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ABSTRACT 

A two  c o m p o n e n t  m u s c l e  model  is u s e d  a s  b a s i s  f o r  d i g i t a l  

c o m p u t e r  s i m u l a t i o n  o f  human m u s c u l a r  c o n t r a c t i o n  by means o f  a n  

i t e r a t i v e  p r o c e s s ,  T h e  c o n t r a c t i l e  (CC) and  series e l a s t i c  (SEC) 

c o m F o n e n t s  are  s e e n  a s  lumped c o m p o n e n t s  o f  s t r u c t u r e s  which 

p r o d u c e  a n d  t r a c s m i  t t o r q u e  t o  t h e  e x t e r n a l  e n v i r o n m e n t ,  

T h e  CC is  d e f i n e d  by f o u r  p a r a m e t e r s ,  t o r q u e ,  a n g u l a r  

v e l o c i t y ,  a n g l e  and  a c t i v a t i o n ,  T h e s e  p a r a m e t e r s  are d e s c r i b e d  

by a series o f  non- p l a n a r  t o r q u e -  a n g l e - a n g u l a r  v e l c c i t y  s u f f a c e s  

s t a c k e d  or, t c p  c f  e a c h  o t h e r ,  e a c h  s u r f a c e  b e i n g  a p p r o p r i a t e  t o  

a g i v e n  l e v e l  of m u s c u l a r  a c t i v a t i o n .  T h e  SEC i s  d e s c r i b e d  

s i m i l a r l y  a  l o n g  d i m e o s i o n s  o f  t o r q u e ,  e x t e n s i o n ,  a n g l e  and 

a c t i v a t i o n ,  

Two s u b j e c t s  p e r f o r m e d  a l a r g e  number of c o n t r a c t i o n s  

a g a i n s t  v a r y i n g  moments o f  i n e r t i a  a n d  a t  f o u r  l e v e l s  of 

p e r c e i v e d  e x e r t e d  e f f o r t ,  From t h e s e ,  c h a r a c t e r i s t i c s  of t h e  CC 

a n d  SEC were e s t i m a t e d ,  CC c h a r a c t e r i s t i c s  were f o u c d  t o  be 

h i g h l y  n o n - l i n e a r .  sot h t o r q u e  a n d  a n g u l a r  v e l c c i t y  were 

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

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

i n d i v i d u a l  c o n t r a c t i o n s  for b o t h  s u b j e c t s ,  T h i s  s u c c e s s f u l  

p r e d i c ' i o n  of m u s c l e  b e h a v i o u r  v a l i d a t e s  b o t h  t h e  model  and 

method of d e t e r m i n i n g  m c s c l e  p a r a m e t e r s ,  The  a p p r o a c h  i s  not 

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



m u s c l e  or m u s c l e  g r o u p -  T h e  e f f i c i e n c y  and a c c u r a c y  of the model 

a l l o w s  a n a l y s i s  of many aspects of muscle b e h a v i o u r  i n c l u d i n g  

o p t i m i z a t i o n  studies. 
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I. I N T R O D U C T I O N  

T e r r y  P o x  was a b l e  t o  r u n  more  t h a n  h a l f w a y  a c r o s s  Canada 

w i t h  o n e  a r t i f i c i a l  leg- T h i s  e x e m ~ l i f i e s  t h e  h i g h  l e v e l  t h a t  

design o f  p r o s C h e s e s  h a s  a c h i e v e d .  However, i f  we compare h i s  

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

b i a n i c  p e o p l e  o n  t h o  TV shows ,  a l a r g e  g a p  b e t w e e n  i m a g i n a t i o n  

a n d  r e a l i t y  beccmes apparent, 

Though  it seems i m p o s s i b l e  t o  d e s i g n  a r t i f i c i a l  l i m b s  

s t r o n g e r  acd b e t t e r  t h a n  real  o n e s ,  t h e r e  is st i l l  much room for 

i m p r o v e m e n t  o f  c u r r e n t  d e s i g n s .  As muscle p r o v i d e s  the d r i v i n g  

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

m u s c u l a r  l e v e l .  

Hill ( 1 9 3 8 )  first p r o p o s e d  a m o d e l  of m u s c l e -  It c o n s i s t e d  

o f  a  c o n t r a c t i l e  c o m p o n e n t ,  t h e  CC, a n d  a n  undamped e las t i c  

c o m p o n e o t  i n  series w i t h  t h e  a b o v e ,  the SEC, T h e  model  i s  

i l l u s t r a t e d  i n  F i g u r e  la, L a t e r  H i l l  ( 1  349b) a d d e d  a p a r a l l e l  

e l a s t i c  c o m p o n e n t  t o  t h e  s y s t e m ,  This, h c r s e v e r  was o n l y  

i m p o r t a n '  when l a r g e  l o a d s  were a p p l i e d  or when t h e  m u s c l e  uas 

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

H i l l  11938)  a l s o  found a c h a r a c t e r i s t i c  r e l a t i o n  b e t w e e n  

e x e r t e d  force a n d  s p e e d  o f  s h o r t e n i n g  of t h e  CC, shown i n  F i g u r e  

1b, 



Figure I ,  H i l l ' s  model  (a) and e q n a t i o n  (b), 

CC is Che contrac t i l e  c o m ~ o n e n t ;  

S E C  the  s e r i e s  e l a s t i c  component. 

Parameters of e y u a t i o n  are: P i s  force, Po is t h e  isometric 

maximum; v  i s  v e l o c i t y ;  a and b a r e  Hill's c o n s t a n t s ,  

--------.-------------.----------.-.-------.---*----------- 



a) Hi l l 's Model 

S E C  

b) Hill 's Equation 

Force 



T h e  SEC was assume d  t o  h a v e  non- l i n e a r  c h a r a c t e r i s t i c s .  H i l l  

(1949b) p o i n t e d  o u t  that k n o w l e d g e  of t h e  CC f o r c e - v e l o c i t y  

r e l a t i o n  a n d  SEC c h a r a c t e r i s t i c s  a r e  s u f f i c i e n t  t o  calculate the 

time course of a muscular c o n t r a c t i o n ,  T h i s  is  still t h e  goal o f  

muscle modelling a n d  a  v a r i e t y  of  appraaches have k e e n  taken, 

T h e  following will g i v e  a n  o v e r v i e u  o f  existing l i t e r a t u r e  on 

t h e  t o p i c .  
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11. LITERATURE R E V I E W  

L i n e a r  M o d e l s  

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

and  SEC c h a r a c t e r i s t i c s  many r e s e a r c h e r s  h a v e  t r a n s f o r m e d  H i l l ' s  

( 7 9 3 8 )  l ~ o d e l  t o  a 1 i c e a r  e q u i v a l e n t .  Lord K e l v i n  (Wi11 ian  

Thomsof,, 1824- 1'307) f i r s t  d e s c r i b e d  the d y n a m i c s  of t h e  

" s t a n d a r d  l i n e a r  mode ln  c o n s i s t i n g  o f  twc s p r i n g s  a n d  a d a s h p o t ,  

T h i s  model  is d e p i c t e d  i n  F i g u r e  2a- Alfrey and Doty ( 1  945 ,  see 

a l s o  Fung,  1971) f u r t h e r  showed  t h a t  t h i s  model  c a n  a l s o  b e  

r e p r e s e n t e d  by t h e  o n e  shown i2 F i g u r e  2b2, E s p e c i a l l y  i n  

r e s e a r c h  c o n c e r n e d  w i t k  c a r d i a c  m u s c l e ,  t h e  model shown i n  

F i g u r e  2a i s  c a l l e d  a "Maxwell  mode lw a n d  t h e  o n e  presented i n  

F i g u r e  2b a  " V o i g t  model" of m u s c l e  (eg- Brady ,  1958).  However, 

s i n c e  t h e  t w o  m o d e l s  c a n  be shown t o  be e q u i v a l e n t  a n d  t h e  

naming i s  r a t h e r  a rb i t r a ry ,  a d i s t i n c t i o n  b e t w e e n  them s e e a s  

a r t i f i c i a l  (Alfrey and Doty, 1345; Pung ,  19711, 

------------------ 
1However t h e  s p r i n g s  would h a v e  d i f f e r e n t  c o n s t a n t s .  



-------- -----------------------------------*--------------- 
F i g u r e  2.  StanCard linear model (a ) ,  a n d  a l t ernat ive  form [b) 

---------------------------------------------------------- 



a) Standard Linear Model 

b) Al te rna t ive  Form 



Houk et dl ( 1  966,  see a l s o  Houk, 1963, r e v i e w e d  i n  

B i l h o r n ,  1966,  ch, 17) p r o p o s e d  a l i n e a r  v e r s i o n  of H i l l ' s  

( 1 9 3 8 )  m o d e l  s i m i l a r  t o  Lord K e l v i n ' s  s t a n d a r d  l i n e a r  model ,  T h e  

n o r - L i c e a r  CC is l i n e a r i z e d  b y  r e p l a c e m e n t  w i t h  a d a s h p o t ,  a n d  a 

f o r c e  g e n e r a t o r -  T h e  S E C  is a s s u m e d  t o  h a v e  l i n e a r  s p r i n g  

character is t ics ,  T h e  m o d e l  is d e p i c t e d  i n  F i g u r e  3, The  a b o v e  is 

a s e c o n d  o r d e r  l i n e a r  s y s t e i n  w h i c h  c a n  be a n a l y s e d  e a s i l y *  W i t h  

t h e  u s e  of L a p l a c e  t r a n s f o r m a t i o n  t h e  f r e g u e n c y  r e s p o n s e  can b e  

d e t e r m i n e d  a rd  w i t h  inverse L a p l a c e  t r a n s f o r m a t i o n  t h e  time 

c o u r s e  o f  c o n t r a c t i o n s  c a n  a l s o  be c a l c u l a t e d ,  U s i n g  c a t  

p l a n t a r i s  m u s c l e s  ? l a n n a r d  a n d  S t e i n  ( 1973)  f o u n d  t h a t  r e s p o n s e s  

o f  the m u s c l e  were similar t o  t h o s e  e x p e c t e d  f r o m  a system 

d e s c r i b e d  a b o v e ,  Bawa 2: a&, ( 1 9 7 6 a )  a n a l y s e d  t h e  r e s p o n s e  o f  

c a t  p l a n t a r i s  muscle when e l a s t i c  l o a d s  were p l a c e d  in se r i e s  

w i t h  i t ,  a n d  o h s e r v e d  k e h a v i o u r  s imilar  t o  t h a t  of a s e c o n d  

o r d e r  l i n e a r  s y s t e m ,  Crowe &, (1'380) a l so  i n c o r p o r a t e d  a 

l i n e a r  d a s h p o t  i n  their mode l  which was b a s e d  o n  e v i d e n c e  f r o m  

A l e x a n d e r  a n d  J o h n s o n  11965) a n d  t h e  r e s u l t s  o f  t h e i r  own 

e x ~ e r i m e n t s  (Van A t t e v e l d t  a n d  Crowe,  1980)- However ,  t h e y  a l s o  

h a d  t o  i n c l u d e  a n o n - l i n e a r  p a r a l l e l  e l a s t i c  e l e m e n t  t o  e x p l a i n  

t h e i r  r e s u l t s  (Crowe et &,, 1980) - 



Figure 3, L i n e a r  muscle taodel 

0 i s  v i s c o s i t y  of d a s h p o t ,  K stiffness of spring and F force 

proauced by f o r c e  generator. 

........................................................... 





Though mos t  a u t h o r s  a c k n o w l e d g e  t h e  p r e s e n c e  o f  

n o ~ - l i ~ e a r i + - - i e ~ ,  t h e i r  r e l a t i v e  i w ~ o r t a n c e  i s  n o t  a g r e e d  upon- 

Rawa = &, (1S76a)  f o u n d  t h a t  e v e n  t h o u g h  p l a n t a r i s  muscle o f  

the c a t  c a n  b e  a n a l y s e d  a s  a s e c o n d  o r d e r  l i n e a r  s y s t e m ,  t h e  

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

a  l i n e a r  s y s t e m ,  F u r t h e r  Bawa e& g,  (1976a, F i g ,  6) a c k n o w l e d g e  

a n d  show c o n s i d e r a b l e  v a r i a t i o n s  of t h e  rate c o n s t a n t s  

d e s c r i b i n g  t h e  s e c o n d  o r d e r  system w i t h  m u s c l e  l e n g t h ,  

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

Also u h e ~  c a l c u l a t i n g  t h e  e f f e c t i v e  m u s c u l a r  s t i f f n e s s  from the 

sum of t h e  two e l a s t i c  c o m p o n e n t s  a c d  c o m p a r i n g  i t  w i t h  t h e  

e s t i m a t e  d e r i v e d  f rom t h e  low f r e q u e n c y  g a i n  o f  t h e  s y s t e m *  t h e  

two v a l u e s  o f  t h e  same  p a r a m e t e r  a r e  c o t  v e r y  close,  e s p e c i a l l y  

f o r  s m a l l  a J d e d  s p r i n g s  (see Bawa 2; alz, 1376b,  F i g ,  3) a n d  l a r g e  

m u s c l e  s p e c i m e r -  (see Bawa 2% 21,, 11376b, Table I ) ,  F o r  a p e r f e c t  

s e c o n d  o r d e r  sys te i l t  e q u a l i t y  o f  t h e  two estimates would te 

e x p e c t e d ,  Chapman a n d  H a r r o w e r  ( 1977) d e t e r m i n e d  t h e  p a r a m e t e r s  

of t h e  f o r c e - v e l o c i  t y  c u r v e  o f  the CC a n d  the c o m ~ l i a n c e  o f  t h e  

S EC of r a t  g a s t r o c n e m i u s  muscle  u n d e r  iscmetric c o n d i t i o r s ,  

C o m ~ a r i n g  a l i n e a r  a n d  a  n o a - l i n e a r  m o d e l  t o  e x p l a i n  t h e i r  

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

a p p r o p r i a t e  for t h e  e x p e r i m e n t a l  c o n d i t i c r s  a n a l y z e d ,  

----------- ------- 
=see Bawa kt_ gl, ( I  W 6 b )  f o r  d e r i v a t i o n  of r e l e v a n t  e q u a t i o n s ,  



N o n - L i n e a r  M o d e l s  

From t h e  a b o v e  it f o l l o w s  t h a t  f o r  e x a c t  a n d  c o m p l e t e  

d e s c r i p t i o n  of m u s c l e  b e h a v i o u r  a non- l i n e a r  m o d e l  seems 

n e c e s s a r y .  S e v e r a l  r e s e a r c h e r s  h a v e  c o n s t r u c t e d  s u c h  m o d e l s ,  

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

n o t a b l e  a t t e a p t s  a t  t h i s  a r e  e x p l a i n e d  i n  H a t z e g s  ( 1 9 7 3 ,  1977)  

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

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

on t h e  c r o s s - b r i d g e  t h e o r y ,  b u t  t h e  c o m p l e x i t y  n e c e s s i t a t e s  

e s t i m a t i o n  of  a g r e a t   umber o f  p a r a m e t e r s  a n d  r e l a t i o n s h i p s ,  

N e v e r t h e l e s s ,  H a t z e  s u c c e s s f u l l y  p r e d i c t s  human c o n t r a c t i o n s  a3d 

h a s  u s e d  t h e  model  f o r  o p t i m i z a t i o n  s t u d i e s  (Hatze, 1 9 7 6 ) ,  a n d  

t o  a n a l y z e  s t r e t c h  r e s p o n s e s  (Natze, 1381) ,  Due t o  t h e  

c o r n ~ f e x i t y ,  a n d  t h e  f a c t  t h a t  t h e  mode l  is a n  e l e c t r o - m a g n e t i c  

v i e w  cf m u s c l e  r a t h e r  t h a n  a m e c h a n i c a l  o n e ,  t h i s  ~ o d e l  w i l l  n o t  

b e  f u r t h e r  d i s c u s s e d  h e r e -  As w i l l  b e  shcwn  i n  t h i s  t h e s i s ,  a 

much s i m p l e r  model  c a n  also s u c c e s s f u l l y  p r e d i c t  human 

cori t r a c t i o n s .  

