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ABSTRACT 

Other i n v e s t i g a t o r s  have repor ted  c o r r e l a t i o n  between t h e  

mechanical parameter o f  " tension-t ime" (de f ined as t h e  d e f i n i t e  

t ime i n  

i n te rva  

a c t  ion. 

rema ine  

dynamic 

and the  

eg ra l  o f  t he  e x t e r n a l l y - a p p l i e d  f o r c e  over a  chosen t ime 

) and the  metabo l ic  energy expendi ture o f  i somet r i c  muscu 

Th is  study i nves t i ga ted  whether t he  tens ion- t ime in teg ra  

a  use fu l  c o r r e l a t e  o f  phys io log i ca l  e f f o r t  i n  a  gross, 

l a r  

1 

muscular work task. Bench-stepping was t h e  work task  chosen, 

i nves t i ga ted  q u a n t i t i e s  were v a r i e d  by a l t e r i n g  stepping r a t e  

(36, 30, 24 and 18 cyc les  per  min). 

Metabol ic  energy consumptions were c a l c u l a t e d  from r e s p i r a t o r y  gas 

measurements. From cinematographic records, d is tance- t ime curves o f  

movements o f  t h e  c e n t r e  o f  g r a v i t y  throughout complete step cyc les  were 

obtained. By numerical  d i f f e r e n t i a t i o n ,  v e l o c i t y - t i m e  and acce le ra t i on -  

t ime curves were ca l cu la ted ,  and, by adjustments t o  the  l a t t e r ,  tension-  

t ime  curves were thus obtained. I n t e g r a t i o n  between se lec ted  t i m e - l i m i t s  

y i e l d e d  tens ion- t ime i n t e g r a l s .  

Tension-t ime in tegFa ls  were considered i n  t h ree  ways. ( i) f i xed -  

t ime i n t e g r a l s ,  i n  which the  t ime i n t e r v a l  considered was constant  f o r  

d i f f e r e n t  work tasks ( i i )  act ion-phase i n t e g r a l s ,  i n  which the  t ime 

i n t e r v a l s  considered were those o f  de f ined movement phases.  h he dura- 

t i o n  of  these i n t e r v a l s  v a r i e d  as stepping r a t e  va r ied . )  ( i  i i )  work-phase 



i n  teg  r a  

p a r t i c u  

I t  

I s ,  i n  which the t ime i n t e r v a l s  cons idered  were those o f  

l a r  types o f  muscular a c t i o n  ( c o n c e n t r i c ,  e c c e n t r i c  and s t a t i c ) .  

was shown t h a t  any tens ion- t ime i n t e g r a l  i s  a  l i n e a r  m u l t i p l e  

I o f  the  d u r a t i o n  o f  the  phase cons idered,  and equal  t o  m.g.t where m i s  
: 

the  mass o f  t he  body, g  the  a c c e l e r a t i o n  due t o  g r a v i t y ,  and t the  phase 

d u r a t i o n .  F ixed- t ime t ens ion - t ime  i n t e g r a l s  were t h e r e f o r e  cons tan t  

f o r  d i f f e r e n t  work tasks and bo re  no r e l a t i o n  t o  t h e i r  p h y s i o l o g i c a l  

cos t s .  

Act ion-phase i n t e g r a l s  f o r  s e l e c t e d  movement phases o f  d i f f e r e n t  work 

t asks  were mu1 t i p l e s  o f  the  d u r a t i o n  o f  t he  phases chosen : s i n c e  t h e  

- d u r a t i o n s  o f  t h e  seve ra l  movement phases i n  a  complete s t e p  c y c l e  were 

shown t o  vary  i n  a  complex manner as s tepp ing  r a t e  a l t e r e d ,  and s i n c e  

i h e  m e ~ a b o i  i c  energy cos t - s tepp i  ng r a t e  r e l a t i o n s h i p  was shown t o  be 

1  i nea r ,  ac t ion-phase  t ens ion - t ime  i n t e g r a l s  v a r i e d  i n  a  compl i ca ted  way 

i n  response t o  changes i n  s t e p p i n g  r a t e .  

Work-phase i n t e g r a l s ,  be ing  spec i  a1 cases o f  act ion-phase i n t e g r a l s ,  

were a l s o  shown t o  be n o t  use fu l  as c o r r e l a t e s  o f  p h y s i o l o g i c a l  e f f o r t .  

The r a t i o  o f  t he  mechanical work done i n  any phase, expressed as 

t h e  t ens ion -d i s tance  i n t e g r a l ,  / T.ds, t o  t he  t ens ion - t ime  i n t e g r a l ,  

/ T .d t ,  was demonstrated t o  equal  the  average v e l o c i t y  o f  movement d u r i n g  

t h e  phase cons i dered. 

I t  was concluded f rom t h i s  s tudy  t h a t  tens 

de f i ned ,  a r e  n o t  u s e f u l  c o r r e l a t e s  o f  me tabo l i c  

i on - t ime  i n t e g r a l s ,  as 

energy cos t  i n  dynami c  



muscular work tasks. Doubt i s  cast  on the general va l id i ty  o f  using 

such integrals ,  however they be considered, t o  in te rpre t  or predict meta- 

bo l i c  energy costs of dynamic muscular work. 
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CHAPTER I 

INTRODUCTION 

Th is  s tudy  i n v e s t i g a t e s  a method o f  measurement and c o r r e l a t i o n  o f  

mechanical and metabol i c  parameters o f  muscular performance. 

Func t ion  o f  Muscle 

Human muscle has t h r e e  f u n c t i o n s :  

i )  t o  p r o v i d e  hea t  and so h e l p  ma in ta i n  temperature homeostasis 

i i )  t o  i n i t i a t e  and m a i n t a i n  movement 

i i i ) t o  oppose movement 

The f i r s t  o f  these i s  i l l u s t r a t e d  i n  the  r e s t i n g  

o f  muscle when no  e x c i t a t o r y  e l e c t r i c a l  a c t i v i t y  i s  d 

i s  a l s o  produced as a by-product  when muscle f u l f i l s  

m e t a b o l i c  s t a t e  

i s c e r n i b l e :  hea t  

i t s  o t h e r  f u n c t i o n s .  

The second f u n c t i o n  i s  shown i n  the  performance o f  mechanical work 

on the e x t e r n a l  environment,  as i n  r a i s i n g  a load a g a i n s t  t he  f o r c e  o f  

g r a v i t y .  The t h i r d  i s  apparent  i n  m a i n t a i n i n g  a load  s t a t i o n a r y ,  o r  i n  

l owe r i ng  i t  v e r t i c a l l y  under c o n t r o l ;  i n  bo th  l a t t e r  cases the  tendency 

o f  an e x t e r n a l  f o r c e  t o  cause a d i f f e r e n t  mot ion i s  mod i f i ed .  

Muscle as a thermodynamic system 

I n  f u l f i l l i n g  i t s  f u n c t i o n s  muscle may be cons idered as a thermo- 

dynamic system, r e c e i v i n g  energy o f  one s o r t ,  chemical  p o t e n t i a l  energy 

Suppl ied by n u t r i e n t s ,  and t r ans fo rm ing  i t  i n t o  energy o f  ano ther  s o r t .  

The t ransformed energy i s  apparent  e i t h e r  as hea t ,  o r  as t he  performance 

o f  mechanical work on the e x t e r n a l  su r round ings .  The i n t e r n a l  energy 



change (AE)  , the  hea t  evo lved  (q)  and the mechanical  work done (w) 

a re  r e l a t e d  i n  accordance w i t h  the F i r s t  Law o f  Thermodynamics: 

A E = q - W  ... ( I )  

I n  t he  s i gn convent ion  used i n  Equat ion 1 , the hea t  added t o  the  

system and work done by  t he  system a re  bo th  counted p o s i t i v e .  

B i o l o g i c a l  systems a r e  s p e c i a l  i n  a thermodynamic sense s i n c e  

changes o c c u r r i n g  w i t h i n  such systems do so under c o n d i t i o n s  which 

a r e  bo th  i so therma l  and i s o b a r i c .  Such systems a r e  more conven ien t l y  

descr ibed i n  terms o f  en tha lpy  changes r a t h e r  than i n t e r n a l  energy 

changes s i n c e  the  en tha lpy  concept a u t o m a t i c a l l y  takes i n t o  account 

changes i n  volume. En tha lpy  changes (AH) a r e  r e l a t e d  t o  i n t e r n a l  

energy changes and voiume changes ( A V )  by the  equa t i on :  

where p denotes t he  cons tan t  p ressure .  

Furthermore, i n  b i o l o g i c a l  systems, volume changes a r e  g e n e r a l l y  

i n s i g n i f i c a n t  because chemical  changes occur  i n  s o l u t i o n .  I n  these 

s p e c i a l  systems, ' i n t e r n a l  energy changes' and ' en tha lpy  changes' 

a r e  synonomous terms. Th is  i s  t h e  case f o r  changes o c c u r i n g  i n  

muscles. 

E l e c t r i c a l  s t i m u l a t i o n  o f  a muscle causes an i n t e r n a l  en tha lpy  

change as a r e s u l t  o f  a t r i g g e r e d ,  spontaneous chemical  t r ans fo rma t i on .  

One p a r t  of  the  en tha lpy  change, the  f r e e  energy p o r t i o n  (AG) , i s  



t r a n s f e r a b l e  from the  system i n  mechanical l y - u s e f u l  form. Th i s  p o r t i o n  

i s  o f t e n  termed the  Gibbs f r e e  energy. I n  i sovo lum ic  changes, such as 

occur  i n  muscles, i t  corresponds t o  the maximum work con ten t  o r  the  

Helmhol tz  f r e e  energy (used by phys i c i  s t s  and eng ineers )  . The remain- 

i n g  p o r t i o n  o f  t he  en tha lpy  change, the en t ropy  change ( A S ) ,  i s  n o t  

t r a n s f e r a b l e  f rom the  system i n  u s e f u l  form. I t  i s  a measure o f  the  

change i n  randomness o f  s t r u c t u r a l  arrangement o f  the  components 

compos i ng the sys tern. 

The r e l a t i o n s h i p  between these severa l  q u a n t i t i e s  i s  governed by 

t he  Second Law o f  Thermodynami cs and i s  s t a t e d  thus : 

i i s  the cons tan t  abso lu te  temperature.  

T h e o r e t i c a l l y ,  a1 1 o f  the f r e e  energy may, through some coup1 i n g  

mechanism, be conver ted  t o  ex te rna l l y -pe r fo rmed  mechanical  work. I n  

p r a c t i c e ,  o n l y  a p o r t i o n  o f  i t  i s  so conver ted,  t he  o t h e r  p o r t i o n ,  

denoted q rr, be ing  i r r e v e r s i b l y  degraded t o  hea t  energy. Th is  energy 

t r ans fo rma t i on  i s  s u b j e c t  t o  t he  s t r i c t u r e s  o f  the  F i r s t  Law, and 

i s  expressed as: 

Thus, an avai  

The degraded hea t ,  

l a b l e  energy (AG) y i e l d s  a u s e f u l  energy o u t p u t ,  W.  

qi r r '  
i s  regarded i n  t h i s  ins tance  as waste.  



Concept o f  E f f i c i e n c y  

These cons ide ra t i ons  lead  n a t u r a l l y  t o  the  concept o f  e f f i c i e n c y  

as a  measure o f  t he  e f f e c t i v e n e s s  w i t h  which a v a i l a b l e  energy i s  

a c t u a l l y  used. The e f f i c i e n c y  o f  an energy t r a n s f o r m a t i o n  process i s  

t h e r e f o r e  de f i ned  as : 

E f f i c i e n c y  = Use fu l  energy ou tpu t  
Free energy made a v a i l a b l e  

Th i s  r a t i o  i s  

o f  the t r ans  format  

E f f i c i e n c y  = 

usual  l y  expressed as a  

i o n  summarised i n  Equat 

percentage. I n  t he  con tex t  

i o n  4 i t  f o l l o w s  t h a t :  

Whatever t he  t r u e  n a t u r e  o f  energy t r ans fo rma t i on ,  i t s  e f f i c i e n c y  

i s  an impor tan t  parameter,  f o r  i t  measures the  e f f e c t i v e n e s s  o f  t he  

s  ys tern as an energy conve r te r .  

I n  o r d e r  t o  assess t he  e f f i c i e n c y  o f  work ing  muscle(s)  , d e f i n e d  

i n  accordance w i t h  Equat ion 5,  i t  i s  necessary t o  determine two o f  t he  

q u a n t i t i e s ;  f r e e  energy made ava i lab1e ;use fu l  energy o u t p u t ;  wasted 

energy.  

Which of  these i s  determined,  and how, i s  a m a t t e r  o f  some 

a r b i t r a r i n e s s .  For  example, t he  cho ice  o f  methodology used i n  d e t e r -  

m i n i n g  the  f r e e  energy w i l l  be con t i ngen t  upon whether i s o l a t e d  muscles o r  



muscles i n  v i v o  a r e  used; whether macroscopic o r  microscopic measure- 

ment techniques are  being employed; or  whether one, severa l ,  or  a l l  of 

the  complex o f  component changes a re  being assessed f o r  t h e i r  e f f i c i e n c y .  

This d iscussion w i l l  be re turned t o  l a t e r .  

Work and E f f i c i e n c y :  Concentr ic  and Eccent r ic  Muscular Ac t i on  

I n  concen t r i c  muscular ac t i on ,  t h a t  i s  muscle shor ten ing  on 

st imulus t o  con t rac t ,  t he  usefu l  energy ou tput  o f  t he  muscle i s  equal 

t o  the  amount o f  ex terna l  mechanical work performed. For i s o t o n i c  

( i .e .  constant  tension)  c o n t r a c t i o n  the  work done i s  equal t o  t he  

product  o f  the  tens ion  (T) exer ted  and the  d is tance (s) through which 

i t s  p o i n t  o f  a p p l i c a t i o n  moves i n  t he  d i r e c t i o n  o f  the  f o r c e  ( i ,e .  T.s.). 

