v e  

, d i r e c t i y  f o r  t h e  c o o r d i n a t e s  a o f  t h e  p i r s p e e i v e  p r o j e c t i o n .  
-- 

T h i s  t e c h n i q u e  is o f t e c  used i n  c o m p u t e r  g r a p h i c s  ( S u t h e r l a n d ,  

1974;  Newman ar?d S p r o u l l ,  1979) t o  g e n e r a t e  p e r s p e c t i v e  v i e w s  > - 

o f  o b j e c t s .  

+ r. -. .,. -- 
2) I f  r e  know t h e  t r a r i s f o r i a t i c n  [ T I  a n d  t h e  p o s i t j o n s  o f  a p o i c t  

( x * , ~ * )  in/ a p i c t u r e .  u s i n g  e q u a t i o n  (D7) y i e l d s  two e q u a t i o n s  

w i t h  t h e  t h r e e  unknowns X,Y, a n d  Z, The l o c a t i o n  of a p o i c t  

i n  t h r e e - d i m e n s i o ~ a l  s p a c ~  can-ct b e  s c l v e d ,  w i t h  t h i s  - - 
irf o r m a t i o n .  However, i f  two v i e w s  a ~ e  - a v a i l a b l e ,  t h e n  

e q u a t i o n  ( D 7 )  c a n  b e  w r i t t e n  f o r  b d t h  p r o j e c t i c n s .  D e n o t i n g  
- 

, a  d 

t h e  s v p e r s c r i p t s  1 and 2  t o  d i s t i n g u i s h  t h e  same p o i n t  i n  t w o  

v i e w s ,  we c a n  d e f i n e  t h e  f o l l o w i n g  e q u a t i o n s :  



E q u a t i o n  (08) r e p r e s e n t s  f o u r  e q u a t i 0 r . s  w i t h  t h e  t h r e e  

%' = 
unknowns X , Y ,  a n d  2. T h e  p r o b l e m  i s t h u s  o v e r s p e c i f i e d  a n d  - 4 
c a n  o n l y  b e  s o l v e d  by some mean o r  i e s t - f i t  t e c h q i i q u o .  ThF s 
c a n  be  a c c o m ~ l i & h e d  b y  s o l v i n g :  j-- 

ua 
r h e r e  [ A ?  $S t h e  t r a c s p c s e  o f  [ A ] .  I f '  nc s o l u t i o n  i s  

~ o s s i b l e ,  t h e  c o n d i t i o n s  i m p o s e d  a r e  r e d u n d a n t  a n d  no  u n i q u e  

s o l u t i o n  e x - i s t s .  
,' 

3) If  t h e  l o c a t i o ~  of s e v e r a l  p o i n t s  which  a p p e a r  i n  t h e  
I 

p e r s p e c t i v e  p r o j e c t i o n  ar'e known i n  t h r e e - d i m e n s i o n a l .  s p a c e  

a n d  i n  ' image g p a c e ,  t h e n  it is  p o s s i b l e  t o  d e t e r m i n e  t h e  

e l e m g a t s  w h i c h  q a k e  up t'he t r a n s  f c rma  t i o c  m a t r i x .    he se' 

t r a n s f o r m a - t i o n  e l e m e n t s  c a n  s u b s e q u e n t l y  b e  u s e d ,  t o  d e t e r m i n e  . 

t h e  l o c a t i o n  o f  urikcowr! p o i n t s  u s i n g  t h e  t e c h n i h u e  d e s c r i b e d  

- a b o v e .  E x p a n d i n g  e q u a t i o n  (D7) : 

1 k 
T , ,  X + T,, Y + I , , Z  + T,, - ' I  - T,,yxr - .T, ,zx* - T q 3 x C = 0  

/- 
T,, X + T,Y + T3,Z + T,= - I,, ~ y *  - 'XI3 ~ y *  - T3, Zy * - T,, y*=0 ( 

Assuming t h a t  x , , y  a n d  X , Y ,  a n d  Z a r e  known, E q u a t l c n  