J u l i a n  a n d  8oss (1976)  o u t l i n e d  a s l o d e l  b a s e d  o n  H i l l a s  

(1938)  i d e a ,  B e s i d e s  t h e  CC a n d  SEC they a d d e d  a n  a c t i v a t i o n  

mechan i sm t h a t  r e g u l a t e s  CC a c t i v i t y  ( s e e  a l so  J u l i a n ,  1 9 6 9 ) -  

A s p e c t s  of t h e s e  t h r e e  m u s c l e  c o m p o n e n t s  are d i s c u s s e d  i n  more  

d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s ,  



C o n t r a c t i l e  C o a p o n e n t  

T h e  c o n t r a c t i l e  c o m p o n e n t  i s  t h e  f o r c e  g e n e r a t o r  of t h e  

m u s c l e ,  H u x l e y  (1957)  f i r s t  p r o p o s e d  t h e  now w i d e l y  a c c e p t e d  

c r o s s - b r i d g e  t-, h e o r y  a s  t h e  f o r c e  g e n e r a t i n g  mechan i sm,  S i n c e  

t h e n  much h a s  been p u b l i s h e d  o n  t h e  d e t a i l s  o f  t h e  mechan i sm,  

i n c l u d i n g  i t s  b i o c h e m i s t r y  ( H a r r i n g t o n ,  1979 ;  T r e g e a r  a n d  

Mars+,on, 1979) a n d  m o d e l s  i n c o r p o r a t i n g  c r o s s - b r i d g e  b e h a v i o u r  

( J u l i a n  a n d  Ross, 1 9 7 6 ;  H u x l e y  a n d  Simmons, 1373) , A summary  of 

t h e  c u r r e n t  s t a t e  o f  t h e  t h e o r y ,  i n c l u d i n g  some  of t h e  criticism 

of it ( s e e  a l s o  N o b l e  and  P o l l a c k ,  1 9 7 7 ,  1978) i s  p r o v i d e d  b y  

J u l i a n  et 91% ( 1 9 7 8 ) .  'P-L, H i l l  ( 1  974)  d i s c u s s e s  almost e v e r y  

a s p ~ c t  o f  the t h e o r y  i n  e x h a u s t i v e  d e t a i l ,  

i) CC P 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 h e  ~ a c r o s c o p i c  a s p e c t  o f  t h e  CC i s  very well r e s e a r c h e d .  

H i l l  (1  938)  o b s e r v e d  t h e  c h a r a c t e r i s t i c  r e l a t i o n s h i p  b e t  ween 

f o r c e  a n d  v e l o c i t y  a n d  a n a l y z e d  t h e  h e d t  l i b e r a t e d  b y  a 

c o n t r a c t i n g  m u s c l e ,  T h e  c o n s t a n t  'a i  of H i l l ' s  e q u a t i o n  l s e e  

Figure I b )  is % h e n  r e l a t e d  t o  t h e  h e a t  l i b e r a t e d  p e r  c e n t i m e t e r  

of s h o r t e n i n g ,  w h e r e a s  b d e f i n e s  t h e  a b s o l u t e  ra te  of e n e r g y  

l i b  e r a t i o n ,  A s  H i l l  (1 9 6 5 ~ 6 4 )  s ta tes ,  t h e  " c h a r a c t e r i s t i c  

e q u a t i o n  was n o t  i n v e n t e d ,  it emerged ,  N e v e r t h e l e s s  p u r e l y  

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



e q u a t i o n ,  I n  a  t w i t c h  a g a i n s t  small l o a d s  t h e  t e n s i o n  d e v e l o p e d  

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

Hill's e q u a t i o n  ( H i l l ,  1949b)- I n  t h i s  case t h e  p a r a m e t e r s  a r e  

m o r e  or  l e s s  " i n v e n t e d " ,  A h i g h  o r d e r  p o l y n o m i n a l  c o u l d  b e  u s e d  

with e q u a l  a c c u r a c y  t o  f i t  t h e  c u r v e ,  

A n o t h e r  p o s s i b l e  a p ~ r o a c h  is the a n a l y s i s  of f o r c e  r e c o r d s ,  

A t  any p o i n t  w h e r e  dF/dt=O (ie, w h e r e  the ra te  o f  c h a n g e  of 

f o r c e  i s  zero) , t h e  ra te  o f  c h a n g e  o f  SEC l e n g t h  m u s t  a l s o  b e  

z e r o  ( a c c o r d i n g  t o  H i l l ' s ,  1938 model) arid t h e r e f o r e  S E C  

v e l c c i t y  i s  e q u a l  a t  b o t h  e n d s ,  from t h a t  it follows t h a t  t h e  CC 

v e l o c i t y  mus t  be e q u a l  t o  e x t e r r a l  m u s c l e  o r  m u s c l e  f i b e r  

v e l a c i t y  a t  t h i s  t i a e ,  I n  t h i s  way a f o r c e - v e l o c i t y  curve c a n  b e  

c o n s t r u c t e d  frcm a  number  of t r i a l s ,  

iif CC f o r c e - L e n g t h  a c d  V e l o c i t y - L e r . g t h  R e l a t i o n  

H i l l  (1938) s t a t e d  t h a t  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

f o r c e - v e l o c i t y  c u r v e  t h e  m u s c l e  s h o u l d  n o t  be allowed t o  s h o r t e n  

v e r y  much s i n c e  t h e  isometric aaximum, Po, w i l l  then change. 

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

t e n s i o n  when c h a n g i n g  m u s c l e  length (eg.  Rack a n d  W e s t b u r y ,  

1964; Edman, 1978, 1979)- A s  1s c o n s i s t e n t  w i t h  t h e  c r o s s - b r i d g e  

t h e o r y ,  a t  v e r y  s h o r t  sarcomere l e n g t h s  the t e n s i o n  d e v e l o p e d  is 

low acd rises t o  a p l a t e a u  w i t h  i n c r e a s i n g  sarcomere length, 

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



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

d u e  t o  e x t e c s i o n  o f  t h 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 ,  

T h e  m a x i m a l  v e l o c i t y  o f  s h o r t e n i n g  a l s o  d e p e n d s  o n  t h e  

sarcomere l e n g t h ,  but i n  a 3 i f f e r e n t  manner ,  A t  v e r y  short 

l e n g t h s  i t  b e h a v e s  s i m i l a r l y  t o  t h e  f o r c e - l e n g t h  r e l a t i o n ,  b u t  

after s h o w i n g  a p l a t e a u  maximal  v e l o c i t y  i n c r e a s e s  s h a r p l y  with 

further e x t e n s i o n  (Edtnan, 1 3 7 9 ) -  

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

m o s t  m o v e m e n t s  a n d  t h e i r  v a r y i n g  m e c h a n i c a l  a d v a n t a g e  throughout 

a ~ r o v e m e n t  make a n a l y s i s  o f  l e n g t h  i n f l u e n c e s  d i f f i c u l t -  An 

a p p a r e n t  l o s s  o f  e x t e r n a l  f o r c e  c o u l d  b e  t h e  r e s u l t  of t h e  

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

2 E l a s t i c  c o ~ o n e n t s  

i) T h e  Series E las t i c  C c m ~ o n e n t  

H i l l  (1938,  1950) and Abbott a n d  i fo lsmaer t s  (1959)  assul l te  

the series e l a s t i c  c o m p o n e n t  (SEC) to b e  p a s s i v e ,  Other a u t h o r s  

{eg, H u x l e y  and  Simmons ,  1371, 1973)  c o n s i d e r  the SEC t o  b e  an 

a c t i v e  colaponer?t ,  The q u e s t i o n  o f  w h e t h e r  the l a r g e  

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

the n o n - a c t i v a t e d  C C  o r  a n o n - e x i s t e n t  SEC c a n ~ o t  be a n s w e r e d  by 

g r o s s  b i o m e c h a n i c s .  SEC F r o p e r t i e s  c a n ,  d u e  t o  t h e  m e n t i o n e d  

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



m u s c l e  ( H i 1 1 , 1 9 5 0 ) .  Jewell a n d  W i l k i e  (1958)  assert t h a t  t h e  SEC 

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

t h i s  a s s u m ~ t i o n  h a s  n o t  y e t  b e e n  v e r i f i e d ,  

ii) T h e  P a r a l l e l  E l a s t i c  Componen t  

S o m  m u s c l e  p r o p e r t i e s  c o u l d  be e x p l a i n e d  b e t t e r  b y  

a s s u m i n g  t h e  p z e s e a c e  o f  a n  elast ic  c o m ~ o n e n t  p a r a l l e l  t o  t h e  

CC, However ,  H i l l  ( 1 9 5 0 )  o b s e r v e d  t h a t  i t  s e e m e d  t o  be  o f  

i m p o r t a n c e  o n l y  when m u s c l e  is s t r e t c h e d  beyond  i ts n o r m a l  

1 e n p . h -  E l a t h e ~ a t i c a l l y  t h e  p a r a l l e l  e l a s t i c i t y  c a n  b e  

i n c o r p o r a t e d  w i t h  t h e  SEC (eg. see Rawa 9 &, 1976b)  3 -  T h e  

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

H i l l ' s  f e e l i n g  t h a t  t h e  SEC r e s i d e s  a o s t l y  i n  t e n d o n  a n d  t h e  

p a r a l l e l  e l a s t i c i t y  ic t h e  sarcolernma ( H i l l ,  1 3 5 0 ) ,  a l t h o u g h  h e  

n e v e r  s t a t e s  t h i s  o u t r i g h t  (see a l s o  H i l l ,  1965:350) .  

el Act i v a  t ipq - 

A v a r i e t y  of a p p r o a c h e s  h a v e  b e e n  t a k e n  i~ a t t e m p t s  t o  

d e f i n e  a n d  i n e a s u r e  a c t i v a t i o n ,  M u s c l e s  are  a c t i v a t e d  by  n a v e  

i m p u l s e s  w h i c h  r e s u l t  i n  the re lease  o f  c a l c i u m  within t h e  

-------*---------- 

313 t h e  s a m e  way t h a t  e l e c t r i c a l  c a p a c i t o r s  can  b e  c o m b i n e d ,  
m e c h a n i c a l  c c r n ~ l i a n c e  can a l s o  b e  c o l l e c t e d  t o  g i v e  ar, o v e r a l l  
c o m p l i a n c e '  of t h e  s y s t e m  (3lesser, 1969:  98) - 



m u s c l e  f i b r e s .  T h i s  c a l c i u m  re lease  t h e n  ~ r o v o k e s  t h e  c h a n g e  i n  

t h e  c o n f i g u r a t i o n  of t h e  c r o s s - b r i d g e s .  A c t i v a t i o n  c o u l d  t h u s  b e  

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

~ a r a m f t e r  c o c t a i n i n g  a l l  o r  some o f  the F r o c e s s e s  i n v o l v e d ,  

T h e  c o n c e p t  o f  # * a c t i v e  stateTq and mapbe e f f o r t  p e r c e p t i o n  

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

m e a s u r e d  i n  i s o l a t e d  m u s c l e s  and m u s c l e  f i b r e s  a n d  i n c o r ~ o r a t e d  

i n t o  m o d e l s  b a s e d  o n  t h e  c r o s s - b r i d g e  t h e o r y  leg. J u l i a n ,  1969)- 

KJse o f  t h e  e l e c t r o m y g r a m  (ELYIG) is a n  a t t e m p t  t o  m e a s u r e  t h e  

n e r v o u s  i n p u t  t o  the m u s c l e ,  I n  cats a n d  i s o l a t e d  m u s c l e s  

m e a s u r e m e n t  or s e t t i n g  o f  t h e  s t i m u l a t i o n  ra te  i s  p o s s i b l e -  T h e  

f o l l o w i n g  s e c t i o n  d e a l s  with e a c h  o f  t h e s e  m e t h o d s  o f  

d e t e r ~ i n i n g  t h e  l e v e l  of a c t i v a t i o n  i n  more d e t a i l ,  

i) S t i m u l a t i o n  Rate 

'In f i b r e  e x p e r i m e n t s  m o n i t o r i n g  of t h e  a p p l i e d  s t i m u l a t i o n  

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

a c t i v a t i o c -  G e n e r a l l y  a  s i g m o i d  r e l a t i o n s h i p  i s  o b s e r v e d  between 

s t i m u l a t i o r i  r a t e  a n d  d e v e l o p e d  force [ C o o p e r  ar,d Eccles, 1930; 

M a t t h e w s ,  1959;  R a c k  a n d  W e s t b u r y ,  1969;  J u l i a n  a n d  S o l 1  i n s ,  

1973)- 

B o n i t o r i n g  of s t i m u l a t i o n  rates is possible i n  human 

e x p e r i m e n t s  by m e a s u r i n g  n e r v e  i m p u l s e s  i n  t h e  n e r v e s  l e a d i n g  t o  

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

t o  the i n v o l v e m e n t  o f  s e v e r a l  m u s c l e s  a n d  v a r y i n g  r e c r u i t m e n t  



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

method t e n d s  t o  be r a t h e r  p a i n f u l ,  

ii) ERG a s  an E s t i m a t e  o f  A c t i v a t i o n  

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

e l e c t r o m y o g r a m  (EHG), T h e  EMG is a  l a r g e  and e a s i l y  m e a s u r e d  

b i o l o g i c a l  s i g n a l .  S i n c e  n e r v e s  c a r r y  the e x c i t a t o r y  s t i r a u l i  t o  

t h e  m u s c l e  f i b r e s ,  t he re  must  a l s o  b e  some r e l a t i o n  be tween  EMG 

and a c t i v a t i o n ,  However, d e s c r i p t i o n  of t h i s  r e l a t i o n  h a s  p r o v e n  

somewhat d i f f i c u l t ,  EMG r e c o r d i n g s  show e x t r e m e  f l u c t u a t i o n s ,  

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

s u i t a b l e  f o r  e v a l u a t i o n ,  F i l t e r i n g ,  r e c t i f y i n g  or i n t e g r a t i o n  AS 

most f r e q u e n t l y  used ,  L i p p o l d  (1952) o b s e r v e d  l i n e a r  

r e l a t i o n s h i p s  be tween  i n t e g r a t e d  EMF a n d  f o r c e ,  a s  d i d  D i g l a n d  

ar.d L i p p o l d  ( 1  954a)  when m e a s u r i n g  EHG d u r i n g  c o n t r a c t i o n s  cf 

c a l f  m u s c l e s  ii? young a d u l t s ,  I n  a n o t h e r  e x p e r i m e n t  t h e  a b o v e  

a u t h o r s  [ B i g l a n d  a n d  L i p p o l i l ,  1354b) r e c o r d e d  EPiG w h i l e  

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

e l e c t r o d e s  a t t a c h e d  a t .  the elbow, They  c o u l d  i d e n t i f y  some 

i n d i v i d u a l  m o t o r  u n i t s  and o b s e r v e d  a s i g ~ t o i d  r e l a t i o n  b e t w e e n  

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

similar  c u r v e  was a l s o  r e c o r d e d  by Kanosuo & g l ,  (197'3)-  

B e c a u s e  of the l a r g e  f l u c t u a t i o n  of  raw XPIG, a v e r a g i n g  over 

time cr o v e r  s p a c e  v i t h  t h e  u s e  o f  a  number o f  e l e c t r o d e s  (€9. 

