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ABSTRACT 

The e x t e r n a l  a p p l i c a t i o n  of muscular f o r c e  is  governed by 

a  combination of muscular,  anatomic and v o l i t i o n a l  f a c t o r s .  I n  t h i s  

t h e s i s  a  model of t h e  human elbow f l e x o r s  is  developed us ing  d a t a  

obta ined  from a cadaver,  and t h e  v a l i d i t y  of t h e  model is  t e s t e d  

w i t h  e m p i r i c a l  d a t a  gathered from s i x  e l i t e  a t h l e t e s .  

During d i s s e c t i o n  t h e  measurements made on Biceps Brach i i ,  

B r a c h i a l i s  and B r a c h i o r a d i a l i s  dur ing  f u l l  excurs ion  of t h e  elbow 

j o i n t  were e f f e c t i v e  c ross -sec t ion ,  change of l eng th ,  ang le  of 

i n s e r t i o n ,  and l e n g t h  of l e v e r  a r m .  This  d a t a  allowed changes i n  

t h e o r e t i c a l  i s o m e t r i c  f l e x o r  torque  t o  b e  produced. S i x  e l i t e  

a t h l e t e s  genera ted  curves of maximal i s o m e t r i c  f l e x o r  torque about  

0 t h e  elbow through a  j o i n t  excurs ion  of 105 , i n  both  abducted and 

f l e x e d  p o s i t i o n s  of t h e  shoulder .  

Comparison of t h e o r e t i c a l  and a c t u a l  d a t a  sugges ts  t h a t  

t h e  model i s  g r o s s l y  v a l i d  i n  terms of l ocus  of maximal i some t r i c  

f l e x o r  torque ,  t h e  o rde r  of magnitude of to rque  p red ic t ed  and t h e  

i n f l e x i o n  of t h e  torque/angle  of f l e x i o n  curve a t  smal l  angles  of 

elbow f l e x i o n .  Furthermore, t h e  exper imenta l  f i n d i n g s  sugges t  t h a t  

reducing  g r o s s  biomechanics of elbow f l e x i o n  t o  t h e  a c t i o n  of a  s i n g l e  

f l e x o r  a c t i n g  throughout t h e  excurs ion  of t h e  j o i n t  i s  n o t  j u s t i f i a b l e .  

The empi r i ca l  curves demonstrate  a  wide i n t e r - i n d i v i d u a l  v a r i a t i o n  which 

is  p a r t l y  accounted f o r  by t h e  n a t u r e  of t h e  s p o r t  undertaken by t h e  

i n d i v i d u a l s .  

Cons is ten t  d i f f e r e n c e s  a r e  found between t h e  t h e o r e t i c a l  



and t h e  empi r i ca l  curves .  The t h e o r e t i c a l  curves p r e d i c t  a  lower 

maximum torque ,  a l a r g e r  a n g l e  of elbow f l e x i o n  a t  which maximum torque  

is  generated,  and p r e d i c t  too-rapid a diminut ion i n  i s o m e t r i c  f l e x o r  

torque w i t h  i n c r e a s i n g  elbow extens ion .  These d i f f e r e n c e s  may b e  

accounted f o r ,  i n  p a r t ,  by t h e  necessary  s i m p l i f i c a t i o n s  of t h e  model 

r e s u l t i n g  from c o n s t r a i n t s  i n  t h e  experimental  design.  These a r e  

approximations of e f f e c t i v e  c ross -sec t ion  due t o  t h e  shape of 

B r a c h i a l i s ;  t h e  exc lus ion  of s e r i e s  e l a s t i c  t i s s u e  compliance from t h e  

model; and t h e  i n c l u s i o n  of only t h r e e  f l e x o r s  i n  t h e  p r e d i c t i o n  of 

torque.  

It would appear  from t h e  c o n s i s t e n t  d i f f e r e n c e s  found between 

t h e o r e t i c a l  and empi r i ca l  curves  t h a t ,  d e s p i t e  t h e  g r o s s  v a l i d a t i o n  

major 

i c h  

given t h e  model i n  t h i s  experiment,  l e n g t h  change of t h e  t h r e e  

f l e x o r s  i s  n o t  s u f f i c i e n t  t o  account  f o r  i n  v ivo  performance. 

Consequently t h e r e  a r e  o t h e r  f a c t o r s  undefined by t h e  model wh 

c o n t r i b u t e  i n  impor tan t  measure t o  t h e  product ion of maximal i s o m e t r i c  

f l e x o r  t o rque  a t  t h e  human elbow. 
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INTRODUCTION 

The fo rce  produced by a contrac t ing muscle has been shown t o  

be dependent on a number of f ac to r s .  I n  p a r t i c u l a r ,  Gordon, Huxley 

and J u l i a n  (1966) have shown t h a t  the  maximal i sometr ic  c o n t r a c t i l e  

fo rce  of muscle i s  a funct ion of sarcomere length.  Bahler, Fales  and 

Z i e r l e r  (1968) have shown t h a t  t h e  fo rce  of contrac t ion i s  a function of 

both length and v e l o c i t y  of e i t h e r  shortening o r  lengthening. Fidelus 

(1968) has  published data  on the  r e l a t i v e  contr ibut ions  t o  fo rce  by 

the  c o n t r a c t i l e  t i s s u e  and t h e  p a r a l l e l  e l a s t i c  t i s s u e  a t  var ious  lengths  

of muscle around an optimal length,  L . I k a i  and Fukunaga (1968) 
0 

demonstrated t h a t  maximal i sometr ic  tens ion of t h e  c o n t r a c t i l e  component 

is r e l a t e d  t o  t h e  muscle cross-sect ional  area .  

Force i s  a l s o  a funct ion of v o l i t i o n a l  f a c t o r s  such a s  t h e  

number of a c t i v e  motor u n i t s  and t h e  frequency of impulses s e n t  t o  

them. Chapman (1975) observed t h a t  human beings could develop cur ious ly  

high f l e x o r  torques a t  small  angles of elbow f l ex ion  (near t o  f u l l  

extension) and t h a t  t h i s  occurred desp i t e  an  apparent mechanical dis-  

advantage of narrow angles  of  f l e x o r  i n s e r t i o n  on the  forearm. Further- 

more, unpublished d a t a  gathered by Noble and Chapman (1974) show t h a t  

the re  a r e  f e a t u r e s  of anatomy i n  t h e  elbow of t h e  Rhesus monkey which 

impose p a r t i c u l a r  cons t ra in t s  on the  length  of the  elbow f l e x o r s  a t  

various angles of elbow f lexion.  Consequently, the  ex te rna l  app l i ca t ion  

of fo rce  i s  governed by a combination of muscular, anatomic, and 

v o l i t i o n a l  f a c t o r s .  
- 



This t h e s i s  at tempts t o  p r e d i c t  maximal i sometr ic  f l e x o r  

torque a t  var ious  angles of elbow f l e x i o n  i n  t h e  human. It uses the  

parameters previously inves t iga ted  by experiments on the  l i n e a r  per- 

formance of muscle and, formulating a model of maximal i sometr ic  f l exor  

torque about t h e  human elbow, uses  d i r e c t  measurements from a cadaver 

t o  genera te  a t h e o r e t i c a l  torque/angle of f l ex ion  curve. The theoret- 

i c a l  curve i s  compared with empir ica l  da ta  gathered from normal l i v i n g  

subjects .  It is hoped t h a t  t h e  experiment w i l l  contr ibute  t o  an 

understanding of the  torque/angle of f l ex ion  curve i n  vivo - some 

knowledge of t h e  biomechanical c o n s t r a i n t s  on torque i n  humans i s  

fundamental t o  i n  vivo t e s t s  of muscle models. These, i n  turn ,  "form 

t h e  b a s i s  f o r  c r i t i c a l  examination of hypotheses concerning muscle 

contrac t ions"  (Bahler e t  a l ,  1968). The experiment may a l s o  give an 

i n d i c a t i o n  of t h e  r e l a t i v e  importance of r o l e s  played by endowment 

and t r a i n i n g  i n  performance. Third, the  experiment w i l l  a f f o r d  an 

assessment of  some of the  techniques used here  i n  gathering and 

manipulating d a t a  f o r  the  p red ic t ion  of torque i n  vivo. 



DEVELOPMENT of the  MODEL 

A simple model of torque exer ted  a t  a  s k e l e t a l  j o i n t  i s  

i l l u s t r a t e d  i n  Figure 1. I f  AC is  f ixed  and segment AB i s  f r e e  t o  

r o t a t e  about po in t  A i n  t h e  p lane  of t h e  paper, then the  torque,?, 

generated by a  muscle i n s e r t i n g  a t  D w i l l  be 

Given t h e  model i n  Figure 1, an expression f o r  instantaneous 

f lexing torque can be developed a s  follows: 

where cris t h e  c o n t r a c t i l e  t i s s u e  
e r l s  t h e  p a r a l l e l  e l a s t i c  t i s s u e  

Now the maximal fo rce  exer ted  by t h e  c o n t r a c t i l e  t i s s u e  has been shown 

t o  be a  function of the  length  of the  c o n t r a c t i l e  t i s s u e  (Gordon, 

Huxley and Ju l i an ,  1966) and of i t s  c ross  sec t ion (Wells, 1965). The 

force  exerted by t h e  p a r a l l e l  e l a s t i c  component has a l s o  been shown t o  

be a  function of length  (Fidelus ,  1968). Therefore, we may re-write 

equation number 1 as follows: 



Figure 1. A model o f  torque exer t ed  a t  
a s k e l e t a l  j o i n t .  



Where there  is  more than one muscle con t r ibu t ing  t o  f lexion,  t h e  t o t a l  

f l ex ing  torque generated a t  any angle of the  j o i n t ,  , may be  

w r i t t e n  as :  

Tota l  ( 4 )  
& - - d d 

where i = Biceps Brachi i ,  long and s h o r t  heads 

Brach ia l i s  

Brach io rad ia l i s  

To s impl i fy  t h e  model a s  much a s  poss ib le ,  maximum isometric 

con t rac t ion  was used - t h i s  el iminated t h e  e f f e c t s  of f i b e r  type, 

f r i c t i o n  and i n e r t i a ;  i t  was expected t h a t  the  v o l i t i o n a l  a spec t s  of 

performance would be most r e l i a b l L  i n  maximum e f f o r t s  by t r a ined  a t h l e t e s .  

There were three  reasons f o r  s e l e c t i n g  t h e  elbow f o r  t h i s  study. 

F i r s t ,  when the  forearm is supinated,  t h e  cen t re  of ro ta t ion  of t h e  

elbow i n  flexion-extension i s  f ixed  between 0 and 125 degrees of f l ex ion  

(Fischer ,  1911; H i l l ,  1950; Wilkie, 1950). Second, the  shoulder and 

t h e  w r i s t  a r e  e a s i l y  f ixed and the  elbow f l exors  obliged t o  shorten 

ac ross  t h e  elbow j o i n t  only.  Third, i t  has  been shown t h a t  the  major 

elbow f l exors  con t rac t  approximately i n  t h e  l i n e  of the  humerus i n  t h e  

supinated forearm (Braune and Fischer ,  1890). 

There i s  agreement t h a t  t h e  major elbow f l exors  a r e  t h e  



Biceps Brachi i ,  Capita Longus and Brevis ,  and t h e  Brach ia l i s  (MacGregor, 

1950). Brach io rad ia l i s  has been shown t o  be a c t i v e  during production of 

f l e x o r  torque, even wi th  t h e  forearm supinated,  and so i t  was included 

i n  t h i s  s tudy (Basmajian and L a t i f ,  1957). I n  maximal loading,  

Pronator Teres i s  thought t o  contr ibute  t o  f l e x o r  torque but  some s t u d i e s  

have shown t h i s  con t r ibu t ion  t o  be very small (Fidelus,1968), and so a 

contr ibut ion from Pronator Teres was n o t  included i n  t h e  mathematical pre- 

d i c t i o n  of torque.  The r o l e  of o the r  f l exors  (namely, Flexor Carpi 

Ulnaris ,  Palmaris Longus, Flexor Carpi Radia l i s ,  and Extensor Carpi 

Radia l i s  Longus) is  controvers ia l :  Some authors  ignore them completely 

(Fidelus ,  1968) while o t h e r s  caut ious ly  a s c r i b e  85 percent  of t h e  f l ex ing  

torque t o  t h e  th ree  main f l exors ,  Biceps Brachi i ,  Brach ia l i s ,  and 

Brach io rad ia l i s  (Bouisset,  1975). Because i t  was thought t h a t  t h e i r  

con t r ibu t ion  would be small  a t  most, t h i s  paper d id  not  inc lude t h e  

contr ibut ion of these  o t h e r  f lexors  t o  f l e x o r  torque a t  t h e  elbow. 

The measurement of t h e  parameters i n  Equation 3 ,  t h e  c o l l e c t i o n  

of data  from l i v i n g  sub jec t s  and the  methods used t o  compare the  theore t i -  

c a l  and t h e  empir ica l  torquelangle of f l ex ion  curve is discussed i n  the  

chapter  "Materials  and Methods". 



- 7 -  

REVIEW OF LITERATURE 

H i l l ' s  paper, "The Maximum Work and Mechanical Eff ic iency 

of Human Muscles, and Their  Most Economical Speed" ( l922),  i n t r o -  

duced the concept of muscle a s  a system wi th  both e l a s t i c  and viscous 

p roper t i e s .  The expression of these  p r o p e r t i e s  i n  muscle performance 

became a focus of research.  Summarizing t h e  f indings  of t h a t  work, 

H i l l  observed i n  1938 tha t :  

1. Active muscle conta ins  a n  undamped e l a s t i c  element; 

2.  Active muscle conta ins  an  apparently damped element, 
i n  s e r i e s  wi th  t h e  undamped e l a s t i c  one; 

3. Resting muscle conta ins  t h e  elastic element (1) b u t  
only t o  a minor degree the  apparently damped element (2) .  

Element (1) has come to  be c a l l e d  t h e  series e l a s t i c  component; 

element (2) t h e  c o n t r a c t i l e  component. Now, when muscle performance i s  

analyzed over a wide range of l eng ths ,  i t  is  apparent t h a t  the  muscular 

system, both r e s t i n g  and a c t i v e ,  conta ins  a second e l a s t i c  element 

a c t i n g  a s  i f  i n  p a r a l l e l  with elements (1) and (2) .  This t h i r d  element 

is conventionally c a l l e d  the  p a r a l l e l  e l a s t i c  component and i t s  

inf luence  on the  muscular system is r e a l l y  only apparent i n  performance 

a t  long lengths  of the  muscular s t r u c t u r e .  P r ing le  notes,  f o r  example, 

t h a t  t h e  "so-called p a r a l l e l  e l a s  t i c  component.. . i n  Frog S a r t o r i u s  

muscle i s  n e g l i g i b l e  a t  o r  below t h e  muscle length  i n  the  body" (1960). 

In  t h e  l a s t  decades each of these  func t iona l  components of 

muscle and t h e i r  in tegra t ion  i n  muscular work have been widely studied.  



Time and again researchers  have confirmed t h a t  t h e  c o n t r a c t i l e  component 

behaves according t o  a " c h a r a c t e r i s t i c  equation" r e l a t i n g  fo rce  of 

contrac t ion,  f , and ve loc i ty  of shortening,  : 

(F + a)(V + b) = (Fmax + a ) b  ( H i l l ,  19 38) . 

Of p a r t i c u l a r  relevance t o  the  present  paper is  Gordon, Huxley and 

J u l i a n ' s  pub l i ca t ion ,  "Variat ion i n  Isometr ic  Tension with Sarcomere 

Length i n  Ver tebra te  Muscle Fibres" (1966). Bahler, Fales,  and 

Zierler (1968) published more complex f ind ings  about t h e  in te r -  

r e l a t i o n s h i p  of sarcomere length,  maximum c o n t r a c t i l e  fo rce  and ve loc i ty  

of shor tening i n  t h e i r  paper, "The Dynamic Proper t i e s  of Mammalian 

S k e l e t a l  Muscle". The r e s u l t s  of both of these  papaers a s  they 

r e l a t e  t o  t h e  present  work a r e  presented below. 

I f  t h e  c o n t r a c t i l e  component of muscle has been widely 

inves t iga ted ,  s o  have the  p roper t i e s  of the  s e r i e s  e l a s  t i c  component. 