If the  f o r c e  i s  v a r i a b l e  i n  maqnitude, the  work done i s  eo1:al t o  the 

d e f i n i t e  i n t e g r a l  of t he  product  T.ds, t he  l i m i t s  o f  t he  i n t e g r a t i o n  

being the  app rop r ia te  d is tance l i m i t s  o f  the  dynamic a c t i o n  ( i .e .  
S 

1 i . ds .  I n  bo th  cases the  muscle i s  s a i d  t o  per form p o s i t i v e  
1 

work, t he  u n i t s  o f  which a r e  dyne cm. 

The e f f i c i e n c y  o f  the muscular work performance then becomes, 

from m o d i f i c a t i o n  o f  Equation 5: 

E f f i c i e n c y  = External  mechanical work done . . . . .(a) 
Free.energy made a v a i l a b l e  

If a  muscle i s  fo rced t o  lengthen under s t imu lus  t o  c o n t r a c t  i t  

i s  sa id  t o  undergo e c c e n t r i c  c o n t r a c t i o n  and t o  per form negat ive  work. 

The same cons idera t ions  app ly  t o  the  q u a n t i f i c a t i o n  o f  the  work done 

as i n  the  case o f  concen t r i c  c o n t r a c t i o n .  I t  i s  noted though, t h a t  



i n  t h i s  case work i s  done on the muscle by the ex te rna l  agent r a t h e r  

than by the muscle. However, the muscle has s t i  1 1  appl i ed  fo rce  

through a c e r t a i n  d is tance and the e f f i c i e n c y  o f  performance i s  

again expressed by Equation 8. 

I t  i s  c l e a r  t h a t  when muscles undergo concen t r i c  o r  e c c e n t r i c  

ac t ion ,  the var ious  energy r e l a t i o n s h i p s  a re  p e r f e c t l y  consonant 

w i t h  the conceptual framework o f  c l a s s i c a l  thermodynamics and 

c l a s s i c a l  mechanics. I n  bo th  cases the  e f f i c i e n c y  o f  the energy 

i nterchange i s  the r a t i o  o f  the  ex te rna l  mechanical work t o  the 

f r e e  energy s upp 1 i ed. 

Work and E f f i c i e n c y :  Isomet r ic  Muscular Ac t i on  $ 
However, concen t r i c  and e c c e n t r i c  a c t i o n  c o n s t i t u t e  o n l y  one 

facet o f  muscular performance-namely dynamic a c t i o n .  I t  i s  o f t e n  

necessary f o r  muscles under s t i m u l a t i o n  t o  apply tens ion  t o  an 

e x t e r n a l  body w i t h o u t  moving i t - f o r  example when at tached t o  a very 

la rge  mass. The muscle i n  s t a t i c  o r  i somet r i c  a c t i o n  performs no 

ex te rna l  work; a l though f o r c e  i s  be ing  app l i ed  e x t e r n a l l y ,  no 

movement i s  occu r r i ng ,  and t h e r e f o r e  the product  which def ines 

mechanical work i s  zero. 

The maintenance o f  tens ion  requ i res  a f r e e  energy re lease i n  

i t  i s  mis leading and confus ing t o  r e f e r  t o  " s t a t i c  

work" as many authors have done (egg .  Monod, 1956; 

Suggestion f i r s  t made by Cathcar t ,  Bedale and McCa 

the muscle: b u t  because the mechanical work done i s  zero i n  such cases, 

o r  " i somet r i c  

, 1951). The 

1923), t h a t  

work" 

S t a r r  

l l um ( 



the  e n e r g e t i c  in terchanges o c c u r r i n g  d u r i n g  i s o m e t r i c  a c t  i o n  be r e f e r r e d  

t o  as s t a t i c  e f f o r t ,  o r  i s o m e t r i c  e f f o r t ,  w i l l  be adopted here .  

The ques t i on  a r i s e s  o f  how the  e f f i c i e n c y  o f  i s o m e t r i c  e f f o r t  i s  

t o  be eva lua ted .  U t i l i z i n g  t he  concept d e r i v a t i v e  f r om c l a s s i c a l  work 

n o t i o n s   quati ti on 8 ) ,  i t  f o l l o w s  t h a t  t he  e f f i c i e n c y  o f  a l l  i s o m e t r i c  

work must be zero :  aga in ,  i t  does n o t  seem p o s s i b l e  t o  d i f f e r e n t i a t e  

between d i f f e r e n t  g rada t i ons  o f  i s o m e t r i c  f o r c e  a p p l i c a t i o n  i n  t h e i r  

r e l a t i o n s h i p  t o  thermodynamic in terchanges o c c u r r i n g .  T h i r d l y ,  t h e r e  

seems t o  be no p r o v i s i o n  f o r  account ing  the mechanical express ions 

o f  dynamic and s t a t i c  muscular a c t i o n  i n  s i m i l a r  terms wh ich  f i t  a 

c o n s i s t e n t  scheme o f  thermodynamic a n a l y s i s .  

These d i f f i c u l t i e s  w i l l  be cons idered i n  r e l a t i o n  t o  suggest ions 

p u t  forward by S t a r r  (1951):  B a n i s t e r  (1963):  Ban i s te r ,  R i b i s l  , Cureton 

and Abbot t  (1964):  and B a n i s t e r  (1970).  I n  o rde r  t o  d e f i n e  c l e a r l y  the  

problems i n v e s t i g a t e d  i n  the  p resen t  s tudy ,  these suggest ions a r e  

exami ned. 

Tens ion- t ime i n t e g r a l s  

S t a r r  (1951) suggested t h a t  p h y s i o l o g i c a l  e f f o r t  i n  bo th  dynamic 

and i s o m e t r i c  muscular a c t i o n  cou ld  be expressed i n  s i m i l a r  mechanical 

u n i t s .  He proposed t he  c r i t e r i o n  mechanical  q u a n t i t y  t o  be t h e  p roduc t  

o f  the e x t e r n a l l y - a p p l i e d  f o r c e  and i t s  t ime o f  a p p l i c a t i o n :  t h i s  was 

r e f e r r e d  t o  as the  tens i o n - t  ime parameter o f  the  muscular performance. 

The u n i t s  o f  measurement a r e  dyne sec. 

Th is  system o f  measurement was i l l u s t r a t e d  f o r  the  dynamic 



work- task o f  w e i g h t - l i f t i n g  and S t a r r  c la imed 

o f  h i s  method on the  bas i s  o f  r e s u l t s  y i e l d e d  

v a l i d i t y  and use fu lness  

i n  pe r f o rm ing  the  

work- task a t  two d i f f e r e n t  1 i f t i n g  r a t e s  (see Review o f  L i t e r a t u r e ) .  

~ ~ n s i o n - t i m e  i n t e g r a l s  and Acce le ra t i on - t ime  curves 

I n  o r d e r  t o  assess t he  t ens ion - t ime  parameter S t a r r  recorded t he  

w e i g h t - l i f t i n g  a c t i o n  c i nema tog raph i ca l l y .  A d i s t ance - t ime  curve  

(s vs.  t )  d e s c r i b i n g  the  movement o f  t he  we igh t  was p l o t t e d .  The 

f i r s t  t i m e - d e r i v a t i v e  of  t h i s  y i e l d e d  the  v e l o c i t y - t i m e  curve  ( v  vs.  t ) ,  

and the  second t i m e - d e r i v a t i v e  t he  a c c e l e r a t i o n - t i m e  cu rve  (a  vs.  t ) .  

The absc issa1 a x i s  o f  t h i s  graph was d i sp laced  - l g l  u n i t s ,  y i e l d i n g  

a n  ad jus ted  acce le ra '  i on - t ime  graph. The area between t h i s  d i sp laced  

a x i s ,  t he  curve,  and t he  l i m i t  va lues o f  t he  independent v a r i a b l e .  when 

m u l t i p l i e d  by the  mass o f  the s u b j e c t ,  g ives  the  t ens ion - t ime  i n t e g r a l .  

Th is  i s  proved as f o l l o w s :  

I f  a  body i s  r a i s e d  v e r t i c a l l y  such t h a t  i t  has, a t  any i n s t a n t ,  

- 2 
a n  observed a c c e l e r a t i o n  a  cm sec , then t h e  n e t  f o r c e  a c t i n g  on t he  

body i s  T + m.g. (T i s  t h e  appl  i e d  f o r c e  measured i n  dyne: g  i s  t he  

a c c e l e r a t i o n  due t o  g r a v i t a t i o n a l  a t t r a c t i o n  a t  t he  e a r t h ' s  su r f ace ;  

and m i s  the  mass o f  t he  body be ing  ra ised . )  A 1  1 q u a n t i t i e s  T, g  and 

a  a r e  v e c t o r  and i n  the  v e r t i c a l l y - u p w a r d  d i r e c t i o n .  Then 



That  i s ,  t he  f o r c e - t  

- - m (a-g) 

= m  (a-g) . d t  

= Sm (a-g) . d t  

t 
= m 2~ 

t, (a-g) . d t  

ime i n t e g r a l  between l i m i t s  t and t2 i s  equa 1 

t o  the  mass o f  t h e  body r a i s e d  t imes the  area enc losed by t he  acce le ra -  

t i o n  curve,  t he  l i m i t s  t and t o f  t he  independent v a r i a b l e ,  and the  1 2 

absc issa1 a x i s  d i sp laced  g  u n i t s .  S ince t he  v e r t i c a l l y  upward d i r e c t i o n  

- 2  
has been taken as pos i t i  ve, then  g  =-981 cm sec and t he  a x i s  i s  

t h e r e f o r e  d i sp laced  downward. 

S i m i l a r l y  a  f o r c e - d i s t a n c e  i n t e g r a l  may be d e r i v e d  f rom an ad jus ted  

a c c e l e r a t i o n - d i s t a n c e  curve.  Typ i ca l  forms o f  b o t h  ad jus ted  a c c e l e r a t i o n -  

t i m e  and ad jus ted  a c c e l e r a t i o n - d i s t a n c e  curves a r e  shown i n  F i g u r e  13 

(page 42) .  

These t ens ion - t ime  and t ens ion -d i s tance  i n t e g r a l s  w i l l  be i n v e s t i g a t e d  

i n  the p resen t  s tudy .  The t ens ion - t ime  i n t e g r a l  w i  11 be examined as a  

measure o f  metabol i c  e f f o r t  i n  a  gross muscular work t ask .  

I n t e r c o n v e r s i m  . - o f  Tension-Time and Tension-Dis tance I n t e g r a l s  

'An ex tens ion  was made t o  S t a r r ' s  ideas by B a n i s t e r  (1963),  B a n i s t e r  

R i b i s l ,  Cureton and Abbot t  (1964);  and B a n i s t e r  (1970). I t  was 

suggested t h a t  a  s imp le  i n t e r c o n v e r s i o n  o f  t ens ion - t ime  u n i t s  ( i . e .  



10 

s t a r r ' s  uni  t s  of  phys io log i ca l  e f f o r t ,  J ~ d t )  and the  c l a s s i c a l  work 

u n i t s  might  be poss ib le :  "There may be a  t rans form f u n c t i o n  between 

t h e  two w i t h  dimensions o f  cm sec "." ( ~ a n i s t e r ,  1963). A s i m i l a r  

n o t i o n  was c l e a r l y  suggested i n  the work o f  Jobsis and D u f f i e l d  (1967) 

(See Review o f  ~i t e r a t u r e ) .  

The suggest ion i s  o f  some i n t e r e s t ,  f o r  the dimens 

t ransform f u n c t i o n  would be those o f  H i l l ' s  constant ,  b  

i n  the " c h a r a c t e r i s t i c  equat ion" o f  muscular a c t  ion ( ~ i  

That i s ,  the equat ion (P + a)V = b(po-p) where P i s  the  

ions o f  the 

, which appears 

1 1 ,  1938)- 

tens i on  

exer ted ;  V ,  the v e l o c i t y  o f  con t rac t i on ;  
Po ' the maximum i somet r i c  

tens ion  of  the muscle; and a  and b  are  constants , the i  r un i t s  being gm w t  

- 1 
and cm sec respec t i ve l y .  

The constants a  and b  were shown t o  be i n t i m a t e l y  r e l a t e d  t o  the 

e n e r g e t i c  interchanges occu r r i ng  i n  shor ten ing  muscle: a  i s  the 

"shor ten ing  heat ' '  per  u n i t  length  o f  shor ten ing  (Fenn, 1923; 1924: 

H i  1 1  1938; 1964). b  i s  the r a t i o  o f  e x t r a  energy 1 i b e r a t i o n  i n  shor ten ing  

t o  the amount by which the load f a l l s  s h o r t  o f  the maximum i somet r i c  

t ens ion  o f  the  muscle ( ~ i  1 1 ,  1938). The uni  t s  o f  a  a re  grn w t ,  those o f  

- 1 
b ,  cm sec . H i l l ' s  equat ion i s  fundamental i n  the d e s c r i p t i o n  o f  

muscular con t rac t i on  an.d can be der ived from both mechanical and energy 

cons idera t ions   i ill, 1938). 

The quest ion  a r i ses  o f  whether the tens i o n - t  ime parameter suggested 

b y  S t a r r  can be r e l a t e d  t o  H i l l ' s  c h a r a c t e r i s t i c  equat ion o r  t o  o t h e r  

parameters o f  muscular performance. 



I n  o r d e r  t o  answer the seve ra l  d i f f i c u l t i e s  posed i n  t h i s  Chapter,  

i t  i s  necessary t o  f i n d  some way t o  account t he  mechanical  express ions 

o f  b o t h  dynamic and s t a t i c  a c t i o n  i n  s i m i l a r  terms which can be r e l a t e d  

t o  one another ,  and t o  o t h e r  thermodynamic changes o c c u r r i n g  i n  t he  

a c t i v a t e d  muscle. 