L a m  gg al,, 1979)  u s u a l l y  i m p r o v e s  t h e  c o r r e l a t i o n  b e t w e e n  ENG 



a n d  f o r c e -  However,  the EHG is a l s o  i n f l u e n c e d  b y  a v a r i e t y  o f  

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

(Lam 22 a&:, 1979) a n d  m u s c l e  length ( G r i e v e  a n d  P h e a s a n t ,  

1 9 7 6 ) -  

F u r t h e r  i a t e g r a t i c g  o r  f i l t e r i n g  of  E H G  c a n  c a u s e  

c o r - s i d e r a b l e  l o s s  of i n €  o r m a t i o n ,  Chapman a n d  C a l v e r t  [ 1 9 7 9 )  

f o u n d  t h a t  d u e  t o  t h i s  n e e d  for s n i o o t h i n g ,  EMG g i v e s  a r a t h e r  

p o o r  estimate of a c t i v a t i o n  i n  m u s c l e ,  e s p e c i a l l y  when r a p i d  

c h a n g e s  i n  a c t i v a t i o n  o c c u r  o r  d u r i n g  g r o s s  d y n a m i c  cor t r a c t i o n s  

(see a l s o  C a l v e r t  a n d  Chapman, 1976 ) -  D e s p i t e  some r e c e n t  

i m p r o v e m e n t s  d u e  t o  n o v e l  m e t h o d s  of p r o c e s s i n g  EHG (Hogan and 

Mann, 1 9 8 0 a ,  1 9 8 0 b ) ,  s e r i o u s  d o u b t s  a b o u t  i ts  u s e f u l n e s s  a s  ari 

e s + i m a t e  of a c t i v a t i o n  rema i n ,  

iii) C h e m i c a l  P a r a m e t e r s  o f  A c t i v a t i o n  

Rny m u s c u l a r  c o n t r a c t i o n  m u s t  be  p r e c e d e d  by a c t i o n  

p o t e n t i a l s ,  w h i c h  c a u s e  t h e  release o f  c a l c i u m  i o n s  and a f t e r  a 

series of o t h e r  e v e n t s  t h i s  l e a d s  t o  t h e  c o n t r a c t i o n  ( S t e i n  and  

W o ~ g ,  197Li; J u l i a n  a n d  S o l l i n s ,  19731 ,  J u l i a n  (1969)  f i r s t  a d d e d  

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

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

a c t i v a ? i o ~  i n c r e a s e d  w i t h  a s h o r t  time c c n s t a n t ,  which  was 

r e s p o n s i b l e  f o r  a g u i c k  r i s e  i n  f r e e  c a l c i u m ,  S u b s e q u e n t l y  a 

l o n g  time c o n s t a n t  was r e s p o n s i b l e  f o r  t h e  s l o w e r  c a l c i u ~  

u p t a k e ,  S t e i n  a n d  Wong (1374) u s e d  J u l i a n ' s  (1'369) e q u a t i o n  fo r  



t h e i r  s imi l a r  model,  They  a l s o  c a l c u l a t e d  +-he r e s p o n s e  t o  

v a r y i n g  d e g r e e s  of a c t i v a t i o n ,  They c o u l d  n o t  p r o d u c e  t h e  

t y p i c a l  s i g m o i d  r e l a t i o n  be tween  d e g r e e  of a c t i v a t i o n  a n d  

d e v e l o p e d  t e n s i o n  o b s e r v e d  by ather r e z e a r c h e r s ,  T h e y  e x ~ l a i n e d  

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

o f  a c t i v a t i o n ,  

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

m u s c l e  is n o t  p s s i b l e  v i t h o u t  d i s t u r b i n g  the movement, 

i v )  A c t i v e  S t a t e  

H i l l  11 938) o n l y  c o n s i d e r e d  a c t i v e  v e r s u s  i n a c t i v e  musc le ,  

The a r r i v a l  of t h e  n e r v e  i m p u l s e  was s u p ~ o s e d  t o  set u p  t h e  

s o - c a l l e d  " a c t i v e  stateii o f  muscle .  Hill 11949a) d e f i n e d  t h e  

i n t e n s i t y  o f  t h e  " a c t i v e  st a t e n  a s  t h e  f o r c e  d e v e l o p e d  a t  a z e r o  

CC v e l o c i t y ,  S i n c e  e v e n  i n  isomet-ric c o n t r a c t i o n  t h e  CC s h o r t e n s  

when e x t e n d i n g  t h e  SEC, a g u i c k  s t r e t c h  of t h e  m u s c l e  was used 

t o  c o m p e n s a t e  for  t h i s  i n t e r n a l  s h o r t e n i n g -  Then however ,  o n e  

m u s t  a s s u m e  t h a t  t h e  quick s t r e t c h  d o e s  n o t  i n f l u e n c e  t h e  C C  

( P r i n g l e ,  1 9 6 0 ) -  T h i s  p o t e n t i a l  i n f l u e n c e  is d i f f i c u l t  t o  

d e t e r  mine s o  t h a t  d e f i n i t i o n  a n d  measure taen t  o f  " a c t i v e  s ta  tew 

h a v e  a l w a y s  b e e n  u n c l e a r ,  

J u l i a n  a n d  R o s s  (1976) c o m p a r e d  r a s u l t s  from a eaodel that 

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

c lassical  e x p e r i a e n t s ,  They came t o  t h e  c o n c _ l u s i o n  " t h a t  c l a s s i c  

a c t i v e  s t a t e  c o n c e p t s  a re  n o t  d e f i n i t i v e  c o n c e r n i n g  t h e  time 



c o u r s e  o f  t h e  l e v e l  of  a c t i v a t i o n  d u r i n g  a c o n t r a ~ t i o n , ~  Then 

o n e  is o n l y  l e f t  " t o  wonder  w h e t h e r  t h e  term ( a c t i v e  s t a t e )  has 

a n y  e x a c t  meaning" ( H i l l ,  l365:68)  , 

v) P e r c e p t i o n  o f  E f f o r t  a s  E s t i m a t i o n  o f  A c t i v a t i o n  

A more v a g u e  c o n c e p t  o f  a c t i v a t i o n ,  b u t  p o s s i b l y  a l s o  an  

estimate of s t i m u l a t i o n  and r e c r u i t m e n t  ( v i a  e f f e r e n t  c o p y )  , i s  

measurement  o f  ~ e r c e i v e d  e f f o r t -  I t  seems q u i t e  l o g i c a l  t o  

e x p e c t  a  close r e l a t i o n s h i p  b e t w e e n  t h e  e x e r t e d  e f f o r t  a n d  t h e  

p e r c e p t i o r ,  o f  it- B e l l  (1833,  q u o t e d  i n  G r a n i t ,  1972 )  f i r s t  

t a l k e d  a b o u t  t h e  w c o n s c i o u s n e s s  of e x e r t i o n w ,  a n d  l a t e r  R e n q v i s t  

(1927) o b s e r v e d  t h a t  e q u a l  f o r c e s  r e s u l t e d  ir. e q u a l  p e r c e p t i o n .  

Though t h e  e x a c t  o r i g i n  and n a t u r e  of t h e  i o f o r a a t i o n  u n d e r l y i n g  

p e r c e p t i o c  i s  s t i l l  c o n t r o v e r s i a l  ( C o o p e r  22 pl,, 1 9 7 9 ) ,  

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

res € a r c  h e r s ,  

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

t h e  r e l a t i o o s h i ~ .  One is t h e  e s t i m a t i o n  o f  t h e  m a g n i t u d e  of a 

p r o d u c e d  f o r c e ,  a n o t h e r  t h e  p r o d u c t i o n  o f  a force o f  a s p e c i f i e d  

m a g n i t u d e  a n d  t h e  t h i r d  matching o f  a  presgiven force l e v e l .  A 

v a r i e t y  o f  scales h a v e  a l s o  b e e n  d e r i v e d ,  

G e n e r a l l y  a h i g h  c o r r e l a t i o n  b e t w e e n  e x e r t e d  force and 

p e r c e i v e d  f o r c e  is r e p o r t e d  (Borg ,  1370,  1972;  C o o p e r  g& &, 

1979; S t e v e o s  and Rack, 1953;  Eisler, 1 9 6 2 ) -  The r e l a t i o n  i s  

m o s t l y  d e s c r i b e d  a s  a Fower f u n c t i o n  w i t h  a n  e x p o n e n t  b e t w e e n  1  



a n d  1-7, S t e v e n s  a n d  Mack (1959)  p o i n t  o u t  t h a t  t h o u g h  t h e  v a l u e  

is c o o s t a n t  f o r  e a c h  s u b j e c t ,  c o n s i d e r a b l e  v a r i a t i o n  b e t w e e n  

i n d i v i d u a l s  is common. C o o p e r  et g, (1979)  a n a l y z e d  i s o m e t r i c  

and  d y n a m i c  c o n t r a c t i o n s  o f  g u a d r i c e p s  a n d  isometric c o n t r a c t i o n  

of a d d u c t o r  p o l l i c i s .  They come t o  the c o n c l u s i o n  t h a t  e v e n  

t h o u g h  there i s  some d i f f i c u l t y  d e f i n i n g  p e r c e p t i o n  o f  e f f o r t  

'*a s i n g l e  motor p e r f o r m a n c e ,  be  i t  a n  i s o m e t r i c  o r  a 
d y ~ a m i c  c o n t r a c t i o n ,  c a n  be  p e r c e i v e d  w i t h  r e m a r k a b l e  
p r e c i s i o n  by b o t h  a s m a l l  a n d  l a r g e  m u s c l e  g ~ o u p .  B o t h  
' e s t i m a t i o n '  a n d  * p r o d u c t i o n '  p r o c e d u r e s  c a n  b e  u s e d ,  
T h i s  p r e c i s e  p e r c e p t i o n  has b e e n  shown t o  be 
r e p r o d u c i b l e  ( h i g h  test-re-test c o r r e l a t i o n )  a n d  a s  ~ u c h  
c o u l d  s e r v e  a s  a p r a c t i c a l  b a s i s  f o r  t r a i n i n g  p r o g r a m n e s  
i n  p a t i e n t s ,  a n d  for t h e  a n a l y s i s  of m u s c u l a r  s e n s a t i o c s  
i n  v a r i o u s  j o b  s i t u a t i o n s  a n d  e v e r y d a y  l i f e  
a c t i v i t  y- (Cooper  & al,, 1979) 

v i )  A c t i v a t i o r .  and  Maximum CC V e l o c i t y  

I n  t h e  s l i d i n g  f i l a i c e n t  t h e o r y ,  tfte number o f  c a l c i u m  i o n s  

r e l e a s e d  is assumed  t o  d e t e r m i n e  the number o f  c r o s s - b r i d g e s  

t h a t  a re  a t t a c h e d  a t  a g i v e n  t i i ae ,  T h e r e f o r e  a c t i v a t i o n  s h o u l d  

i n f l u e n c e  o n l y  t h e  f o r c e  d e v e l o p e d ,  but n o t  t h e  v e l o c i t y  of  

c o c t r a c t i o n  ( J u l i a r ?  a n d  S o l l i n s ,  1373) .  Edman (1978)  r e a c h e s  

t h i s  c o n c l u s i o n  f r o m  h i s  e x p e r i m e n t a l  results. Other 

r e s e a r c h e r s ,  however ,  o b t a i n e d  d i f f e r e n t  r e s u l t s ,  J u l i a n  a n d  

S o l l i n s  (1 3 7 3 )  c a l c u l a t e d  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  f o r  

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

c u r v e s  d e r i v e d  frora d a t a  before, a t  a n 3  a f t e r  t h e  t u i t c f :  force 

peaked. S i n c e  a c t i v a t i o n  would b e  auch l o n e r  t o w a r d s  the e n d  of 



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

estimate t h e  i n f l u e n c e  of  a c t i v a t i o n  on  t h e  F-V c u r v e ,  T h o u g h  

t h e  e f f e c t  was more p r o n o u n c e d  fo r  t e n s i c n ,  v e l o c i t y  a l s o  

d e c r e a s e d  c o n s i d e r a b l y  w i t h  d e c r e a s i n g  a c t i v a t i o n  { J u l i a n  a n d  

S o l l i n s ,  1 9 7 3 )  - P e t r o f s k y  a n d  P h i l l i p s  (1980) made  s i m i l a r  

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

v e n t r a l  r o o t s ,  

B i g l a n d  a n d  L i p p o l d  ( 1 9 5 4 a )  a l s o  c o m ~ i l e d  f o r c e - v e l o c i t y  

c u r v e s  f o r  d i f f e r e n t  l e v e l s  of a c t i v a t i o n  ( a s  e s t i m a t e d  by  EFlG), 

I s o m e t r i c  f o r c e  d e c r e a s e s  w i t h  d e c r e a s i n g  a c t i v a t i o n ,  w h e r e a s  

m a x i m a l  v e l o c i t y  (Vmax) is  show^ u n a l t e r e d .  The c u r v e s  t h e y  show 

h o u e v e r  are  e x ? r a p o l a t e d  t o  t h i s  f i n d i n g  s i n c e  max ima l  v e l o c i t y  

r e a c h e d  i n  their e x p e r i m e n t s  was less t h a n  h a l f  of  t h e o r e t i c a l  

Vmax ( B i g l a n d  a n d  L i p p o l d ,  1954a, F i g u r e  5 ) .  