Jewel1 and Wilkie (1958) inves t iga ted  t h e  compliance of the  s e r i e s  

e l a s t i c  component; over t h i s  the re  has  been l i t t l e  concensus. Normal 

physiologic s t r a i n . o f  the  series elastic component under maximum 

isometr ic  con t rac t ion  of the c o n t r a c t i l e  t i s s u e s  has  been variabl; 

placed between 3% of the muscle's r e s t i n g  length  (Benedict e t  a l . ,  1968; 

Cavagna, 1970) and 10-15% (Wilkie, 1950). Compliance of t h e  s e r i e s  

e l a s t i c  t i s s u e s  is a l s o  of importance t o  t h e  present  paper. S e r i e s  



e l a s t i c  t i s s u e  is no t  only tendonous b u t  i s  a l s o  d i s t r i b u t e d  i n  the  

body of the  c o n t r a c t i l e  t i s s u e ,  some indeed res id ing  i n  the sarcomeres. 

This precludes anatomical i d e n t i f i c a t i o n  of the series e l a s t i c i t y  and, 

therefore ,  subsequent cor rec t ion  f o r  t h e  ex ten t  t o  which i t  modifies 

c o n t r a c t i l e  component length  (Huxley and Simmans, 1971). 

S tolov and Weilepp (1966) suggest  t h a t  the  t h i r d  func t iona l  

component of t h e  muscular s t r u c t u r e  , the  p a r a l l e l  e l a s  t i c  component, 

is  i n  f a c t  a  composite of  the  con t r ibu t ions  from s i x  anatomic elements 

inc luding adhesions t o  neighbouring s t r u c t u r e s  . The r o l e  of the  

p a r a l l e l  e l a s t i c  component i n  muscular performance was examined i n i t i a l l y  

by Ramsey e t  a l .  (1940) and more recen t ly  by Fidelus (1968) and by Hayes 

e t  a l .  (1977). The relevance of t h e i r  work t o  the  present  paper is  

discussed i n  the  f i n a l  chapter ,  "Discussion". 

The foregoing research on the  components and the  in tegra ted  

funct ion of muscular s t r u c t u r e  has been conducted i n  v i t r o .  The end po in t  

of muscle research must be t h e  understanding of muscular performance 

vivo. The t r a n s l a t i o n  of i n  v i t r o  f ind ings  t o  an explanation of per- 

formance i n  t h e  l i v e  human saddles  research wi th  s t i l l  more complexities 

and a  c l e a r  understanding of muscular work i n  vivo has been d i f f i c u l t  

t o  obta in .  Apart from t h e  e t h i c s  of human experimentation, the  c o n t r o l  

of physiological  condit ions i n  vivo is  not  poss ib le  t o  the  degree 

a t t a i n e d  i n  v i t r o .  Researchers have the re fo re  t r i e d  o the r  methods t o  



quant i fy  i n t e r n a l  work and in tegra ted  electromyography has been 

widely used i n  at tempting t o  assess  t h e  biomechanics of muscular 

work i n  v ivo (Inman e t  a l . ,  1952; Messier e t  a 1  ., 1969). Grieve and 

Pheasant (1976) sound a no te  of caut ion he re  i n  observing t h a t ,  "maximum 

exer tab le  t ens ion  ... desp i t e  i t s  importance, does not  account f o r  a l l  the  

e f f e c t s  of pos ture  upon t h e  EMGisometric torque relat ionships".  Fur ther  

on i n  the  same paper they suggest  t h a t  "muscles may be a c t i n g  syner- 

g i s t i c a l l y  o r  a n t a g o n i s t i c a l l y  without contr ibut ing t o  t h e  recorded 

e l e c t r i c a l  a c t i v i t y . .  . .Caution is hence required when judging s t r e t c h e d  

muscles t o  be ' s i l e n t  "I. 

While electromyography has  s t ruggled with t h e  incongruence 

of measured myographic p o t e n t i a l s  and the  f o r c e  output  of t h e  muscles 

under study, some researchers  have attempted to  s impl i fy  the  condit ions 

a f f e c t i n g  torque by invoking "equivalent flexors1'.  Cnockaert e t  a l .  

(1975) observe, 

I n  t h e  case  of elbow f lexion,  the torque i s  the  
r e s u l t  of t h e  contrac t ion of the  f i v e  muscles 
which form t h e  f l e x o r  group. Two muscles a r e  
loca ted  i n  t h e  upper arm: b r a c h i a l i s  and biceps 
b r a c h i i ;  the  o the rs  a r e  located  i n  t h e  forearm: brachio- 
r a d i a l i s ,  pronator t e r e s  and extensor c a r p i  r a d i a l i s  
longus. . . . 

W e  put  forward tha t :  ( i )  biceps b r a c h i i  is  
r e p r e s e n t a t i v e  of  t h e  f l e x o r  muscles loca ted  i n  t h e  
arm; ( i i )  b r a c h i o r a d i a l i s  i s  represen ta t ive  of t h e  
f l e x o r  muscles located  i n  the forearm. 

Bouisset i s  more emphatic (1973): 



... i t  is  postula ted  t h a t  the  torque exer ted  by 
t h e  muscle which is being considered a s  the  muscle 
equivalent  remains i n  a constant  r e la t ionsh ip  wi th  
the  ex te rna l  torque, measured pe r iphera l ly ,  
throughout the  a c t i v i t y  under considerat ion:  t h a t  
i s  t o  say, t h a t  i t s  r e l a t i o n s h i p  with t h e  r e s u l t a n t  
of t h e  torques exer ted  a t  t h e  po in t  of measurement 
by a l l  the  muscles i n  t h i s  group is  constant .  

It is  d i f f i c u l t  t o  over-emphasize t h e  importance 
of t h i s  assumption, which is regarded a s  cor rec t  and 
confirmed i n  v i r t u a l l y  a l l  s t u d i e s  on t h e  matter. 

Chapman (1973) suggested t h a t  t h e  notion of an equivalent  

elbow f l e x o r  a c t i n g  throughout the  excursion of the  j o i n t  was 

incons i s t en t  with the  observation t h a t  ind iv idua l s  could generate 

cur ious ly  high f l e x o r  torques a t  s m a l l  angles of elbow f l ex ion .  This 

t h e s i s  w i l l  he lp  t o  c l a r i f y  the  s u i t a b i l i t y  of choosing equivalent  

f l e x o r s  i n  modelling maximal isome-tric f l e x o r  torque throughout 

t h e  excursion of . the  j o i n t .  

Acknowledging the  d i f f i c u l t i e s  incurred by electromyography 

i n  at tempting t o  quantify muscular performance i n  vivo, the present  

paper at tempts t o  model maximal i sometr ic  elbow f l e x o r  torque i n  vivo 

by taking d i r e c t  measurements on t h e  body ( a l b e i t  a cadaver) and 

generat ing a torque/angle of f l e x i o n  curve which could be compared 

wi th  a r e a l  execution of the  same movement. I f  t h e  modelled curve 

resembles t h e  empirical  curve generated by l i v e  sub jec t s ,  one could 

i n f e r  t h a t  t h e  model and the  measurements taken f o r  i t  were reasonably 

accura te .  This would corroborate t h e  r o l e  of the  var ious  parameters 



inf luencing muscular performance i n  vivo. A second i n t e n t i o n  of  the  

present  experiment was t o  account f o r  the cur ious ly  high f l e x o r  

torques generated a t  small  angles of f l ex ion  i n  vivo, not iced by 

Chapman and described above. 

Maximal i sometr ic  f lexion of t h e  elbow was s e l e c t e d  f o r  

modelling i n  o rder  t o  simplify the  experimental condit ions as much 

a s  poss ib le .  I n  maximal i sometr ic  contrac t ion,  Wells (1965) demonstrated 

t h a t  t h e  f o r c e  output  per  u n i t  cross-sect ional  a r e a  of c o n t r a c t i l e  

t i s s u e  is  independent of f i b r e  type. Furthermore, I k a i  and Fukunaga 

(1968) have est imated t h a t  t h e  maximal c o n t r a c t i l e  fo rce  of muscle 

2 
a c t i n g  a t  L i s  approximately 4 . 3  kg-f/cm . By s e l e c t i n g  i n t e r e s t e d ,  

0 

t r a ined  a t h l e t e s  t o  generate the curves of maximal i sometr ic  torque/angle 

of elbow f l ex ion ,  i t  was hoped t h a t  the curves would r e f l e c t  t r u e  

maxima a t  each angle of elbow f lexion.  The elbow i t s e l f  was s e l e c t e d  

f o r  t h e  f i x i t y  of i t s  cen t re  of r o t a t i o n  throughout t h e  excursion of 

t h e  j o i n t .  This has  been demonstrated by numerous workers inc luding 

Braune and F i scher  (1890), Ficke (1911), and most r ecen t ly  by Morrey 

e t  a l .  (1976). 

A quest ion arose  about the  f l exors  which ought t o  be in- 

cluded i n  t h e  model of torque about the  elbow. There i s  general  

agreement t h a t  the  major f l exors  of t h e  elbow a r e  Biceps Brachi i ,  

Brach ia l i s ,  and Brachioradia l i s  (Davies, 1967). However, Pronator 

Teres and Extensor Carpi Radia l i s  Longus a l s o  pass a n t e r i o r  t o  the  

cen t re  of r o t a t i o n  of t h e  elbow. Indeed, Wilkie (1950) considered 



a l l  f i v e  of  these  muscles s i g n i f i c a n t  f l e x o r s  of t h e  elbow. Basmajian 

(1961) and Olson e t  a l .  (1967) demonstrated t h a t  Pronator Teres 

contr ibuted t o  supinated elbow f l e x i o n  only when t h e  movement was 

s t rong ly  r e s i s t e d ;  Fidelus (1968) presented da ta  on the  moments 

generated by s e v e r a l  f l exors  a t  t h e  elbow and .concluded t h a t  the  r o l e  

of Pronator Teres was constant  and r e l a t i v e l y  i n s i g n i f i c a n t  through- 

ou t  the  excursion of t h e  j o i n t .  There i s  l i t t l e  published work about 

the  q u a n t i t a t i v e  r o l e  of Extensor Carpi Radia l i s  Longus i n  supinated 

elbow f lexion.  That the  th ree  main f l exors  Biceps Brachii ,  Brach ia l i s ,  

and Brachioradia l i s  do no t  account f o r  a l l  f l ex ing  torque a t  t h e  elbow i s  

implied by Morecki e t  a l .  (1968) who found "a c e r t a i n  a c t i v e  factor" 

0 
a t  30 of f l e x i o n  making a d i f fe rence  between t h e i r  predic ted  and t h e i r  

measured curves of f l e x o r  torque. Basmajian, i n  h i s  l a t e r  paper, 

(Basmajian e t  a l . ,  1957) imputes a r o l e  i n  elbow f l e x i o n  t o  minor 

f l exors  i n  observing "a complete absence of a c t i v i t y  i n  the  th ree  

f l e x o r s  during maintenance of f l exed  postures  without a load. . . .The 

l i k e l y  explanation of t h i s  is  t h a t  some o t h e r  of the  muscles a t  the  

elbow a c t s  s u f f i c i e n t l y  i n  some persons t o  r e l i e v e  the regular  f lexors .  

Proof of t h i s  requires  f u r t h e r  study". I n  the  face  of t h i s  discussion,  

, the  p resen t  paper assumes t h a t  Biceps Brachi i ,  Brachia l i s ,  and Brachio- 

r a d i a l i s  a r e  the major f l exors  of t h e  elbow (Bouisset e t  a l . ,  1975, 

suggest  t h a t  they c o n s t i t u t e  85% of t h e  t o t a l  f l ex ing  torque a t  the  

elbow) and the model of maximal i somet r i c  f l e x o r  torque was generated 

i n  t h i s  paper from these th ree  f l e x o r s  a lone .  
- 



There i s  in t imate  re la t ionsh ip  between t h e  length  of t h e  

muscular s t r u c t u r e s  and the  c o n t r a c t i l e  capacity of those s t r u c t u r e s  . 
Of general  importance is t h e  inf luence  of  length on t h e  capaci ty  of t h e  

c o n t r a c t i l e  component and on the  r o l e  of the  p a r a l l e l  e l a s t i c  component 

of the  muscular s t r u c t u r e s .  Ramsey and S t r e e t  (l94O), Gordon, Huxley 

and J u l i a n  (1966), and Edman (1966) presented data  on t h e  l eng th /  

tension curve of s i n g l e  muscle f i b r e s .  It is  apparent t h a t ,  given 

muscle which is  n o t  fa t igued and which i s  then maximally ac t iva ted ,  

the  fo rce  generated by t h e  c o n t r a c t i l e  component i s  determined, i n  

p a r t ,  by the  l eng th  of t h e  component r e l a t i v e  t o  some optimal length ,  

L . I n  v i t r o  experimentation ( igure  2 following) shows t h a t  the  opt- 
0 

imal sarcomere length  i n  Frog Semitendinosus i s  2.05-2.25 microns/ 

sarcomere. Indeed, Figure 2 demonstrates the length  dependence of 

c o n t r a c t i l e  fo rce  over a  wide range of absolute  sarcomere lengths ;  

these  sarcomere lengths ,  i n  turn ,  can be expressed a s  a  percentage 

of 2.05 microns, the  optimal length.  Bahler, Fales,  and Z i e r l e r  did,  

i n  f a c t ,  use r e l a t i v e  sarcomere length  i n  present ing s i m i l a r  d a t a  on 

Rat G r a c i l i s  Anticus muscle i n  v i t r o  (1968) and Figure 3 following is 

a  statement of some of t h e i r  r e s u l t s .  The v a r i a t i o n  in isometric" 

tens ion with sarcomere length  described by Gordon e t  a l .  (1966) is a  

fundamental r e la t ionsh ip  i n  the  present  paper. . 

That t h e  p a r a l l e l  e l a s t i c  component modifies t h e  c o n t r a c t i l e  

force  of t h e  muscular s t r u c t u r e s  when they a r e  working a t  long lengths  

- i s  agreed; t h e  q u a n t i t a t i v e  r o l e  of p a r a l l e l  e l a s t i c  component here  is  



Striation spacing (p) 

Figure 2 .  LengthlTension Curvs for  Frog 
Semitendinosus a t  4 i n  vi tro.  

Adapted from Gordon, Huxley, and Julian, 1966. 



Figure 3 .  Three-dimensional represen ta t  ion o f  
I t h e  dynamic length- force-veloci ty  

phase space o f  t h e  c o n t r a c t i l e  component. Rat 
G r a c i l i s  Anticus in  v i t r o .  Adapted from Bahler, 
Fales,  and Z ie r l e r ,  1968. 



i n  debate. Ramsey e t  a l .  (1940), H i l l  (1952), and Thomson (1955) 

a l l  p resen t  d a t a  on the pass ive  l eng th / t ens ion  curve of i n t a c t  muscle. 

Ramsey's d a t a  f inds  t h a t  "the r e s t i n g  tens ion i s  only 2% a t  150% exten- 

s i o n  and even a t  200% extension i s  only 47% of t h e  maximum tension.  In  

some experiments t h i s  f r a c t i o n  was even lower".. Hayes e t  a l .  i n  a  much 

more recent  paper (1977) f i n d  t h a t  t h e  absolute  measure of pass ive  

e l a s t i c  torque of the  s t r u c t u r e s  spanning the  human elbow j o i n t  is 

less than 2.5 nt-m's. These two papers s tand i n  con t ras t  t o  the  

published work of Fidelus (1968) whose pass ive  length/ tens ion curves 

f o r  fusiform and penniform muscle a r e  presented below (Figure 4) .  An 

a d d i t i o n a l  exerc i se  i n  the  present  paper was the  incorporat ion of 

Fidelus '  da ta  i n t o  a model of maximal i sometr ic  torque allowing f o r  

con t r ibu t ions  from both the  c o n t r a c t i l e  t i s s u e s  and the p a r a l l e l  

e l a s t i c  t i s s u e s .  This i s  reviewed a t  length  i n  the  f i n a l  chapter ,  

"Discussion". 

I n  a d d i t i o n  t o  the  length  imposed change on the output  of 

the  c o n t r a c t i l e  t i s s u e s ,  which is a genera l  r e la t ionsh ip  holding 

f o r  s k e l e t a l  muscle i n  a v a r i e t y  of v e r t e b r a t e s ,  t h e  f l exor  torque 

generated by humans a t  small angles of elbow f lexion has been found t o  
C 

be unexpectedly high (Chapman, 1973) and the  present  paper at tempts t o  

reconci le  t h e  f inding of r e l a t i v e l y  high f l e x o r  torques with the  

ext raordinary  elongations of the muscular s t r u c t u r e s  i n  f lexion of 

the  elbow near  t o  f u l l  extension.  