S ince measures o f  impulse have been found t o  be u s e f u l  c o r r e l a t e s  

of me tabo l i c  e f f o r t  i n  i s o m e t r i c  muscular a c t i o n  ( ~ a r t r e e  and H i  11, 

1921), t he  ques t i on  i s  posed o f  whether such measures have v a l i d i t y  

as  c o r r e l a t e s  o f  m e t a b o l i c  e f f o r t  i n  dynamic work tasks.  

 he p resen t  s tudy  t h e r e f o r e  i n v e s t i g a t e s  : 

i) whether t he  t ens ion - t ime  u n i t  suggested by S t a r r  i s  a  v a l i d  and 

u s e f u l  measure o f  p h y s i o l o g i c a l  e f f o r t  i n  a gross work t ask  

. . \  
I I /  whether the t ens ion - t ime  and t ens ion -d i s tance  i n t e g r a l s  a r e  

concep tua l l y  dependent and a b l e  t o  be i n t e r - r e l a t e d  by some 

t r a n s f e r  f u n c t i o n  

i i i ) whether t h e  gross mechani c a l  and metabol i c parameters can be 

r e l a t e d  t o  themodynamic in terchanges a t  c e l l u l a r  l e v e l ,  and 

a d e f i n i t i o n  o f  muscular e f f i c i e n c y  suggested. 



CHAPTER I I 

REVIEW OF LITERATURE 

Inves t i ga t i ons  o f  the ene rge t i c  interchanges o c c u r r i n g  i n  muscles 

dur ing  con t rac t i on  date back t o  those o f  Helmhol t z  (1848), ~ g c l a r d  

(1861), and Heidenhain (1864). The s imple heat  p roduct ion  under 

d i f f e r e n t  cond i t i ons  o f  dynamic and i somet r i c  load ing  was i nves t i ga ted .  

An account of  these e a r l y  s tud ies  has been g iven by H i l l  (1959). 

The l a t t e r  two i n v e s t i g a t o r s  coined the phrase " s t a t i c  work" t o  

descr ibe the metabo l ic  response of  muscle s t imu la ted  under i somet r i c  

- cond i t ions .  Un fo r tuna te l y  the confus ing terminology cont inued i n  the 

repor ts  o f  o the r  i n v e s t i g a t o r s  (~hauveau,  1896; Lindhard, 1920). As 

noted e a r l i e r ,  i n  t he  present  r e p o r t  t he  term s t a t i c  e f f o r t ,  o r  

i somet r ic  e f f o r t ,  w i l l  be employed t o  descr ibe such a  response: 

"work" w i l l  be used i n  the s t r i c t  phys i ca l  sense, imp ly ing  fo rce  a c t -  

i ng  through some d is tance.  

Chauveau (1 896) recorded the temperature changes associated w i  t h  

loading the forearm ex t rem i t y  w i t h  d i f f e r e n t  weights by means of  a  

thermometer p r i cked  i n t o  the  s k i n  near the b iceps b r a c h i i  muscle. He 

found t h a t  the force needed t o  main ta in  the load s t a t i c a l l y  was pro-  

p o r t i o n a l  t o  the increase i n  muscular temperature due t o  the  l o c a l  

metabol ic  process. 

Har t ree  and H i l l  (1921) i nves t i ga ted  the mechanical expression o f  

tension- t ime,  jT .d t ,  f o r  i s o m e t r i c  con t rac t i ons  o f  i s o l a t e d  f rogs '  

12 



mus c 

tens 

l es .  Tens ion- t ime was de f i ned  

ion- t ime curve ,  o r  mathernatica 

developed and t the  t ime". 

13 

as " the area under t he  i s o m e t r i c  

l l y  as /T .d t  where T  i s  the t ens ion  

For cons tan t  temperature and i nc reas ing  d u r a t i o n  o f  s t i m u l u s  i t  

was shown t h a t  t h e r e  was a  l i n e a r  r e l a t i o n s h i p  between t he  hea t  produced 

and the t ens ion  t ime i n t e g r a l .  The au thors  expressed t he  o p i n i o n  t h a t  

" the t ens ion  - t ime  has some r e a l  phys i ca l  ( o r  p h y s i o l o g i c a l )  s i g -  

n i f i c a n c e  i n  t he  economy o f  muscle". 

I n  Bronk's (1930) s tudy  o f  the e f f i c i e n c y  o f  i s o m e t r i c  muscular 

a c t i o n  as r e l a t e d  t o  s t i m u l a t i o n  frequency, the  economy o r  e f f i c i e n c y  

o f  performance o f  i s o l a t e d  f r o g ' s  muscle was de f i ned  as t h e  r a t i o  

tens ion- t ime:  hea t  p roduc t i on .  Th i s  f o r m u l a t i o n  may a l t e r n a t i v e l y  

be expressed as t he  r a t i o  tens i on :  r a t e  o f  hea t  p roduc t i on .  I t  was 

found t h a t  up t o  a  c e r t a i n  s t i m u l a t i o n  frequency l e v e l ,  t he  work ing  

e f f i c i e n c y  increased i n  d i  r e c t  p r o p o r t i o n  t o  t he  frequency of  s t imu -  

l a t i o n .  S i m i l a r  t ens ion - t ime  concepts were used by Boz le r  ( l 9 3 0 ) ,  

Kamada (1932), and Bronk (1932).  

A1 though i nves t i g a t  i on o f  some o f  the  mechan i ca 1 pa rame t e r s  o f  

human muscles were made by Ra ls ton ,  Inman, S t r a i t  and S h a f f r a t h  (1947),  

and W i l k i e  (1950), these s t u d i e s  d i d  n o t  i n v e s t i g a t e  the  t ens ion - t ime  

parameter, n o r  t he  e n e r g e t i c  in terchanges.  Indeed, the  p o s s i b l e  r o l e  

o f  the t ens ion - t ime  i n t e g r a l  as a  determinant  o f  energy metabol ism 

i n  muscular a c t i o n  has o n l y  r e c e n t l y  been suggested: i t  has been p o i n t e d  

ou t  by Mommaerts (1969) t h a t :  



. . . i n s i g h t  has developed t h a t  the  mere gene ra t i on  o f  
t ens ion  and presence o f  t ens ion  i t s e l f  a r e  assoc ia ted  
w i t h  an energy d i s s i p a t i o n  o f  t h e i r  own. Th i s  seems 
t o  have been taken f o r  g ran ted  i n  c a r d i a c  phys io logy ,  
where a  tens ion- t ime index  has become regarded as t h e  
p r i n c i p a l  determinant  o f  metabol ism..  .. I n  muscle 
phys io logy ,  a l though cons idered  i n  pass ing  by Ha r t r ee  
and H i l l  (75) and i m p l i e d  i n  Meyerhof 's  (162) use o f  
an i s o m e t r i c  t ime  c o e f f i c i e n t ,  i t  has p layed  no r o l e  
whatsoever u n t i l  r e c e n t l y .  

An a t tempt  t o  f i t  the  t ens ion - t ime  concept i n t o  an energy- 

account ing scheme o f  gross muscular a c t i o n  was made by S t a r r  (1951).  

A f t e r  s t u d y i n g  the  gross dynamic work o f  w e i g h t - l i f t i n g ,  he suggested 

t h a t  a  tens ion- t ime i n t e g r a l  was a  v a l i d  measure o f  me tabo l i c  e f f o r t :  

fur thermore,  he contended t h a t  t h i s  was appl  i cab le  t o  b o t h  s t a t i c  

and dynamic p o s i t i v e  and nega t i ve  muscular a c t i o n ,  so p r o v i d i n g  a  

common base o f  measurement f o r  t he  assessment o f  me tabo l i c  r e a c t i o n  i n  

a1 1 t h r e e  k i nds  o f  muscular e f f o r t .  

Tens ion- t ime was de f i ned  as t h e  p roduc t  o f  e x t e r n a l l y - e x e r t e d  

fo rce  (dynes) and i t s  t ime o f  a p p l i c a t i o n  (seconds).  I n  t he  case o f  

cons tan t  f o r c e ,  t h i s  de f i nes  muscular e f f o r t  s imp l y  as t h e  p roduc t  o f  

fo rce  and t ime. I n  t he  case o f  v a r i a b l e  e x t e r n a l  f o r c e ,  the  n o t i o n  

o f  t he  t ens ion - t ime  i n t e g r a l ,  /T .d t  must be invoked. The i n t e g r a l  

d e f i n i t e ,  i t s  l i m i t s  be ing  t he  a p p r o p r i a t e  t ime l i m i t s  o f  f o r c e  app 

t i o n .  

For a  w e i g h t - l i f t i n g  t ask ,  performed on two separa te  occas ions 

i s  

1 i ca- 

a t  

d i f f e r e n t  l i f t i n g  r a t e s ,  i t  was shown t h a t  t he  t ens ion - t ime  i n t e g r a l  

was g r e a t e r  a t  t h e  f a s t e r  l i f t i n g  r a t e .  By the  method exp la i ned  e a r l i e r ,  



(page 8 ) ,  the  t ens ion - t ime  i n t e g r a l  f o r  the  s lower  mot ion  was c a l -  

c u l a t e d  from the  a d j u s t e d  a c c e l e r a t i o n - t i m e  graph t o  be 1934.5 x  10 
6 

dyne sec. For t h e  f a s t e r  mot ion the  a c c e l e r a t i o n  curve  was below the  

d i sp laced  a x i s  between t and t2, and between t and t,,, so  the  t o t a l  
1  3  

i n t e g r a l  was de f i ned  as 

where a ' ,  the  a d j u s t e d  a c c e l e r a t i o n ,  i s  t he  v e c t o r  d i f f e r e n c e  o f  t he  

observed a c c e l e r a t i o n ,  a, and t he  a c c e l e r a t i o n  o f  g r a v i t y ,  g. The 

6  
t o t a l  i n t e g r a l  was then c a l c u l a t e d , t o  be 2996.8 x  10 dyne sec. 

Because t he  t ens ion - t ime  i n t e g r a l  was shown t o  be g r e a t e r  a t  the  

f a s t e r  l i f t i n g  r a t e ,  and so c o r r e l a t e d  w i t h  t he  s u b j e c t i v e  e s t i m a t e  o f  

necessary e f f o r t  t o  pe r f o rm  the  tasks ,  S t a r r  c la imed t he  parameter as 

a  v a l i d  measure o f  p h y s i o l o g i c a l  e f f o r t  expended. The o p i n i o n  was 

expressed t h a t  i t  "corresponds e x a c t l y  t o  t h e  t e n s i o n  t ime  o r i g i n a l  l y  

de f i ned  by H a r t r e e  and H i l l " .  

I t  was i m p l i c i t  i n  t h i s  f o r m u l a t i o n  t h a t  t ens ion  exe r ted  and r a t e  

o f  me tabo l i c  energy consumption were r e l a t e d  i n  a  s imp le  way. Th i s  

n o t i o n  had a l r eady  been c l e a r l y  recognised i n  t he  d e r i v a t i o n  o f  the  

" i s o m e t r ; ~  heat  c o e f f i c i e n t ' '  o f  i s o l a t e d  muscle. Th i s  c o e f f i c i e n t  i s  

def  i ned by ' 0  where P i s  the  t e n s i o n  exe r ted  i n  an i s o m e t r i c  t w i t c h  
H 

o r  te tanus ;  1 i s  the  r e s t i n g  l e n g t h  o f  t he  muscle; and H i s  the  co r res -  
0 

pending hea t  l i b e r a t e d  i n  the  muscle. The c o e f f i c i e n t  i s  c l e a r l y  a  



measure o f  the muscle's economy i n  tension generat ion.  Many attempts 

t o  determine the value o f  the parameter f o r  d i f f e r e n t  muscles were made, 

 ill, 1928; Feng, 1931; H i l l ,  1931; Rosenberg, 1934; H i l l ,  1958; H i l l  

and Woledge, 1962). 

D i r e c t  evidence o f  the  importance o f  the tension- t ime i n t e g r a l  

as a determinant o f  the energy changes occu r r i ng  i n  i s o t o n i c  cont rac t ions  

was presented by Jobsis  and D u f f i e l d  (1967). I t  was proposed, from 

inves t i ga t i ons  made on i s o l a t e d  muscles o f  f rogs  and toads, t h a t  energy 

u t i l i s a t i o n  was determined by th ree  va r iab les  

i) "the t ime i n t e g r a l  o f  the developed force",  JT.dt 
i i )  the  t ime i n t e g r a l  o f  shor tening,  JS.dt ... 

I I I ) the t o t a l  (ex te rna l  and i n t e r n a l )  mechanical work performed, 
"T 

The t o t a l  energy expended was thus: 

Energy used = K1 I T . d t  + K2 1 S.dt + K . W  
3 T 

These authors po in ted  out  t h a t  the parameters JT.dt and /S.dt were 

n o t  i n  energy u n i t s  - "these parameters.. . . .are expressed i n  u n i t s  t h a t  

cannot be in te rconver ted  a t  the present  t ime." The u n i t s  o f  conversion 

of  the tension- t ime parameter ( i . e .  the u n i t s  o f  K ) would c l e a r l y  need 
1 

t o  be those o f  v e l o c i t y .  

The tens ion- t ime i n t e g r a l  has found f requent  use i n  card iac  

phys i o logy :  dependence o f  card iac  metabol i c  e f f o r t  on the tens i on  

exer ted by the myocardium was claimed on t h e o r e t i c a l  grounds by Woods 

(1892), Burch (1955) and Burton (1957). La te r ,  emp i r i ca l  evidence 

c o r r e l a t  i ng tens ion- t ime w i  t h  myocardi a1 oxygen consumpt i o n  was 



  resented by Sarnof f ,  Braunwald, Welch, Stainsby, Case and Macruz (1958), 

and Rodbard, Wi l l iams and Wi l l i ams  (1959). The importance o f  t h i s  f a c t  

i n  t he  economy o f  general f u n c t i o n  o f  t h e  hea r t  has been s t ressed by 

S t a r r  (1964), Burton (1965), Braunwald (1969) and Ban is te r  (1970). 

Extensive reviews o f  t h e  general mechanics and thermodynamics 

o f  muscular a c t  i on  have been made by W i  1 k i e ,  1954; Podol sky, 1960; 

W i  1 k i e ,  1960; P r ing le ,  1960; Sandow, 1961 ; Mommaerts, Brady and Abbot t ,  

1961; H i l l ,  1965; Lehninger, 1965; M i l l e r ,  1968; Mommaerts, 1969; and 

Banister ,  1970. These reviews deal e x c l u s i v e l y  w i t h  t h e  mechanical 

and energet ic  phenomena a t  t he  microscopic o r  i s o l a t e d  muscle l eve l s .  