T h e  r e l a t i o n  b e t w e e n  Vmax a n d  a c t i v a t i o n  is p r o b a b l y  q u i t e  

c o m p f e x  ( J u l i a r r  a n d  S o l l i n s ,  1 9 7 3 )  a n d  d i f f i c u l t  t o  

c o n c e p t u a l i z e ,  However t h e  effects of i t  can be i n c o r p o r a t e d  

i n t o  a c t i v a t i o n  m o d e l s  ( J u l i a n  a n d  S o l l i n s ,  1 9 7 3  ; P h i l l i p s  a n d  

P e t r o f s k y ,  1 9 8 0 ) -  / 

v i i )  A c t i v a t i o n  a n d  Length 

Rack a n d  Westbury ( 1 3 6 9 )  f o u n d  a n  i n t e r a c t i o n  b e t w e e n  

s t i m u l u s  ra te  a r d  atuscle l e n g t h ,  T h e  steep p a r t  of t h e  t y p i c a l  

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

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



ones. T a y l o r  a n d  R u e d e l  (1970)  a n d  R u e d e l  a n d  T a y l o r  (1971) 

p r e s e n t e d  e v i d e 1 1 c e  t h a t  a t  a v e r y  s h o r t  s a r c o m e r e  length t h e  

c e n t r a l  core of m u s c l e  f i b r e s  b e c o m e s  i z a c t i v a t e d -  Since t h i s  

sarcomere l e n g t h  was well b e l o w  p h y s i o l o g i c a l  r a n g e s  

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

is d i f f i c u l t ,  

J u l i a n  fi al, (1978) d i s c u s s  t h e  i n f l u e n c e  of length on 

a c t i v a t i o n  and  come t o  t h e  c o n c l u s i o n  t h a t  t h e r e  i s  n o  l a r g e  

i n f l u e n c e ,  e x c e p t  maybe i n  a few s p e c i a l i z e d  n u s c l e s  or l e n g t h s  

o u t s i d e  the p h y s i o l o g i c a l  l i m i t s ,  



111, SUIYMARY OB LITERATURE BEVIEW 

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

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

n a t u r a l  s y s t e m s ,  I n i t i a l l y  H i l l  ( 1  938) p r o p o s e d  a m u s c l e  model  

c o n s i s t i n g  o f  a  c o n t r a c t i l e  c o m p o n e n t  (CC)  i n  series w i t h  a n  

e l a s t i c  c o m p o n e n t  ( S E C )  , Both  c o m p o n e n t s  Mere a s s u m e d  t o  d i s p l a y  

n o n - l i n e a r  m e c h a n i c a l  p r o p e r t i e s .  Houk g&, ( 1  966) l i n e a r i z e d  

t h i s  mode l  t o  s i m p l i f y  m a t h e m a t i c a l  a n a l y s i s ,  However, d e s p i t e  

t h e  a b i l i t y  of l i n e a r  m o d e l s  t o  e x p l a i n  the b e h a v i o u r  o f  some 

m u s c l e s  u n d e r  c e r t a i n  c o n d i t i o n s  (eg. R a n n a r d  a n d  S t e i n ,  1373;  

Bava 2% drr 1976a,  1 9 7 6 b ) ,  n o n - l i n e a r i t i e s  i n h e r e n t  i n  s u s c l e  

p r e v e n t  g e c e r a l  a p p l i c a b i l i t y  of s u c h  d e s i g n s  [Chapman a n d  

H a r r o w e r ,  1 9 7 7 ) -  

F o r  a n o n - l i n e a r  model  t o  b e  of use, p r o p e r t i e s  of its 

c o m F o n e n t s  n e e 3  t o  be  d e s c r i b e d ,  H i l l  ( 1938)  showed t h a t  a 

t y p i c a l  r e l a t i o n s h i p  b e t w e e n  force a n d  v e l o c i t y  of t h e  CC 

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

p r o ~ e r t y  of the CC, M u s c l e  l e n g t h  a l s o  g r e a t l y  i n f l u e n c e s  

d e v e l o p e d  t e n s i o n  (Rack and Wes tbury ,  1969 ;  Edlaan, 1978 ,  1 3 7 9 ) -  

I n  m u s c l e  f i b r e s  estimates o f  a c t i v a t i o n  of t h e  CC can be  

d e r i v e d  f r o m  c a l c i u m  c o n c e n t r a t i o n ,  However when a n a l y z i n g  human 

movements the s i t u a t i o n  becomes  r a t h e r  c c m ~ l e x ,  Though EflG i s  

o f t e n  u s e d  as  a  m e a s u r e  of a c t i v a t i o n  ( L i p p o l d ,  1552; B i g l a n d  



t 

a n d  L i p p o l d ,  1954a ,  1954b ;  K a n o s u e  & &, 1979; Lam e t  al,, 

1 9 7 9 ) ,  n e c e s s a r y  p r o c e s s i n g  limits i ts  a g p l i c a b i l i t y -  I t s  

u s e f u l n e s s  for movement a n a l y s i s  c a n  be d o u b t e d  ( C a l v e r t  a n d  

Chapman, 1977;  Chapman a n d  C a l v e r t ,  1 3 7 9 ) -  An a t t r a c t i v e  

a l t e r n a t i v e  is m e a s u r e n e n t  of e f f o r t  p e r c e p t i o n  which h a s  been 

shown t o  correla te  well w i t h  p r o d u c e d  f o r c e  ( B e l l ,  1833;  Borg, 

1970,  1'372; C o o p e r  & at, 19791,  

W h i l e  the SEC c a n  be d e s c r i b e d  by  its l e n g t h - t e n s i o n  c u r v e  

( H i l l ,  1 9 5 0 ) ,  t h i s  c u r v e  m i g h t  d e p e n d  s o m e w h a t  o n  b o t h  t h e  

m u s c l e  l e n g t h  a s  well a s  the s t a t e  of a c t i v a t i o n ,  

The  s l i d i n g  f i l a m e n t  t h e o r y  ( H u x l e y ,  1957) a l l o w s  

e x p l a n a t i o n  of many m a c r o s c o p i c  o b s e r v a t i o n  w i t h  m i c r o s c o p i c  

s t r u c t u r e s ,  h o w e v e r  the e x a c t  l o c a t i o n  o f  the series ( o r  

c r o s s - b r i d g e )  e l a s t i c i t y  f o r  e x a m p l e  is s t i l l  d e b a t e d  ( J e  we 11 

a n d  W i l k i e ,  1958; Tameyasu a n d  Sugi, 1979 ;  H u x l e y  a n d  Simmons, 

1'371)- The u s e  o f  H i l l ' s  ( 1333)  m o d e l  a s  a c o n c e p t u a l  one r a t h e r  

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

( P r i n g l e ,  7 9 6 0 ) -  D e t e r m i n a t i o n  of t h e  r e l a t i o n s h i p s  between t h e  

force t h e  CC d e v e l o p s  a n d  a c t i v a t i o n ,  l e n g t h  and v e l o c i t y ,  a s  

well  a s  t h e  d e t e r m i n a t i o n  o f  t h e  SEC c h a r a c t e r i s t i c s ,  shculd 

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

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

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



IV. THE HODEL 

I n t r o d u c  t i o c  ------- 

From the a b v e  l i t e r a t u r e  review i t  c a n  b e  seen t h a t  a  

model  b a s e d  on  Hill's ( 1  9 3 3 )  p r o p o s a l  w i t h  a n  a c t i v a t i o n  

p a r a m e t e r  a d d e d  ( J u l i a n ,  1 9 6 9 )  seems a p p r o p r i a t e  t o  describe 

mascle b e h a v i o u r ,  Such a model  is depicted in F i g u r e  4 .  Since 

j o i n t  movement i s  almost a l w a y s  rotat ional ,  t h e  mode l  w i l l  b e  

r o t a t i o n a l  too. 



F i g u r e  4, P r o p o s e d  M u s c l e  Model 

CC i s  t h e  c o n t r a c t i l e  comporient,  SEC the series elastic 

c o m p o n e n t ,  and HI a mass w i t h  moment of inertia MI; 

O( is l i m b  r o t a t i o n , P  is CC r o t a t i o n ,  the d i f f e r e n c e  6 is SEC 

e x t e n s i o n .  

----.---------------- ------.-----.---------------.-------- 





k11 S t r u c t u r a &  E l e m e n t s  of the ilodeA 

As shown i n  F i g u r e  4, t h e  p r o p o s e d  model  c o n s i s t s  o f  a CC 

a n d  a  S E C ,  

T h e  CC is a lumped  componen t ,  c o n s i s t i n g  of a l l  t o r q u e  

g e n e r a t i n g  s t r u c t u r e s  i n v o l v e d  i n  t h e  a n a l y z e d  movement, T h i s  

corn l o n e n t  i s  nct se p e r a t e d  i n t o  i c d i v i d u a l  m u s c l e s ,  f ibres  o r  

motor u n i t s ,  n o r  is t h e  r o t a t i o n a l  movement t r a n s l a t e d  into t h e  

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

S i m i l i a r l y  t h e  SEC i s  c o n s i d e r e d  a lumped e l a s t i c  

c o m ~ o n e n t ,  c o n s i s t i n g  of all e l a s t i c i t y  r e s i d i n g  i n  t h e  

c r o s s - b r i d g e s ,  t e n d o a s  and any  o t h e r  e last ic  s t r u c t u r e s l  Thesa 

e l e m e n t s  a r e  t h o s e  which t r a n s m i t  t o r q u e  f rom the CC t o  the 

e x t e r n a l  e n v i r o n m e n t -  

~1 F u n c t i o n a  1 E + s e  r t ies  of the C o n t r a c t i l e  G ~ o q e a  

F i g u r e  5 shows  a  t y p i c a l  t h r e e - d i m e n s i o n a l  

t o r q u e - a n g l e - a n g u l a  r v e l c c i  t y  s u r f a c e ,  S i n c e  t h i s  is a 

r o t a t i o n a l  model ,  m u s c l e  l e n g t h  i s  defined by t h e  a n g u l a r  

d i s p l a c e m e n t  of  t h e  moving l i m b  i n  r e f e r e n c e  tc scme a b s o l u t e  

p o s i t i o n ,  V e l o c i t y  i s  t h e  a n g u l a r  v e l o c i t y .  



Figure 5 ,  Typical torque-angle-angular velocity surface 

Redrawn  fro^ Bahler a a&, 1968 
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I n  t h i s  m o d e l  a f o u r t h  d i m e n s i o n ,  a c t i v a t i o n ,  i s  a d d e d .  l h u s  t h e  

CC is d e s c r i b e d  by a s e r i e s  o f  n o n - p l a 3 a r  t o r q u e - a n g l e - v e l o c i t y  

s u r f a c e s ,  s t a c k e d  o n  t o p  o f  e a c h  o t h e r .  Each  s u r f a c e  is t h e n  

a p ~ r o p r i a t e  t o  o n e  l e v e l  o f  a c t i v a t i o n ,  a n d  i s  d e f i n e d  ir: t h r ee  

p l a n e s  by the t c r g u e -  v e l c c i t y  c u r v e  a t  o p t i m a l  1 e n g t h ,  t h e  

i s o m e t r i c  t o r q u e - a n g l e  r e l a t i o n ,  a n d  t h e  v e l o c i t y - a n g l e  r e l a t i o n  

a t  a c o n s t a n t ,  small  t o r q u e ,  E q u a t i o n s  ( 1 )  t o  (6 )  list a l l  

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

fo1/3=0, A = l  

i o r  ~ = ~ l a , p = o  

f o r  T=O,  A = l  

f o r  T=0,0( =go 

f o r  ~ = i  (a) , =O 

w h e r e  T i s  t o r q u e ,  

A is a c t i v a t i o n ,  

p is  CC v e l o c i t y , @ m a x  is t h e  maximum p o s s i b l e ,  

O( is a n g u l a r  m u s c l e  d i s p l a c e m e n t ,  O(o i s  t h e  o p t i i n a l  

d i s p l a c e m e n t  ( m a x i m a l  i s o m e t r i c  tor . ;ue) ,  

T h e  SEC c h a r a c t e r i s t i c s  c a n  b e  d e f i n e d  s i m i l a r l y  t o  t h o s e  

o f  the CC, T r a n s m i t t e d  t o r q u e  c a n  depend  o n  a c t i v a t i o n  a n d  

m u s c l e  l e n g t h  a s  well a s  SEC e x t e n s i o n .  E q u a t i o n s  (7) t o  ( 1 2 )  



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

f o r  a=&, A = I  T = f  (5) 
f o r  =Lo. A= 1 T= i (00 

f o r  & = d o ,  &=A0 ~ = f  ( A )  

f o r  A = l ,  T=To S2f (u) 

f o r  ~ = o ( o ,  T=TO 6=f  ( A )  

f o r  6960. T=TO ~ = f  (6) 

where T, D(,O(o, a n d  A are the same a s  f o r  t h e  CC, 

To i s  the maximum r e a c h e d  o v e r  a l l  l e n g t h s ,  

6 is S E C  e x t e n s i o n ,  60 is t h e  maximum p o s s i b l e ,  

el E q u a t i o n s  of FJovement - 

T h e  e x p e r i m e n t a l  s i t u a t i o a  depicted i n  F i g u r e  4 i s  t h a t  of 

a n  i n e r t i a l  l o a d  o f  t h e  ocoment of i n e r t i a  M I  being r o t a t e d  by  

t h e  l i m b ,  A c c o r d i n g  t o  t h e  e q u a t i o n s  shown  i n  ( 1 )  t o  ( 6 )  t h e  

t o r q u e  a t  a g i v e n  time t c a n  b e  d e s c r i b e d  b y  ( 1 3 ) :  

o( a n d  13 a s  s h o r n  i n  F i g u r e  4. 

E q u a t i o n  (13) can b e  s o l v e d  f o r  @ o n c e  a l l  the f u n c t i o n s  

a r e  d e s c r i b e d ,  From F i g u r e  4 i t  a l s o  f o l l o w s  t h a t  t h e  e x t e r n a l l y  

m e a s u r e d  t o r q u e  m u s t  b e  e q u a l  t o  t h a t  t r a n s m i t t e d  by the SEC, 

a n d  i s  thus a f u n c t i c n  o f  t h e  p a r a m e t e r s  d e s c r i b i n g  the dEC i n  

( 7 )  t o  (12 ) -  



F u r t h e r ,  t h e  d i f f e r e n t i a l  e q u a t i o n  ( 1 4 )  a l s o  a p p l i e s  t o  t h e  

s y s t e m :  

T ( t )  = f l ~ x & t )  ( 1 4 )  

Not a l l  e g u a t i o n s  d e s c r i b i n g  the system can be s o l v e d  

s i m u l t a n e o u s l y ,  The b l o c k  d i a g r a m  shown  i n  F i g u r e  6 t h e r e f o r e  

s o l v e s  them i n  an i t e r a t i v e  r o u t i n e .  The  time course of t h e  

a c t i v a t i o n  i s  krown,  or p r e s e t .  SEC extension ( 6 )  is i n i t i a l l y  

zero and  is set a t  the  d e s i r e d  i n i t i a l  d i s p l a c e m e n t ,  U s i n g  t h e  

known f u n c t i o n s ,  t h e  time c o u r s e  o f  t h e  m e c h a n i c a l  v a r i a k l e s  of 

the  s y s t e m  can be  c a l c u l a t e d .  







a V e r i f i c a t i o n  Cornputati_oioa R o u t i n e  

T h e  proqrammme s h o w n  i n  F i g u r e  6 is i l t p l e m e n t e d  i n  t h e  

c o m p u t e r  l a n g u a g e  APL o n  a n  I B M  4341 c o m p u t e r ,  T h e  u s e r  i s  a s k e d  

t o  s p e c i f i y  f u r c t i o n s  (1) t o  (12)  a s  well as t h e  e x p e r i m e n t a l  

c o n d i t i o n ,  

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

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

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

s h o w s  t h e s e  e q u a t i o n s  a n d  t h e i r  s o l u t i o n  by u s i n g  L a p l a c e  

t r a n s f o r m s ,  T h i s  t h e n  a l l o w s  a n  e s t i m a t i o n  of t h e  error  

i n t z o d u c e d  b y  t h e  i t e r a t i v e  r o u t i n e  i t s e l f ,  F i g u r e  7 shows a 

corn~ar isor  o f  t h e  two s o l u t i o n s ,  H u s c l e  ~ a r a m e t e r s  are  t h o s e  

g i v e n  b y  Houk (1953)  f o r  forearm s u p i n a t i o n ,  Flotnent of i n e r t i a  

is 0-1 kgmz, A l l  c a l c u l a t e d  p a r a m e t e r s  show v e r y  close 

a g r e e m e n t ,  F o r  t h e  t o r q u e - t i m e  c u r v e s ,  t h e  a v e r a g e  e r r o r  is 

0 - 3  9%- 

S i n c e  the c u r r e n t  mode l  does n o t  d e p e n d  o n  l i n e a r i t y  o f  t h e  

f u n c t i o n s ,  t h e  error  f o r  a  n o n - l i n e a r  m u s c l e  is l i k e l y  t o  b e  o f  

t h e  same m a g n i t u d e ,  
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V, DETERPIINATION O F  BUSCLE PARAHETERS FOR POREARLI SUPIRATIOIU 

a I n t r o d u c t i o n  

A c c o r d i n g  t o  W i l k i e  (1950)  t h e  f o l l o w i n g  p o i n t s  s h o u l d  b e  

c o n  s i d e r e d  when a n a l y z  i n g  human m o t i o n :  