Figure 4.  Contract i le  Force, F/Fo, a s  a 
Function of  Length, L/Lo, i n  

Rabi i t  Skele ta l  Muscle. (Fo is the  force developed 
by t h e  muscle a t  length Lo, t h a t  length where t h e  
value of the  ac t i ve  force (broken l i ne )  was 
maximal. The lower continuous l i n e  ind ica tes  
contr ' ibution from t h e  p.e.c.;  t he  upper l i n e  
i nd i ca t e s  the  measured r e su l t an t  force  during 
isometric s t imulat ion.  "aw* . fusiform muscle; 
"b": penniform muscle). Adapted from Fidelus, 1968. 



Def in i t ive  work on assess ing the  angle of i n s e r t i o n  of the 

elbow f l e x o r s  and the  lengths  of t h e i r  l e v e r  arms was published by 

Braune and Fischer  i n  1890. They found t h a t  the  trigonometric 

c a l c u l a t i o n  of angles of i n s e r t i o n  and l e v e r  arms using landmark data  

about the  elbow agreed we l l  with t h e  d i r e c t  me-asurement of those angles 

and l e v e r  arms. They concluded t h a t  the  r e s u l t s  of the  two methods were 

comparable and, f o r  t h i s  reason, both methods were used according t o  

convenience i n  the  present  paper i n  assess ing angles of i n s e r t i o n  and 

l e v e r  arms of the  elbow f l exors  a s  these  va r ied  with t h e  angle of 

elbow f l ex ion .  

To make an adequate comparison between the  modelled curve 

and the  empir ica l  of maximal i somet r i c  f l e x o r  torque/angle of elbow 

f l ex ion ,  the  modelled curve needs expression i n  absolute  u n i t s  of 

torque.  The maximal c o n t r a c t i l e  fo rce  p e r  u n i t  cross-sect ional  area  of 

muscle has  been var iably  reported:  Franke (1920) reported the  h ighes t  

2 
value  a t  11.1 kg-f/cm ; others  inc luding Ficke (1910) and Morris (1948) 

have repor ted  values s l i g h t l y  l e s s  than Franke's. Elftman (1966) has 

2 
proposed the  lowest value, 3 . 3  kg-f/cm . I k a i  e t  a l .  (1968) i n  an 

ul trasonographic study of 245 heal thy ind iv idua l s  found t h a t  t h e  mean 

maximal c o n t r a c t i l e  force  of s k e l e t a l  muscle a c t i n g  a t  approximately 

0 2 
90 of elbow f l e x i o n  was 4.7 kg-f/cm and t h i s  value  was used i n  

convert ing the  general  "torque un i t s "  of t h e  torque/angle of f l ex ion  

curve of t h e  model to  absolute  u n i t s  of torque, nt-m's, 



MATERIALS AND METHODS 

A. Development of the  Theoret ica l  Curve 

1)  Mater ia ls  

Measurements w e r e  performed on a f ixed cadaver provided by 

the  Department of Anatomy, the  Universi ty of B r i t i s h  Columbia. It was 

the  body of a bur ly ,  middle-aged m a l e  of average he igh t  and no obvious 

musculoskeletal abnormali t ies .  However, t h e  cadaver was provided before  

the  experimental protocol  was e n t i r e l y  es tab l i shed  and, s ince  the re  

was a l imi ted  amount of time i n  which t o  conduct measurements, f i n a l  

ana lys i s  revealed some inadequacies i n  the  breadth of the  d a t a  col-  

l e c t e d  ( f o r  example, q u a n t i t a t i v e  data  on the  kinanthropometry of the  

specimen) . The sk in  and subcutaneous f a t  of the r i g h t  arm were removed 

from the  hand to  t h e  shoulder t o  expose t h e  underlying anatomy. With 

the  cadaver supine and i t s  shoulder supported by a s t a b l e  wedge, the  

r i g h t  humerus was pinned i n  two places  t o  angle brackets  f ixed  t o  t h e  

experimental s l ab .  This arrangement kept  the  upper arm and t h e  cen t re  of 

r o t a t i o n  of the  elbow f ixed  i n  space.  A p l a s t e r  c a s t  capable of 

holding a s t y l u s  i n  the  coronal  plane was applied to  the  metacarpals, 

ca rpa l s ,  and p o s t e r i o r l y  over  the  d i s t a l  6 cm of the  forearm i n  order  

t o  f i x  the  w r i s t .  With t h i s  arrangement, the  forearm could be he ld  

i n  f u l l  supinat ion and t h e  elbow f lexed over 125 degrees without  moving 

the  cen t re  of r o t a t i o n  of the  elbow. A v e r t i c a l  board was designed t o  

be placed medial o r  l a t e r a l  t o  the  upper limb and receive the  insc r ibed  



a r c  of f lexion.  Then, by using ~ e m p s t e r ' s  method (Dempster, 19591, 

the  cen t re  of r o t a t i o n  of t h i s  a r c  was determined and t h i s  was neces- 

s a r i l y  t h e  p ro jec t ion  on t h e  v e r t i c a l  board of t h e  cen t re  of r o t a t i o n  

of the  elbow. I n  Dempster's method the  perpendicular  b i s e c t o r s  of 

s e v e r a l  cords drawn through an a r c  of f l ex ion  . i n t e r s e c t  a t  the  

c e n t r e  of r o t a t i o n  of t h a t  a r c  and i n  t h i s  experiment the  perpendicular 

b i s e c t o r s  of 5 cords drawn through the  insc r ibed  a r c  i n t e r s e c t e d  one 

another wi th in  circumference of a 1 mm c i r c l e .  The v e r t i c a l  board was 

then e a s i l y  converted t o  a p r o t r a c t o r  capable of e s t a b l i s h i n g  any 

angle of elbow f l e x i o n , &  . Figure 5 i s  a n  i l l u s t r a t i o n  of the  

p repara t ion  and apparatus.  

2) Method 

Given t h e  model (Figure 1) and t h e  expression f o r  torque 

(Equation 1 )  and applying these  t o  condit ions i n  t h e  elbow (Figure 5 ) ,  

i t  is  necessary t o  measure the  l e v e r  arms of the  severa l  f l e x o r s ,  r , 

a t  any one angle  of f l ex ion ,  0( ; the  length  of the  c o n t r a c t i l e  t i s s u e  

of each of the  f l e x o r s ;  and, throughout t h e  excursion of the  j o i n t ,  the  

angles of i n s e r t i o n  with respec t  t o  the  s h a f t  of the  radius ,  f , of 

each of t h e  f l e x o r s  as those angles of i n s e r t i o n  vary wi th  t h e  angle of 
I 

f l ex ion ,  0( . 

Now i n  t h i s  experiment O( i s  180 degrees minus the  angle 

subtended by l i n e s  passing from the  mid-point of the  glenoid fossa  t o  

\ the  cen t re  of  r o t a t i o n  and from the  c e n t r e  of r o t a t i o n  ou t  through the  - 

s h a f t  of t h e  radius  (Figure 5) .  The l e v e r  arm of each f l exor ,  , 



I / glenoid (middle of) 
bicipital 
groove 

Figure 5. Prepara t ion and f i x a t i o n  o f  t h e  upper 
limb t o  permit determination of t h e  

cen t re -of - ro ta t ion  o f  t h e  elbow and s e l e c t i o n  of 
angles of  f lexion,  D( . 



was measured from the  cent re  of r o t a t i o n  o u t  t o  the  po in t  of i n s e r t i o n ,  

which "point" was taken a s  the geometric c e n t r e  of the  i n s e r t i o n  

a rea .  This d i s t a n c e  was easy enough t o  measure s ince  both the  cen t re  

of r o t a t i o n  of the  elbow and t h e  o r i g i n  and i n s e r t i o n  of each f l e x o r  

could be p ro jec ted  onto the  v e r t i c a l  board and the  various d is tances  

separa t ing  them read o f f  by c a l i p e r .  

Following the  work of Braune e t  a l .  (1890), f3 was e i t h e r  

ca lcu la ted  o r  measured a t  various according t o  convenience: where 

the  f l e x o r s  passed s t r a i g h t  away from o r i g i n  t o  i n s e r t i o n ,  /3 was 

ca lcu la ted  t r igonometr ica l ly  from landmark data  on the  cadaver; 

however, both Biceps Brachi i  and Brach ia l i s  incur  a pul ley  e f f e c t  

a t  smal le r  angles of f lexion with t h e  Biceps Brach i i  tendon contact ing 

the  capitulum of the  humerus a t  O( l e s s  than o r  equal  t o  20 degrees 

and t h e  Brach ia l i s  tendon contact ing the  t rochlea  a t  O( less than o r  

equal  t o  57 degrees - where the  f l e x o r  tendons incurred t h i s  pul ley  

e f f e c t ,  ,& was measured goniometrically. Figures 6 ,  7, 8, 9,  and 

10 present  some of the  data  on l e v e r  arms and the  lengths  of con- 

t r a c t i l e  t i s s u e  a s  measured a t  the  embalmed pos i t ion ,  0( equal t o  

25 degrees. 

Applying Equation 4 (see  In t roduct ion)  presupposes a r e l i a b l e  

method f o r  measuring changes of length  of the  c o n t r a c t i l e  t i s s u e  of 

the  major elbow f l exors  throughout the  excursion of the  jo in t .  Assuming 

inex tens ib le  tendon ( t h i s  i s  contested by Wilkie, 1950, and more recent ly  



by others,  and w i l l  be d e a l t  wi th  subsequently under  iscu cuss ion^'), 

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

t i s sue  and tendonous t i s s u e  a t  one o r  both ends of t h e  muscles under 

study ; and, the  problem of measuring changing length i n  c o n t r a c t i l e  

t i s sue  of l i v e  human muscle r a i s e s  s u r g i c a l  problems beyond the  

scope of t h e  experiment. I n  c o n t r a s t  t o  Morecki's "muscle preparat ions" 

(1968) and P o h t i l l a ' s  s o f t  t i s s u e  X-rays of l i v i n g  sub jec t s  (1969), 

t h i s  study attempted t o  measure ~6 and the  change i n  length  of con- 

t r a c t i l e  t i s s u e  i n  a human cadaver. A p i l o t  p r o j e c t  c a r r i e d  o u t  on a 

Rhesus monkey (unpublished r e s u l t s )  measured the change i n  length  of 

c o n t r a c t i l e  t i s s u e  a s  a func t ion  of angle of f lexion by measuring 

the  separa t ion  of the  proximal and d i s t a l  por t ion  of a severed f l e x o r  

a t  various angles of elbow f lexion.  Although crude, the procedure 

was accurate enough t o  d e t e c t  a pu l l ey  e f f e c t  on the  change i n  length  

of c o n t r a c t i l e  t i s s u e  a t  s m a l l  angles  of f l ex ion .  Several  refinements 

on the  p i l o t  procedure were made i n  order  t o  measure, with g r e a t e r  

accuracy, the  change i n  l eng th  of c o n t r a c t i l e  t i s s u e  i n  a human subject :  

Experimentation was conducted on t h e  cadaver supine; Biceps Brach i i  

were severed a t  t h e  tendons of  o r i g i n ,  Brachioradia l i s  a t  t h e  i n s e r t i o n  

tendon, and nylon (because of i t s  low constant  of f r i c t i o n  over the  

bones) sutured t o  t h e  tendonous attachments remaining on the  muscle 

b e l l i e s ;  a s  the  humerus was f ixed by double pinning t o  the  experimental 

platform, the  scapulae supported, and t h e  trunk immobile, shor tening of 
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Figure 9. Extrapolat ions on Brachia l i s  derived 
from Figure 8. "P" i s  a  f i b r e  

o r ig ina t ing  midway between t h e  o r ig in s  o f  L P 
and L i n  Figure 8. "D1' is a  f i b r e  originating 

M midway between t h e  o r ig in s  o f  L and L in  M D 
Figure 8. Both i n s e r t  on t h e  common point  - 
whose l eve r  arm is  r;r, = 4.5 cm. 



Figure 10. Exposure and dimensions of Brachioradial is .  



the  elbow f l exors  was manifest  only i n  f l ex ion  of the  elbow. The 

sutured cords were passed over t h e  normal tendonous attachment points  

and a f ixed load ( 1  kg) w a s  suspended from the  cord i n  order  t o  ensure 

constant  s t r a i n  and a x i a l  alignment i n  the  preparat ion.  The f r e e  

end of the  cord sutured t o  t h e  f r e e  end of t h e  long head of Biceps 

B r a c h i i w a s  i t s e l f  su tured t o  t h e  s h o r t  head of Biceps Brachi i  and t h e  

load suspended from the  c e n t r e  of t h i s  cord loop - t h i s ,  i n  tu rn ,  

insured t h a t  normal co-operation could be expected between t h e  long 

and s h o r t  heads of Biceps Brach i i  i n  f lexion.  Now the supinated fore- 

arm could be f lexed from O( = 0 degrees t o  O( = 125 degrees and 

the  change i n  length  of the  c o n t r a c t i l e  t i s s u e  measured a s  a funct ion 

of b 4  by measuring the  change i n  marked pos i t ions  on the nylon cord. 

The change i n  length  of c o n t r a c t i l e  t i s s u e  f o r  Brach ia l i s  was not  

determined i n  t h i s  way because t h e  muscle o r i g i n a t e s  from a l a r g e  

a r e a  of t h e  a n t e r i o r ,  d i s t a l  por t ion  of the  humerus and i n s e r t s  deep 

on t h e  ulna. For t h i s  muscle t h e  l eng th  of the  c o n t r a c t i l e  t i s s u e . a t  

each 0( was computed t r igonometr ica l ly  from d i r e c t  measurement of 

d is tance ,  cen t re  of r o t a t i o n  t o  proximal o r i g i n ,  and centre  of 

r o t a t i o n  t o  proximal o r i g i n ,  and cen t re  of r o t a t i o n  t o  i n s e r t i o n ,  -and 

from c a l c u l a t i o n  of t h e  concomitant d i s t ance ,  cen t re  of r o t a t i o n  t o  

d i s t a l  o r i g i n ,  using Grant 's At las ,  p l a t e  number 29 (Boileau-Grant, 1962). 

Because of the  p a r t i c u l a r  anatomy of Brach ia l i s ,  determination of the  

dependence of c o n t r a c t i l e  force  h e r e  on angle  of f l ex ion  w i l l  need t o  

involve the  summation of t h e  con t r ibu t ions  from t h e  range of f i b r e s  

most d i s t a l  t o  most proximal a s  each i s  a f f e c t e d  by t h e  angle of f lexion.  



When a l l  these  measurements had been completed, each of the 

muscle groups was removed from t h e  cadaver and weighed so t h a t  an 

es t imat ion could be made of the  absolute  con t r ibu t ion  t h a t  each group 

might make t o  t h e  t o t a l  f l ex ing  torque a c t i n g  a t  t h e  elbow ( see  

Resul ts ,  Table 1 ) .  

3) Manipulation of Data 

With respect  t o  Equation 1, the  product 554 f is s t r a i g h t -  p. 
forward; t h e  t h e o r e c t i c a l  computation of fo rce ,  F, generated by each 

f l e x o r  was more complicated s i n c e  i t  depends on t h e  length  of t h e  

muscular u n i t  wi th  respect  t o  some optimal length ,  L and a l s o  
0 ' 

on the  weight of the  muscle t i s s u e .  