Extensive reviews concerning t h e  metabo l ic  energy cos t  o f  gross 

muscular a c t i v i t y  have been made by Passmore and Durnin (1955): Durnin 

and Passmore (1967) ; A1 tman and D i  t tmer (1967) ; and Ban is te r  and Brown 

(1968). Although the  energy cos ts  o f  a c t i v i t i e s  somewhat s i m i l a r  t o  

bench-stepping have been s tud ied  - f o r  example, s t a i r  c l imb ing  and 

ladder c l imb ing   upto ton, 1923; Benedict and Parmenter, 1928; Droese, 

Kof rany i ,  Kraut  and Wildemann, 1949; O r s i n i  and Passmore, 1951; 

Lehmann, 1953, Hesser, 1965; and Richardson, 1966) - bench-stepping 

i t s e l f  has rece ived 1 i t t l e  a t t e n t  ion  (~assrnore and Thomson, 1950; 

Mahadeva, Passmore and Wol f f ,  1953 ; Bani s t e r ,  1963). This  i s  perhaps 

s u r p r i s i n g  i n  view o f  t he  usefu lness o f  t he  a c t i v i t y  as a s tandardised 

work- test  i n  f i t n e s s  assessment ( ~ r o u h a ,  Fradd and Savage, 1944; Kasch, 

Phi 1 1  ips, Ross and Carter,  1965; Shephard, 1966, 1967). 

The d imin ished energy cos t  o f  nega t i ve  muscular work compared t o  



18 
p o s i t i v e  muscular work has been demonstrated f o r  h i l l - w a l k i n g  (~hauveau ,  

1896), t r e a d m i l l  h i l l - w a l k i n g  (~hauveau ,  1901) and c y c l i n g  ( ~ b b o t t ,  

B ig land  and R i t c h i e ,  1952; Asmussen, 1953; Abbot t  and B ig land ,  1953. 

The m a j o r i t y  of  these s t u d i e s  showed t h a t  the r a t i o  p o s i t i v e  work cos t :  

nega t i ve  work cos t  inc reased  as speed o f  movement increased f o r  equiva- 

l e n t  e x t e r n a l  work loads. S u r p r i s i n g l y ,  a c t i v i t i e s  such as s tepp ing ,  

which have a l t e r n a t i n g  p o s i t i v e  and nega t i ve  work phases have n o t  been 

examined i n  t h i s  l i g h t .  

S i m i  l a r  r e s u l t s  have been shown t o  h o l d  f o r  i s o l a t e d  muscle prepara- 

t ions  ( ~ a v a g n a ,  Sai bene and Margar ia ,  1965; Bask in  and Gal 1 uzz i  , 1966; 

Cavagna; Margar ia  and Dusman 1967; Cavagna, Dusman and Margar ia ,  1968). 

The energy c o s t  o f  t r u e  s t a t i c  e f f o r t  i s  u n i v e s t i g a t e d  due perhaps t o  

d i f f i c u l t i e s  caused by masking e f f e c t s  o f  h i g h  i n t e r - i n d i v i d u a l  and 

i n t r a - i n d i v i d u a l  v a r i a b i  1 i t y  i n  meraboi i>ui ( P a s s i x r z  and T h m s v ;  1950). 

Response t o  s t a t i c  e f f o r t  has u s u a l l y  been q u a n t i f i e d  i n  terms more 

s e n s i t i v e  than m e t a b o l i c  cos t ,  such as h e a r t  r a t e  and b lood  p ressure  

(Monod, 1956; T u t t l e  and Howarth, 1957; Hansen and Maggio, 1960; Royce, 

1962; Ba rc ro f  t, Greenwood and Whelan, 1963; Monod and Scher re r  , 1964; 

Koopman , 1965) . 
The e f f i c i e n c y  o f  muscular work has been i n v e s t i g a t e d  f o r  a  w ide  

v a r i e t y  o f  tasks  (Henry and De Moor, 1950; Henry 1951; Ronnholm, 

Karvonen and Lapin le imu,  1962). Opt imal work r a t e s  f o r  produc ing 

maximum e f f i c i e n c y  have been demonstrated, p a r t i c u l a r l y  i n  c y c l e -  

r i d i n g  exper iments (Hi 11, 1922; D ick inson ,  1929; Garry and Wishar t ,  

1931). 



Wh i pp and Wasserman (1969) have r e c e n t l y  a t tempted t o  i n t e g r a t e  

b o t h  gross and b iochemica l  i n t e r p r e t a t i o n s  o f  e f f i c i e n c y ,  and they 

found c l ose  agreement between the  two i n  a  c y c l e - r i d i n g  task .  

S t a r r ' s  (1951) techn ique  o f  u s i n g  d e r i v a t i v e s  o f  d i s t ance - t ime  

curves has n o t  been desc r i bed  i n  t he  c u r r e n t  l i t e r a t u r e .  Zajaczkowska 

(1962) used the  second t ime  d e r i v a t i v e  t o  c a l c u l a t e  mechanical  work o u t -  

pu t  i n  a  s tudy  concerne? w i t h  f i n d i n g  the  mechanical c o r r e l a t e s  o f  

s k i l l e d  performance i n  we igh t  l i f t i n g ;  no a n a l y s i s  o f  t he  method used was 

a t  tempted however . 
I n  summary, t he  p resen t  s t a t e  o f  knowledge about  t he  p a r t i c u l a r  

- ques t ions  which t h i s  s tudy  i n v e s t i g a t e s  i s  sparse,  a1 though a  v a s t  

genera l  l i t e r a t u r e  e x i s t s  i n  r e l a t e d  areas. No answer has been made t o  

, - -  . - <  
t he  ques t ions  o f  Scar r  ( i 9 5 i )  and Ban i s re r  ( i y b j )  about whether  the  

concept o f  t ens ion - t ime  i s  a  u s e f u l  o r  a p p r o p r i a t e  measure o f  phys io -  

l o g i c a l  e f f o r t ;  whether  the t ens ion - t ime  i n t e g r a l  i s  meaningfu l  i n  

mechanical work terms; and whether  i t  i s  r e l a t e d  t o  thermodynamic 

e f f i c i e n c y .  The p resen t  s tudy  w i l l  i n v e s t i g a t e  these ques t ions .  



CHAPTER I l l  

METHOD 

Subjects  and General Design 

Four a t h l e t i c  s u b j e c t s  were s tud ied ;  t h e i r  ages and we igh ts  a re  

g iven  i n  Table I .  Each s u b j e c t  completed f o u r  work tasks ,  s t e p p i n g  

a t  18, 24, 30 and 36 cyc les  pe r  m inu te  on separate occas ions.  (one 

c y c l e  be ing  a  s t e p  up and a s t e p  down.) The o r d e r  o f  assignment o f  

sub jec t s  t o  work tasks s a t i s f i e d  a  randomly-chosen 4 x 4 L a t i n  Square 

des ign:  any p r a c t i c e  e f f e c t  assoc ia ted  w i t h  t h e  a c t i v i t y  was thus 

obv ia ted  (Winer, 1962). Experiments were done i n  d u p l i c a t e  t o  es t ima te  

v a r i a b i l i t y  i n  t he  parameters measured. F i gu re  I i l l u s t r a t e s  the  o v e r a l l  

exper imenta l  des ign.  

TABLE 1 .  Age and we igh t  o f  s u b j e c t s  

SUBJECT 

MM 

G S 

H K 

AGE WEIGHT RANGE (KG) 

Work Task 

The work task  used cons i s ted  o f  s t epp ing  on and o f f  a  bench, 35.7 

cm h igh ,  a t  a  cons tan t  r a t e  f o r  a  p e r i o d  o f  f i v e  minutes.  Th i s  work 

task  was preceded by a  f i v e - m i n u t e  p e r i o d  o f  c y c l i n q  on a  b i c y c l e  

2  0 



STEPPING RATE (CYCLES PER MIN) 

REPLICATED SET 

FIG. 1. Diagramnmtic rcproscntation of experimental design. Numbers i n  squares indicate 
the order of adnunistr-ation of work tasks for each subject. 



ergometer (von Dobeln; AB Cyc le fab r i ken ,  Monark,  wede en) a t  40 rpm 

w i t h  no load,  and f o l l o w e d  by a  s i m i l a r  f i v e  minute p e r i o d  o f  c y c l i n g .  

Unloaded c y c l i n g  had less  me tabo l i c  cos t  than any s tepp ing  t ask  and 

p rov ided  a  s t a b l e  me tabo l i c  base-1 i n e  (Hi 11, 1965; p.  152). 

Dur ing  s tepp ing ,  the  s u b j e c t  was i n s t r u c t e d  t o  use t he  b a l l s  o f  

h i s  f e e t ;  t h e  abso rp t i on  o f  impact f o r ces  by muscular work r a t h e r  than 

by the  bony s t r u c t u r e  o f  the  legs was thus ensured. The s u b j e c t  was 

a l s o  i n s t r u c t e d  t o  keep arms and hands i n  a  s t r a i g h t  l i n e  and a t  

a  cons tan t  a n g u l a t i o n  t o  t h e  t r u n k ;  t o  keep t he  t r u n k  f a i r l y  r i g i d ;  and 

t o  p reven t  movements o f  t h e  head r e l a t i v e  t o  t he  t r u n k .  These l a t t e r  

p recau t ions  were necessary t o  f u l f  i 1  assumptions made i n  t h e  mechanical  

a n a l y s i s .  The s tepp ing  r a t e  was s e t  by a  metronome. 

T h r 2 p g h ~ ) p t  t h e  P . Y . ~  r C i  ~e + e ? ~ _ ) ~ n ~ e  + ~ _ ) h j ~ f ~ t +  \ q ~ \ r e  fin!;# a t h  l e t  c 

s h o r t s  thus a1 low ing  p r e c i s e  l o c a t i o n  o f  j o i n t s  d u r i n g  subsequent f i l m  

a n a l y s i s .  I n  a d d i t i o n ,  a  one- inch square b l a c k  marker was a t tached t o  

t he  s u b j e c t ' s  back near  t he  l e v e l  o f  the  mid-lumbar ve r t eb rae .  

Resp i ra to r y  Gas C o l l e c t i o n  and Ana l ys i s  

Throughout t h e  whole o f  t h e  e x e r c i s e  p e r i o d  t h e  s u b j e c t  exhaled 

through a  C o l l i n s  low r e s i s t a n c e  va l ve  connected by non-Kinkable hose 

(15" I D )  t o  a  5  1 i t r e  sampl i n g  box and a  Parkinson-Cowan l ow- res i s -  

tance, r e s p i r a t o r y  gas meter .  

The minute volume and temperature o f  the  e x p i r e d  gas was recorded 

a t  t he  end o f  each minu te  ( ~ ~ ~ e n d i x  I ) .  Dur ing  the  m idd le  t h i r t y  

seconds o f  each minu te  a  sample o f  e x p i r e d  gas was c a r e f u l l y  drawn i n t o  



a 50 ml o i l e d  g l a s s  s y r i n g e  as t he  gas passed through t he  sampl ing box. 

Expi r ed  a i  r samples were analysed f o r  oxygen and carbon d i o x i d e  

con ten t  us i ng  a  Beckman Model E2 Oxygen ana lyser ,  and a Beckman C02 

ana lyser  c a l i b r a t e d  w i t h  gases analysed by the Micro-Scholander tech- 

n  i que ( ~ c h o l  ander , 1947) . 
The response o f  t he  oxygen ana lyser  was l i n e a r  ove r  the wide range 

of gas concen t ra t i ons  analysed:  the  response o f  t he  carbon d i o x i d e  

ana lyser  was c u r v i  1 i n e a r  ( ~ i g u r e  2 ) . A q u a d r a t i c  cu rve  o f  bes t  f i t 

was then computed t o  determine carbon d i o x i d e  concen t ra t i ons .  

(Appendix 2) 

A  computer program (Appendix 3) was used f o r  t h e  metabo l i c  

c a l c u l a t i o n s  ( p r i n t e d  example, F i g u r e  3). 

F i l m i n g  

S i x  f i l m  sequences o f  15 seconds were taken d u r i n g  t he  work task .  

They were taken a t  the  beg inn ing  and end o f  each minute.  

The camera was p laced  25 f e e t  t o  t he  rea r  o f  the  s u b j e c t ,  i n  

t he  s a g i t t a l  p l ane  o f  h i s  body. A m i r r o r ,  6 f t  x  3 f t ,  was placed 

3 f t  t o  t h e  s u b j e c t ' s  r i g h t  and made an ang le  o f  45 degrees w i t h  h i s  

f r o n t a l  p lane.  Th i s  a l l owed  t he  camera t o  r eco rd  s imu l taneous ly  both 

r e a r  and p r o f i l e  views o f  the  s tepp ing .  A r t i f i c i a l  l i g h t i n g  ensured 

good qua1 i t y  f i l m  reco rd ing .  

Two b lack ,  h o r i z o n t a l  s t r i p s  o f  tape were a t tached  t o  a  w a l l ,  

f ac i ng ,  and i n  the v i s u a l  f i e l d  o f  the  camera. They were so p laced as 

t o  be v i s i b l e  above the  head of the sub jec t .  T h e i r  purpose was t o  serve 
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C Q  ANALYSER READING (DIVISIONS) 

FIG. 2, Instrument response curve for carbon dioxide analyser. Equation of curve computed 
to be: %COP 0.000336(C& Reading)*+ 0.03379(C02 Reading) + 0.264 
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E N  U P T A K E  D E T E R M I N A T I O N  

CATE:OSMAY69 W T t 8 0 - 4  KG S R A T E 2 2 4  ANAL2.3 A - 
AIR ATPS * MEAN TEMP * V '  AIR STPD * 

* RER * VO2 USED 
* 0.8 * 0,547 
* 0.8 * 0,575 
* 0.8 * 0.539 
* 0.8 * 0.543 * 0.8 * 0.542 * 0.8 * 1 569 
* 0.8 * 2.717 
* 0.9 * 2.841 * 0.9 * 2 0862 
* 0 + 9  * 3.075 
* 1.0 * 1.958 
* 1.1 * 1.015 
* 1.0 * 0 769 * 1.0 * 0,659 
* 0.9 * 0.615 

FIG. 3. Computer output calculation of gross oxygen uptake for each minute of unloaded 
cycling, stepping, and recovery unloaded cycling from respiratory data. 



as h o r i z o n t a l  and v e r t i c a l  a l ignment  checks i n  subsequent f i l m  a n a l y s i s .  