A g e o m e t r i c a l l y  s i m p l e  j o i n t  s h o u l d  b e  c h o s e n ,  
O n l y  few m u s c l e s  s h o u l d  be  i n v o l v e d  i n  t h e  movemen+,, 
T h e  movement  s h o u l d  n o t  d i s t u r b  t h e  r i g i d  f i x a t i o n  o f  

t h e  rest o f  t h e  body. 
Only s l i g h t  s k i l l  s h o u l d  b e  i n v o l v e d  t o  allow h i g h  

r e p r o d u c i b i l i t y ,  ( H i l k i e ,  1950: 249) 

F o r e a r m  s u p i n a t i o n  was c h o s e n ,  s i n c e  it  d o e s  f u l f i l  t h e  a b o v e  

c r i t e r i a  a n d  s i n c e  t h e  e q u i ~ m e n t  t o  a n a l y z e  t h i s  movement  was  

a v a i l a b l e ,  Youm et g, (1979)  d e s c r i b e d  the b i c m e c h a n i c a l  

a s p e c t s  o f  t h i s  movement  i n  c o n s i d e r a b l e  d e t a i l ,  Houk (1963)  

p r e s e n t e d  a  l i n e a r  m o d e l  f o r  t h i s  m o v e s e o t ,  The  model  developea 

w i t h  t h e  me thod  d e s c r i b e d  b e l o w  w i l l  be  n o n - l i n e a r ,  

A c c o r d i n g  t o  the mode l  o f  F i g u r e  4 ,  a t  a l l  i n f l e c t i o n  

points o f  t h e  t o r q u e - t i m e  c u r v e  i n  a s i c g l e  c o n t r a c t i o n  t h e  

e x t e r n a l  a n g u l a r  v e l o c i t y  i s  equa l .  t o  CC v e l o c i t y .  F i n d i n g  a 

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

t o r q u e - a n g u l a r  v e l o c i t y  r e l a t i o n s h i p ,  R f c c n s t r u c t i o n  o f  t h e  

t r i a l s  t h e n  a l f c w s  d e t e r m i n a t i o n  o f  t h e  SEC c h a r a c t e r i s t i c s .  



a M a t e r i a l s  Methods  

i) Apparatus  

Four f o i l  s t r a i n  g a u g e s  (Type BA-06-250BG- 120,  linearity 

of s t r a i n  0 to 1/1000 of  unstrained 1 e n g t h ) l  were g l u e d  to  a 

hacdle and formed t h e  arms of a Wheats tone  bridge c i r c u i t ,  The 

h a n d l e  was c o n n e c t e d  t o  a n  aluminum r o d  by  an  a x l e -  Balanced 

s l i d i n g  steel masses o n  this rod, which  was p e r p e n d i c u l a r  t o  t h e  

axis of r o t a t i o n ,  a l l o w e d  v a r i a t i o n  of t h e  moment of inertia of 

the system, T h e  minimum was - 0 3  kgm2 and the maximum raontent was 

- 2 6  kgm*- F i g u r e  8 s h o w s  a s k e t c h  of t h e  a p p a r a t u s .  



Figure 8, Sketch of experimental  apparatus 

The d o t s  on the h a n d l e  represent  t h e  s t r a i n  gauges 





A p o l a r i z e d  l i g h t  g o n i o m e t e r  (POLGON) 2 was u s e d  t o  m e a s u r e  

a n g u l a r  d e f l e c $ i o n  of t h e  h a n d l e ,  T h i s  d e v i c e  p r o j e c t e d  

p o l a r i z e d  l i g h t  o n t o  a s t a t i o n a r y  r e f e r e n c e  a n d  o n e  mov ing  l i g h t  

d e t e c t o r . .  T h e  s u p p o r t  e q u i p m e n t  a l l o w e d  d e t e r m i n a t i o n  of the 

a n g l e  b e t w e e n  t h e  two d e t e c t o r s ,  h o w e v e r  a 4 0 m s e c  time lag was 

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

a p p a r a t u s  c a n  b e  f o u n d  i n  # i t c h e l s o n  ( 1  976)- P o s i t i o n  was 

m e a s u r e d  a s  t h e  d e v i a t i o n  from t h e  h o r i z o n t a l  (pa lm f a c i n g  

downwards  uhec g r i p p i n g  t h e  h a n d l e ) ,  D i g i t a l  d i f f e r e n t i a  t i o n  o f  

t h e  d i s p l a c e m e ~ t  t race  p r o v i d e d  v e l o c i t y . .  T h e  two t r a c e s ,  

t o r q u e ,  a n d  d i s p l a c e m e n t  were d i g i t i z e d  a t  200 Hertz and s t o r e d  

i n  a LSI1 1 Colupu te r3 -  S t a r t i n g  p o s i t i o n ,  effort level a n d  moment 

of i n e r t i a  were r e c o r d e d  m a n u a l l y ,  

ahen E?IG was u s e d ,  t h e  s i g n a l  uas a m p l i f i ~ d ,  f i l t e r e d  

( 3 2 - 8 0 0  Aertz) , a n d  r e c o r d e d  on U V  p a p e r  (TECA TE4) *, T h e  w i d t h  

o f  t h e  e n v e l o p e  a r o u n d  t h e  r e c o r d  was taken a s  t h e  m e a s u r e  of 

e l ec t r i ca l  a c t i v i t y -  

ii) E x p e r i m e n t a l  P r o c e d u r e  

T h e  s u b j e c t  stood r e l a x e d  i n  f r o n t  of t h e  a p p a r a t u s ,  The 

arm was f u l l y  a d d u c t e d ,  t h e  e l b o w  r e s t e d  i n  a U-shaped s u p p o r t  

t o  p r e v e n t  a n y  arm movement o t h e r  t h a r !  p r o n a t i o n / s u p i n a t i o n -  The  

subject g r a s p e d  t h e  h a n d l e  a n d  was a s k e d  t o  p e r f o r m  a s u ~ i n a t i o n  

-----.--------.--- 
ZTECA, W h i t e  P l a i n s ,  W,Y,  
3 8 o d i f i e d  v e r s i o n ,  TRACAN E l e c t r o n i c s ,  V a n c o u v e r ,  B, C- 
*TECA, ~ h i f e  P l a i n s ,  N.Y. 



movemec t. S t a r t i n g  p o s i t i o n  was v a r i e d  r a n d o m l y  f r o m  t r i a l  t o  
Ir . 

t r i a l ,  T h e  s u b j e c t  was a s k e d  t o  e x e r t  m a n i ~ a l  e f f o r t ,  

t h r e e - q u a r t e r ,  h a l f ,  a n d  o n e - q u a r t e r  o f  t h i s ,  T h e r e f o r e  e a c h  

c o m p l e t e  series c o c s i s t f d  o f  8 0  t r i a l s  (5 moment o f  i n e r t i a s  x 4 

s t a r t i n g  p o s i t i o n s  x 4 e f f o r t  l e v e l s )  , 

I s o m e t r i c  c o n t r a c t i o n s  were p e r f o r m e d  o v e r  t h e  f u l l  r a n g e  

of movement t o  d e t e r m i n e  t h e  i s o m e t r i c  t o r q u e - a n g l e  r e l a t i o n ,  

a n d  ),he r e l a t i o n  b e t w e e n  e x e r t e d  e f f o r t  a n d  p r o d u c e d  t o r g u e -  For 

each l e v e l  o f  e f f o r t  t h e  max ima l  v e l o c i t y  was d e t e r m i n e d  by 

a t t a c h i n g  the FOLGON s e n s o r  t o  t h e  h a n d ,  a n d  a s k i n g  t h e  s u b j e c t  

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

was r e c o r d e d  t o  e s t a b l i s h  t h e  r e l a t i o n  b e t w e e n  EMG a n d  e x e r t e d  

e f f o r t -  S u b j e c t s  AC acd R B  c o m p l e t e d  t w o  a n d  f i v e  series of  

t r i a l s  r e s ~ e c t i v e l y ,  

Da+.a A n a l y s i s  

Data were e n t e r e d  i n t o  a n  IBM 4 3 4 1  c o m p u t e r  for  further 

a n a l y s i s  w i t h  APL p r o g r a m s .  I n i t i a l l y  a m a t r i x  c o n t a i n i n g  

t o r q u e ,  v e l o c i t y  a n d  d i s p l a c e m e n t  f o r  those times when d l / d  t-3 

( T = t o r q u e )  was c o n s t r u c t e d ,  A p i e c e w i s e  l i n e a r  o r  h y p e r b o l i c  

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

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

A v a r i e t y  of p r o c e d u r e s  r e r e  t r i ed  f o r  t h e  f i t t i n g  o f  t h e  

t o r q u e -  a n g u l a r  v e l o c i t y  r e l a t i o n .  N o n - l i n e a r  r e g r e s s i o n  



u + i l i z i n g  3MDPs o r  TMSLb s u r f a c e  f i t t i n g  r o u t i n e s  v a s  f o u n d  t o  
F. 
h: 
r b e  too u n s t a b l e  f o r  t h i s  a p p l i c a t i o n .  The e x p e r i m e n t a l  r e s u l t s  

were a l s o  n o t  f i t t e d  well b y  H i l l ' s  e q u a t i o n ,  a s  i l l u s z r a t e d  i n  

F i g u r e  9, T h e  d a t a  were t h e r e f o r e  f i t t e d  p i e c e w i s e  b y  l o w - o r d e r  

p o l y n o m i n a l s ,  which  were t h e n  c o n v e r t e d  t o  o n e  f i f t h  order 

p o l y n o m i n a l ,  F i g u r e  9 i l l u s t r a t e s  t h e  r e s u l t  o f  t h i s  f i t t i n g  

p r o c e d u r e ,  

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

d e t e r m i n e  SEC s t i f f n e s s ,  A c c o r d i n g  t o  the m o d e l  ir, Figure 4 ,  SEC 

l e n g t h  is t h e  d i f f e r e n c e  B e t w e e n  CC a n d  l c a d  d i s p l a c e m e n t .  CC 

v e l o c i t y  c o u l d  be  c a l c u l a t e d  f r o m  t h e  f i t t e d  relations hi^, 

i c t e g r a t i o n  p r o v i d e d  CC d i s p l a c e m e n t  a n d  load d i s p l a c e m e n t  had 

been m e a s u r e d .  R e l a t i n g  SEC l e n g t h  t o  t o r q u e  a l l o w e d  c a l c u l a t i o n  

o f  t h e  s t i f f n e s s  of t h e  SEC,  The a b o v e  p r o c e d u r e  was r e p e a t e d  

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

i n c l u d e d  a s  F i g u r e  10, T h e  APL p rog ramme u s e d  i s  i n c l u d e d  i n  

Append ix  B, 

T h e  f i t t i n g  o f  t h e  m a t r i x  a n d  d e t e r m i n a t i o n  of SEC 

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

of a c t i v a t i o n ,  

----- ------ ------- 
5P series o f  B i o m e d i c a l  C o m p u t e r  P r o g r a m s  (BMDP) d e v e l o p d  a t  
t h e  H e a l t h  S c i e n c e s  C o m p u t i n g  F a c i l i t y  of t h e  U n i v e r s i t y  o f  
C a l i f o r n i a  a t  Los A n g e l e s ,  
G I n t e r n a t i o n a l  M a t h e m a t i c a l  a n d  S t a t i s t i c a l  L i b r a r y  ( I H S F ) ,  XMSL 
Inc., ~ o u s t d n ,  Texas. 



------------..---.o----------------------------e-------- --- 
Figure  9. Comparison of e x p e r i m e n t a l  data, ard fitted curves, 

u s i n g  H i l l ' s  e q u a t i o n  a n d  procedure outlined in tex t .  

*-*----- ---- ------o---------*-*---.........*-.------------.*-.--- 



Observed veloci t ies  
standard e r r o r  c o r r e l a t i o n  

- Hill's curve 4.88 0.848 
----- f i t t e d  curve 0.31 0.999 



F i g u r e  10, B l o c k  diagram of r o u t i n e  used t o  calculate S E C  

e x t e n s i o n .  6 i s  CC d i s p l a c e m e n t ,  CC r e l m i t y ,  o( l imb 

d i s p l a c e m e n t ,  t time and d t  time i n t e r v a l  used i n  c a l c u l a t i o n s ,  





R e s u l t s  

T o  v a l i d a t e  e f f o r t  p e r c e p t i o n  a s  a m e a n s  o f  e s t i m a t i n g  

a c t i v a t i o n ,  EMG was r e c o r d e d  for  a series of c o n t r a c t i o n s ,  

F i g u r e  11 s h o w s  t h e  r e s u l t i n g  c u r v e s  i n  w h i c h  I l a  is the 

isometric EHG-torque  r e l a t i o n ,  a n d  11  b s h o w s  t h e  EMG-ef f o r t  a n d  

p e a k  t o r q u e - e f  f o r t  r e l a t i o n s h i p s  i n  d y n a m i c  and  static 

c o c  t r a c ? i o n s ,  

F i g u r e  12  a n d  13 are  s a r a p l e  r e c o r d s  of a l l  steps o f  t h e  

a n a l y s i s ,  Here a l l  t r i a l s  a re  shown f o r  o n e  e x t e r n a l  l o a d i n g  

c o n d i t i o n  a n d  s t a r t i n g  p o s i t i o n ,  T h e  torque-time a n d  

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

differe~tiated d i s p l a c e m e n t ,  The o t h e r  c u r v e s  are c a l c u l a t e d  

o n c e  the CC c h a r a c t e r i s t i c s  h a v e  b e e n  d e t e r m i n e d ,  a n d  a r e  t h e n  

u s e d  f o r  SEC d e s c r i p t i o n ,  





Subject: f lC  
E f f o r t  levels: 

x 1.00 

b), Subject: FIC 
x s t a t i c  o dynamic 

c. Poaltlona (top to batt 
.. -48, l.68. 2.27, 2.52 rad 

Position: 1.68 rad 

0 
I- ""I 

q? 
$,OO 0,50 t O O  

EFFORT 





Subject: RC 
E f f o r t :  1.0 

Moment o f  i ne r t i a :  
Starting posit ion: 

*21 kgm2 
2.27 r a d  



Figure 13, Sample  r e c o r d i n g  and results of analysis for four 

t r i a l s  of subject RB 

Note: T h e  s h a r p  d r o p  i n  load v e l o c i t y  seen a t  t h e  e n d  of all 

trials is a r e c o r d i n g  error a n d  i s  d i s c u s s e d  later, 

-------------------------- --------*.--o-----------.-------- 



Subject :  RB Moment o f  i n e r t i a :  .03 kgm2 

E f f o r t :  1.0 S t a r t i n g  p o s i t i o n :  2.27 r a d  



F i g u r e  1B i l l u s t r a t e s  t h e  wide d i s p e r s i o n  o f  t o r q u e s  a n d  

v e l o c i t i e s  made a v a i l a b l e  t h r o u g h  t h e  e x p e r i m e c t a l  t e c h n  i q u e ,  

T h e  p e a k  t o r q u e ,  v e l o c i t y  a t  time of p e a k  t o r q u e  a n d  

d i s p l a c e m e n t  a t  time o f  p e a k  t o r q u e  a r e  s l o t t e d  a g a i n s t  t h e  20 

e x p ~ r i r n e n t a  1 c o c d i t i o n s ,  C e z t a i n  r e g u l a r  i n • ’  l u e n c e s  of l e n g t h ,  

e x t e r n a l  l o a d  a n d  a c t i v a t i o n  on t o r q u e  a n d  v e l o c i t y  are q u i t e  

o b v i o u s  f r o &  t h e s e  r e s u l t s ,  

F i g u r e  15 shows t h e  d e t e r m i n e d  isometric t o r q u e - a n g l e  

r e l a t i o n s  for the t u o  s u b j e c t s .  As c a n  b e  s e e n  i n  F i g u r e  1 f b  t h e  

d y n a ~ i c  t o r q u e s  a t  h a l f  a n d  t h r e e - q u a r t e r  e f f o r t  were 1-  8 a n d  

1-6  times g r e a t e r  t h a n  s t a t i c  t o r q u e s  r e s p e c t i v e l y -  T h u s  the 

c u r v e s  a t  h a l f  a n d  t h r e e - q u a r t e r  effort were m u l t i p l i e d  by  t h e s e  

factors ,  T h i s  r a i s e d  t h e m  t o  a l e v e l  w h i c h  e n v e l o p e d  the d y n a m i c  

p e a k  t o r q u e s  i n  t h e  same way a s  t h e y  d i d  a t  f u l l  a n d  o n e - q u a r t e r  

e f f o r t ,  

When d e t e r m i r i n g  t h e  C C  t o r q u e - a n g u l a r  v e l o c i t y  r e l a t i o n  

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

i n f l u e n c e s ,  T h e  i n f l u e n c e  o f  l e n g t h  o n  v e l o c i t y  i s  d i f f i c u l t  t o  

estimate, T h a t  t h e r e  i s  s u c h  a n  i n f l u e n c e  n e v e r t h e l e s s  i s  

i l l u s t r a t e d  ky F i g u r e s  16 a n d  17- Here o n l y  t h e  t o r q u e s  a r e  

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

v e l o c i t i e s  with l e s g t h  i s  a p p a r e c t ,  F i g u r e s  18 a n d  1'3 show t h e  

f ami l i e s  of u n c o r r e c t e d  t o r  3 u e - a n g u l a r  v e l o c i t y  r e l a t i o n s h i p s  

d e t e r m i r e d  f o r  t h e  s u b j e c t s ,  N o t e  t h a t  b o t h  a tax i lea l  CC v e l o c i t y  

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



---------------------------------*-------------- ----------- 
F i q u r e  14, Average peak torque, v e l o c i t y ,  and d i s p l a c e m e n t  a t  

time of peak  t o r q u e  f o r  a l l  conditions, 

a) S u b j e c t  RC, b) Subject X B  

XS denotes s t a r t i n g  p o s i t i o n ,  1 is -88 rad, 2 is 1-68 f a d ,  3 ia 

2 - 2 7  s a d  and 4 is 2 - 5 2  rad. 