It was simple enough t o  compute t h e  abso lu te  length  from or ig in  

t o  i n s e r t i o n  a t  any given oC by incorpora t ing measured length  changes 

with the  abso lu te  measure of length  a t  the  embalmed pos i t ion ,  0( = 25 

degrees. The l eng th  changes imposed by excursion of the  j o i n t  were 

enormous. Indeed, i f  t h e  muscular s t r u c t u r e s  lengthened 20% i n  o rder  t o  
1 

accommodate f u l l  j o i n t  extension,  they had t o  shorten by 40% t o  br ing 

t h e  elbow i n  f u l l  normal f l ex ion  a t  6 = 125 degrees. Two approaches 

w e r e  t r i e d  i n  convert ing the absolute  length  a t  a p a r t i c u l a r  X t o  

a percentage of the  optimal length ,  L : L was i n i t i a l l y  chosen t o  be 
0 0 

the  l eng th  a t  which the  lengthlangle  of f l ex ion  curve was of g r e a t e s t  

s lope .  This,  however, comrnited the c o n t r a c t i l e  t i s s u e  t o  shorten in to  

the D zone demarcated by Gordon e t  a l . ,  Figure 2 (1966). Teleo- 

l o g i c a l l y  t h i s  does not  make sense and, indeed, Ramsey e t  a l .  (1940) 



and Moss e t  al .  (1968) suggest t h a t  the  c e l l  populat ion of a  given 

muscle a d j u s t s  i t s e l f  t o  accommodate f u l l ,  normal shortening without 

en te r ing  i n t o  the  D zone of Figure 2. Given t h e  l a r g e  length changes 

observed i n  t h i s  experiment, i t  is  apparent t h a t  the  elbow f l exors  w i l l  

have to shor ten  and extend t o  l eng ths  where the  tension developed by 

t h e  c o n t r a c t i l e  t i s s u e  i s  s u b s t a n t i a l l y  less than maximal even i n  t h e  

normal range of motion of the  j o i n t .  The approach f i n a l l y  used i n  

t h i s  study was t o  assume t h a t  t h e  muscle i n  f u l l  normal f l ex ion  would 

n o t  shorten i n t o  t h e  D zone, bu t  approach i t  c losely .  Therefore, the  

absolute  l eng th  of  the  muscular s t r u c t u r e  a t  f u l l  normal f l ex ion  (125 

degrees) would be c lose  t o  79.5% of L (Gordeon et  a l . ,  1966). This 
0 

argument has assumed t h a t  the  e l a s t i c  components of muscular s t r u c t u r e s  

a r e  inex tens ib le .  I n  f a c t ,  under f u l l  i sometr ic  tension t h e  s t r a i n  

of the  e l a s t i c  s t r u c t u r e s  has been var ious ly  put  a t  3% t o  7% ( H i l l ,  

1950; Wilkie, 1956; Sonnenblick, 1964; Bahler, 1967); i n  t h i s  study 

the  tendon of Biceps Brachi i ,  f o r  example, was 213 a s  long a s  the  

c o n t r a c t i l e  t i s s u e  and, under f u l l  tens ion would c e r t a i n l y  provide 

the  compliance t o  reduce t h e  a t  which the  Biceps Brachi i  were a t  

L . This in t roduces  e r r o r  i n t o  the  model which w i l l  be discussed 
0 

i n  t h e  f i n a l  chapter .  

Now F is  a funct ion of L .  /L and we need to  quantify the  
1 0  

i 
con t r ibu t ion  t o  F from both t h e  c o n t r a c t i l e  t i s s u e  and the p a r a l l e l  

e l a s t i c  t i s s u e .  Given our measures of absolute  length with respect  

- t o  and our  assumptions about L a s  a  consequence of measured 
0 



0 length a t  = 125 , t h i s  study used the  data in Figure 2 t o  express 

P a s  a percentage of P . Used in Equation number 4 ,  t h i s  Pi w i l l  
i 0 

i 
give a torquelangle curve i n  terms of "torque units". But, P r e f l e c t s  

0, 
I 

the  cross-section of the  i ' t h  muscle (Ralston, 1953; Wells, 1965) and 

and es t imate  of the  absolute force i n  newton-metres, Po , generated 
i 

by the  i ' t h  muscle can be made from the  data published by I k a i  and 

Fukunaga (1968). They calcula ted t ha t  muscle i s  capable of exer t ing 

4.3 kg-force per  an2 of cross-sectional  area  i n  maximal isometric 

contraction.  I n  t h i s  study a geometric approximation of the cross- 

sect ion of each of the  major f lexors  was made by using measures of 

muscle masses and con t r ac t i l e  t i s sue  length i n  the  experimental cadaver. 

By approximating the  con t rac t i l e  t i s sue  a s  a cylinder,  we may use the  

length,  density,  and mass of the  v i r i ous  f l exors  t o  extimate t h e i r  

severa l  cross-sectional  areas  and the maximal isometric torque 

proportional  to  each a s  follows: 

= (area of cross-section)(4.3 kg-f/cm ).5/ . r n t - m  P 
- - mass 2 

(densi ty  length ) (4 .3  kg-f/cm ).fL.,f.p nt-m 

With torque expressed i n  nt-m's, the model curve can be compared with 

empirical  data according t o  locus of maximum isometric torque, the  r a t i o  

of maximum isometric torque t o  the  torque exerted a t D ( =  5O, and with 

- respec t  t o  the  K a t  which the torquejangle of f lexion curve i n f l ec t s .  



F i n a l l y ,  a t  small  degrees of  f l ex ion  where t h i s  experiment 

found l eng ths  of t h e  muscular s t r u c t u r e s  approaching 140% of  Lo, the  

s t r e t c h e d  p a r a l l e l  e l a s t i c  t i s s u e  might be  expected t o  con t r ibu te  i n  some 

measure t o  f l e x o r  torque. There is  disagreement about t h e  degree of 

f l e x o r  torque cont r ibuted  by maximally s t r e t c h e d  p a r a l l e l  e l a s t i c  

t i s s u e  a t  the  elbow. Bahler e t  a l .  (1968) and Morecki e t  a l .  (1968) 

have a l luded t o  the  r o l e  of p a r a l l e l  e l a s t i c  t i s s u e  i n  modifying torque; 

Hayes e t  a l .  (1977) f i n d  t h i s  torque t o  be less than 2.5 nt-m's i n  

human experiments; F idelus ,  however, has published da ta  (1968) on the  

i n  vivo i sometr ic  fo rce l l eng th  curve f o r  r a b b i t  muscle (Figure 4) .  

I n  sum, he  found t h a t  in fus i form muscle t h e  r o l e  of the  p a r a l l e l  

e l a s t i c  component was measurable f o r  any length  of the  muscular s t r u c t u r e  

where t h e  c o n t r a c t i l e  t i s s u e  is a t  L o r  g r e a t e r  and t h a t ,  a t  140% o f  Lo, 
0 

the  r o l e  o f  t h e  p a r a l l e l  e l a s t i c  t i s s u e  was very s u b s t a n t i a l .  H i l l  (1970) 

cautioned t h a t ,  "it is precar ious  t o  argue from f rogs  t o  t0ads .1~  It i s  

c e r t a i n l y  so  t o  argue from r a b b i t s  t o  men. Nevertheless, some computations 

w e r e  nade i n  t h i s  s tudy on the  b a s i s  ok  ide el us' data.  These a r e  

presented in the  chapter ,  " ~ e s u l t s ,  I' and the  cont r ibut ion  from p a r a l l e l  

e l a s t i c  t i s s u e  discussed i n  the  l a s t  chapter .  

B. Col lec t ion  of the  Empirical  Curves 

1) Apparatus, Including Pos i t ion ing  of Subjects  and 
Recording of Data 

Figure 11 following is  an i l l u s t r a t i o n  of the  apparatus: 





The p e r t i n e n t  points  about t h i s  appara tus  a r e  these: The angle of 

f lexion can be exact ly  set by a  displacement transducer; the  i n t r i n s i c  

moment of the r a d i a l  s h a f t  of the  machine is  small;  s ince  t h e  s h a f t  

is  constructed of magnesium a l l o y ,  i t s  t e n s i l e  s t r eng th  i s  high and i t s  

compliance a l s o  small;  t h e  equipment accura te ly  measures appl ied  torque 

by a  s t r a i n  gauge f ixed  t o  the  r a d i a l  s h a f t  of t h e  machine; the  design 

of the  s e a t  and frame al lows t h e  sub jec t  t o  be posi t ioned s o  t h a t  the 

l i e  of the  humerus i s  hor izon ta l  and so  t h a t  the  cen t re  of r o t a t i o n  of 

the  s u b j e c t ' s  elbow is  co-axial with t h e  a x i s  of ro ta t ion  of the  machine; 

moreover, the  l e v e r  arm of the  machine's r a d i a l  s h a f t  can be adjus ted  by 

means of a  s l i d i n g  b o l t  t o  correspond t o  t h e  length  of the s u b j e c t ' s  

forearm; f i n a l l y ,  the  output  of t h e  elbow f l exors  can be d i rec ted  

s o l e l y  ac ross  the  elbow because the  sub jec t  ' s thorax can be immobilized 

a g a i n s t  t h e  machine, the  cen t re  of r o t a t i o n  of the sub jec t ' s  elbow can be 

a l igned with the a x i s  of r o t a t i o n  of  the  machine, the  l e v e r  arm of t h e  

r a d i a l  s h a f t  can be adjus ted  t o  the  length  of t h e  sub jec t ' s  forearm, and 

t h e  sub jec t ' s  w r i s t  prevented from f lex ing ,  extending, supinating o r  

pronating by the f i b r e g l a s s  c a s t  which covers the  hand and d i s t a l  one 

h a l f  of the  sub jec t ' s  forearm and i s  a t tached t o  t h e  r a d i a l  s h a f t .  

The machine was c a l i b r a t e d  t o  impose spec i f i ed  angles of 

0 0 0 0 0 0  f l ex ion  a t  the  o u t s e t  of experimentation ( 5  , 15 , 20 , 50 , 70 , 80 , 
0  0  

90, , and 95 ) and t h i s  remained unchanged throughout the  time of data  

c o l l e c t i o n .  Simi lar ly ,  the s t r a i n  gauge output  was c a l i b r a t e d  f o r  torque 

- a t  the  ou t se t  of experimentation and was re-checked p r i o r  t o  each t e s t i n g  



s e s s i o n .  The performance of  each s u b j e c t  w a s  recorded  on u l t r a - v i o l e t  

l i g h t  d i r e c t e d  by ou tpu t s  from t h e  displacement and s t r a i n  gauge t rans-  

ducers.  

3) Sub jec t s  and T r i a l s  

S i x  s u b j e c t s  were t e s t e d ,  t h r e e  weight  l i f t e r s ,  one hammer 

thrower,  and two rowers. A l l  w e r e  i n t e r e s t e d  n a t i o n a l  c l a s s  a t h l e t e s  and 

could b e  expec ted  t o  perform r e l i a b l y  a t  each se s s ion .  This  maximized t h e  

p r o b a b i l i t y  t h a t  t h e  e f f o r t s  of t he  s u b j e c t s  were c o n s i s t e n t l y  maximal. 

The machine having  been c a l i b r a t e d  a g a i n s t  known to rques  p r i o r  t o  each 

t e s t i n g  s e s s i o n ,  t h e  s u b j e c t  a t  rest i n  t h e  appara tus  genera ted  a r e s t i n g  

torque ,  a torque  a r i s i n g  from t h e  mass of t h e  forearm i n  t h e  c a s t  and from 

i n t r i n s i c  f o r c e s  genera ted  by e l a s t i c  components of t h e  muscles and 

f a s c i a .  The d is lacement  of t h e  s t r a i n  gauge ou tpu t  away from t h a t  

r e s t i n g  t o r q u e  i n  maximum i some t r i c  f l e x i o n  a t  any given ang le  o f  f l e x i o n  

then  was d i r e c t l y  a measure, i n  nt-m's, o f  t h e  torque  genera ted  a t  t h a t  

a n g l e  by t h e  c o n t r a c t i l e  t i s s u e  of  a l l  t h e  elbow f l e x o r s .  

Each s u b j e c t  underwent two t e s t i n g  se s s ions .  Each s e s s i o n  

c o n s i s t e d  o f  e i g h t  maximum i some t r i c  f l e x i o n s  f o r  bo th  abducted and 

f l e x e d  p o s i t i o n s  o f  t h e  shoulder .  A t  each p o s i t i o n  o f  t h e  shoulder  t h e  

sequence o f  a n g l e s  a t  which f l e x i o n s  were performed was randomly 

ordered .  The h i g h e s t  to rque  recorded a t  each ang le  o f  f l e x i o n  was taken 

as t h e  i n d i v i d u a l ' s  maximum i some t r i c  c a p a b i l i t y  a t  t h a t  p a r t i c u l a r  ang le  



and shoulder pos i t ion  and both  records w e r e  reproduced a s  curves of 

maximum isometric f l ex ing  torque vs .  angle of f lexion a t  t h e  elbow. 

It was thought a t  the  o u t s e t  t h a t  each subject  could be used 

a s  h i s  own con t ro l  by having him perform maximum isometric f l ex ions  a t  

var ious  angles of elbow f l ex ion  i n  these  two p i s i t i o n s  of t h e  shoulder 

f o r ,  i n  moving from shoulder f l e x i o n  t o  shoulder abduction, the  

biomechanics of maximum isometr ic  elbow f l ex ion  a r e  changed t o  a l a r g e  

ex ten t  only by changing t h e  l eng th  of t h e  s h o r t  head of Biceps Brachii .  

While the  d i f fe rence  i n  t h e  two curves f o r  each subject  has not  been 

h e l p f u l  i n  evaluat ing t h e  model i n  Equation 4 (This i s  considered a t  

g r e a t e r  l eng th  i n  t h e  chapter ,  "Discussion".), da ta  on the  change i n  

length  of Biceps Brachi i  Short  Head (BBSH) i n  both shoulder pos i t ions  

i n  vivo was used t o  genera te  a second t h e o r e t i c a l  curve on measurements 

taken from t h e  cadaver. 

The f ixed t i s s u e  of the  cadaver could no t  be s a f e l y  s t r e tched  

t o  have the  shoulder i n  abducted posi t ion .  The sub jec t s  were e a s i l y  

t e s t e d  i n  both pos i t ions ,  however, and t h e  o r i g i n  of BBSH on t h e  t i p  

of the  coracoid prbcess and i t s  i n s e r t i o n  on t h e  radius  through t h e  

common b i c i p i t a l  tendon were q u i t e  e a s i l y  i d e n t i f i e d  on a l l  sub jec t s  . 
The l eng th  inc rease  i n  BBSE i n  accommodating shoulder movement from 

f l e x i o n  t o  abduction i n  each sub jec t  was measured by c a l i p e r s  and these  

r e s u l i s  and the  mean inc rease  i n  l eng th  a r e  tabula ted  i n  Table 4. This 

mean increase  was worked back i n t o  t h e  model t o  generate a t h e o r e t i c a l  



curve of maximal i sometr ic  f l e x o r  torque i n  shoulder abduction vs .  

angle of elbow f l ex ion  torque i n  shoulder abduction vs. angle of elbow 

f l ex ion  (Tables 3 and 9 ) .  The two t h e o r e t i c a l  curves then could be 

compared with t h e  p a i r s  of curves co l l ec ted  from each of t h e  l i v e  

sub j e c t s  . 



RESULTS 

The weights of t h e  muscle groups i n  t h e  cadaver w e r e  (Table 1 )  : 

Biceps Brachii  185 gm-f 

Brach ia l i s  140 gm-f . 

Brachio r a d i a l i s  50 gm-f 

Extensors Carpi Radia l i s  75 gm-f 
(Longus + Brevis) 

Table 1 ----weights of 4 of  t h e  muscle 
groups capable of exer t ing  
f l e x o r  torque a t  the  elbow. 

Now, given Equation 84, 

and using t h e  f o l lowi ig  der ivat ion f o r  Brachioradia l i s  a s  the  general 

paradigm f o r  the  conversion of "torque units1'  t o  torque i n  nt-m's 

( a f t e r  I k a i  e t  a l ,  1968) f o r  each of t h e  major f l exors ,  

W t .  Brachioradia l i s  = 50 gm-f 

length  c o n t r a c t i l  t i s s u e  = 22 cm 

3 
l e t  densi ty  of c o n t r a c t i l e  t i s s u e  be  1 gm/cm 

I 

then -p = & - q & d ~ - ~ y &  3 ~ 9 4 ~ )  * f l  



Figure 12: Conversion of "torque uni ts"  t o  torque i n  
mass 

nt-m's. The product ( ) is propor t ional  densi ty  length  
t o  the maximal isometric c o n t r a c t i l e  f o r c e  which t h e  p a r t i c u l a r  
muscle can generate. This is termed "torque un i t s "  i n  t h e  
following r e s u l t s  and, mul t ip l ied  by t h e  constants  i n  I k a i  
e t  a l .  (1968), can be converted t o  nt-m's a s  above. 

Tables 2 ,  3 ,  6,  7, and 8 following l i s t  t h e  parameters of 

Equation 4 a s  they vary wi th  angle of f lexion,  d ,  f o r  each of t h e  f l exors  

examined i n  the  cadaver. The torque predicted f o r  each of t h e  f l exors  

from d = 5' t o  0(= 125' is l i s t e d  i n  the  l a s t  column of each t ab le .  