A c a l i b r a t i o n  s c a l e  200 cm i n  l eng th ,  c l e a r l y  marked by b l a c k  s t r i p s  

a t  25 cm i n t e r v a l s  was p laced  v e r t i c a l  l y  near t he  f o o t  o f  t he  bench (on 

t h e c a m e r a s i d e ) .  I t w a s v i s i b l e t o t h e c a m e r a b o t h d i r e c t l y a n d b y  

r e f l e c t i o n  i n  t he  m i r r o r .  A board reco rd ing  t h e  name o f  t h e  s u b j e c t ,  

i 
and the  s tepp ing  r a t e  used was h e l d  i n  t he  v i s u a l  f i e l d  o f  t he  camera. 

P r i o r  t o  e x e r c i s e  the  c a l i b r a t i o n  and a p p r o p r i a t e  i d e n t i f i c a t i o n  da ta  

was f i lmed .  

Ana l ys i s  o f  F i l m  Data 

The d i s tance - t ime  r e l a t i o n  o f  t he  movement o f  t he  s u b j e c t ' s  c e n t r e  

o f  g r a v i t y  th roughout  a  complete s tepp ing  c y c l e  was ob ta ined ,  

From each o f  32 f i l m  records,  one complete s t e p  c y c l e  was se lec ted .  

The sequence con ta ined  between 36 and 72 frames, depending on t he  s t e p  

r a t e .  

The p o s i t i o n  o f  t he  s u b j e c t ' s  c e n t r e  o f  g r a v i t y  on every frame was 

determined by use o f  a  Vanguard Mot i o n  Analyser  (Vanguard l nst rument  

Corpora t ion ,  New ~ o r k ) .  The l o c a t i o n  o f  t h i s  p o i n t  was f i r s t  determined 

w i t h  r e fe rence  t o  t h e  coord ina tes  o f  t he  Analyser .  

The body can be cons idered as a  j o i n t e d  system o f  r i g i d  members 

( ~ i g u r e  4 ) .  Each member can be cons idered as hav ing  i t s  we igh t  

concen t ra ted  a t  i t s  c e n t r e  of  g r a v i t y ;  o r ,  a l t e r n a t i v e l y  i t  may be 

cons idered  as hav ing  i t s  we igh t  p r o p o r t i o n a t e l y  d i s t r i b u t e d  a t  each o f  

i t s  ends. 

I f  we cons ider  a  s imp le  system o f  two members A B  and BC,  j o i n t e d  a t  



FIG. 4. The body as a jointed system of rods 
(from Dcmpster, 1955b). 



B, and o f  we igh t  ml and m the  cen t re  o f  g r a v i t y  o f  each member i s  
2  ' 

s i t u a t e d  a t  G '  and G I '  r e s p e c t i v e l y  such t h a t  the  r a t i o s  A G ' :  A B ,  and 

BG": BC a r e  equal t o  s and t .  

The two member system may be e i t h e r  cons idered composed o f  we igh ts  

ml and m2 s i t u a t e d  a t  G '  and G" r e s p e c t i v e l y :  o r ,  o f  we igh ts  m 1 ' (1 -s ) ;  

m S + m ( I - t ) ;  and m t s i t u a t e d  a t  A,B and C r e s p e c t i v e l y :  o r ,  aga in ,  
1 2  ' 2 

i t  may a l s o  be cons idered composed o f  weights  m m2. (1 - t ) ,  and m 2 t ,  

s i t u a t e d  a t  G I ,  B ,  and C r e s p e c t i v e l y .  

I f  t he  Ca r tes ian  coord ina tes  o f  each o f  the  p o i n t s  A , B , C , G 1  and 

G" a r e  known then t h e  c e n t r e  o f  g r a v i t y  of t he  e n t i r e  system can be 

c a l c u l a t e d  as t he  sum o f  t he  products  o f  p r o p o r t i o n a t e  we igh t  and 

coo rd ina te  va lues assoc ia ted  w i t h  each p o i n t ,  d i v i d e d  by t h e  t o t a l  

w e i g h t  o f  t h e  system. For  example, f o r  the  l a t t e r  system, i f  the 

coord ina tes  o f  G ' ,  B and C a r e  r e s p e c t i v e l y  (xG,,YGI),  (X  B '  Y B ) ,  and 

(X Y ) ,  then the  X and Y coord ina tes  of  the  c e n t r e  o f  g r a v i t y  o f  t h e  C' C 

system are : -  

X coo rd ina te  = ml . X G 1  + m 2  ( I - t ) . x B  + m 2 . t . X C  

Y coo rd ina te  = m Y + m ( I - t ) . y B  + m 2 . t . Y C  1 '  G I  2  

A l l  t h ree  methods o f  system a n a l y s i s  y i e l d  the  same o v e r a l l  body 

c e n t r e  o f  g r a v i t y .  I n  t h e  p resen t  a n a l y s i s ,  the  whole-body cen t re  o f  

g r a v i t y  was determined as i n  the  l a s t  a n a l y s i s  descr ibed  above. 



The body was considered composed o f  seven r i g i d  members: i )  head, 

upper l imb,  t runk  and abdomen (one u n i t )  i i )  r i g h t  t h i g h  i i i )  l e f t  

t h i g h  i v )  r i g h t  shank v )  l e f t  shank v i )  r i g h t  f o o t  v i i )  l e f t  f o o t .  

The weight o f  each o f  these seven members was c a l c u l a t e d  from body-weight 

d i s t r i b u t i o n  data o f  Dempster (1955a). S l i g h t  adjustments accounted f o r  

the weight o f  the headpiece and mask worn by the sub jec t .  The ad jus ted  

weight  d i s t r i b u t i o n  i s  shown i n  Table I I .  

TABLE I I .  Showing the weight o f  r i g i d  members o f  the  body as a  

percentage o f  t o t a l  body weight .  (a) from Dempster, 1955a (b) ad jus ted  

t o  account f o r  weight  o f  a  headpiece ( 0 . 6 ~ g )  worn by sub jec ts  

Body 

Thigh (one) 

Shank (one) 

Foot (one) 1.4 1.368 

The reference p o i n t s  o f  the multi-member system were chosen as: 

the  b lack  marker p laced i n  the mid-lumbar reg ion  ( ' s p o t  marker ' )  ; the 

cent re  o f  the r i g h t  acetabular  j o i n t ;  the centres o f  the knee and ank le  

j o i n t s  o f  each leg;  and the  est imated centre o f  g r a v i t y  o f  each f o o t .  

Dempster (1955a) found empi r ica l  l y  t ha t  the cen t re  o f  g r a v i t y  o f  a1 1 

th ree  r i g i d  members o f  the lower 1 imb ( t h i g h ,  shank and f o o t )  was 



located 47 per cent  o f  the  segment length  from the proximal j o i n t  o f  

the segment. ( ~ i g u r e  5 ) .  This f a c t  was used t o  c a l c u l a t e  the weight  

fac tors  associated w i t h  each o f  the e i g h t  chosen reference p o i n t s  i n  

the manner descr ibed p rev ious l y .  The r e s u l t i n g  weight  f a c t o r s  a re  shown 

i n  Table I I I .  

TAB'LE I I I. Weight f a c t o r s  associated w i t h  5 reference po in t s .  

Reference Po in t  

Spot 

Hip 

Knee 

Ankle 

Foot 

Weight Factor  

The coordinates o f  each o f  the reference po in t s  ( 

system o f  the Motion Ana lyser ) ,  were found by consecut 

the i n t e r s e c t i o n  o f  t he  v e r t i c a l  and h o r i z o n t a l  crossw 

instrument i n t o  coinc idence w i t h  each reference p o i n t .  

i n  the coord ina te  

i v e l y  b r i n g i n g  

i res o f  the 

The coordinates 

of the spot marker were taken f rom the f ron ta l -p lane  photograph. 

Coordi nates o f  the o the r  seven reference po in t s  were asce r ta i  ned from the 

p r o f i l e ,  s a g i t t a l  p lane photograph seen as the m i r r o r  image. Measure- 

ments taken i n  the f r o n t a l  p lace were termed Scale 1 measures; those 

taken i n  the sagi t t a l  plane, Scale 2 measures ( ~ p p e n d i  x 4 )  . 



FIG. 5. Location of centres of gravity of the body segments relative to 
segment length (from Dempster, 1961). 



Summation o f  the  p roduc ts  o f  p r o p o r t i o n a l  we igh t  f a c t o r s  and 

coord ina tes  o f  each re ference p o i n t  d i v i d e d  by 100 ( t h e  t o t a l  we igh t  

o f  t he  system as a  percen tage) ,  i n d i c a t e d  t he  l o c a t i o n  o f  t he  v i  r t u a l  

c e n t r e  o f  g r a v i t y .  Th is  procedure, repeated f o r  each success ive 

f rame o f  the f i l m ,  t r aced  th,  movement o f  the  v i r t u a l  c e n t r e  o f  g r a v i t y .  

I t  must be no ted  t h a t  the  ' v i r t u a l '  cen t re  o f  g r a v i t y  i s  n o t  the  

r e a l  cen t re  o f  g r a v i t y .  I t  i s  a  p o i n t  whose v e r t i c a l  and h o r i z o n t a l  

movements f o l  low those o f  the  r e a l  cen t re  o f  g r a v i t y .  The reason t h a t  

t h e  r e a l  c e n t r e  o f  g r a v i t y  cannot be l oca ted  i s  t h a t  t he  a r b i t r a r i l y -  

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

head - upper 1 imbs - tho rax  - abdomen un i  t. The d i s t i n c t i o n  i s  unimpor- 

t a n t  i n  p r a c t i c e  s i n c e  o n l y  changes i n  t he  c e n t r e  o f  g r a v i t y  p o s i t i o n  a r e  

I m p o r t a i ~ i ,  rwi i LS abso iu te  p o s i t i o n .  These changes a r e  i d e n t i c a l  f o r  

b o t h  the  r e a l  and v i r t u a l  c e n t r e  o f  g r a v i t y  i f  an assumption i s  made t h a t  

t h e  spo t  marker shares the  same v e r t i c a l  and h o r i z o n t a l  movement as t h e  

c e n t r e  o f  g r a v i t y  o f  the upper-body complex. The l a t t e r  r equ i res  t h a t  t he  

s e v e r a l  p a r t s  o f  the  upper-body u n i t  do n o t  move r e l a t i v e  t o  one another .  

P recau t i ons  were taken t o  ensure t h i s  and the  assumption was cons idered  

v a l i d .  I t  i s  f o r  t h i s  reason t h a t  t he  d i s t i n c t i o n  between ' r e a l '  and 

' v i r t u a l '  cen t re  o f  g rav  

t h e r e f o r e  used w i t h o u t  d  

A second assumption 

a x i s  d i d  n o t  skew apprec 

t y  i s  un impor tant  and ' c e n t r e  o f  g r a v i t y '  i s  

s t i n c t i o n .  

s i m p l i f y i n g  t he  a n a l y s i s  i s  t h a t  the  ace tabu la r  

a b l y  f rom i t s  i n i t i a l  a l ignment  when t he  s u b j e c t  

s t o o d  a t  r e s t  i n  f r o n t  o f  t he  bench. I t  f o l l o w s  f rom t h i s  assumption 



t h a t  t h e  s a g i t t a l - p l a n e ,  h o r i z o n t a l  and v e r t i c a l  coord ina tes  o f  bo th  

a c e t a b u l a r  j o i n t s  a r e  the  same. Thus t he  coord ina tes  o f  o n l y  one h i p  

j o i n t  a r e  needed: t he  p resen t  exper imenta l  arrangement made i t  most 

c o n v e n i e n t  t o  choose the  r i g h t  ace tabu la r  j o i n t .  

Convers ion  o f  t he  measurements from the  pho tograph ic  ana l yse r  t o  

' r e a l  space '  measurements was e f f ec ted  f rom t h e  r e l a t i o n  o f  f i l m  

a n a l y s e r  r ead ings  cor respond ing  t o  25 cm i n t e r v a l s  o f  a  2 metre r u l e  

f i l m e d  b e s i d e  t h e  s t e p  bench, and t he  image o f  these i n t e r v a l s  i n  t he  

mi r r o r .  

The f o l l o w i n g  g r a p h i c a l  r e l a t i o n s h i p s  

a )  Sca le  I read ings :  Scale 2 readings 

b )  S c a l e  1  read ings :  Real Space Readings 

c )  Sc21z 2 rz;dlr,cjs: Rea; S p ~ e  Readings 

R e l a t i o n s h i p  (a) was c l e a r l y  1 i near .  

s l i g h t l y  c u r v i l i n e a r .   h his was due t o  an 

we r e  exami ned : 

Re la t i onsh ips  (b)  and (c) were 

ob 1 i qu i t y  phenomenon, caused 

b y  p o i n t s  o f f  t h e  o p t i c a l  a x i s  of  the  camera lens be ing  f u r t h e r  away than 

a x i a l  p o i n t s ) .  Q u a d r a t i c  equat ions were f i t t e d  t o  the  r e l a t i o n s h i p s  (b) 

and (c )  us i ng  a Gauss i a n  leas t -squares s o l u t i o n .  

A computer program ( ~ p p e n d i  x  5 )  performed a1 1 c a l c u l a t i o n s ,  and 

the  comp le te  r e a l  d i s t ance - t ime  curves o f  v e r t i c a l  and h o r i z o n t a l  move- 

ment o f  t h e  c e n t r e  o f  g r a v i t y  were determined ( ~ i g u r e s  6 and 7 ) .  

T i m i n g  o f  t h e  s t e p  sequence was determined f rom the  f i l m  speed. 