@ < r e p r e s e n t s  twc e q u a t i o n s  i n  t h e  1 2  unknowr! t r a n s f o r m  

e l e m e n t s .  A p ~ l y i n g  t h e s e  e q u a t i o n s  t o  n  (1126) n o n - c o p l a n a r  

known l o c a t i o n s  ( c o n t r o l  p c i n t s )  i n  b o t h  t h r e e - d i m e n s i o n a l  

s p a c e  a n d  i n  t h e  i m a g e  p l a n e  ( d i g i t i z e d  c o o r d i ~ a t e s )  y i e l d s  a  ' 
/ 

s y s t e m  -of. 2n- e q u a t i o ~ s  i n  1 2  unknowns. One car.  t h e r :  d e t e z ' m i n e  

t h e  t r a n s f o r m a t i o n .  I f  n > 6 ,  a l e a s t  s q u a r e s  f i t  m u s t  be 
-r 

c o m p u t e d  t o  s o l v e  f c r  t h e  unkcowns .  C a v a r a g h  (1 9 7 9 )  h a s  

r e p o r t e d  t h a t  t h e  u s e  of 20  c o n k 0 1  p i n t s  car, uider c e r t a i c  

c i r c u m s t a n c e s ,  i m p r c v e  t h e  a c c u r a c y  o f  t h e  D L T  b y  ar\. o r d e r  of 

m a g n i t u d e .  



E q u a t i o r  (D10) h a s  1 2  unknowns t u t  th+y  a r e  n o t  
i n d e p e n d e n y  s i n c e  it c o n t a i n s  an a r b i t r a r y  scale 

Hence T~~ r a a y .  be d e f i l e d  a s  u n i t f  and t h e ( r e s u l t i n g  
t r a n s f o r m a t i o n  n o r m a l i z e d ,  T h i s  r e d u c e s  t h e  r e q u i r e m e n t  t o  11 

e q u a t i a i s  o r  5% p o i n t s .  
- 

," 
4 -. 

i '7 
7 It s h o u l d  b e  n o t e d  t h a t  n o  p r i o r  knowledge o f  t h e  
/ t r a n s f o r m a t i c n  i s  r e q u i r e d  i n  t h e  EIT method. 
/ Knowing t h e  / l o c a t i o n s  of s e ' v e r a l  c o n t r o l  p o i n t s  s i t u a t e d  t h r o u g h o u t  t h e  

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

d e t e r m i n e s  t h e  l o c a t i o n  a n d  t h e  o r i e n t a t i o n  cf t h e  caperas. 
These t r a n s f  c s m a t i o n  
t h e  t h r e e - d i m e n s i o n a l  
b ~ t h  images ,  

e l e m e n t s  c a n  t h e n  b e  u s e d  to s o i v e  fo r  
l o c a t i o n  of unkT;'Oun. p o i n t s  

. , 



Data s m o o t h i n q -  u s i n s  t h e  F o u r i e r  t r a n s f o r m .  - 
rA met h o d o l o g i c ' a l  p r o b l e m  l c n g  known i n  b i o m e c h a n i c s  r e s e a r c h  - 
. h a s  b e e n  t h e  v z l i d i f y  cf c a l c u l a t i n g  d e r i v a t i v e s  f r o m  

d i s p l a c e m e ~ t  d a t a  known t o  c o n t a i q  n c i s e .  It is known t h a t  t h e  

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

componer  ts l i n e i r i l y  as  a  f u n c t $ o n  o f  f r e q u e n c y :  d o u b l e  

d i f f e r e n t i a t i o n  ksults i n  a n  i n c r e a s e  p r o p c r t i o n d  t o  t h e  

s q u a r e  of t h e  f r e q u e n c y .  S i n c e  t h e  n o i s e  i s  o f  a h i g h e r  

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

n o i s e  ' a t t e n u a t i o n  is  made t h e  c a l c u l a t i o r i  o f  v e l o c i t y  a n d  

a c c e l e r a t i o n  f roe d i s p l a c e m e n t  is m e a n i n g l e s s .  
% 