Table 9 l ists t h e  t o t a l  f l e x o r  torque predic ted  from a l l  c o n t r a c t i l e  

t i s s u e  of the  major f l exors  a s  a  function of angle of f l ex ion  i n  both 

experimental p o s i t i o n s  of the  shoulder, f lexed and abducted; Table 9 

a l s o  lists t o t a l  torque a t  each f o r  both pos i t ions  of the  shoulder 

normalized about the  t o t a l  torque predic ted  a t  = 90') shoulder .  

f lexed.  



Table 2. Parameters of f l e x o r  torque a t  var ious  

angles of elbow f l ex ion  f o r  Biceps Brachii ,  

Long Head; p red ic t ion  of maximal isometric f lexor  

torque from the c o n t r a c t i l e  t i s s u e  of t h i s  muscle. 

Key to  the  t a b l e  by column follows: 

A ... angle of f l ex ion  

I1 I t  B . .. r i n  cms 

D ... absolute  length  of c o n t r a c t i l e  t i s s u e  i n  cms 

(average of 2 t r i a l s )  

11 G ... force  uni ts"  

* 
H ... / of the  c o n t r a c t i l e  t i s s u e  i n  "force uni ts"  

I ... ?of the  c o n t r a c t i l e  t i s s u e  in nt-m's 
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Table 3. Parameters of  f l e x o r  torque a t  var ious  

angles of elbow f l e x i o n  f o r  Biceps Brachi i ,  

Short Head; p red ic t ion  of  maximal i sometr ic  f l e x o r  

torque from t h e  c o n t r a c t i l e  t i s s u e  of  t h i s  muscle. 

Summation of maximal i sometr ic  f l e x o r  torque from 

c o n t r a c t i l e  t i s s u e  of both heads of Biceps Brachi i ,  

shoulder f lexed.  Key t o  t h e  t a b l e  by colum follows: 

angle of  f l e x i o n  

11 I' r i n  cms 

c o n t r a c t i l e  t i s s u e  abso lu te  l eng th  i n  cms 

(average of 2 t r i a l s )  

"force uni ts"  

*of the  c o n t r a c t i l e  t i s s u e  i n  "force uni ts"  

?of the  c o n t r a c t i l e  t i s s u e  i n  nt-m's 

t o t a l  torque of t h e  c o n t r a c t i l e  t i s s u e s  of 

Long and Short Heads of Biceps Brachi i  i n  nt-m's 
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Table 4 .  Lengths of Biceps Brachi i ,  Short Head, 

i n  6 sub jec t s  (coracoid process t o  

i n s e r t i o n  on the  radius)  i n  f lexed and abducted 

pos i t ions  of the  shoulder. Key t o  t h e  t a b l e  by 

column follows : 

A ... subject  

B . .. length i n  each of two t r i a l s  and t h e  

mean length,  shoulder f lexed 

C ... length  i n  each of two t r i a l s  and the  

mean length ,  shoulder abducted 

D ... elongation 



T
ab

le
 4

 

A
.N

. 

R
.C

. 

3
4

.0
 -
 3

3
.9

 
em

s.
 

3
6

.5
 

3
7

.3
 

cm
s.

 
3

.4
 

cm
. 

3
4

.3
 

9
c
 
9
 
-
 3

4
.8

 
cr

ns
. 

3
9

.5
 

3
9

.4
 

cr
ns

. 
3

9
.2

 
-
 

4
.6

 
cm

. 

3
6

.0
 

3
5

.7
 

cm
s.

 
35

 .4
- 

W
.B

. 
4

1
 .O

 
3

9
.3

 
cr

ns
. 

3
7

.5
 -
 

3
.6

 
cm

. 

H
.W

. 
3

4
.0

 
3

4
.8

 
cr

ns
. 

3
5

.5
 -
 

2
.3

 
cm

. 
;
 

-
I I 

D.
E.
 

3
4

.8
 

3
4

.3
 -
 3

4
.6

 
cr

ns
. 

3
7

.2
 

3
4

.5
 -
 3

5
.9

 
cr

ns
. 

1
.3

 c
m

. 

3
3

.7
 

3
3

.3
 -
 3

3
.5

 
em

s.
 

3
1

.3
 

3
7

.2
 
-
 3

7
.3

 
cr

ns
. 

3
.8

 
cm

. 

M
ea

n 
el

o
n

g
a

ti
o

n
 =

 
3

.2
 c

m
. 



Table 5. Derived l e n g t h  of c o n t r a c t i l e  t i s s u e  of  

Biceps Brach i i ,  Shor t  Head, i n  t h e  cadaver 

a t  v a r i o u s  ang le s  of elbow f l e x i o n  w i t h  t h e  shoulder  

abducted. P r e d i c t i o n  o f  maximum i some t r i c  f l e x o r  torque 

from t h e  c o n t r a c t i l e  t i s s u e  of  t h i s  muscle. Summation 

of  maximum i some t r i c  f l e x o r  torque  from c o n t r a c t i l e  

t i s s u e  of bo th  heads o f  Biceps B r a c h i i  w i t h  shoulder  

abducted. Key t o  t he  t a b l e  by column fol lows:  

A ... ang le  o f  f l e x i o n  

B ... 11 11 r i n  cms 

D . .. a b s o l u t e  l eng th  of t h e  c o n t r a c t i l e  t i s s u e  

(average of  two t r i a l s )  w i th  shoulder  f lexed  

E ... abso lu t e  l eng th  of c o n t r a c t i l e  t i s s u e  w i t h  

a d d i t i o n  o f  mean e longa t ion  

" force  u n i t s "  

torque genera ted  by t h e  c o n t r a c t i l e  t i s s u e  i n  

fo rce  u n i t s  

torque genera ted  by t h e  c o n t r a c t i l e  t i s s u e  in  

nt-m's 

t o t a l  torque from c o n t r a c t i l e  t i s s u e ,  both heads,  nt-m 
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Table 6. Parameters of f l e x o r  torque a t  var ious  angles 

of elbow f l ex ion  f o r  c o n t r a c t i l e  t i s s u e  of 

B r a c h i a l i s ,  proximally o r i g i n a t i n g  port ion;  p red ic t ion  

of maximal i sometr ic  f l exor  torque from t h e  c o n t r a c t i l e  

t i s s u e  of t h i s  por t ion  of Brachia l i s .  Key t o  the  t a b l e  

by column follows: 

A . .. angle  of f l ex ion  

B ... 11 11 r i n  cms 

D ... abso lu te  l eng th  of  the  c o n t r a c t i l e  t i s s u e  

(average of  two t r i a l s )  i n  cms 

E . .. %L 
0 

G ... "force  units1 '  

B . .. torque generated by the  c o n t r a c t i l e  t i s s u e ,  fo rce  u n i t s  

I .. . torque generated by the  c o n t r a c t i l e  t i s s u e ,  nt-m' s 
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Table 7. Parameters of f l e x o r  torque a t  var ious  angles  

of  elbow f l e x i o n  f o r  c o n t r a c t i l e  t i s s u e  of 

B r a c h i a l i s ,  d i s t a l l y  o r ig ina t ing  port ion;  p red ic t ion  of 

maximal i sometr ic  f l exor  torque from t h e  c o n t r a c t i l e  

t i s s u e  o f  t h i s  por t ion  of Brachia l i s ;  summation of  

maximal i somet r i c  f l e x o r  torque from the  c o n t r a c t i l e  

t i s s u e  of both  p a r t s  of Brachia l i s .  Key t o  the  t a b l e  by 

column follows: 

A . .. angle of f l ex ion  

B ... 11 0 r i n  cms 

D ... abso lu te  l eng th  of the  c o n t r a c t i l e  t i s s u e  

(average of two t r i a l s )  i n  cms 

G ... "force  uni ts"  

H ... torque generated by the  c o n t r a c t i l e  t i s s u e ,  fo rce  u n i t s  

I .. . torque  generated by t h e  c o n t r a c t i l e  t i s s u e ,  nt-m's 

J ... ' t o t a l  torque generated by both t h e  porximally and 

t h e  d i s t a l l y  o r i g i n a t i n g  por t ions  o f  Brach ia l i s ,  nt-m's 
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Table 8. Parameters of f l e x o r  torque a t  various angles  

of elbow f l ex ion  f o r  c o n t r a c t i l e  t i s s u e  of 

Brachioradia l i s  ; pred ic t ion  of maximal isometric f l e x o r  

torque from the  c o n t r a c t i l e  t i s s u e  of t h i s  muscle. 

Key t o  the t a b l e  by column follows: 

A ... angle of f l ex ion  

11 1 1  B . .. r i n  cms 

D ... absolute  length  of the  c o n t r a c t i l e  t i s s u e  

(average of two t r i a l s )  i n  crns 

G . .. "force un i t s "  

H . .. torque generated by the  c o n t r a c t i l e  t i s s u e ,  force  u n i t s  

I ... torque generated by the  c o n t r a c t i l e  t i s s u e ,  nt-m's 



1 

T
ab

le
 

8 



Table  9. T o t a l  maximal i some t r i c  f l e x o r  torque  from t h e  

c o n t r a c t i l e  t i s s u e  of  a11  '3 major f l e x o r s ,  Biceps 

B r a c h i i ,  B r a c h i a l i s ,  B r a c h i o r a d i a l i s ,  accord ing  t o  ang le  o f  

elbow f l e x i o n  and i n  both  p o s i t i o n s  o f  t he  shoulder .  

Normalizat ion of to rques  w i t h  r e spec t  t o  torque genera ted  

0 a t  c= 90 , shoulder  f lexed .  Key t o  t h e  t a b l e  by column 

fo l lows  : 

A .. . a n g l e  of f l e x i o n  

B ... t o t a l  torque from t h e  c o n t r a c t i l e  t i s s u e s  w i t h  

t h e  shou lde r  f l exed ,  nt-m's 

C ... 0 
percentage  o f  normal a t  D(= 90 , shoulder  f l exed  

D ... t o t a l  torque from t h e  c o n t r a c t i l e  t i s s u e s  w i t h  

t h e  shou lde r  abducted, nt-m's 

E ... t o t a l  to rque  genera ted  i n  shoulder  abduct ion  

0 as a percentage  of  normal at%= 90 , shoulder  f l exed  
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Figure 13, which fol lows,  is  the  predic ted  torquelangle of 

f lexion curve f o r  each of  the  3 main f l e x o r s  and the  summation of the  

maximal i sometr ic  f l e x o r  torques of t h e i r  c o n t r a c t i l e  t i s s u e s  a t  each 

angle,  0(. 



Figue 13. Theore t ica l  r e l a t i o n s h i p  between torque 

and angle of  elbow f l ex ion  of  muscles 

ind iv idua l ly  and comb b e d ,  shoulder  flexed. 





Figures 14 t o  19 a r e  the  empir ica l  torque/angle of f lexion 

curves obtained from maximal voluntary con t rac t ion  on l i v i n g  subjec ts .  

On each graph is  superimposed the  t h e o r e t i c a l  curve of  Figure 11 

drawn t o  sca le .  A method of  comparing the  curves,  t h e o r e t i c a l  and 

empirical ,  i s  t o  compare t h e  r a t i o  of torque o t o  maximum torque i n  
5 .  

each curve and these  numbers a r e  included i n  the  f igures .  



Figure 14. Maximal i sometr ic  f l e x o r  torque generated by 

A .  N .  a t  var ious  angles  of elbow f l ex ion  and 

i n  two p o s i t i o n s  of t h e  shoulder ,  shoulder  f lexed i n  the  

t r ansverse  p lane  and shoulder abducted i n  t h e  t r ansverse  

plane. Super-imposed on the  same s c a l e  i s  the  model of 

maximal i sometr ic  f l e x o r  torque predic ted  from measurements 

on the  cadaver, ---. 





Figure  15. Maximal i s o m e t r i c  f l e x o r  torquelangle  o f  

f l e x i o n  curve  genera ted  by R. C .  The 

modelled curve i s  super-imposed as ---. 





Figure  16. Maximal i some t r i c  f l e x o r  torque/angle of f l e x i o n  

curves  genera ted  by W .  B. The modelled curve  

i s  super-imposed a s  ---. 





Figure 17. Maximal i somet r i c  f l exor  torquelangle 

of f l e x i o n  curves generated by H. W. 

The modelled curve is super-imposed a s  ---. 





Figu re  18. Maximal i s o m e t r i c  f l x o r  to rque langle  

of  f l e x i o n  curves  genera ted  by D.E. 

The modelled curve  i s  super-imposed a s  ---. 





Figure 19. Maximal i somet r i c  f l e x o r  torquelangle 

of f l e x i o n  curves generated by M. C. 

The modelled curve i s  super-imposed a s  ---. 





I n  t h e  curve p r e d i c t e d  by t h e  model f o r  t h e  f l exed  p o s i t i o n  

of t h e  shoulder ,  t h e  maximal i s o m e t r i c  f l e x o r  torque i s  exe r t ed  a t  

0(= 90'. To f a c i l i t a t e  comparison between t h e  two p red ic t ed  curves  

and the  p a i r s  of curves  genera ted  by each of  t h e  s u b j e c t s ,  t h e  curves  

were a l l  normalized about  t h e  torque  a t  0(= 90' i n  t he  f l exed  p o s i t i o n  

of  t h e  cadaver  (Tables  9,  10).  The d a t a  from Table 10 was examined 

f o r  means and s tandard  d e v i a t i o n s  (Table 11) .  F i n a l l y ,  u s ing  the  mean 

lengthening  of Biceps Brach i i ,  Shor t  Head, i n  accommodating movement 

of t h e  shoulder  from f l exed  t o  abducted p o s i t i o n s  in a l l  t h e  s u b j e c t s ,  

t h e  t h e o r e t i c a l  to rque/angle  of  f l e x i o n  curve i n  t h e  abducted p o s i t i o n  

of t h e  shoulder  was genera ted  f o r  t h e  cadaver  (Table 5) and normalized 

(Table 9).  A f i n a l  j u x t a p o s i t i o n  o f  a l l  t h e  curves  i s  presented  i n  

F igure  20. 



Table 10. Torques (nt-m's) generated i n  two shoulder  

pos i t ions  f o r  each subjec t .  For each s u b j e c t  

the  upper f i g u r e  is  the  torque generated with shoulder  

abducted, the  lower f i g u r e  with the  shoulder  f lexed.  

The torques a r e  normalized f o r  each s u b j e c t  about the  

torque he  generates a t  O( = go0, shoulder  f lexed.  
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Table 11. Mean and standard devia t ions  f o r  torque 

a t  var ious= i n  both pos i t ions  of the shoulder, 

torque expressed a s  a percentage of normal a t  0(= go0, 

shoulder flexed. 



. 
m c n c n  - cn 



Figure  20. Torque/angle of f l e x i o n  curves p r e d i c t e d  

f o r  both abducted and f l exed  p o s i t i o n s  of 

t h e  shou lde r  i n  t h e  cadaver  and the  mean to rque lang le  

of  f l e x i o n  curves  w i th  s t anda rd  dev ia t ions  f o r  t h e  6 

s u b j e c t s  i n  both  abducted and f l exed  p o s i t i o n s  of  t h e  

shoulder--expressed as a percentage  of t h e  p r e d i c t e d  

torque  a t  == 90' w i th  t h e  shoulder  f lexed .  
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DISCUSSION 

There a r e  similarities and, ye t ,  important d i f fe rences  between 

the predic ted  and the measured curves of maximal isometric f l ex ing  

torque/angle of elbow f lexion.  This chapter  w i l l  compare t h e  model 

with t h e  empir ica l  curves,  at tempt t o  account f o r  the d i f ferences  

between them, and suggest  improvements i n  the  design of the experiment. 

I n  terms of s i m i l a r i t i e s ,  the  model of maximal s iometr ic  

f l ex ing  torque generated here  using the  change i n  length  of the  c o n t r a c t i l e  

t i s s u e ,  the  l e v e r  arm, and the  angle of i n s e r t i o n  of each of the  " three  

major f lexors" (Basmajian, 1957) resembles the  empirical  curves i n  the  

following ways: The model has t h e  same general  shape a s  t h e  empirical  

curves inc luding an i n f l e x i o n  a t  small angles of elbow f lexion;  t h e  

maximum torque predic ted  by the model is  of the  same order  a s  t h a t  

generated by each of the  s i x  sub jec t s ,  i .e . ,  55 nt-m's compared t o  90 

nt-m's; the  angle  a t  which the model p red ic t s  maximal isometric f l e x i n g  

torque is  c lose  t o  (but  always l e s s  than) the  angles of f l ex ion  a t  

a t  which the  s u b j e c t s  generated mazimal torque. 