The i n t e r n a l  c a l  i b r a t i o n  o f  the camera (accura te  t o  1 %  a t  24 frames per  

second)  was checked by f i l m i n g  a h i g h  speed c l o c k .  





FIG. 7. A cornput(:r-plotted distance- time curve of hr~rizontnl movonicnts of tha contrt? of 
gravity in  bonc l~  stttpping. 



From d i s tance  - t ime curves o f  cen t re  o f  g r a v i t y  movements, 

corresponding v e l o c i t y - t i m e  and a c c e l e r a t i o n - t i m e  graphs were de r i ved  

b y  a  computer program us ing  numer ica l  d i f f e r e n t i a t i o n  (Appendix 6 ) .  

These graphs were computer p l o t t e d  and t y p i c a l  examples a r e  shown i n  

F igu res  8 ,  9, 10 and 1 1 .  The genera l  forms o f  t h e  curves f o r  v e r t i c a l  

movement a re  shown d iag rammat i ca l l y  i n  F igu re  12. 

The absc issa1 a x i s  o f  the  a c c e l e r a t i o n - t i m e  graph was d i sp laced  

- l g l  a c c e l e r a t i o n  u n i t s ,  i n  t h e  manner adopted by S t a r r  (1951),  and an 

a d j u s t e d  a c c e l e r a t i o n - t i m e  graph ob ta ined .  By s u b s t i t u t i n g  d i s tance ,  from 

t h e  o r i g i n a l  d is tance- t ime curve ,  f o r  the independent t ime v a r i a b l e  o f  the  

a d j u s t e d  a c c e l e r a t  i o n - t  ime curve,  an ad jus ted  acce le ra t i on -d i s tance  curve  

was drawn. General forms o f  these curves a r e  shown i n  F igu re  13. 

F c r c e - t i ~ c  i z t e ~ r a ! ~  ;;ere ca:cu:atei! iis tfte p l - o d u ~ i  u i  i i ~ e  area 

beneath se lec ted  p a r t s  of  t he  ad jus ted  a c c e l e r a t i  on - t  ime curve  and t he  

1 ims 
mass o f  t he  s u b j e c t  (m / a l . d t ,  where a '  = a  + I g l ) .  S i m i l a r l y ,  f o r ce -  

d i s t a n c e  i n t e g r a l s  were c a l c u l a t e d  as t he  p roduc t  o f  the  area beneath 

se lec ted  p a r t s  o f  t he  ad jus ted  a c c e l e r a t i o n - d i s t a n c e  curve and t he  mass o f  

1  ims 
t h e  s u b j e c t  (m S a l . d s ) .  To d i s c r i m i n a t e  se lec ted  p a r t s  o f  t h e  curves 

p o i n t s  were d e f i n e d  on t h e  o r i g i n a l  d i s t ance - t ime  graph a t  and between 

which a c t i v i t y  was descr ibed  as f o l l o w s :  

0 S t a r t i n g  p o i n t  o f  c y c l e  

0-1 Pe r i od  d u r i n g  which the  l ead ing  l e g  i s  r a i sed  and p laced  
o n t o  t h e  bench. 

1 Time a t  which t he  up-s tep  o f  the whole body beg ins :  de f i ned  
from the  d i s tance - t ime  curve as the f i r s t  minimum o f  the 
curve:  t h i s  was n o t  c l e a r l y  de f i ned  i n  a l l  cases. 



I 

SMOOTHED - 
I 

FIG. 8. A cornputrr-ploltetl ve loc~ ty  - t ~ m e  curve of verticdl ~noverncr~ts of tile cchntrr of gravi ty 
In bench s tepp~n,~ 



FIG. 9. A coniputer -plot to i l  ;rcoloration-time curve of vertical movements of the ccntrc of 
gravity in br?nch stopping. 



I 
FIG. 10. A computer-plotted veloci ty- t ime curve of horizontal movements of the centre of 

gravity in  bench stepping 
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FIG. 11. A computer-plotted accolcration-time curve of horizontal movements of  the centre 
of gravity in  bcnch stepping. 
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----ONE COMPLETE CYCLE- 

PHASE 1-2 3 -4 N-0' 

FIG. 12. General forms of (a) distance-t ime (b) veloci ty-t ime and (c) accelerat ion-t ime 
curves for vertical movements of the whole - body centre of gravity. 
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Per iod  o f  up - r i se  o f  the whole body. 

Time a t  which the cent re  o f  g r a v i t y  becomes r e l a t i v e l y  
s t a t i o n a r y  a t  i t s  h ighes t  p o i n t .  

Per iod  du r ing  which the centre o f  g r a v i t y  remains r e l a t i v e l y  
s t a t i o n a r y  a t  i t s  h ighes t  p o i n t .  

Time a t  which the whole body descent begins. 

Per iod o f  descent o f  whole body. 

F i r s t  minimum on the descent phase; co inc ides w i t h  t ime a t  
which the  leading l e g  begins t o  leave the bench. 

Per iod  o f  b r i n g i n g  the lead l eg  back t o  the  ground. 

End p o i n t  o f  cyc le :  sub jec t  i n  s tand ing  p o s i t i o n  on the  
f l o o r .  

N-0' Per iod o f  s tanding on the f l o o r .  

0' S t a r t i n g  p o i n t  o f  nex t  cyc le.  

The areas under var ious pa r t s  o f  the curves are  then def ined as: 

TI12 = ad jus ted  acce lera t ion- t ime i n t e g r a l  1-2: the  area under the 
ad jus ted  acce lera t ion- t ime curve between the  i n t e g r a l  1 i m i  t s  
s p e c i f i e d  by t ime 1 and t ime 2  (as de f ined above) 

S i m i l a r l y  TI23 and ~ 1 3 4 .  

S112 = ad jus ted  acce lera t ion-d is tance i n t e g r a l  1-2, the area under the 
ad jus ted  acce le ra t i on - t ime  curve between the i n t e g r a l  l i m i t s  
s p e c i f i e d  by time1 and t ime 2  (as de f ined above) 

S i m i l a r l y  S101, S123, S134  and S 1 4 N .  

These areas and the average v e l o c i t y  o f  movement du r ing  phases 1-2 

and 3-4 were computed (program, Appendix 6)  and p r i n t e d  (example, F igure  

1  4 )  . Average ve l o c i  ti es are denoted VAV 12 and VAV34  i n  the ascending and 

descending phases o f  the cyc le  respec t i ve l y .  



M A S S  = 6 7 . 2 0  KG. 

C A L C U L A T I O N S  V E R T  I C A L  R E S U L T S  H O R I  Z O N T A L  RFSIIL,TS 

I N T E G R A L S  U F  A D J U S T E D  ACCN. 
AHS(ACCN.+G)  V S  T A H S ( A C C N 1  V S  T 

U N I T S  A R F  C M / S E C  
FROM T l  T O  T 2  = T I 1 2  0 . 4 6 0 2 6 6 1 E  0 3  0 . 4 3 7 9 9 9 9 F  0 7  
FROM T 2  T O  T 3  = T I 2 3  0 . 7 5 8 2 3 2 9 E  0 3  0 . 2 R 7 9 9 7 7 F  0 2  
F R O M  T 3  T O  T 4  = T I 3 4  0 . 5 2 6 3 3 3 3 F  0 3  0 . 4 4 7 0 0 0 1  F 0 2  

A B S ( A C C N . + G )  V S  S A B S ( A C C N 1  V S  S 
U N I T S  ARE ( C M / S F C ) * * 7  

F R O M  0 T O  S 1  = S I O 1  0 . 1 0 7 4 0 1 4 E  0 5  0 . 5 P R 9 5 9 7 E  03 
FROM S 1  T O  S 2  = S I 1 2  0 . 3 3 5 7 9 7 8 E  0 5  0 . 1 4 2 3 4 3 9 E  04  
F R O M  5 2  T O  S 3  = S I 2 3  0 . 2 7 2 6 8 6 6 E  0 4  0 . 2 0 7 0 3 R 5 F  0 3  
FROM S 3  T U  5 4  = S I 3 4  0 . 3 3 2 9 7 5 3 E  0 5  0 . 1 4 3 4 9 5 2 F  04 
F R O M  S 4  T O  E N D =  S 1 4 N  0 . 6 7 2 8 0 1 6 E  0 4  0 . 5 5 1 5 1 4 2 F  0 3  

R A T I O S  O F  I N T E G R A L S  U N I T S  ARE C M / S E C  

S I 1 2 / T I 1 2  = R 1 2  0 . 7 2 9 5 7 3 1 E  07 0 . 3 7 6 9 P h n F  n7 
S I 3 4 / T  I 3 4  = K 3 4  0 . 6 3 2 6 3 2 0 E  0 2  0 . 3 7 1 0 1 8 2 E  0 2  
A V  O F  R 1 2 9 R 3 4  = R A V  0 0 6 7 7 6 5 2 Y E  0 2  0 . 3 7 2 9 8 9 8 E  0 2  

M E A N  V E L O C I T Y  C A L C U L A T I O N S  U N I T S  ARE ( C M / S F C )  

( S 2 - S l ) / ( T 2 - T 1 1  = V A V 1 2  0 . 7 3 9 6 3 5 6 E  0 2  0 . 3 1 4 1 8 1 7 E  0 7  
/ ( T 4 - T 3 )  = V A V 3 4  0 . 6 2 5 8 4 5 5 t  0 2  0 . 2 8 7 Q 9 9 0 F  02  

A V  O F  V A V 1 2 , V A V 3 4  = V A V  0 . 6 7 7 9 9 9 0 E  0 2  0 . 3 0 0 5 2 0 9 ~  0 2  

M E C H A N I C A L  WORK E X P R E S S I O N S  U N I T S  ARE K C A L  

F R O M  S 1  T O  S 2  
( M A S S 8 n l Z )  - - 2 0 . 5 3  / ? / 6 ? E  . . .. 01 . . 1 7 5 0 1 E - 0 2  

F R O M  S 3  T O  S 4  
( MASS*S I 3 4  = 1634 0 . 5 3 2 7 6 0 3 E - 0 1  0 . 7 2 9 5 9 2 3 E - 0 2  

F R O M  S 2  T O  S 3  ( P O S S . 1 )  
( M A S S * S  1 2 3 )  = W 2 3 P 1  0 . 4 3 6 2 9 8 2 E - 0 2  0 . 3 2 4 8 6 1 4 E - 0 3  

T O T A L  WORK ( POSS - 1  
( M A S S *  ( S I O l + S I 4 N )  

+ W 1 2 + F 3 4 + W 2 3 P l )  = W T O T l  0 . 1 3 9 3 1 5 h E  00 0 . 6 7 7 3 0 3 5 E - 0 7  

FIG. 14. Computer output calculation of mechanical parameters for one step- cycle. 



CHAPTER I V  

RESULTS 

Me tabo l i c  Ana l vs i s  

Table I V  summarises t he  a n a l y s i s  o f  t he  oxygen consumption. The 

mean va lue  o f  two exper iments  f o r  each s u b j e c t  a t  each s tepp ing  r a t e  i s  

shown: i n t r a - i n d i v i d u a l  v a r i a b i l i t y  i s  i n d i c a t e d  by t h e  mean d i f f e r e n c e  

(averaged ove r  a1 1 exper iments)  between the  two va lues and shown a t  t he  

f o o t  o f  each column. 

Me tabo l i c  da ta  f o r  the  exper iments a t  36 s teps pe r  minute a r e  n o t  

shown: t e c h n i c a l  d i f f i c u l t i e s  made the  r e s p i r a t o r y  da ta  c o l l e c t e d  a t  h i g h  

s t e p  r a t e s  u n r e l  i a b l e .  

The oxygen cos t  o f  pe r f o rm ing  a p h y s i c a l  a c t i v i t y  i s  u s u a l l y  measured 

f rom a f i x e d  b a s e l i n e  l e v e l  o f  oxygen consumption. Whipp and Wassermann 

( 1969) used a base1 i n e  o f  "unloaded pedal 1 ing"  on a b i c y c l e  ergometer 

(60  rpm): i n  the  p resen t  s tudy  t he  r e s t i n g  l e v e l  o f  oxygen consumption 

was chosen as a base1 i n e  (0.350 1 i t r e s  p e r  minute,  Whipp and Wassermann, 1969). 

F o r  comparat ive purposes, however, bo th  a r e s t i n g  consumption b a s e l i n e  and 

an unloaded pedal 1 i n g  base1 i ne (40 rpm) were used i n  subsequent c a l c u l a t i o n s .  

Two metliods o f  c a l c u l a t i n g  the  minu te  oxygen c o s t  o f  t he  s tepp ing  

i n e  were a l s o  used: e x e r c i s e  above a base1 

Method 1 :  add ing t o t a  

s u b t r a c t i n g  

1 e x e r c i  se and recovery oxygen consumption ; 

t e n  t imes the  minute consumption assoc ia ted  

45 
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w i  t h  t h e  a p p r o p r i a t e  "basel  i net '  a c t i v i  t y  

and recovery  t ime  was 10 minu tes )  ; and d  

r e s u l t i n g  v a l u e  by 10, g i v e s  t h e  appropr  

oxygen consumpti on o f  s t epp ing .  

( t o  

i v i d  

l a t e  

t a l  e x e r c i s e  

i n g  the  

minu te  

Method 2: t a k i n g  t he  s t e a d y - s t a t e  m inu te  oxygen consumption d u r i n g  

s t e p p i n g  ( t h e  maximum 90 reached was i n  a1 1 cases s u i t a b l e  2 

f o r  t a k i n g  as t h e  s t e a d y - s t a t e  v a l u e ) ,  and s u b t r a c t i n g  t h e  

minu te  consumption o f  t h e  b a s e l i n e  a c t i v i t y .  

Tab le  V summarises c a l c u l a t i o n s  o f  t he  minu te  oxygen c o s t  o f  

s t e p p i n g  by Method 1, u s i n g  un loaded p e d a l l i n g  as .basel ine,  and by Method 

2 us i ng bo th  unloaded peda 1 1  i ng and res t i  ng as base1 i ne. Both methods 

u s i n g  unloaded c y c l i n g  as b a s e l i n e  y i e l d  very  s i m i l a r  r e s u l t s ,  t he  

average d i f f e r e n c e  i n  t he  m inu te  oxygen c o s t  o f  s t e p p i n g  b e i n g  l ess  than 

0 .1  l i t r e s  p e r  m inu te .  