MI d e n o t e s  m o ~ e n t  of i n e r t i a ,  1 is - 0 3  kg@', 2 is -07 kgm*, 3 is 

, I U  kgm2, 4 is - 2 1  kgmz and 5 is -26 kgin2- 

------- ----------0--- 0- ----------- ------------ -0- 



a) Subject: AC 

o Ful l  e f f o r t  

+ Quarter e f f o r t  
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a) Subject: RB 

b) Subject: AC 

b tBQ 240 a20 
DISPL. (RAD.1 





Subject: FIC 
Positiom 
0 .48 rad 
+ l.68 rad 

a) E f fo r t :  1.0 x 227 rad 

0 
A 2.52 rad 

o 25.00 50.00 75m ldaoo 
TORQUE (PERCENT OF MflXIMUH) 

b) E f fo r t :  0.5 

I 2i.00 50.00 75m l0o.00 
TORQUE (PERCENT OF MAXIMUM1 

66 





Subject: RB 
Positlorn 

Q .48 rad 
+ 168 rad 5t a) E f f o r t :  1.0 x 227 rad 
A 2.52 rad 

53 sr-.-- 
\ 
0 a 
c5 
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I-"' 
H 
0 
0 
1 
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'53 
(4'- 

51.- =b.OO 2S.M 50.00 75.00 100.00 

TORQUE (PERCENT OF MAXIMUM) 

b) E f f o r t :  0.5 
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3.00 25.00 50.00 7540 loom 
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Subject: AC 
Effort: LO It Poslt lon (top t o  bottoal 
.48, L68, 2.27, 2.52 rad  

Positlont .48 rad 
E f fo r t  (from top t o  bottom) 
LO, 0.75. 0.5. 0.25 





Subject: RB 
Ef fo r t1  t o  
P o s i t l m  (top t o  b o t t m l  $1 .a. L68, 2.27. 2.52 rad 

Positlont .48 rad 
E f f o r t  (from top t o  bottor) a+ to. 0.75. 0.5. 035 



T h e  next s t e p  was t h e  d e t e r m i n a t i o n  o f  SEC c h a r a c t e r i s t i c s ,  

For  each t r i a l  a to rgue -SEC e x t e n s i o n  c u r v e  was o b t a i n e d ,  F i g u r e  

20 shows some e x a m p l e s .  I n  20a series of t r i a l s  a t  o n e  p o s i t i o n  

a n d  all 5 i n e r t i a s  are c o m p a r e d ,  T h e r e  is s o m e  i r r e g u l a r  

v a r i a t i o r ,  with moment o f  i n e r t i a  i n  a p p a r e n t  SEC 

c h a r a c t e r i s t i c s ,  O n l y  a t  t h e  l o w e s t  moment of i n e r t i a  d i d  t h e  

SEC c o n s i s t e n t l y  a p p e a r  v e r y  c o m p l i a n t ,  F i g u r e  20b  i l l u s t r a t e s  

t h e  much clearer l e r g t h  i n f l u e n c e  o n  SEC c h a r a c t e r i s t i c s ,  T h e  

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

20a. T h i s  will b e  d i s c u s s e d  i n  more detail l a te r ,  F i g u r e  21 a n d  

22 show t h e  d e t e r m i n e d  SEC c h a r a c t e r i s t i c s  f o r  b o t h  s u b j e c t s -  

As o u t l i n e d  i n  t h e  R o d e l  s e c t i o n ,  1 2  r e l a t i o n s h i p s  are 

r e q u i r e d  t o  c o m ~ l e t e l y  d e s c r i b e  t h e  m u s c l e  a o d e l ,  T h e s e  a r e  

c o l l e c t e d  i r  F i g u r e s  2 3  t o  26- 





Subject: RC E f f o r t :  1.0 
a) starting posi t ion:  1.68 rad 

wrents of lncrtia 

b) moment o f  inertia: .I4 kgm2 

a .48 rad 
A 1.68 rad 
+ 2.27 rad 
M 2.52 red 





Subject: AC 
Effort: LO 
PWtlon U e f t  to right) 
252 227. .48, t68 rad 

POSltlEKII .48 rad 
Ef for t  (fro8 l e f t  t o  rlght) 
LO,' 0.75, 0,25, 0,s 



Figure 22.. Families of torque-SEC extension curves for four 

p o s i t i o n s  and effort levels: Subject RB 



SubJect: RB 
Effortr LO 
Position Ueft to right) a+ 2.52, 2.27. 1.68, ~8 r d  

Positlorn .48 rad 
Effort [from le f t  to right) 
0.5, 0.75, to. 0.25 



Figure 23,  Complete description of CC p r o ~ e r t i e s  of muscles 

involved i n  forearm supinatioc for subject AC, 
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i) V a r i a t i o n  b e t w e e n  S u b j e c t s  

Due t o  t h e  large amoun? o f  d a t a  c o l l e c t e d  a n d  t h e  e x t e n s i v e  

a n a l y s i s  p e r f o r n e d  o n l y  two s u b j e c t s  were t e s t e d ,  However ,  s i n c e  

one (AC)  is v e r y  t r a i n e d  i n  t h e  movement a c a l y z e d ,  w h e r e a s  t h e  

o t h e r  ( R B )  was more o r  less a  c o v i c e ,  some i n t e r e s t i n g  

d i f f e r e n c e s  becarne a p p a r e n t ,  Most o b v i o u s  i s  t h e  much g r e a t e r  

r e g u l a r i t y  o f  r e p e a t e d  t r i a l s  i n  AC, when c o ~ t t p a r i n g  t o r q u e - t i m e  

c u r v e s  ( F i g u r e s  1 2  a n d  1 3 ) -  Even  f o r  max ima l  e f f o r t ,  R B  s h o u s  

v a r i a t i o n  n e t  o n l y  i n  t h e  p e a k  t o r q u e  a c h i e v e d ,  b u t  a l s o  i n  the 

rise of torque, ie, the peak t o r q u e  i s  s h i f t e d  i n  time. T h i s  was 

v e r y  r a r e l y  o b s e r v e d  f o r  AC, S i n c e  t h i s   heno omen on i s  a p g a r e n t  

a t  a l l  l e v e l s  of  e f f o r t ,  i t  is l i k e l y  n o t  d u e  t o  a d i f f e r e n c e  i n  

t h e  a c c u r a c y  o f  e f f o r t  p e r c e p t i o n ,  b u t  may be  r e l a ted  t o  t h e  

l e v e l  of t r a i n i n g ,  The much g r e a t e r  r e p e a t a b i l i t y  o f  t r i a l s  f o r  

AC was a p p a r e n t  t h r o u g h o u t  a l l  e x p e r i m e n t a l  c o n d i t i o n s ,  t h o u g h  

v a r i a t i o n s  i n c r e a s e d  f o r  b o t h  s u b j e c t s  when p e r f o r m i n g  a t  

s u b m a x i m a l  effort, 



ii) V a l i d i t y  of E f f o r t  P e r c e p t i o n  a s  a M e a s u r e  o f  A c t i v a t i o n  

E f f o r t  p e r c e p t i o n  i s  u s e d  a s  a n  a c t i v a t i o n  p a r a m e t e r  s i n c e  

it seems v e r y  c l o s e  t o  r e a l  l i f e  s i t u a t i o n s ,  We g e n e r a l l y  d o  n o t  

d f c i d e  t o  u h a ?  l e v e l  o f  ERG we wan t  m u s c l e  a c t i v i t y  t o  rise,  

t h o u g h  t h i s  car .  be l e a r n e d  v e r y  well, b u t  r a t h e r  e s t i m a t e  the 

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

when u s i n g  e f f o r t  p e r c e p t i o n  t h a t  h a s  b e e n  r e p o r t e d  in t h e  

l i t e r a t u r e  (see r e v i e w )  was a l s o  o b s e r v e d  h e r e .  T h e  f a c t  t h a t  a 

c o n s t a n t  t r a n s f e r  f u n c t i o n  b e t w e e n  e f f o r t  a n d  EMG c a n  oe 

e s t a b l i s h e d  v a l i d a t e s  t h e  m e a s u r e  f u r t h e r  (see F i g u r e  1 1 )  - 
A c t i v a t i o n  is t h e  m o s t  d i f f i c u l t  p a r a m t e r  t o  estimate i n  human 

c o n t r a c t i o n s ,  a n d  t h o n g h  e f f o r t  p e r c e p t i o n  seeats t o  g i v e  b e t t e r  

r e s u l t s  t h a n  o t h e r  m e t h o d s ,  t h i s  s t i l l  r e ~ a i n s  t h e  w e a k e s t  

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

T h e  very l a r g e  d i f f e r e n c e  b e t w e e n  s t a t i c  a n d  d y n a m i c  e f f o r t  

( F i g u r e  11b) i s  s u r p r i s i n g ,  C o o p e r  2% & (1979, F i g -  4 )  a l s o  

show some  d i f f e r e n c e ,  b u t  n o t  t o  a n y  c o m p a r a b l e  d e g r e e ,  However 

t h e i r  v e l o c i t i e s  were much lower t h a n  t h e  o n e s  a c h i e v e d  i n  t h i s  

e x p e r i m e n t ,  T h e  r e a s o n  f o r  t h e  d i f f e r e n c e  b e t w e e n  s t a t i c  a n d  

a y r a m i c  e f f o r t  p e r c e p t i o n  is  o p e n  t o  s p e c u l a t i o n ,  EHG d i f f e r s  by 

a f a c to r  of u p  t o  6 ,  w h e r e a s  p r o d u c e d  t o r q u e  v a r i e s  o n l y  by a 

f a c t o r  of 1 - 4  to 1-8, T h i s  c o u l d  p o i n t  t o  t h e  p o s s i b l e  a t t e m g t  

t o  a c h i e v e  about t h e  same t o r q u e  l e v e l  i n  t h e  d y n a m i c  s i t u a t i o n  



a s  i n  t h e  s t a t i c  t r i a l  a t  t h e  same e f f o r t  l e v e l ,  F o r  t h i s  s e t  o f  

e x p e r i m e n t s ,  t h e  o n l y  r e q u i r e m e n t  o f  t h e  e s t i m a t i o n  o f  

a c t i v a t i o n  is c o n s t a n c y  from t r i a l  t o  t r i a l ,  O t h e r  s p e c u l a t i o n s  

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

by o t h e r  e x p e r i m e n t e r s .  

It s h o u l d  a l s o  b e  n o t e d  t h a t  t h e  p e a k  d y n a m i c  t o r q u e  

r e a c h e d  i n  t h e  d y n a m i c  c o n t r a c t i o n  shown  i n  F i g u r e  I l b  i s  

s l i g h t l y  a b o v e  the i s o m e t r i c  maximum, T h i s  o c c u r r e n c e  i s  

d i s c u s s e d  i n  more  d e t a i l  l a t e r .  

iii) V a l i d i t y  o f  E x p e r i m e n t a l  P r o c e d u r e  

Oze g o a l  of t h e  e x p e r i m e n t a l  d e s i g n  was t o  a c h i e v e  a ~ i d e  

d i s p e r s i o n  o f  t o r q u e s  and  v e l o c i t i e s ,  F i g u r e s  1 4 ,  16 a n d  17 

i l l u s t r a t e  how s u c c e s s f u l  t h i s  was, Dynamic  t o r q u e s  record3d 

r e a c h e d  f r o m  just d e t e c t a b l e  t o  v e r y  close t o  (o r  e v e n  a b o v e )  

isometric maximum. T h e  t o r q u e s  were also v e r y  e v e n l y  s p r e a d  

t h r c u g h o u t  t h i s  r a n g e ,  N e v e r t h e l e s s ,  a  c o n s i d e r a b l e  gap b e t  ween 

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

e x p e r i m e n t s ,  a n d  t h e  max ima l  u n l o a d e d  v e l o c i t y  remained . .  T h i s  

r e g i o n  of t h e  ' o r q u e - a n g u l a r  v e l o c i t y  r e l a t i o n  h a s  t o  b e  assumed 

l i n e a r ,  The two t u r n i n g  p o i n t s  s e e n  i n  t h e  t o r q u e - a a g u l a r  

v e l o c i t y  c u r v e s  a re  h o w e v e r  w i t h i n  t h e  r a n g e  of e x p e r i m e n t a l  

d a t a .  



i v f  CC C h a r a c t e r i s t i c s  

As e x p e c t e d ,  i s o m e t r i c  t o r q u e  d e p e n d s  c o n s i d e r a b l y  o n  

n u s c l e  l e n g t h ,  w h i c h  was m e a s u r e d  h e r e  b y  a n g u l a r  d i s p l a c e m e n t ,  

It is i n t e r e s t i n g  % h a +  t h i s  i n f l u e n c e  b e c o m e s  less i m p o r t a n t  

o v e r  a l a r g e  s e g m e n t  of t h e  t o t a l  r a n g e  a t  t h e  lower e f f o r t  

l e v e l s  ( F i g u r e  151. 