I n  add i t ion  t o  f inding these  s i m i l a r i t i e s  between the  modelled 

and the  empirical  curves, the  experiment has demonstrated two condit ions 

i n  vivo: F i r s t ,  t h a t  enormous length  changes a r e  imposed upon the  

c o n t r a c t i l e  t i s s u e  i n  f l ex ion  of the  elbow through i t s  range of motion. 

Second, i t  has  d isc losed at  l e a s t  3 fea tu res  of anatomy which determine t h e  



i n f l e x i o n  i n  t h e  curve a t  small ang le s  of elbow f l ex ion .  These are t h e  

p u l l e y  e f f e c t s  imposed on t h e  f l e x o r s  by t h e  t r o c h l e a  and t h e  capitulum; 

t h e  i n c r e a s e  i n  f o r  B r a c h i a l i s  as t h e  elbow moves through t h e  l a s t  P 
30' t o  f u l l  ex tens ion  and, thereby ,  t h e  i n c r e a s e  i n  torque genera ted  by 

B r a c h i a l i s  as t h e  elbow works a t  s m a l l e r  and s-maller ang le s  of elbow 

f l e x i o n ;  t h e  bulk ing  e f f e c t  of  B r a c h i a l i s  which, i n  con t r ac t ion ,  

d i s p l a c e s  Biceps B r a c h i i  a n t e r i o r l y  and i n c r e a s e s  t h e  angle ,  p , a t  

which t h e  Biceps B r a c h i i  i n s e r t  on t h e  r a d i u s  ( o r ,  a t  l e a s t ,  d i s t u r b s  

t h e  p r e c i s e  O( a t  which Biceps B r a c h i i  comes i n t o  c o n t a c t  w i t h  the  

capi tulum and, thereby, begins  t o  i n c u r  a p u l l e y  e f f e c t .  

There a r e  3 s t r i k i n g  d i f f e r e n c e s  between t h e  modelled curve 

and t h e  experimental  curves.  The model p r e d i c t s  a lower maximal i some t r i c  

f l e x o r  torque than  c o n s i s t e n t l y  was observed empir ical ly-- the model 

a n t i c i p a t e s  a maximum torque  of 55 nt-m's whereas t he  s u b j e c t s  could 

gene ra t e  90 t o  100 nt-m's. The magnitude of t h e  maximum torque  i s  

dependent l a r g e l y  on t h e  e s t i m a t e  of e f f e c t i v e  muscle c r o s s  s ec t ion .  

The model reduced muscle a r c h i t e c t u r e  t o  a uniform c y l i n d e r  and t h i s  

s i m l i f i c a t i o n  could underest imate t h e  r e a l  to rque  generated by the  muscles 

i n  v ivo .  I n  a d d i t i o n ,  t hese  measurements were made on a sedentary ,  middle- 

aged male and t h e  empi r i ca l  curves  were genera ted  by n a t i o n a l  c l a s s  

a t h l e t e s  t r a i n e d  i n  s t r e n g t h  even t s .  S t i l l ,  t h e  o r d e r  of t h e  torques ,  

m ~ d e l l e d  and empi r i ca l ,  i s  t h e  same. 

A second and important  d i f f e r e n c e  between t h e  modelled and t h e  

e m p i r i c a l  curves  i s  t h a t ,  wh i l e  t h e  ang le s  of f l e x i o n  a t  which the  model 



p r e d i c t s  and t h e  sub jec t s  generate maximal i sometr ic  f l e x o r  torque a r e  

q u i t e  c lose  t o  each o the r ,  the  angles d i f f e r  consis tent ly .  The model 

p red ic t s  t h a t  maximum torque w i l l  be generated a t  90' of elbow f lexion;  

the  empirical  curves have t h e i r  maxima a t  a  smal ler  angle of f lexion,  

genera l ly  between 70' and 80'. It appears t h a t  the re  a r e  a t  l e a s t  two 

reasons f o r  t h i s  d i f fe rence .  F i r s t ,  the  model assumes t h a t  the  l eng th  

change imposed on the  muscular s t r u c t u r e s  by the excursion of the  j o i n t  i s  

expressed only i n  the  c o n t r a c t i l e  t i s sue .  I n  vivo, however, there  is  

a compliance of the  e l a s t i c  elements and i n  maximal i sometr ic  f l ex ion  the  

c o n t r a c t i l e  t i s s u e  w i l l  shor ten  with t h i s  compliance. The compliance 

of the  series e l a s t i c  t i s s u e  has been var iably  est imated bweeen 3% ( H i l l ,  

1938) and 15% (Wilkie, 1950). With such a compliance L would be found 
0 

a t  a  smal ler  angle of elbow f l ex ion  than t h e  model i n f e r s  and t h i s ,  i n  

turn ,  would move the  locus  of maximal isometric f l exor  torque ou t  t o  

smaller  angles of elbow f lexion.  A second explanation f o r  the  d i f ference  

i n  the  locus of maxlimal i sometr ic  f l e x o r  torque between the model and the  

empirical  da ta  i s  t h a t  no q u a n t i t a t i v e  r o l e  has been ascr ibed t o  the  

s e v e r a l  o the r  elbow f l e x o r s  i n  the model (see  below) and, ex t rapo la t ing  

from the  present  d a t a  on the  work of Brachioradia l i s ,  torque generated by 

the  minor f l exors  would maintain t h e  p la teau  of the  torque/angle of f l ex ion  

curve and indeed d i sp lace  i t s  maximum towards smal ler  angles of elbow 

f l ex ion  i n  vivo.  

I n  examining the  curves f o r  both pos i t ions  of the  shoulder,  

Biceps B r a c h i i s s h o r t  Head, was longer  i n  shoulder abduction a t  any given 



and t h i s  s h i f t e d  t h e  locus  of t h e  curve  approximately lo0. This  

a rgues  t h a t ,  t o  s h i f t  t h e  t h e o r e t i c a l  curves t o  t h e  r i g h t  t o  more 

c l o s e l y  approximate the  empi r i ca l  d a t a ,  t h e  l eng ths  of  a l l  t he  f l e x o r s  

whould be s h o r t e r  a t  any g iven  O( than t h e  p r e s e n t  model assumes. Now, 

i f  t h e  series e l a s t i c  compliance i n  v ivo  d id  n o t  accommodate t h i s  

e f f e c t i v e  shor ten ing ,  t h e  consequence would be  t h a t  t he  c o n t r a c t i l e  t i s s u e  

e n t e r e d  t h e  D zone a t  the  s h o r t e s t  ana tomica l  l eng ths  i n  c o n t r a s t  t o  t h e  

publ i shed  work of Ramsey and S t r e e t  (1940) and of Moss (1968). 

The most important  d i f f e r e n c e  between t h e  model and t h e  empi r i ca l  

d a t a ,  however, is t h a t  t he  r a t i o  of  to rque  genera ted  a t  0( = 5' and the  

maximum torque generated anywhere was 0.23 i n  t he  model and between 0.45 

and 0.69 i n  t h e  6 sub jec t s .  This  may r e f l e c t ,  i n  p a r t ,  t h e  smaller muscle 

mass of t h e  cadaver  and, thereby,  a l a r g e r  e f f e c t  from p a r a l l e l  e l a s t i c  

t i s s u e ;  i t  may a l s o  r e f l e c t  t h e  assumptions and s i m p l i f i c a t i o n s  i n  t h e  

model r e f e r r e d  t o  below. 

A s  w e l l ,  t h e  model p r e d i c t s  a more r ap id  f a l l  i n  torque than  

t h e  s u b j e c t s  recorded i n  e f f o r t s  a t  smaller ang le s  o f  elbow f l e x i o n  even 

though in spec t ion  of  t h e  graphs sugges t s  t h a t  t h e  s lopes  a r e  similar. 

There a r e  two p o s s i b i l i t i e s  here:  E i t h e r  t h e  modelled curve should n o t  

drop o f f  a s  qu ick ly  a s  i t  does ( t h a t  i t  would impl ies  an e r r o r  i n  concept  

and/or  i n  measurement), o r  e l s e  t h e r e  a r e  f o r c e s  a t  work i n  vivo b u t  n o t  

measured i n  t h e  model which tend t o  keep torque h igh  a t  smal l  angles  o f  

elbow f l ex ion .  



I n  deal ing  with the  f i r s t  p o s s i b i l i t y ,  i.e ., t h a t  the  model 

p r e d i c t s  too rap id  a f a l l  i n  torque, consider  t h e  treatment of F, /3 , 
and r i n  the  model. I n  t h i s  experiment the  measure of l eng th  change of 

the  c o n t r a c t i l e  t i s s u e  was r e l i a b l e ,  sepa ra te  t r i a l s  y i e l d i n g  the  same 

r e s u l t  & 3%. F u l l  excursion of the  elbow required  t h e  c o n t r a c t i l e  t i s s u e  

t o  move between a length  of -20% and +40% of an optimal length ,  Lo. 

This enormous change i n  l eng th  would reduce the  c o n t r a c t i l e  fo rce  of  t h e  

c o n t r a c t i l e  t i s s u e  a t  the  extremes of lengthening and shortening (Gordon 

e t  a l . ,  1966). Is i t  poss ib le  t h a t  e l a s t i c  t i s s u e s  con t r ibu te  t o  f l e x o r  

torque a t  smal l  angles  of f lexion?  

Severa l  workers have measured the  passive fo rce  of con t rac t ion  

developed by i n t a c t  muscles a t  lengths  g r e a t e r  than Lo (Ramsey e t  a l . ,  

1940; Inman e t  al . ,  1953; Fidelus ,  1968). I n  view of the  ext raordinary  

length  t o  which t h e  c o n t r a c t i l e  t i s s u e s  extend a t  small angles  of elbow 

f l ex ion ,  a  curve of  i sometr ic  f l e x o r  torque was generated using  ide el us' 

da ta  t o  incorpora te  a  con t r ibu t ion  from the  p a r a l l e l  e l a s t i c  t i s s u e  i n  t h e  

t o t a l  f l e x o r  torque. The r e s u l t  is  tabula ted  i n  Table 12, and the  curve 

of maximal i somet r i c  f l e x o r  torquelangle of  f l ex ion  then becomes Figure 

0 
21. While t h i s  manipulation r a i s e s  the  r a t i o  of  torque a t  0(= 5 /maximum 

torque from 0.23 t o  0.42, the  l a r g e  cont r ibut ions  which i t  p r e d i c t s  from 

the  p a r a l l e l  e l a s t i c  t i s s u e  a t  small  angles  of elbow f l ex ion  cannot 

0 
be , j u s t i f i e d .  For example, a t  D( = 5 t h i s  modificat ion t o  t h e  model 

p r e d i c t s  a  torque of 11.9 nt-m's from the  c o n t r a c t i l e  t i s s u e s  of Biceps 

- Brachi i ,  Brach ia l i s ,  and Brach io rad ia l i s ,  and a t o t a l  of 10.2 nt-m's of 



torque from a l l  the  p a r a l l e l  e l a s t i c  t i s s u e s .  It  is unreasonable to  

expect t h a t  ha l f  the  torque a t  small angles of elbow f lexion should 

be generated by the  p a r a l l e l  e l a s t i c  t i s s u e  and t h a t  t h i s  does not 

p e r t a i n  i s  apparent i n  the empirical  curves where a c t i v e  f lexion generated 

f i v e  t i m e s  the  absolute  f a l u e  of the  r e s t i n g  torque measured a t  small 

angles of elbow flexion.  Moreover, a r a t h e r  small  contr ibut ion from 

p a r a l l e l  e l a s t i c  t i s s u e  i n  vivo is confirmed by Hayes (1977) who 

found i t  t o  be less than 2.5 nt-m's a t  f u l l  elbow extension. 

Y 

A c l e a r e r  shortcoming i n  t h e  computation of i n  the  model and 

one which would inappropriately reduce torque a t  small angles of f l ex ion  

is  t h e  approximation of the  contr ibut ion from Brachia l i s .  This muscle 

o r i g i n a t e s  from a l a r g e  area  of humerus and the  model halved the  muscle 

i n t o  a proximally o r ig ina t ing  and d i s t a l l y  o r i g i n a t i n g  pa r t .  This 

s i m p l i f i c a t i o n  commits t h e  d i s t a l l y  o r ig ina t ing  por t ion of Brachia l i s  t o  

an  ext raordinary  elongation a t  small  angles of elbow f lexion so t h a t  

the  capaci ty  of t h i s  muscle to  generate fo rce  a t  small angles of elbow 

f l ex ion  is u n r e a l i s t i c a l l y  compromised. Indeed, measurements on t h e  

cadaver showed t h a t  a t  small angles of elbow f lexion t h e  torque generated 

by Brach ia l i s  begins t o  rise. This f ind ing  was a l s o  mentioned by 

Sanderson (1975). Therefore the  model se r ious ly  underestimates t h e  

contr ibut ions  t o  maximal isometric f l e x o r  torque a t  small angles of elbow 

f l e x i o n  by t h i s  muscle which has been c a l l e d  the  "workhorse of  elbow 

flexion" by o the r  researchers  (Basmaj i a n  e t  a l . ,  1957). 

C 

A second cogent c r i t i c i s m  of t h e  computation of /C here i s  



Table 12 .  Flexor torque generated by the  p a r a l l e l  

e l a s t i c  t i s s u e s  a t  var ious  angles  of elbow 

f l e x i o n  ( a f t e r  Fidelus,  1968) ; summation of torques 

from both  t h e  c o n t r a c t i l e  t i s s u e s  i n  maximal i sometr ic  

f l e x i o n  and t h e  p a r a l l e l  e l a s t i c  t i s s u e s  of t h e  3 

major f l e x o r s  a t  var ious  angles of elbow flexion.  Key 

t o  the  

A ... 
B ... 

C ... 

D ... 

E ... 

F ... 

G ... 

t a b l e  by column follows: 

angle  of f l ex ion  

torque generated by p a r a l l e l  e l a s t i c  t i s s u e  

of  Biceps Brachi i ,  Short  Head, nt-m's 

torque generated by p a r a l l e l  e l a s t i c  t i s s u e  

of  Biceps Brachi i ,  Long Head, nt-m's 

torque generated by p a r a l l e l  e l a s t i c  t i s s u e  

of Brach ia l i s ,  proximal por t ion ,  nt-m's 

torque generated by p a r a l l e l  e l a s t i c  t i s s u e  

of  Brach ia l i s ,  d i s t a l  por t ion ,  nt-m's 

torque generated by p a r a l l e l  e l a s t i c  t i s s u e  

of Brach io rad ia l i s ,  nt-m's 

t o t a l  torque generated by p a r a l l e l  e l a s t i c  t i s s u e  

of a l l  3 major f l e x o r s ,  nt-m's 
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Figure  21. P r e d i c t i o n  o f  t o t a l  maximal i s o m e t r i c  

f l e x o r  t o rque lang le  of f l e x i o n  curve  

f o r  Biceps B r a c h i i ,  B r a c h i a l i s  , and B r a c h i o r a d i a l i s  

i nco rpora t ing  c o n t r i b u t i o n s  from both  t h e  c o n t r a c t i l e  

t i s s u e s  and t h e  p a r a l l e l  e l a s t i c  t i s s u e s  ( a f t e r  

F ide lus ,  1968), shou lde r  f l exed .  



C
O

N
T

R
A

C
T

IL
E

 
T

IS
S

U
E

 
O

N
L

Y
 

C
O

N
T

R
A

C
T

IL
E

 
P

L
U

S
 

P
A

R
A

L
L

E
L

 
E

L
A

S
T

IC
 

T
IS

S
U

E
S

 

"
 

A
N

G
L

E
 

O
F

 
E

L
B

O
W

 
F

L
E

X
IO

N
 



the  assumption t h a t  change i n  length  of the  muscular s t r u c t u r e s  wi th  

excursion of t h e  j o i n t  is r e g i s t e r e d  s o l e l y  by t h e  c o n t r a c t i l e  t i s s u e .  