Us ing Methoi' 2, and r e s t i n g  oxygen consumption as b a s e l i n e ,  t he  

c a l c u l a t e d  minu te  oxygen c o s t  o f  s t e p p i n g  averages approx imate ly  0.3 

1  i t r e s  p e r  m inu te  h i g h e r  a t  a1 1 s t e p p i n g  r a t e s  than when c a l c u l a t e d  by 

t h e  o t h e r  methods. 

A l though t h e  m e t a b o l i c  c o s t  o f  s t e p p i n g  ( l i t r e s  o f  oxygen p e r  m inu te )  

v a r i e s  over  a  f a i r l y  w ide  range between sub jec t s  (ranges 2.88 - 3.60, 

2.42 - 2.85, and 1.55 - 2.08 a t  s t e p p i n g  r a t e s  30, 24, and 18 cyc les  p e r  

m i n u t e  r e s p e c t i  v e l y  f o r  t he  l a t t e r - m e n t  ioned method o f  c a l c u l a t i o n ) ,  the  

m e t a b o l i c  c o s t  expressed i n  m l  oxygen pe r  kg  o f  body we igh t   a able V )  

remains w i t h i n  a  narrow range a t  a l l  s t epp ing  r a t e s  ( r e s p e c t i v e l y  42.6 - 

45.2, 32.4 - 36.0, and 22.9 - 26.3).  
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Mechanical Ana l ys i s  

The d i s tance - t ime  curve  o f  the  c e n t r e  o f  g r a v i t y  d u r i n g  v e r t i c a l  

movement shows t h r e e  maxima and two minima t u r n i n g  p o i n t s  ( ~ i g u r e  12, 

page 41). The movement phases assoc ia ted  w i t h  p a r t i c u l a r  p a r t s  o f  t h e  

c u r v e  were de f i ned  e a r l  i e r  (page 36).  From the  d i s tance - t ime  curve  t h e  

f i l m  frame number cor respond ing  t o  each o f  the  re fe rence  p o i n t s  0 ,  1, 2, 

3, 4, N and 0 '  were no ted  and the  du ra t i ons  o f  each o f  t he  phases 0-1, 

1-2, 2-3, 3-4, and 4-N, determined  a able V I ) .  

From d i s tance - t ime  da ta ,  t he  average v e l o c i t y  o f  v e r t i c a l  movement 

i n  the  up-phase (1-2) and down-phase (3-4) o f  each c y c l e  was c a l c u l a t e d  

by computer and denoted VAV12 and V A V 3 4  r e s p e c t i v e l y .  V e l o c i t i e s  o f  

h o r i z o n t a l  movement were c a l c u l a t e d  s im i  l a r l y   a able V I  1 ) .  

Adjus ted  a c c e l e r a t i o n - t i m e  i n t e g r a l s  f o r  v e r t i c a l  and h o r i z o n t a l  

movement were c a l c u l a t e d  by computer (F igure  14, page 44) f o r  phases 

1-2,  2-3, and 3-4, and r e s p e c t i v e l y  denoted T112, T123, and T134. These 

i n t e g r a l s  were summated t o  y i e l d  phase 1-4  ad jus ted  a c c e l e r a t i o n - t i m e  

i n t e g r a l s   a able V I  11). Tens ion- t ime i n t e g r a l s  cou ld  be ob ta ined  f r om 

the  ad jus ted  a c c e l e r a t i o n - t i m e  i n t e g r a l s  by m u l t i p l y i n g  by t h e  mass. 

Ad jus ted  a c c e l e r a t i o n - d i s t a n c e  i n t e g r a l s  f o r  v e r t i c a l  and h o r i z o n t a l  

movement were c a l c u l a t e d  (F igu re  14) f o r  phases 0-1, 1-2, 2-3, 3-4, and 4-N 

and denoted S101, S112, S123, S134, and S14N r e s p e c t i v e l y .  

The r a t i o s  o f  t he  ad jus ted  a c c e l e r a t  i on-d i s  tance and ad jus ted  acce le ra -  

t i o n - t i m e  i n t e g r a l s  f o r  phases 1-2 and 3 -4  ( r e s p e c t i v e l y  R12 = S112/T112, 

and R34 = ~ 1 3 4 / ~ 1 3 4 )  were determined f o r  bo th  h o r i z o n t a l  and v e r t i c a l  move- 

ment (F i gu re  14) .  Values f o r  a l l  exper iments a r e  summarised i n  Table I X .  



TABLE V I  . Showing d u r a t i o n  o f  the  phases o f  t he  s t e p  c y c l e  
descr ibed  i n  F igu re  12 (page 41)  a t  d i f f e r e n t  s t e p  r a t e s  f o r  
4 sub jec t s .  Du ra t i on  i s  expressed i n  Frame I n t e r v a l s ,  where 
1 frame i n t e r v a l  equals  1/24 second. 

SUBJECT STEP RATE 
- 1 

c y c l e  min 
- 1 

MM 36 

PHASE DURATION 



I - 
, 5 1 

TABLE V I I .  Showing average v e r t i c a l  and h o r i z o n t a l  v e l o c i t y  of 
r i s e - u p  (VAV12) and lower-down ( v A v ~ ~ )  o f  whole body i n  s tepp ing ,  
fo r  4 sub jec t s  a t  4 s tepp ing  r a t e s .  

- 1 - 1 c y c l e  min 

VAV 1 2 

45.2 
52.8 
55.4 
53.8 
59.3 
81 .O 
69.9 
64.0 

65.6 
47.8 
f n  n 
U L  .L  

53.9 
64.4 
56.5 
73.1 
81.1 

46.1 
60.5 
71.4 
53 4 
44.0 
55.7 
60.9 
74.0 

44.8 
49.4 
39 .o 
38.9 
38.8 
49.1 
43.7 
52.6 

VAV 3 4 

56.0 
61.6 
62.4 
69.6 
60.7 
60.0 
76.5 
55 - 2  

58.7 
59.7 
f n  0 
V U  . U  

64.4 
56.3 
61.7 
70.9 
53 .O 

48.9 
66.5 
68.3 
59.1 
44.6 
40.3 
54.4 
62.6 

49.8 
57.9 
53 + 3 
43.9 
38.4 
54.2 
45.5 
53 0 

VERTICAL VELOCITY 

(cm sec- '  ) 

HORIZONTAL VELOCITY 

(cm sec- '  ) 

VAV 1 2 

25 * 9  
18.6 
19.8 
20.6 
28.1 
17.1 
21.2 
20.0 

23.6 
14.8 
o n  < 
L U . U  

19.6 
22.4 
21.2 
24.2 
21.1 

20.1 
15.4 
23.8 
18.7 
19.7 
16.3 
31.4 
31.4 

19.4 
20.6 
19.9 
20.4 
15.7 
21.6 
21.3 
22.7 

VAV 3 4 

21.6 
23.8 
19.9 
30 - 7  
17.2 
18.9 
26.2 
21.6 

22.3 
24.1 
90 n 
L U .  u 

20.5 
21.8 
22.3 
23.7 
19.3 

21.1 
27.1 
28.1 
25.9 
15.4 
14.0 
30.6 
28.8 

18.7 
25 .O 
24.3 
19.1 
17.6 
20.6 
25.9 
21.4 



TABLE V I I I .  Ad jus ted  a c c e l e r a t i o n - t i m e  i n t e g r a l s  f o r  v e r t i c a l  
movement d u r i n g  phases 1-2 ( T I  1 2 ) ,  2-3 ( ~ 1 2 3 ) ,  3-4 ( ~ 1 3 4 ) ,  and 
1-4 ( ~ 1 1 4 )  f o r  4 subjects a t  4 s t epp ing  r a t e s .  

SUBJECT 

MM 
MM 
GS 
GS 
H K 
H K 
RT 

- RT 

M M  
MM 
G S 
P r U J 

HK 
H K 
RT 
R T 

MM 
M M 
G S 
G S 
HK 
H K 
RT 
RT 

MM 
M M  
GS 
G S 
H K 
H I< 
RT 
RT 

STEP RATE - 
c y c l e  ' inin-' 

36 
36 
3 6 
36 
36 
3 6 
36 
3 6 

3 0 
3 0 
30 
7 n 
J" 

3 0 
3 0 
30 
3 0 

24  
24  
2 4 
2 4 
24 
2 4 
2 4 
24  

18 
18 
18 
18  
18 
18 
18 
18 
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TABLE I X .  Showing i n t e g r a l  r a t i o s  between the  t ime l i m i t s  c f  

1 ims 1 imsj 
each phase ( fa'. d s :  a ' . d t )  for  s tep-cyc le  phases 1-2  

(R12), and 3-4 (R34), f o r  v e r t i c a l  and h o r i z o n t a l  whole-body 

- 1 
movement. Un i t s  o f  R a r e  cm sec . 

I 
r 

SUBJECT STEP RATE 
- 1  - 1  

c y c l e  min 

36 
36 
36 
3 6 
36 
3 6 
36 
3 6 

3 0  
3 0 
30 
30 
3 G 
3 0 
3 0  
3 0 

24 
24 
24 
24 
24 
24 
24 
24 

18 
18 
18 
18 
18 
18 
18 
18 

VERTICAL MOVEMENT HORIZONTAL MOVEMENT 



certain the effe 

data from a smooth form on 

ct of deviations of the original distance-time 

the values of the computed integrals, the 

distance-time curve was smoothed and new 'smoothed' distance-time values 

read from it. (Figures 6 and 7). Both 'smoothed' and 'unsmoothed' dis- 

tance- time data were used to calculate adjusted accelerat ion-t ime and 

adjusted acceleration-distance integrals and integral ratios. The effect 

of curve-smoothing on obtained values for the integrals was negligible. 

The mechanical work associated with vertical and horizontal movements 

of the body is shown in Table X.  These values are calculated by multiply- 

ing corresponding adjusted acceleration-dis tance integrals , ' la ' .ds , by 
0 

the body mass (~igure 14). The mechanical work done was also simply calcu- 

lated as 2 x body weight x bench height (Table X ) .  Slight differences in 

theoretical values for the same subject on different occasions were caused 

by variations in body weight. 
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TABLE X .  Showing mechanical work done per step by 4 sub jec t s  a t  

4 s t e p  rates calculated (a) from adjusted acceleration-distance 

integral Nla'. ds for vertical movement (b) from acceleration-dis- 
0 

N 
tance integral /a. ds for horizontal movement, and (c) from 2 x 0 

weight of subject x bench height for vertical movement. 

SUBJECT STEP RATE 
- 1 - 1 

cycle min 

MECHANICAL WORK (CAL) PER STEP 



CHAPTER V 

INTERPRETATIONS OF RESULTS AND DISCUSSION 

I n  o rde r  t o  answer c l e a r l y  the  s p e c i f i c  ques t ions  posed i n  Chapter 

I ,  t he  q u a n t i t a t i v e  n a t u r e  o f  s t epp ing  i s  f i r s t  descr ibed  s i n c e  the  p resen t  

a n a l y s i s  has found seve ra l  d i s t i n c t  f e a t u r e s  o f  i n t e r e s t  and importance. 

Q u a n t i t a t i v e  Ana l ys i s  o f  Stepping 

Bench s tepp ing  c o n s i s t s  o f  two phases o f  double-stance, one on t he  

f l o o r  and t he  o t h e r  on t h e  bench. These a r e  separated by two s i ng le - s tance  

phases (when t he  f r e e  l e g  swi ngs t o  a new pos i t i on )  and two doubl e  s tance 

p;icl>as wlieii ohe f ~ ~ t  Is sn t h z  5~:th ZR:! t!?t <)they cn the  f ! c c r .  The re la-  

t i o n  o f  these t o  t h e  re fe rence  phases 0-1, 1-2, 2-3, 3-4, 4-N and N-Oi  i s  

i l l u s t r a t e d  i n  F i g u r e  12. 

I t  was found t h a t  as s tepp ing  r a t e  increased each o f  t he  phase dura- 

t i o n s  d i d  n o t  decrease i n  p r o p o r t i o n a t e  o r  in terdependent  manner (Table X I ) .  

I nstead, sub jec t s  adapted t o  f a s t e r  s t epp ing  r a t e s  p r i m a r i  l y  by s h o r t e n i n g  

the  t ime spent  s t a n d i n g  on the  bench o r  f l o o r .  Table X I  shows t h a t  phase 

du ra t i ons  N-0' and 2-3 ( r e s p e c t i v e l y  f l o o r  s t a n d i n g  and bench-top s tand ing )  

decreased d i s p r o p o r t i o n a t e l y  more than t h e  o t h e r  phase d u r a t i o n s ;  phase 

du ra t i ons  1-2 and 3-4 ( r e s p e c t i v e l y  u p - r i s e  and lower-down o f  whole body) 

decreased less  than p r o p o r t i o n a t e l y  expected; phase du ra t i ons  0-1 and 4-N 

( r e s p e c t i v e l y  l c a d i  ng- l e g - r a i  se and l e a d i  ng-1 eg- lower)  decreased i n  a 

5 6 



TABLE X I .  Expected phase d u r a t i o n s  a t  s tep  r a t e s  above 18 cyc les  
per  min assuming p r o p o r t i o n a t e  decrement i n  phase d u r a t i o n  w i t h  r a t e .  
Average ac tua l l y -obse rved  va lues  a r e  shown i n  parentheses. Dura t ions  
a r e  i n  a r b i t r a r y  u n i t s  o f  1 sec. 

8 x 24 

Phase 

Step Rate 

18 



p r o p o r t i o n a t e  manner. These r e s u l t s  a r e  i l l u s t r a t e d  g r a p h i c a l l y  i n  

F igures  15 and 16. 