Two t e c h n i q u e s  h a v e  b e e n  a p p l i e d  t o  b i o m e c h a n i c a f  d a t a , ,  - - 
d i g i t a l  f i l t e r i c g  a n d  F o u r i e r  s e r i e s  t x b m i c a t i o n  a s  u s e d  b y  

P e z z a c k  g& g .  (1977) a n d  . ~ a p p o z z o  2% &.. (1 975) , 
r e s p e c t i v e l y .  D i g i t a l  f i l t e r i n g ,  s i n c e  i t  is  a r e c u r s i v e  

\t - 
~ r o c e d ~ e ,  is l i m i t e d  i n  t h a t  a number a l l e a d i ~ g - i r l  d a t a  

p o i n t s  mus t  b e  a v a i l a b l e  t o .  i n i t i a l i z e  t h e  f i l t e r .  It is 
u n c l ~ a r ,  h o w e v e r ,  how many p o i n t s  a r e  n e c e s s a r y ;  e s t i m a t e s  

r a n g e  f r o m  4 (Wirter, 1 9 7 9 )  t o  15 ( C a k n t y ,  1 9 7 9 ) .  A s e c o n d  

p r e r e q u i s i t e  t o  u s e  t h e  d i c i t a l  f i l t e r  is a knowledge  of t h e  

f r e q u e n c y  c o m p e s i t i o r .  pf t h e  s i g n a l .  t c  b e  p r c c e s s e d .  T h i s  is 

g e n e r a l l y  made a v a i l a b l e  f rcm t h e  s e c o n d  s m o c t  h i n g  t e c h n i q u e ,  
e ,  

F o u r i e r  ser ies  t r u n c a t i o n .  
\ 

Any s i g c a l  a s  a f u n c t i o n  of time [ F ( t )  ] car- b e  r e p r e s e n t e d  

by a s u m m a t i o r  o f  h a r m o n i c s  : ' 
4.. 

where  , a, - mean v a l u e  (D comp0ner. t )  o f  t h e  s i g n a l  b i  j - h a r m o n i k  rum - 
a; ,bi - t h e  a m p l i t u d e  o f  t h e  j t h  h a r m o r i c  

'j - t h e  f r e q u e n c y  of t h e  j t h  h a r m c n i c  

N - t h e  t o t a l  number o f  h a r m o n i c s  i n  t h e  d a t a s  



. -- 
r- . cr - 
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B i n g  , p r o c e s s  c c n s i s t s  of  d e l e t i r g  t h e  h i g h e r  

h a m o n i c s  from t h e  F o u r i e r  s a i e s .  The _choice cf the &$her of 
\ 

harmonics t o  include i n  t h e  r e c o n s t r u c t e d  s i - g n a l  i s  done by 

i n s p e c t i n g  t h e  power a t  e a c h  harmonic  (Cappozzo a,, 1 9 7 5 ) .  

The power a t  t h e  j t h  h a r m o n i c  .is give* by: 
. . 

F; = a? + bf 
4 (32) 

-The smao 

. i i  t' 

Uhen t h e  power a t  a lower harmonic  approaches $hat - o f  the 

higher  h a r m o n i c s ,  or when t h e  s u n  of t h e  f i r s t  j powers  e q u a l s  
a p r e d e t e r m i n e d  v a l u e  (e 2. 90 percent) t h . i s  is t h e  harmonic  

s e l e c t e d  for  t r u n c a t i o n .  

, 4 

4 



Chan- a s s q  s v s t e m s .  

On s e v e r a l  o c a s s i o n s  it was n e c e s s a r y  t o  trmsforq a s e t  o f  

d a t a  from one r e f e r e n c e  s y s t e m  ( R ,  ) t o  a n o t h e r  (R,) . G i v e n  t h e  
o r i g i n  and t h r e e  p o i n t s p e q u i d i s t a n f  a l o n g  t 4e  X, Y and 2 a x e s  

for R, and R, a t r a n s f o r m a t i o n  was c a l c u l a t e d  -(see Appendix  A )  

which k r a n s l a t e s  and rotates B, to R,. Scaling was n o t  
i n c l u d e d  as  e q u i d i s t a n t  p o t n t s  wefe u s e d ,  
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