Other works have inves t iga ted  the  dynamics of the  c o n t r a c t i l e  and e l a s t i c  

t i s s u e  i n  muscular con t rac t ion  and suggested t h a t  the  e l a s t i c  t i s s u e  

extends between 3% and 15% when the  c o n t r a c t i l e  t i s s u e  i s  con t rac t ing  

maximally. I n  vivo, t h i s  would allow the  c o n t r a c t i l e  t i s s u e s  t o  gen- 

e r a t e  P a t  a  smal ler  angle  of f l e x i o n  and thereby maintain h igher  
0 

torques than predic ted  a t  smal le r  angles of f lexion.  

A s  t h e  computation of  F has been somewhat inaccurate,  so ,  i n  

r e t rospec t ,  a r e  the  assumptions made i n  est imating the product 5 $4 

While the  experiment measured and ca lcu la ted  by a method va l ida ted  

a s  long ago a s  1890 (Braune and Fischer) ,  the model assumed t h a t  t h e  

f l e x o r s  i n s e r t e d  through d i s c r e e t  tendons. Even i f  t h i s  were s o ,  the re  

is i n  the  l i v e  human a bulking e f f e c t  of t h e  shortening muscles by 

which, a t  any angle of elbow f l ex ion ,  f is necessa r i ly  modified. But, 

t h i s  would be most prominent a t  l a r g e  angles of elbow f l ex ion  and of 

l i t t l e  consequence a t  small  angles where t h e  muscles a r e  elongated. Of 

more concern i n  accounting f o r  t h e  discrepancy between the model and 

the  empir ica l  curves a t  small angles of elbow f lexion is the  model's 

assumption t h a t  the  c o n t r a c t i l e  fo rce  of each f l e x o r  is d i rec ted  simply 

through i t s  tendon of inse r t ion .  I n  v ivo t h i s  is  not  s o  and t h i s  i s  

explained i n  the  following discuss ion of the  measurement of t h e  l e v e r  

arm, f 



< was es tab l i shed  a s  the  d i s t ance  between the  cen t re  of 

r o t a t i o n  of the  elbow and the  "point" of tendonous i n s e r t i o n  of each 

of the  f l exors .  Once these  "points" were es tab l i shed  by inspect ion,  t h e  

+ 
e r r o r  i n  measuring was - 5%. Po in t  i n s e r t i o n  is a s impl i f i ca t ion  

f o r  not  only does the  tendon i n s e r t  upon an a r e a  of bone, but  there  is ,  

i n  vivo,  a network of a n t i b r a c h i a l  f a s c i a  i n t e r d i g i t a t i n g  muscles and bone - 
t h i s ,  and t h e  b i c i p i t a l  aponeurosis of which w e  took no account, would 

cause a func t iona l  increase  i n  r and would be of most inf luence  a t  the  

smaller  angles of elbow f lexion where the  network of f a s c i a  is  s t re tched .  

The foregoing sec t ion  enumerated some of the f e a t u r e s  of the  

model which permitted the  modelled curve t o  f a l l  away too quickly a t  

small angles of elbow f l ex ion .  A second way i n  which the discrepancy 

between t h e  modelled and the  empir ica l  curves could be accounted f o r  

has  t o  do with fo rces  a t  work i n  v ivo which were n o t  allowed f o r  by the  

model. I n  analyzing the  model and t h e  experimental condit ions,  t h e r e  

a r e  indeed o t h e r  fo rces  contr ibut ing to  torque which the  model ignored 

and of which t h e  subjects  had advantage. The assumption t h a t  t h e  

f l e x o r s  of t h e  elbow a r e  t h e  Biceps Brachi i ,  Brach ia l i s  and Brachio- 

r a d i a l i s  i s  s impl i f ied .  While these  a r e  cormnonly regarded a s  the  major 

f l e x o r s  Braune and Fischer (1890), Basmajian (1957) , Basmajian (1957), 

Davies (1967), and o the rs  have l i s t e d  minor f l exors  of the  elbow. These 

a r e  muscles o r ig ina t ing  on the humerus, passing a n t e r i o r l y  t o  t h e  a x i s  of 



r o t a t i o n  of t h e  elbow and i n s e r t i n g  e i t h e r  on the  forearm o r  a t  t h e  

hand and they include Pronator Teres, t h e  common f l e x o r s  inc luding 

Flexor Carpi Radia l i s ,  Palmaris Longus, Flexor Carpi Ulnaris ,  Flexor 

Digitorum S u p e r f i c i a l i s ,  and, indeed, Extensor Carpi Radia l i s  Longus. 

None of these  minor f l exors  w e r e  included i n  t h e  model even though, 

f o r  example, Extensor Carpi  Radia l i s  weighed 75 grams and Brachio- 

r a d i a l i s  only 50. The apparatus i n  which t h e  subjects  generated t h e i r  

curves of maximal i sometr ic  f l e x o r  torque inadver tent ly  permitted them 

t o  use t o  f u l l  advantage these minor f l exors  of the  elbow. The c a s t  i n  

which the hand and d i s t a l  forearm were enclosed e f f e c t i v e l y  f ixed  t h e  

w r i s t  s o  t h a t  a l l  t h e  minor f l exors  w e r e  ab le  t o  generate f l e x o r  torque a t  

the  elbow. The l i v i n g  individual ,  i n  generat ing maximal f l e x o r  torque 

a t  the elbow, w i l l  s t a b i l i z e  h i s  w r i s t  i n  much t h e  way t h a t  t h e  c a s t  

on the  dymamometer s t a b i l i z e d  the  w r i s t s  of the  experimental sub jec t s ,  

bu t  t h i s  i s  not  the  movement modelled i n  t h i s  experiment where only 

Biceps Brachii ,  Brach ia l i s  and Brachioradia l i s  were considered. The 

incongruency between t h e  movement modelled and the movement measured 

makes a d i f fe rence  between t h e  two curves inev i t ab le .  

There a r e  two i n c i d e n t a l  f indings  of i n t e r e s t .  For every 

sub jec t ,  maximal i sometr ic  f l e x o r  torque i n  shoulder f lexion was 

generated a t  a  smal ler  angle of  elbow f l ex ion  than the  maximum torque 

i n  shoulder abduction. I n  moving t h e  arm from shoulder f l ex ion  t o  

shoulder abduction, i n  t h e  t ransverse  plane, only the s h o r t  head of 

Biceps Brachi i  i s  a f f e c t e d  very much and i t  i s  lengthened i n  o rder  t o  



accommodate t h e  movement. It i s  i n f e r r e d  t h a t  i n  shoulder  f l e x i o n  t h e  

Shor t  Head of  Biceps B r a c h i i  ach ieves  L and, thereby ,  P a t  a smaller 
0 0 

a n g l e  of  elbow f l e x i o n  because a t  t h a t  smaller ang le  i t  w i l l  have 

lengthened enough t o  accommodate t h e  shor tened  d i s t a n c e  from i n s e r t i o n  

t o  o r i g i n  a t  t h e  corocoid process .  

When t h e  t h e o r e t i c a l  curves  i n  t h e  two shoulder  p o s i t i o n s  a r e  

compared t o  t h e  mean and s t anda rd  d e v i a t i o n s  of  each group of empi r i ca l  

curves  (F igure  20), some important  f e a t u r e s  are apparent .  F i r s t l y ,  

t h e  magnitude o f  to rques  d i f f e r  as h a s  been r a t i o n a l i z e d  above. 

Secondly, t h e r e  i s  g r e a t  i n t e r i n d i v i d u a l  v a r i a t i o n  i n  t h e  f l e x o r  torques 

recorded  from t h e  s u b j e c t s .  Thi rd ly ,  t h e  e m p i r i c a l  to rques  a t  s m a l l  

are q u i t e  s c a t t e r e d  and i n f l e c t i o n s  i n  t h e  cu rve  n o t  always apparent  i n  

i n d i v i d u a l s .  Indeed, F igure  20 h a s ,  a t  sma l l  , a s t e p  wi th  a  

f i n a l  descent .  This  sugges ts  t h a t  e i t h e r  ? O i s  too  h igh  ( f o r  reasons ' b 
4 

prev ious ly  d iscussed)  o r  f he t oo  low, perhaps because of pa in  exper- 

ienced  i n  s u s t a i n e d  maximal i some t r i c  c o n t r a c t i o n  a t  t h i s  angle .  Fourthly,  

t h e  r o l e  of change i n  l eng th  o f  t h e  c o n t r a c t i l e  t i s s u e  may n o t  b e  a s  

impor tan t  i n  modifying ou tpu t  a t  two ana tomica l  p o s i t i o n s  of t h e  shoulder  

as o t h e r  parameters  undefined by t h e  model. A t  l a r g e  0( t h e  model p r e d i c t s  

t h e  t r e n d  i n  torque  b u t  t h e  a c t u a l  d i f f e r e n c e s  found between t h e  two 

t r i a l s  f o r  each s u b j e c t  were g r e a t e r  than  p red ic t ed ;  a t  smal l  t he  

va lues  were too  c l o s e  toge the r  f o r  s i g n i f i c a n t  comparison. 



The second inc iden ta l  f inding i n  the experiment was t h a t  em- 

p i r i c a l  curves f e l l  i n t o  t h r e e  d i s c r e e t  groups, a t  l e a s t  i n s o f a r  a s  t h e  

r a t i o  torque a t  = 5•‹/maximum torque was concerned (Table 13):  

ROWERS WEIGHT 
LIFTERS 

HAMMER 
THROWER 

Table 13: Ratio of maximal 
i sometr ic  f l e x o r  

torque a t  O( = 5' t o  
maximal isome tr i c  f l e x o r  torque 
i n  the  s i x  sub jec t s ,  
shoulder f lexed.  



Whether t h i s  r a t i o  is a  consequence of s p e c i f i c  t r a i n i n g  ( f o r  example, 

a  t r a i n i n g  which has more o r  l e s s  emphasis on the  development of the 

common f l exors )  o r  whether the  grouping of t h e  a t h l e t e s  by r a t i o  and 

s p o r t  i s  an  ins tance  of s e l e c t i o n  a t  the  e l i t e  l e v e l  of those, who, 

through endowment, a r e  most l i k e l y  t o  succeed, i s  uncertain.  

Much of t h e  recent  work i n  in tegra ted  electromyography has 

attempted t o  quantify i n t e r n a l  work. This experiment has attempted t o  

measure i n  vivo the  p r inc ip le  parameters of torque a s  they change with 

angle of f lexion.  Admittedly, the  sub jec t  was a  cadaver, t h e  technique 

changed t h e  a r c h i t e c t u r e  of the  i n t a c t  limb by d i s s e c t i n g  out  three  

major f l exors  from t h e i r  inves t ing f a s c i a ,  and i t  ignored the  minor 

f l e x o r s  which, a t  small  angles of elbow f l ex ion ,  must con t r ibu te  

s i g n i f i c a n t l y  t o  f l e x o r  torque. Nevertheless, t h i s  experiment has val idated  

r a t h e r  g ross ly  the  model *fitpFas it has  been used here .  The 

experiment demonstrated t h a t  the  c o n t r a c t i l e  t i s s u e  does pass through 

an ext raordinary  range of lengths  i n  the  f u l l  excursion of t h e  elbow 

j o i n t .  The technique used i n  measuring change i n  the  length of the  

c o n t r a c t i l e  t i s sue .was  r e l i a b l e ,  a l b e i t  Draconian, and quant i f ied  t h e  

r o l e  t h a t  the  t rochlea  and the capitulum of the  humerus play i n  main- 

t a i n i n g  f l e x o r  torque a t  small angles .  The technique a l s o  demonstrated 

t h a t  each of t h e  main f lexors  has a  unique re la t ionsh ip  t o o (  i n  terms 

05 the  change i n  length of i t s  c o n t r a c t i l e  t i s s u e  and the  v a r i a t i o n  

" P . This c l a r i f i e s  the  inaccuracy of invoking "a f l exor  



equivalent1 '  t o  s t a n d  f o r  a l l  f l e x o r  a c t i v i t y  throughout t h e  excurs ion  

of t h e  j o i n t .  A t  t h e  p r e s e n t  t i m e ,  i t  is n o t  poss ib l e  t o  r a t i o n a l i z e  

t h i s  length  change, t h e  c o n t r i b u t i o n  of p a r a l l e l  e l a s t i c  component t o  

torque,  and the  publ i shed  work of F ide lus  (1968) .  

There are s e v e r a l  l i m i t a t i o n s  i n  t h e  use fu lnes s  o f  t h e  p r e s e n t  

model. P r e d i c t i o n s  from measurements on a s i n g l e  cadaver have been 

compared wi th  e m p i r i c a l  d a t a  which, w i t h i n  i t s e l f ,  shows wide i n t e r -  

i n d i v i d u a l  v a r i a t i o n .  There were no d i r e c t  c o r r e l a t i o n s  found. It 

would appear  t h a t  d a t a  c o l l e c t e d  from a l a r g e  number of cadavers  might 

b e  of va lue  i n  model l ing t h e  performance of  groups b u t  t h a t  in format ion  

taken from a s i n g l e  cadaver ,  a s  has  been done he re ,  would n o t  be very 

u s e f u l  i n  qua l i fy ing  i n d i v i d u a l  performance i n  vivo. Furthermore, t h e  

p r e s e n t  model cons ide r s  on ly  3 f l e x o r s ,  i nco rpora t e s  no q u a n t i t a t i v e  

c o n t r i b u t i o n  from series e l a s t i c  t i s s u e  and makes only  a crude approximation 

of muscle c ross -sec t ion .  

S i g n i f i c a n t  improvements i n  t h e  experimental  design (which 

would improve t h e  model i f  n o t  completely r i d  i t  of i t s  l i m i t a t i o n s )  would 

inc lude  a more a c c u r a t e  e s t i m a t i o n  of muscular volume and e f f e c t i v e  

cross-sect ion.  The wide d i s p a r i t y  i n  assessments of c ros s - sec t iona l  

a r e a s  i n  va r ious  experiments is  poin ted  up by comparing t h e  r e s u l t s  of  

t h e  p r e s e n t  expekiment w i t h  f i n d i n g s  of  t y p i c a l  c ros s - sec t ion  i n  o t h e r  



experiments .  Table 14 fol lowing t a b u l a t e s  t h e s e  c ros s - sec t ions  as 

they  w e r e  determined i n  t h e  p re sen t  experiment and i n  3 o the r s :  

Biceps B r a c h i i  B r a c h i a l i s  B r a c h i o r a d i a l i s  

p r e s e n t  d a t a  

Braune e t a1 . 
Schumacher e t  a l .  

Morris  

Table 14: Cross-sec t iona l  a r e a s  of  t h e  
3 major f l e x o r s  a s  determined 

i n  t h e  p r e s e n t  experiment,  and by Braune 
and F i sche r  (1890), Schumacher and 
Wolff (1966) and Morris (1949).  I n  c m  . 

It would be  v e r y  d i f f i c u l t  t o  a r r i v e  a t  a more accu ra t e  e s t i m a t e  of 

t h e  f u n c t i o n a l  l e v e r  arm of each f l e x o r .  A g r e a t e r  congruence between 

t h e  parameters  of ' the model and t h e  i n  v ivo  performance t o  which we 

a r e  comparing i t ,  would be  d e s i r a b l e .  F i n a l l y ,  t h e  empi r i ca l  curves  

were drawn from torque measured a t  only  e i g h t  ang le s  of elbow f l e x i o n  - 

s e v e r a l  more p o i n t s  a t  smal l  ang le s  of f l e x i o n  and around t h e  locus  of 

mairimum torque  would he lp  t o  c l a r i f y  t h e  dependence of maximal i some t r i c  

f l e x o r  torque  on t h e  ang le  of elbow f l e x i o n  i n  t h e  l i v i n g  s u b j e c t .  



SUMMARY AND CONCLUSIONS 

There i s  a  d e t a i l e d  l i t e r a t u r e  of biomechanics s t u d i e d  i n  

i n  v i t r o  l i n e a r  systems. This  experiment develops a  model of f l e x o r  

torque i n  v ivo ,  i n t e r p o l a t e s  d a t a  from b o t h  t h e  l i t e r a t u r e  and p r e s e n t  

exper imenta t ion  i n t o  a t h e o r e t i c a l  cu rve  of maximal, i some t r i c  f l e x o r  

torquelangle  of f l e x i o n  i n  t h e  human elbow, and compares t h e  p r e d i c t e d  

curve wi th  curves  generated by s i x  a t h l e t e s .  I n  c o l l e c t i n g  d a t a  f o r  

t h e  t h e o r e t i c a l  curve,  some of t h e  p e c u l i a r i t i e s  of performance - i n  

v ivo  were accounted f o r ;  t h e  comparison between t h e  t h e o r e t i c a l  and t h e  

e m p i r i c a l  curves was a  t e s t  o f  t he  model. 