T h a t  v e l o c i t y  is i n f l u e n c e d  by m u s c l e  l e n g t h  is i l l u s t r a t e d  

by F i g u r e s  16 a n d  17, f o r  AC t h e  i n f l u e n c e  i s  v e r y  c l e a r  a t  f u l l  

e f f c r t ,  b u t  not so s t r o n g  f o r  lower e f f o r t  l e v e l s ,  The  wider 

s p r e a d  o f  t r i a l s  o b s c u r e s  t h e  r e l a t i o n  s c m e w h a t  f o r  R B ,  b u t  it 

can be s e e n  well i n  f i g u r e  17b- T h e  i n f l u e n c e  o f  p o s i t i o n  o n  

v e l c c i t y  was d e t e r m i n e d  f rorn t h e s e  r e s u l t s  a n d  then e x t r a p o l a t e d  

t o  maximal  v e l o c i t y ,  T k e  reaximum r e a c h e d  i n  t h e  u n l o a d e d  

c o n t r a c t i o ~  is set e q u a l  t o  max ima l  CC v e l o c i t y ;  t h i s  is l i k e l y  

t o  be a c o a s e r v a t i v e  estimate. F i g u r e s  18 a n d  19 show t h a t  t h e  

t o r q u e - a n g u l a r  v e l o c i t y  r e l a t i o n  o f  t h e  CC v a r i e s  f a i r l y  

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

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

s e g m e n t s ,  

T h e  b e h a v i o u r  of t h e  CC close t o  z e r o  v e l o c i t y  i s  v e r y  

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

c a n n o t  b e  f i + , t , e d  by H i l l ' s  e q u a t i c n  ( F i g u r e  9 ) .  P r i n g L e  (1960) 

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

z e r o  v e l o c i t y ,  T h i s  d i s c o n t i n u i t y  seems s h i f t e d  t o  a h i g h e r  



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

o c c u r r e n c e  o f  d y n a n i c  t o r l u e s  which a r e  l a r g e r  t h a r .  i sometr ic  

t o r q u e s  s h o w s  t h a t  this is n o t  t h e  r e s u l t  o f  t h e  f i t t i n g  

p r o c e d u r e  o r  some  o t h e r  e r r o r  i n  t h e  a x a i y s i s ,  A c c o r d i n g  t o  

a c c e p t e d  m u s c l e  p h y s i o l o g y  t h i s  seems i m p o s s i b l e ,  No wever ,  w i t h  

c u r v e s  s h a p e d  l i k e  t h o s e  shown  i n  F i g u r e s  18 a c d  19 ,  a v e r y  

small  error i n  t h e  e s t i m a t i o n  o f  i s o m e t r i c  t o q u e  c o u l d  r e s u l t  

i n  + h i s  s i t u a t i o n ,  

M a x i m a l  CC v e l o c i t y  is  t a k e n  h e r e  a s  the m a x i m a l  v e l o c i t y  

r e a c h e d  i n  a n  u n l o a d e d  c o n t r a c t i o n ,  T h i s  estimate is l i k e l y  t o  

b e  t o o  low. H o u e v e r ,  e v e n  i f  CC maximum v e l o c i t y  i s  d o u b l e  t h a t  

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

a s  shown i n  F i g u r e  27. 

A l s o ,  s i n c e  a c t i v a t i o z  is u n l i k e l y  t o  r ise i n s t a n t a n e o u s l y ,  

n e i t h e r  w i l l  CC v e l o c i + y ,  T h e r e f o r e  it. i s  n e c e s s a r y  t o  estimate 

t h e  r ise t i m e ,  T h i s  is  t h e  o n l y  p a r a m e t e r  e s t i m a t e d  i n  t h e  

m o d e l ,  a n d  a s  F i g u r e  2 8  i l l u s t r a t e s  t h e  u s e  o f  e i t h e r  a v e r y  

smal l  v a l u e  or the v e r y  h i g h  e s t i m a t e  o f  10 nrsec r e s u l t s  o n l y  i r ?  

a small s h i f t  o f  t h e  to rque -SEC e x t e n s i o n  c u r v e ,  I n  b o t h  F i g u r e  

27 a n d  F i g u r e  28  t h e  s t i f f n e s s  of t h e  SEC is  u n a f f e c t e d  o v e r  a 

l a r g e  p a r t  of t h e  r a n g e  of  its e x t e % s i o n ,  D u r i n g  a n y  c o n t r a c t i o l i  

t h e  CC o p e r a t e s  c l o s e  t o  t h e  m a x i m a l  v e l c c i t y  fo r  a v e r y  s h o r t  

p e r i o d  o f  time, T h i s  i s  t h e  reasor, w h y  t h e  e f fect  i n d u c e d  by t h e  

rise o f  a c t i v a t i o n  a n d  maxima 1 C c  v e l o c i t y  i s  c o n f i n e d  t o  t h e  

e a r l y  stages of +,he c o n t r a c t i o n  o n l y ,  As t h e  early s t a g e s  of t h e  



c o n t r a c t i o n  a r e  l i k e l y  t o  i n v o l v e  c o m p r e s s i o n  of t h e  soft 

t i s s u e s  of t h e  h a c d ,  t h e  t r u e  SEC s t i f f n e s s  of t h e  m u s c l e s  is 

l i k e l y  to b e  ill d e f i n e d  and errors i n  e s t i m a t i o n  of a c t i v a t i o n  

r i se  tiae a n d  maximal CC v e l o c i t y  a r e  t h e r e f o r e  i r r e l e v a n t .  





max. CC velocity: 





r l s e  . time constant: 
- 0.007 msec 

I ---- 

10 msec 



v) SEC C h a r  a c t c r i s t  ics 

Once t h e  CC c h a r a c t e r i s t i c s  a r e  known SEC p a r a m e t e r s  a r e  

c a l c u l a t e d ,  f d e a l l y  t h e s e  s h o u l d  n o t  d e p e n d  on f a c t o r s  o t h e r  

t h a n  t h o s e  o u t l i n e d  i c  t h e  mode l  s e c t i o n ,  However ,  a s  F i g u r e  LO 

i l l u s t r a t e s ,  the c u r v e s  f o r  o n e  e f f o r t  l e v e l  a n d  o n e  s t a r t i n g  

p o s i t i o n  ( f o r  which  t h e  ~ e a k  t o r q u e s  o c c u r r e d  a t  t h e  sane 

d i s p l a c e m e c t )  a r e  s p r e a d  c o n s i d e r a b l y ,  C c n t r i b u t i n g  t o  t h i s  a re  

e r r o r s  i n  t h e  e s t i m a t i o n  o f  CC c h a r a c t e r i s t i c s ,  a s  well a s  some 

a p p a r e n t  c h a n g e s  w i t h  t h e  moment of i ~ e r t i a .  T h e s e  are  l i k e l y  t o  

r e s u l t  f r o m  t h e  subject b e i n g  a b l e  t o  see a n d  feel what i n e r t i a  

is b e i n g  u s e d ,  and b e h a v i n g  d i f f e r e n t l y  i n  e a c h  s i t u a t i o n -  

P a r t i c u l a r l y  t h e  rnanner  o f  g r a s p i n g  t h e  h a n d l e  wou ld  s h o r  g r e a t  

i n f l u e n c e s ,  Though it wou ld  h a v e  b e e n  p r e f e r a b l e  t o  h a v e  

subjects g r a s p  the handle very f i r ~ t l l y  at the b e g i n n i n g  o f  e a c h  

t r i a l ,  this was n o t  p o s s i b l e  since it t r i g g e r e d  p r e m a t u r e  d a t a  

c o l l e c t i o n ,  S u b j e c t s  r e p o r t e d  a f e e l i n g  of t h e  h a n d l e  f l r u n r i n g  

awayw a+ the l ow  m o a e n t s  of i n e r t i a -  Such low t o r q u e s  o b s e r v e d  

i n  t h i s  c o n d i t i o n  are h a r d l y  s u f f i c i e n t  t o  c o m p r e s s  the s o f t  

t i s s u e s  of the h a n d ,  T h i s  c o u l d  e x p l a i n  + h e  e x t r e m e l y  c o m p l i a n t  

S E C  c h a r a c t e r i s t i c s  o b s e r v e d  u n d e r  t h e s e  c o n d i t i o n s -  

T h e  i n f l u e n c e  of mornect of i n e r t i a  was n e g l e c t e d  when 

f i + t i n g  SEC r e l a t i o a s ,  sicce the c o n t r i b u t i o n  was v e r y  i r r e g u l a r  



a n d  n o t  s i g n i f i c a ~ t  (ANCCVA) fo r  i n e r t i a s  o t h e r  t h a n  0.03 kgm*, 

C o n t r i b u t i o n s  by  e f f o r t  a n d  p o s i t i o n  were s i g n i f i c a n t ,  

T h e  t u r n o v e r  o f  c u r v e s  v i s i b l e  i c  F i g u r e  20 was a l s o  

n e g l e c t e d ,  E x p l a n a t i o n  o f  t h i s  pheaomenon  is d i f f i c u l t ,  

p a r t i c u l a r l y  s i~ lce  ir ,  t h e  same e x p e r i m e n t a l  c o n d i t i o n  t u r n o v e r  

t o  t h e  l e f t  acd r i g h t  o c c u r r e d -  Some, b u t  n o t  a l l ,  o f  t h e  t u r n s  

t o  + _ h e  l e f t  a r e  d u e  t o  t h e  f a c t  t h a t  t h e  POLGON record f l i p s  

o v e r  a t  180 d e g r e e s .  As c a n  b e  s e e n  f o i  t h e  t r i a l s  i n  F i g u r e  13,  

this c a u s e s  a v e r y  s h a r p  d r o p  i r  l o a d  v e l o c i t y ,  wh ich  t h e n  i n  

t u r n  w o u l d  l e a d  t o  a s e r i o u s  u n d e r e s t i t a a t i o n  o f  SEC e x t e n s i o n ,  

T h i s  r e c o r d i n g  e r r o r  d i d  o c c u r  o c c a s i o m l l y .  A r e a l  h y s t e r e s i s  

m i g h t  b e  E r e s e n t  i n  t h e  SEC a n d  show up a s  t u r n s  t o  t h e  r i g h t  i n  

i n d i v i d u a l  t o r ~ u e - S E C  e x t e l l s i o n  c u r v e s -  I n  t h i s  s i t u a t i o n ,  t h e  

t c r q u e  a t  a  c e r t a i n  SEC e x t e n s i o r ,  is l o w e r  a f t e r  t h e  p e a k  t o r j u e  

h a s  been r e a c h e d  than b e f o r e  a t  t h e  same SEC e x t e n s i o n ,  S i n c e  

S E C  v e l o c i t y  i s  p o s i t i v e  b e f o r e  p e a k  t o r q u e  a n d  n e g a t i v e  a f t e r ,  

t h e  p r e s e n c e  o f  a d a t a p e r  i n  p a r a l l e l  w i t h  t h e  SEC would c a u s e  

t h e  h y s t e r e s i s  a p p a r e n t  i n  s o a e  t r ia ls ,  S o  a t t r i b u t i n g  a 3 y  t u r n s  

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

t h e  s u g g e s t i o n  t h a t  t h e  SEC i s  n o t  a n  undamped m u s c l e  c o m p o n e n t ,  

A l t e r n a t i v e l y ,  b o t h  t u z n s  c o u l d  be  a t t r i b u t e d  t o  e r r o r s ,  Any 

e s t i m a t i o n  e r r o r  i n  t h e  CC c h a r a c t e r i s t i c s  a l s o  c a u s e s  s u c h  

b e h a v i o u r ,  I+ i s  f o r  t h i s  r e a s o n  t h a t  t h e  s i g n i f i c a n c e  o f  t h e  

7AWCOVA fits l i n e a r  c u r v e s  t o  da ta ,  a c d  t h e n  c o m p a r e s  s l o p e s  a n d  
i n t e r c e p t s ,  T h i s  is  n o t  n e c e s s a r i l y  v a l i d  f o r  t h e s e  d a t a ,  



phenomenon was i g n o r e d -  

T t e  d e p e n d e n c e  o f  SEC c h a r a c t e r i s t i c s  or, p o s i t i o n  a n d  

e f f o r t  is shown c l e a r l y  i c  F i g u r e s  21  a n d  22 ,  a n d  i n  relations 

(8) t o  ( 1 1 )  of F i g u r e s  24  and  26. F r o a  the c r o s s - b r i d g e  t h e o r y  

o n e  w o u l d  e x p e c t  t h e  SEC to  become s t i f f e r  a s  a c t i v a t i o n  

i n c r e a s e s  s i n c e  inost of t h e  s t i f f n e s s  p r e s u m a b l y  r e s i d . ; ~  iri  t h e  

c r o s s - b r i d g e s .  T h e  e x p e r i m e n t a l  r e s u l t s  f o r  AC s u p p o r t  t h i s  

c l e a r l y -  Subject R B  shows a d i f f e r e n t  trend, From these results 

t h e n  m e  must a l s o  c o n c l n d e  t h a t  t h e  SEC is a n  a c t i v e  c o m p o n e n t ,  

or  a t  f e a s t  corisist.~ t o  a c o n s i d e r a b l e  d e g r e e  o f  a c t i v e  

corn ~ o n e n t s ,  

From t h e  SEC c u r v e s  ( F i g u r e s  2 1  ar,d 22) a n d  r e l a t i o n s  (8) 

and (10)  i n  F i g u r e s  24 a n d  26 i t  is a p p a r e n t  t h a t  S E C  s t i f f n e s s  

i n c r e a s e s  w i t h  d i s p l a c e m e n t ,  S i n c e  d i s p l a c e m e n t  i s  t h e  d e v i a t i o r  

f r c m  the h o r i z o n t a l  ( p a l m  f a c i c g  down) m u s c l e  l e n g t h  of 

s u p i n a t o r s  a c t u a l l y  decreases as  d i s p l a c e m e n t  i n c r e a s e s ,  T h u s  axl 

increase ii! stiffriess i s  observed when m u s c l e  length d e c r e a s e s .  

Haugen  and Stet-Knudsen ( 1 9 8 1 )  o b s e r v e d  t h e  o p p o s i t e  i l i  frog 

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

is %he  c o n t r i b u t i o n  of  c h a n g i n g  m e c h a n i c a l  a d v a n t a g e  t o  the  

lecgth i o f  l u e n c e s  o b s e r v e d ,  

vi) Goodness o f  F i t  

The CC c h a r a c t e r i s t i c s  g e n e r a l l y  f i t t e d  e x p e r i n e n  t a l  

results v e r y  uell [see F i g u r e  9) - C o r r e l a t i o n s  were always above 



0 - 9  f o r  AC a n d  0.8 f o r  RB. T h i s  is s i g n i f i c a n t  f o r  b o t h  s u b j e c t s  

a t  t h e  1% l e v e l  [ S n e d e c o r  a n d  C o c h r a n ,  1967, p - 5 5 7 ) -  

Since S E C  c h a r a c t e r i s t i c s  were fitted from c a l c u l a t e d  

e x t e n s i o n ,  a n y  e r r o r  made  e l s e w h e r e  w o u l d  r e s u l t  i n  s i y n i f  icaet 

c 5 a n g e s  i n  SEC c h a r a c t e r i s t i c s ,  F o r  b o t h  s u b j e c t s  c o r r e l a t i o n s  

were g e n e r a l l y  between 0-55 a n d  0 - 7 ,  w h i c h  i s  a l s o  s i g n i f i c a n t  

a t  the 1% level, 

However, 'he s u c c e s s  of t h e  d e t e r m i n a t i o n  of muscle 

p a r a m e t e r s  c a n  u l t i m a t e l y  o ~ l y  be j u d g e d  by the p r e d i c t i v e  power  

of t h e  ~ o d e l ,  This c r i t e r i o n  i s  t e s t e d  a s  e x p l a i n e d  i n  t h e  n e x t  

c h a p t e r .  