A human cadaver was used i n  developing t h e  t h e o r e t i c a l  curve.  

Because it s i m p l i f i e d  both  t h e  model and t h e  experiment,  maximal, 

i s o m e t r i c  f l e x o r  torque a t  t h e  elbow was modelled. A f t e r  cons ide ra t ion  

of  t h e  l i t e r a t u r e ,  t h r e e  f l e x o r s  only  w e r e  incorpora ted  i n  t h e  model, 

Biceps Brach i i ,  bo th  Long and Shor t  Heads, B r a c h i a l i s ,  and Brachio- 

r a d i a l i s .  For each of t h e s e  f l e x o r s ,  e s t i m a t i o n s  were made of e f f e c t i v e  

c ross -sec t ion ,  and measurements w e r e  taken of l eng th  changes, l e v e r  arms 

and ang le s  of i n s e r t i o n  a s  each of  t hese  v a r i e d  w i t h  angle  of elbow 

f l e x i o n .  These.parameters  a r e  r e l a t e d  i n  t h e  fol lowing express ion  f o r  

maximal, i some t r i c  f l e x o r  torque,  7, a t  any angle  of elbow f l e x i o n ,  : 



F i s  c o n t r a c t i l e  f o r c e  produced by t h e  i' t h  muscle, 

L, i s  opt imal  l e n g t h  of t he  i ' t h  muscle, 

/3 i s  t h e  angle  of i n s e r t i o n  of t h a t  muscle on 
- i ts  t e rmina l  l i n k ,  

F' i s  t h e  l e v e r  arm on which t h e  i ' t h  muscle acts, 

i i s  Biceps Brach i i ,  Long Head, Biceps B r a c h i i ,  
Shor t  Head, B r a c h i a l i s ,  B rach io rad ia l i s .  

The empi r i ca l  cu rves  of maximal, i some t r i c  f l e x o r  torque/angle  of elbow 

f l e x i o n  a g a i n s t  which t h e  t h e o r e t i c a l  curve was compared were genera ted  

by s i x  n a t i o n a l  c l a s s  a t h l e t e s  each working a t  two p o s i t i o n s  of t h e  

shoulder .  The i r  performance was a s ses sed  f o r  means and s tandard  

dev ia t ions ;  in format ion  ga thered  from t h e  s u b j e c t s  was subsequent ly 

used t o  g e n e r a t e  a second t h e o r e t i c a l  curve of maximal, i some t r i c  

f l e x o r  torque/angle  o f  elbow f l e x i o n  f o r  elbow f l e x i o n ,  t h i s  w i t h  t h e  

shoulder  abducted. The f o u r  curves  so  produced were compared and t h e i r  

s i m i l a r i t i e s  and d i f f e r e n c e s  a r e  d iscussed .  

The model is  g r o s s l y  v a l i d a t e d  i n  t h i s  experiment.  I n  

p a r t i c u l a r ,  t h e r e  a r e  similarities i n  t h e  empi r i ca l  and t h e o r e t i c a l  

curves  w i t h  r e s p e c t  t o  t h e  l o c u s  of maximum torque,  i n  t h e  o r d e r  of 

to rque  p r e d i c t e d  and measured, and i n  t h e  presence of  an i n f l e x i o n  of 

t h e  torque/angle  of  f l e x i o n  curve  a t  smal l  . However t h e r e  

a r e  c o n s i s t e n t  d i f f e r e n c e s  between each of t h e  empir ica l  curves  and 



t h e  t h e o r e t i c a l  curves  and these  a r e  d iscussed .  

The c o n s i s t e n t  d i f f e r e n c e s  w e r e  t h ree .  F i r s t ,  a  sma l l e r  

maximum torque was p red ic t ed  (approximately 55 nt-m's) than was 

measured (79-110 nt-m's). This may b e  accounted f o r ,  i n  p a r t ,  by 

t h e  model's approximation of each f l e x o r  as a c y l i n d e r  and, thereby,  

i t s  r educ t ion  of t h e  e f f e c t i v e  c ros s - sec t iona l  a r e a  o f  muscle a v a i l a b l e  

f o r  f o r c e  product ion.  

Second, t h e  a n g l e  of elbow f l e x i o n ,  , a t  which t h e  model 

p r e d i c t s  maximal, i some t r i c  f l e x o r  torque  product ion  is  i n  every case  

l a r g e r  than t h e  angle  of  elbow f l e x i o n  a t  which t h e  s u b j e c t s  generated 

maximum torque.  It i s  thought by t h e  w r i t e r  t h a t  t h i s  d i f f e r e n c e  

r e f l e c t s ,  i n  p a r t ,  t he  f a c t  t h a t  t he  model a l lows  f o r  no compliance 

from series e l a s t i c  t i s s u e  -- which compliance would i n  v ivo  e f f e c t i v e l y  

reduce t h e  a t  which the  c o n t r a c t i l e  t i s s u e  was a t  L . Furthermore, 
0 

t h e  model cons ide r s  torque produced only by t h r e e  major f l e x o r s ,  t h e  

Biceps Brach i i ,  B r a c h i a l i s ,  and B r a c h i o r a d i a l i s  . I n  v ivo  t h e r e  a r e  

o t h e r  muscles which would c o n t r i b u t e  t o  maximal, i s o m e t r i c  f l e x o r  torque  

(P rona to r  Teres ,  Flexor  Carpi  R a d i a l i s ,  Pa lmar is  Longus, Flexor  Carp i  

U lna r i s ,  F lexor  Digitorurn S u p e r f i c i a l i s ,  and Extensor  Carpi R a d i a l i s  

Longus) and, whi le  i nd iv idua l ly  t h e i r  c o n t r i b u t i o n  might b e  smal l ,  

t o g e t h e r  it might b e  very  s i g n i f i c a n t  i n  maximal, i somet r ic  f l e x o r  

torque  product ion.  A s i g n i f i c a n t  c o n t r i b u t i o n  from t h e  minor f l e x o r s  



would p l a t e a u  t h e  torque/angle  of f l e x i o n  curve i n  vivo and d i s p l a c e  

t h e  l o c u s  of maximum torque  product ion  o u t  t o  sma l l e r  O( . 

A t h i r d  c o n s i s t e n t  d i f f e r e n c e  between t h e  t h e o r e t i c a l  and 

empi r i ca l  cu rves  is  t h a t  t h e  model p r e d i c t s  too r a p i d  a f a l l - o f f  i n  

maximal, i some t r i c  f l e x o r  torque as t h e  angle  of f l e x i o n  goes t o  zero -- 

t h e  r a t i o  ~=re&aX,Uohi~ 0.23  i n  t h e  model and ranges from 

0.45 t o  0.69 amongst t h e  s u b j e c t s .  Such a  r a p i d  diminut ion i n  maximal 

f l e x o r  torque product ion  cannot  be  accounted f o r  by t h e  f a c t  t h a t  t h e  

model i gnores  f l e x o r  torque  genera ted  by e longated  p a r a l l e l  e l a s t i c  

t i s s u e  a t  s m a l l  ang le s  of elbow f l e x i o n .  While t h i s  c o n f l i c t s  w i th  t h e  

publ i shed  work of F ide lus  (1968), most r e sea rche r s  have concluded t h a t  

p a r a l l e l  e l a s t i c  t i s s u e  c o n t r i b u t e s  very l i t t l e  t o  n e t  c o n t r a c t i l e  f o r c e  

a t  long  l e n g t h s  of muscle i n  vivo.  There a r e ,  however, f o u r  o t h e r  c i r -  

cumstances, a t  least, which would, i n  t h e  model, underes t imate  maximal, 

i some t r i c  f l e x o r  torque product ion  a t  smal l  . The f i r s t  of t h e s e  

is t h e  approximation used i n  t h e  model of reducing B r a c h i a l i s  t o  G o  

r e p r e s e n t a t i v e  f i b r e s ,  a proximally o r i g i n a t i n g  and a  d i s t a l l y  o r i g i n a t i n g  

one, bo th  of them i n s e r t i n g  a t  a  s i n g l e  po in t .  This  approximation under- 

e s t i m a t e s  t h e  torque  con t r ibu ted  by B r a c h i a l i s  a t  l eng ths  g r e a t e r  than  

Lo and would b e  p a r t i c u l a r l y  s i g n i f i c a n t  a t  those  small  < where t h e  

torque  produced by t h e  muscle, t h i s  "workhorse of f lex ion"  (Basmajian 

e t ,  a l . ,  l 957) ,  beg ins  t o  rise. A second cond i t i on  which would s e r v e  t o  

underes t imate  torque  product ion  a t  smal l  & is  t h e  assumption of a  



"poin t  i n s e r t i o n " .  I n  vivo t h e  l e v e r  arm is determined by a n  a r e a  of 

tendonous i n s e r t i o n ,  t h e r e  is  i n t e r d i g i t a t i o n  of  a n t e b r a c h i a l  f a s c i a  

which, a t  s m a l l  M , could  e n l a r g e  t h e  a r e a  of e f f e c t i v e  i n s e r t i o n ,  

and t h e r e  i s  t h e  b i c i p i t a l  aponeurosis  which was n o t  accounted f o r  i n  

t h i s  model a t  a l l .  A t h i r d  c o n d i t i o n  is compliance from t h e  s e r i e s  

e l a s t i c  t i s s u e  which would he lp  t o  con ta in  e longat ion  of t h e  c o n t r a c t i l e  

t i s s u e s  and, thereby ,  main ta in  t h e i r  f o r c e  product ion a t  s m a l l e r  ang le s  

of f l e x i o n .  A f o u r t h  c o n d i t i o n  which could  r e s u l t  i n  t h e  too-rapid 

diminut ion of p r e d i c t e d  torque  a s  t h e  angle of  elbow f l e x i o n  d iminishes  

is  t h e  exc lus ion  of  any c o n t r i b u t i o n  from t h e  minor f l e x o r s  mentioned 

above; fur thermore,  by f i x i n g  t h e  s u b j e c t s '  w r i s t s  a s  was done by t h e  

c a s t i n g  on t h e  dynamometer, t h e  minor f l e x o r s  were a b l e  t o  c o n t r i b u t e  

a l l  t h e i r  f o r c e  product ion  t o  f l e x o r  torque recorded a t  t h e  elbow by 

each s u b j e c t .  Therefore,  some of t h e  incongruence between t h e  t h e o r e t i c a l  

curve  and t h e  empi r i ca l  curves  must be  a t t r i b u t e d  t o  t h e  s i m p l i f i c a t i o n s  

made by t h e  model. 

The experiment b r ings  a d d i t i o n a l  in format ion  t o  hand. I n  t h e  

cadaver  it  was apparent  t h a t  enormous l eng th  changes a r e  imposed on  t h e  

c o n t r a c t i l e  t i s s u e s  of t h e  f l e x o r s  i n  accomodat ing  f u l l  excurs ion  of t h e  

elbow j o i n t .  Furthermore, t h e  r o l e  of  t h e  capi tulum and t h e  t r o c h l e a  as 

e f f e c t i v e  p u l l e y s  f o r  t h e  a c t i o n  o f  Biceps B r a c h i i  and B r a c h i a l i s  a t  

s m a l l e r  angles  of elbow f l e x i o n  was c l a r i f i e d .  These l eng th  changes and 

anatomical  p u l l e y s  make the  not ion  of a  s i n g l e  equ iva l en t  f l e x o r  a c t i n g  



through t h e  excurs ion  of t h e  j o i n t  untenable;  t he  no t ion  has  been 

used as a  s i m p l i f i c a t i o n  by some r e sea rche r s  up t o  t h e  p re sen t  t i m e .  

Data gathered from t h e  cadaver  a l s o  r a t i o n a l i z e s  t h e  

i n f l e c t i o n  of  t h e  torque curve a s  t h e  ang le  of i n f l e c t i o n  goes t o  

zero .  This  i n f l e x i o n  would appear  t o  r e s u l t  from a t  l e a s t  t h r e e  

condi t ions :  t h e  bulk ing  e f f e c t  of t h e  c o n t r a c t i n g  muscles which would 

i n c r e a s e  t h e  ang le  of  i n s e r t i o n  t h a t  Biceps B r a c h i i  makes on the  rad ius ;  

t h e  i n c r e a s i n g  angle  of i n s e r t i o n  which B r a c h i a l i s  has  on t h e  u lna  a s D (  

0 
goes from approximately 40 t o  5O, and t h e  two anatomical  pu l l eys .  

Data from t h e  s u b j e c t s ,  on t h e  o t h e r  hand, demonstrates two 

cond i t i ons :  F i r s t ,  a wide i n t e r - i n d i v i d u a l  v a r i a t i o n  i n  t h e  torque/  

a n g l e  of  f l e x i o n  curve and, second, a n  apparent  grouping of i nd iv idua l s  

by s p o r t  i n  t h e  r a t i o  of torque a t  O( = 5' t o  maximum torque  able 1 3 ) .  

Whether t he  la t te r  i s  a  func t ion  of s e l e c t i o n  a t  the  e l i t e  l e v e l ,  a  

f u n c t i o n  of  t r a i n i n g ,  o r  a  func t ion  of  bo th  is  no t  examined. 

Given t h e  use of a  cadaver ,  important  shortcomings i n  t h e  

exper imenta l  des ign  a r e  these:  The e s t ima t ion  of e f f e c t i v e  cross-  

s e c t i o n s  f o r  t h e  f l e x o r s  from an approximation of  each of  them a s  

c y l i n d e r s ;  t h e  p a r t i c u l a r  s i m p l i f i c a t i o n s  made i n  reducing B r a c h i a l i s  

t o  two f i b r e s  and a  p o i n t  i n s e r t i o n ;  t h e  exc lus ion  of  compliance from 

t h e  s e r i e s  e l a s t i c  t i s s u e s  i n  determining l e n g t h  of  t h e  c o n t r a c t i l e  

t i s s u e s  a t  each ang le  of  f l ex ion ;  t h e  i n c l u s i o n  of on ly  t h r e e  f l e x o r s  



i n  the  model, a l l  be they commonly he ld  t h e  major f l exors ;  and the 

f i x a t i o n  of the  w r i s t s  of each of the  sub jec t s ,  thereby permi t t ing  them 

f u l l  advantage of t h e  minor f lexors .  I n  r e t r o s p e c t ,  the  exis tence  

of so much in ter - individual  v a r i a t i o n  i n  v ivo severe ly  l i m i t s  t he  ap- 

p l i c a t i o n  of  r e s u l t s  from a s i n g l e  cadaver such a s  a r e  a t  hand here.  

I n  sum, the  experiment has provided a gross va l ida t ion  of the  

model, 

i n  maximal, i sometr ic  f l ex ion  of t h e  human elbow. It suggests ,  however, 

t h a t  l eng th  change alone,  when considered i n  t h e  three  major f l exors ,  

Biceps Brachi i ,  Brach ia l i s ,  and Brach io rad ia l i s ,  is n o t  s u f f i c i e n t  t o  

account f o r  t h e  dependence of maximal, i sometr ic  f l e x o r  torque on 

angle  of  elbow f l e x i o n  -- i t  would appear t h a t  there  a r e  o the r  parameters, 

some of them perhaps undefined i n  t h e  model, which con t r ibu te  i n  

important measure t o  the  dependence of torque on angle of f lexion.  The 

experiment demonstrated some of the  condi t ions  which permit the  

production of cur ious ly  high torques a t  smal l  angles  of elbow f l ex ion .  

The v a l i d i t y  of s u b s t i t u t i n g  f o r  a l l  the  f l e x o r s  a  s i n g l e  equivalent  

f l e x o r  a c t i n g  throughout the  excursion of t h e  j o i n t  i s  n o t  upheld a s  a 

j u s t i f i a b l e  s i m p l i f i c a t i o n  of gross  mechanics i n  t h e  elbow. F ina l ly ,  

wide in te r - ind iv idua l  v a r i a t i o n  i n  torque/angle of f l ex ion  curves 



generated by each of t h e  s u b j e c t s  i s  read i ly  apparent and t h e  ex- 

periment points  up concrete f e a t u r e s  of anatomy which may help to  

cause t h i s  -- t h e  app l i ca t ion  of t h i s  is no t  examined. 
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