VI. PREDICTION 

T h e  claim t o  v a l i d i t y  for a n y  mode l  d e p e n d s  on the 

a c c u r a c y  of p r e d i c t i o n  i t  allows,  The mode l  p r e s e n t e d  here 

attempts to d e s c r i b e  m a s c l e  p a r a m e t e r s  i n  o n e  i n d i v i d u a l ,  a n d  

therefore s h o u l d  a 1  low p r e d i c t  i o n  of c o n t r a c t i o n s  by t h a t  same 

i ~ d i v i d u a l .  A s  the n e x t  figures i l l u s t r a t e ,  this has been fairly 

s u c c e s s f u l  for b o t h  s u b j e c t s ,  Also drawn is t h e  r e s p o n s e  of the 

best f i t t i n g  l i n e a r  system and a s  c a n  b e  seen its p r e d i c t i v e  

power is  c o n s i d e r a b l y  lower- 



F i g u r e  29, Predicted and observed torques in repeated 

contractions under conditions shown for subject RC 

---------------I ------------------------------------------- 



Subject: FIC - observed * predicted 

Effort: LO 
Moment of inertla .26 kgm2 
Starting position: 2.27 rad - ---- 

4 

I 
I 

* 
OM0 am00 lOMD 40900 

TME MSECl 

Effort: 0.5 
llorent of inertias .26 kgm2 
Starting posltlon: 2 5 2  rad 

- - llnear rode1 output 
Effort: 0.75 
hmcnt of inertla: -21 kga2 
Starting p o s i t l ~ r  2.27 rad 

Effort: 0.25 
Moment of inertia: .14 k g 2  
Starting position: -48 rad 

s 1 



F i g u r e  30, P r e d i c t e d  a n d  observe3 t o r j u e s  i n  repeated  

c o c t r a c t i o n s  u n d e r  c o n d i t i o n s  shown for subject R B  



Subject: RB - observed * predicted - - linear rode1 output 
Effort: LO Effort! - 0.75 

'I 
norent of inertia! .03 kgrZ g florent af inertia:- .26 kpl 
Starting positlont .48 rad I Starting p o s i t l ~ t  2.52 rad 

Effort: 0.5 Effort: 0.25 
nollent of inertia: .26 kgr2 nolent of inertla: .21 kgr2 
Starting positionr .48 rad Starting posit lant  - 1.68 rad 

3 1 



N e v e r t h e l e s s ,  t h e r e  a re  a few t r i a l s  ( n o t  shown)  w h e r e  

p r e d i c t i o r ?  was v e r y  poor,. A number  o f  r e a s o n s  e x i s t ,  A l l  e r r o r s  

made a n y w h e r e  i n  t h e  a n a l y s i s  w i l l  c o n t r i b u t e  t o  t h e  d i f f e r e n c e  

be+ween  o b s e r v e d  a n d  p r e d i c t e d  t o r q u e ,  T h i s  i n c l u d e s  n o t  o n l y  

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

moment o f  i n e r t i a .  

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

t h e  f i t t i n g  o f  SEC c h a r a c t e r i s t i c s .  A l l  p a r a ~ e t e r s  o t h e r  t h a n  

t o r q u e  [ie, load v e l o c i t y ,  l o a d  d i s p l a c e m e n t ,  CC v e l o c i t y ,  CC 

d i s ~ l a c e m e n t  a n d  S E C  e x t e n s i o n )  s h o w e d  v e r y  close a g r e e m e n t ,  

P c o r  r e p r o d u c t i o n  was a l w a y s  l i m i t e d  t o  a p a r t i c u l a r  

d i s p l a c e m e n t ,  a n d  o n e  o r  two i n e r t i a s ,  It seems l i k e l y  t h a t  sons 

error o c c u r e d  i n  the d e t e r m i c a t i o n  o f  p a r a m e t e r s  u n d e r  t h e  

c o n d i t i o n  i3 q u e s t i o n ,  I t  i s  w o r t h u h i l e  t o  p o i n t  o u t  t h a t  the 

p a r a m e t e r s  u s e d  a r e  e x a c t l y  a s  d e t e r m i n e d  b y  t h e  a n a l y s i s ,  No 

c o r r e c t i o n s  were maae t o  a c c o u n t  f o r  o u t l y i n g  t r i a l s  o r  

i n • ’  l u e n c e s  o t h e r  t h a n  the ones o u t l i n e d  in t h e  model ,  g u i t e  

o b v i o u s l y ,  t h e  SEC t o r q u e - e x t e n s i o n  curves c o u l d  easi.1 y  be 

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

t o r q u e  time c u r v e s ,  S i a c e  t h i s  work i s  n c t  a n  e x e r c i s e  i n  curve 

f i t t i r g ,  b u t  t h e  t es t  of a new m o d e l l i n g  a p p r o a c h ,  a n y  such 

t i n k e r i n g  w o u l d  h a v e  see red i c a p p r o p r i a t e ,  When t h e  g o a l  is  a 

v e r y  e x a c t  p r e d i c t i o n  of m u s c l e  o u t p u t  u n d e r  a l i m i t e d  r a n g e  o f  

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

optimize p r e d i c t i v e  p o w e r  w o u l d  seem j n s t i f i e d ,  a n d  can b e  d o n e  



e a s i l y ,  When SEC parameters were f i t t e d  u s i n g  o n l y  one 

c o n d i t i a n ,  p r e d i c t e d  t o r q u e  was a l w a y s  v e r y  close to  o b s e r v e d  

c u r v e s ,  



VII, CONCLU SZONS 

The t h e s i s  h a s  t w o  s e p e r a t e  a s p e c t s ,  F i r s t  a new 

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

i n d e p e ~ d e n t l y  p r o v e r  t o  b e  a p p r o p r i a t e ,  The  i t e r a t i v e  p r o c e s s  

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

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

e v a l u a t e d  p a r s i a o n i o u s l p -  T h e  m o d e l  is  d e f i n e d  b y  12 r e l a t i o n s ,  

a l l  of w h i c h  c a n  b e  d e t e r m i n e d  by t h e  e x p e f i m e c t a l  m e t h o d  

o u t l i n e d  h e r e ,  T h e  o n l y  p a r a m e t e r  t o  b e  estimated is  the r i s e  

time o f  a c t i v a t i o n ,  a n d  model  o u t p u t  i s  n o t  s e n s i t i v e  t o  t h i s  

o v e r  a  r e a s o n a b l e  r a n g e ,  

I n  t h e  s e c o n 3  p a r t ,  p a r a m e t e r s  3 e s c r i b i n g  t h e  single 

e q u i v a l e n t  m u s c l e  i n v o l v e d  i n  forearm s u ~ i n a t i o n  are d e t e r m i n e d ,  

T h e  use o f  e f f o r t  p e r c e p t i o n  a s  a m e a n s  o f  a s c e r t a i n i n g  c o n s t a a t  

a c t i v a t i o n  was shown t o  be f e a s i b l e  for d y n a m i c  c o n t r a c t i o n s ,  

The  g r e a t  n o n - l i n e a r i t y  o f  m u s c l e  ~arameters ,  a n d  a n  a p p a r e n t  

d i s c o n t i n u i t y  of t h e  t o r q u e - a n g u l a r  v e l o c i t y  r e l a t i o n  a t  a small 

v e l o c i t y  o t h e r  t h a r ,  z e r o  are i n t e r e s t i n g  f i n d i n g s ,  A t  lower 

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

a s  t h e  t o r q u e -  v e l o c i t y  r e l a t i o n s  show l o n g  l i n e a r  segments  with 

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

t o r q u e s ,  T h i s  c o u l d  b e  i n t e r p r e t e d  a s  a n  a t t e z e p t  t o  ~ a k e  t h e  

s y s t e u i  more l i n e a r  a n d  t h u s  more p r e d i c t a b l e  a t  s u b m a x i n a l  



e f f o r t -  A d i f f e r e n c e  b e t w e e n  t h e  t u o  s u b j e c t s  was n o t e d ,  T h e  

h i g h l y  t r a i n e d  o n e  (AC)  c o u l d  r e p r o d u c e  a c o n t r a c t i o n  much more 

a c c u r a t e l y .  T h i s  was i r i d e p e n d e n t  of a c t i v a t i o n  s i n c e  t h e  

d i f f e r e n c e  was a l s o  v e r y  ~ r o n 0 U ~ c e d  a t  f u l l  e f f o r t ,  

T h e  m o d e l  a n d  m u s c l e  d e s c r i p t i o n  was tested b y  r e p r o d u c i i i g  

a l l  r e c o r d e d  t r i a l s -  T h e  p r e d i c t i v e  p o w e r  o f  the model  was  

s u p e r i o r  t o  % h a t  o f  a l i n e a r  mode l -  T h i s  new n o d e 1  h a s  s e v e r a l  

d i s t i n c t  a d v a n t a g e s  o v e r  o t h e r  m o d e l s  p r o v i d e d  i n  t h e  

l i t e r a t u r e .  Due t o  i ts r e l a t i v e  s i m p l i c i t y  t h e  c o m ~ u t a t i c n s  t a k e  

v e r y  l i t t l e  tirae. A p r e l i m i n a r y  F o r t r a n  i r a p f e n t e n t a t i o n  o f  the 

programme  show^ i n  F i g u r e  6 n e s d e d  5 s e c c n d s  of CPU time o n  an 

I B M  q34 1 f o r  t h e  c a l c u l a t i o n  o f  a  1 s e c o n d  c o n t r a c t i o n  with a 

t i a e  s t e p  of 1 m i l l i s e c o n d .  S u c h  a s i a a l l  time s t e p  i s  o n l y  

n e c e s s a r y  f o r  e x t r e m e 1  y f a s t  movements ;  u s u a l l y  a 5 m i l l i s e c o n d  

s t e p  is s u f f i c i e n t ,  i n  wh ich  case o c l y  1.4 s e c o n d s  a r e  r e q u i r e d  

f o z  t h e  same c a l c u l a t i o n s .  

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

i n t e g r a t i o n  of t h e  a c t i v a t i o n  p a r a m e t e r ,  I n  t h i s  model  

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

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

estimated, Due t o  t h e  e f f i c i e n c y  o f  the model, o p t i m i z a t i o n  

s t u d i e s  i n  humac iuovement become p o s s i b l e  a s  well, F o r  t h e s e  a 

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

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

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



i i n s t a n t e n e o u s  energy a n d  power o u t p u t ,  a s  well a s  other 

v a r i a b l e s  o f  icterest,  c a n  be d e t e r m i n e d  and  u s e d  i n  these 

s t u d i e s ,  

I+ i s  a l s o  hoped  that this model will c o n t r i b u t e  to b e t t e r  

u n d e r s t a n d i n g  of m u s c l e  and movement, a n d  i n  t h i s  way a l s o  

f a c i l i t a t e  t h e  d e v e l o p m e n t  of b e t t e r  prosthetic devices, 



A p p e n d i x  A: Second Order Linear System 

I n  a  l i n e a r  s y s t e m  ( s e e  F i g u r e  3 )  t h e  CC i s  r e p l a c e d  b y  a  

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

v i s c o s i t y  B p a r a l l e l  t o  it. T h e  S E C  i s  r e p l a c e d  b y  a l i n e a z  

s p r i n g  o f  s t i f f n e s s  K O  U s i n g  t h e  same n o t a t i o n  as i a  F i g u r e  4 ,  

t h e  f o l l o w i n g  e q u a t i o n s  a p p l y :  

Solving (1-2)  for p, a n d  s u b s t i t u t i n g  i n  (A- 1) g i v e s  

T a k i n g  t h e  L a p l a c e  t r a r s f o r m  o f  (A-3), a n d  s o l v i n g  i t  f o r  O ( ,  

r e s u l t s  i n  

L (s) = (TxK/ ( B x H I )  ) x ( 1 /  (s* ( s t +  ( K / B )  s + K / N I )  ) (A-4)  

w h e r e  L (s) i s  t h e  t r a n s f o r m  of o ~ ,  

Assuming a s t e p  i n p u t  o f  T a t  t i a e  Z e r o ,  t h e  s o l u t i o n  f o u n d  b y  

i n v e r s e  Laplace  t r a n s f o r m  i s  

( t )=  (T/B) r (t- (28/0n)  + ( I /  (On ( l-y2)'/2) r e r p  (-Tgnt) r s i n  (L)n ( 1 - ~ 2 ) % / 4 j )  

where  9 = 2 t a d l  f(1-~2)"'/(-*))3 

On= ( K / f l I )  

r= ( ( K X ~ ~ / ( ~ X B )  1 

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

a c c e l e r a t i o n ,  which i s  r e l a t e d  t o  torque b y  ( A - 2 )  , Once t h e  



to rque  is known, CC v e l o c i t y  c a n  be c a l c u l a t e d  using ( A -  1 )  



Appendix B: Programme Used f o r  SBC Analys i s  

T h e  f o l l o w i n g  i s  a c o p y  of t h e  APL programme u s e d  t o  dezermirie 

S E C  c h a r a c t e r i s t i c s .  





V a r i a b l e s  a p p e a r i n g  i n  t h e  p rog ramme are: 

CV: i n s t a n t a n e o u s  EC v e l o c i t y , .  

CX: i c s t a n t a n e o u s  C C  d i s p l a c e m e n t ,  

D: time i n t e r v a l  between p o i n t s .  

PLPOLY: p o l y n o m i n a f  d e s c r i b i n g  i scmet r ic  t o r q u e - l e n g t h  r e l a t i o n *  

J: c o u n t e r ,  reset f o r  e a c h  t r i a l .  

KEEP: Nx8 m a t r i x ,  w h e r e  N is t h e  t o t a l  n u m b e r  o f  d a t a  p o i n t s  f o r  
t h i s  ~2 o f  t r i a l s  a n d  c o l u w c s  c o r r e s p o n d  to: t i a e ,  t o r q u e ,  
l o a d  v e l o c i t y ,  l o a d  d i s p l a c e m e n t ,  i n s t a n t a n e o u s  SEC 
s t i f f n e s s ,  S E C  e x t e n s i o n ,  CC v e l o c i t y  a n d  CC d i s p l a c e m e n t ,  

KEEFN: Nx4 m a t r i x ,  w h e r e  N is the n u m b e r  of t r i a l s  i n  this set 
a n d  c o l u m n s  c o r r e s p o n d  t o :  number  of p o i n t s  i n  t h i s  t r i a l ,  
t i m e  i n t e r v a l ,  inomen t of i n e r t i a ,  a n d  s t a r t i n g  p o s i t i o c ,  

LX: l o a d  d i s p l a c e t a e n t  v e c t o r ,  c o n t a i n s  v a l u e s  f o r  o n e  t r i a l .  

HAXT: a b s o l u t e  isometric maximum, u s e d  t o  scale t h e  i soae t r i c  
t o r q u e - l e n g t h  r e l a t i o n  t o  v a l u e s  between zero a n d  1-  

BM: c o u n t e r  f o r  t h e  number  o f  t r i a l s  p r o c e s s e d ,  

PN: isometric t o r q u e  a t  current load d i s ~ l a c e m e n t ,  

P O L I E S :  g r o u p  of p o l p o m i n a l s ,  e a c h  d e s c r i b i n g  the CC 
t o r q u e - v e l o c i t y  r e l a t i o n  a t  a p a r t i c u l a r  d i s p l a c e m e n t -  

S U H :  c o u n t e r  f o r  t h e  t o t a l  number  o f  d a t a  p o i n t s  p r o c e s s e d ,  

TAU: time c o n s t a n t  o f  rise of a c t i v a t i o n ,  

TD: t o r q u e  v e c t o r ,  c o n t a i n s  v a l u e s  fo r  one t r i a l ,  

TVPOLY: CC t o r q u e - v e l o c i  t y  p o l y n o m i n a l  a p p r o p r i a t e  f o r  c u r r e n t  
d i s p l a c e t a e n t ,  

2: i n s t a n t a n e o u s  S E C  e x t e n s i o n .  
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