The s t a b i  1  i t y  o f  the  d u r a t i o n  o f  the  up- and down-step phases (1-2 

and 3-4) i s  a l s o  i l l u s t r a t e d  by the average c  o f  g  v e l o c i t i e s  a t  

d i f f e r e n t  s t e p p i n g  r a t e s .  The median v e l o c i t i e s  o f  upward movement were 

57.4, 63.3, 58.1 and 44.3 c m p e r  sec a t  36, 30, 24, and 18 cyc les  per  

minute r e s p e c t i v e l y  ( ~ i g u r e  17) :  cor responding median c  o f  g  v e l o c i t i e s  

f o r  downward movement were 61.2, 60.3, 56.8 and 51.4 cm pe r  sec res-  

p e c t i v e l y  (F igu re  18).  

A l though these median va lues show l i t t l e  s i g n i f i c a n t  change w i t h  

increased s t e p p i n g  r a t e ,  c o n s i d e r a t i o n  o f  t he  whole s e t  o f  mean v e l o c i t y - ,  

of-movement va lues suggests a  s l i g h t l y  i n c r e a s i n g  t r e n d  as s tepp ing  r a t e  

increases (F igures  17 and 18 ) .  I n t e r -  and i n t r a - i n d i v i d u a l  v a r i a b i l i t y  i n  

these measurements masks p r e c i s e  r e l a t i o n s  b u t  the  genera l  t r e n d  i s  c l e a r ;  

increased s tepp ing  r a t e  leads t o  o n l y  s l i g h t  increases i n  movement v e l o c i t y ,  

i ns teadyad jus tmen t  i n  the  o v e r a l l  s t e p - c y c l e  t ime  i s  made by g rea te r - t han -  

p r o p o r t i o n a t e  s h o r t e n i n g  o f  t h e  s t a t i o n a r y  phases o f  t he  c y c l e .  Th i s  seems 

a t  f i r s t  i n c o n s i s t e n t  w i t h  t he  p rev ious  f i n d i n g  t h a t  t he  du ra t i ons  o f  

phases 1-2 and 3-4 do decrease, i f  o n l y  s  1 i gh t l y .  However, i t  i s  no ted  

t h a t  t h i s  i s  compensated f o r  by the f a c t  t h a t  the  body does n o t  r i s e  f u l l y  

when s tepp ing  r a t e  increases (shown by decrease i n  mechanical work done per  

s t e p  i n  the  v e r t i c a l  d i r e c t i o n  as s tepp ing  r a t e  increases,  Tab le  X ) .  

The d i s tance  moved i s  less  and t he  average v e l o c i t y ,  de f i ned  by t he  

d is tance : t in ie  r a t i o ,  remains more o r  less  cons tan t .  



0 6 12 18 24 30 36 
STEPPING RATE cycle min- ' 

FIG. 15. Showing how the duration of the stationary phase on the 
bench (pbase 2-3) decreases more (sol id line) than that 
expected if al l  phases decreased proportionately (broken 
line) in response to increased step rate. 



0 18 24 30 36 

STEP RATE cycle m in- ' 
FIG. 76; Time spent in defined phases of the step cycle at 4 step rates 

as a percentage of total cycle time. Bottom to  top: - Phases 
N-0', 0-1, 1-2, 2-3, 3-4, and 4-N respectively. 



STEP RATE cycle sec- l 

FIG. 17. Showing the range (solid line) and median (broken line) of 8 values 
of the average vertical velocity of the whole-body C of G during 
step phase 1-2, for 4 subjects at 4 step rates. 



STEP RATE cycle min- l 

FIG. 18. Showing the range (solid lines) and median (broken line) of 8 values of 
the average vertical velocity of the whole-body C of G during step phase 
3-4, for 4 subjects at 4 step rates. 



I t  I s  i n t e r e s t i n g  t o  no te  t h a t  a s i m i l a r  phenomenon t o  the above 

has been observed i n  the phase-durat ion adaptat ions t o  increased wa lk ing  

speed ( ~ o n t i n i  , Gage and D r i  1 1  i s ,  1965; Murray, Kory and Clarkson, 1966). 

I t  i s  noted, too, from the median c o f  g movement v e l o c i t y  values, 

t h a t  no s i g n i f i c a n t  d i f f e r e n c e  i s  apparent between the v e l o c i t i e s  o f  

upward and downward movement; i n  o ther  words, the  ex te rna l  work r a t e  i s  

t h e  same i n  bo th  p o s i t i v e  and negat ive  work phases. 

Adjustments o f  h o r i z o n t a l  v e l o c i t y  i n  response t o  increased stepping 

r a t e  were s i m i l a r l y  considered. Median c o f  g average v e l o c i t y  values 

were 20.3, 20.3, 19.9 and 20.5 cm per  sec f o r  forward movement (F igure 19), 

and 21.6, 22.3, 26.5, and 21.0 cm per sec f o r  backward movement (F igure 20) 

a t  36, 30, 24 and 18 cyc les per  min respec t i ve l y .  There are  no s i g n i f i c a n t  

d i f f e r e n c e s  i n  these values, and cons idera t ion  of  the whole range o f  mean 

c o f  g v e l o c i t y  values does n o t  i n d i c a t e  any s p e c i f i c  t rend  as stepping r a t e  

a l t e r s  (Figures 19 and 20) .  

Tension-t ime i n t e a r a l s  i n  r e l a t i o n  t o  ~ h v s i o l o a i c a l  e f f o r t  : f i xed - t ime  
i n t e g r a l s  

S t a r r  (1951) suggested t h a t  the tension- t ime i n t e g r a l  could be used 

as a measure of phys io log i ca l  e f f o r t  i n  a gross work task.  This  view i s  

n o t  supported by the present  data. 

I n  a complete cyc le  i n  which s t a r t i n g  and f i n i s h i n g  v e l o c i t i e s  are  

equa l ,  the tension- t ime i n t e g r a l ,  
t2  / T.d t ,  can be shown equal t o  



18 24 30 

STEP RATE cycle S ~ C - l  

FIG. 19. Showing the range (solid lines) and median (broken line) of 8 values of 
the average horizontal velocity of the whole-body C of G during step 
phase 1-2, for 4 subjects at 4 step rates. 



STEP RATE cycle sec- ' 
FIG. 20. Showing the range (sol id lines) and median (broken line) of 8 values of the average 

horizontal velocity of the whole-bpdy C of G during step phase 3-4, for 4 subjects 
a t  4 step rates. 



From Equation 10 

Since v = f (t) and dv = f l ( t ) . d t  



Since g  i s  nega t i ve  i n  the s i g n  convent ion used, the  i n t e g r a l  w i l l  

have a  p o s i t i v e  value. The tension- t ime i n t e g r a l ,  there fore ,  i s  d i r e c t l y  

p r o p o r t i o n a l  t o  the t ime p e r i o d  over which the i n t e g r a l  extends. 

I t  fo l l ows  the re fo re  t h a t  the tension- t ime i n t e g r a l  f o r  a  f i x e d  t ime 

o f  s tepp ing  a t  any r a t e  would be the same. For example, f o r  one minute 

o f  s tepping,  the i n t e g r a l  would equal 60 m.g. dyne sec whatever the stepping 

ra te ,  b u t  the metabo l ic  cos t  (phys io log i ca l  e f f o r t )  per u n i t  t ime var ies  

ve ry  appreciably  (F igure 21) .  Thus S t a r r ' s  content ion  seems n o t  t o  be sus- 

t a ined .  

I t  may be noted t h a t  the movement t ime pe r iod  considered i n  S t a r r ' s  

s tudy was 2  seconds, and he repor ted  the tens ion- t ime i n t e g r a l  f o r  slower 

b 
movement t o  be 1934.5 x 10 dyne sec. As exp la ined above, f rom pu re l y  

t h e o r e t i c a l  considerat ions 

- 2  
Since, i n  S t a r r ' s  s tudy,  m = 1 Kg, g  = -981 cm sec , and ( t  - t  ) = 

2  1 

2 sec, then 

t 2 1  T.dt = 1000.981. 2  dyne sec 

3 = 1962 x  10 dyne sec 

6  
S t a r r ' s  value (1934.5 x  10 dyne sec) seems mis-repor ted,  being too  
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18 24 30 
STEP RATE cycle sec - l 

FIG. 21. Showing change in minute oxygen cost of stepping per kg of 
body weight in response to increased stepping rate (solid 
line); and the relationship between minute oxygen cost 
cost of stepping and the phase 1-4 tension-time integral 
(broken line). 



g r e a t  by a  f a c t o r  o f  l o 5 .  

S t a r r  was l e d  t o  h y p o t h e s i s i n g  a  s imp le  c o r r e l a t i o n  between t h e  

t e n s i o n - t i m e  i n t e g r a l  and p h y s i o l o g i c a l  e f f o r t  by t h e  f a c t  t h a t  he o b t a i n -  

6 
ed  an i n t e g r a l  of v a l u e  2996.8 x 10 dyne sec s i c :  seemingly should be 

x l o 3  f o r  t h e  f a s t e r  a c t i o n .  The conc lus ion  i s  spur ious  however, f o r  i t  

was o n l y  because a  downward a c c e l e r a t i o n  g r e a t e r  than g  was recorded.  For 

a1 1  cases whet-! t h e  maximum downward a c c e l e r a t i o n  i s  1 ess than g, t h e  ten-  

s i o n - t i m e  i n t e g r a l s  must have t h e  same va lue,  m.g. (t -t ) ,  wh ich  i s  i n -  
2  1  

dependent o f  v e l o c i t i e s  and a c c e l e r a t i o n s  reached. 

I n  t h e  case o f  bench s tepp ing ,  no  downward a c c e l e r a t i o n s  g r e a t e r  than 

g  were recorded :  however, t o  e x p l a i n  t h e  S t a r r  f i n d i n g  more thorough ly ,  

t h e  genera l  t h e o r y  o f  how t h e  t ens ion - t ime  i n t e g r a l ,  summated over  a  f i x e d  

t i m e  p e r i o d ,  becomes dependent on t h e  v e l o c i t i e s  and a c c e l e r a t i o n s  reach- 

ed i n  t hose  cases when downward a c c e l e r a t i o n s  i n  excess o f  g  a r e  observed, 

i s  g i v e n  i n  Appendix 7. 

Tens ion- t ime i n t e g r a l s  i n  r e l a t i o n  t o  p h y s i o l o g i c a l  e f f o r t  : ac t ion-phase  
i n t e g r a l s  

A second method o f  c o n s i d e r i n g  t ens ion - t ime  i n t e g r a l s  i s  t o  cons ider  

i n t e g r a l  va lues  f o r  one f i x e d  phase o f  a c t i o n  r a t h e r  than d u r i n g  a  f i x e d  

t ime p e r i o d  ( "act  ion-phase" t e n s i o n - t  ime i n t e g r a l s )  . 
T h i s  was done i n  t h e  p resen t  s tudy :  t h e  phases o f  a c t i o n  cons idered  

were t hose  of phases 1-2, 2-3, 3-4, and 1-4 ( F i g u r e  12, page 41)-  The 

average t ens ion - t ime  i n t e g r a l s  f o r  phase 1-4 ( ~ 1 1 4 ) ,  f o r  s t epp ing  r a t e s  of 

36, 30, 24, and 18  cyc les  per  minute,  were r e s p e c t i v e l y  73.7, 82.3, 95.8, 

3 and 122.0, a l l  x 10 dyne sec. These va lues are.  a s  shown i n  Eauat ion 1 1 ,  
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d i  r e c t  l y  1 i nea r l y  dependent on the respect ive  average phase 1-4  durat ions 

(F igu re  22). Thus a  tension- t ime i n t e g r a l  obta ined fo r  any chosen phase 

i s  s imply a  f i x e d  m u l t i p l e  o f  the du ra t i on  o f  the phase - equal, i n  f a c t ,  

t o  m.g times the phase dura t ion .  

F igure  21 shows the non- l inear  r e l a t i o n s h i p  between metabol ic  cos t  

and the phase 1 -4  tension- t ime i n t e g r a l .  On the  same graph i s  shown the 

l i n e a r  r e l a t i o n s h i p  between metabol ic  cos t  and stepping ra te .  

The d e v i a t i o n  o f  the f i r s t  curve from l i n e a r i t y  occurs because the 

phase 1-4 tension- t ime i n t e g r a l  does no t  vary l i n e a r l y  w i t h  s tepping r a t e ;  

ins tead,  because o f  the d i r e c t  r e l a t i o n s h i p  between the tension- t ime i n t e g r a l  

and the phase du ra t i on  ( ~ ~ u a t i o n  l l), they co-vary i n  the same non-1 inear  

manner as does the phase 1-4 du ra t i on  w i t h  s tepping r a t e  ( ~ i g u r e  23) .  

I f  phase 1-4  du ra t i on  decreased i n  a  propor t ionate  manner as stepping 

r a t e  increased, i t  would do so i n  accordance w i t h  the  rec tangu lar -hyperbo l ic  

60 
Phase 1-4 du ra t i on  x Stepping Rate = - Y . . . (12) 

1  Phase 1-4 du ra t i on  
where, 

Y - = L o t a l  cyc le  du ra t i on  ( 0 - 0 )  I 18 rycles/rnin 

This  would be almost l i n e a r  over the range o f  s tepping ra tes  examined 

(F igu re  23). As stepping r a t e  increases above 24 cycles per minute, the 



PHASE 1- 4 TENSION-TIME INTEGRAL 10 dyne sec 



STEP RATE cycle min - 

FIG. 23. Showing the observed change in phase 1-4 duration in response 
to increased stepping rate (solid line) and the expected change 
assuming that the phase duration decreases in a proportionate 
manner as step rate increases (broken line). Units of phase 1-4 

' sec. duration are - 
8 x 24 
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phase 1-4 d u r a t i o n  does n o t  decrease i n  a  p r o p o r t i o n a t e  manner: ins tead ,  

i t decreases o n l y  s l  i g h t l y   a able X I ,  F igure  23) .  Th is  i s  the  cause o f  

t h e  d i s c o n t i n u i t y  i n  t he  io2 vs. phase 1-4  d u r a t i o n  curve ( ~ i ~ u r e  21).  

R e l a t i o n  o f  a c c e l e r a t i o n - t i m e  and a c c e l e r a t i o n - d i s t a n c e  i n t e g r a l s  

The r e l a t i o n s h i p  was i n v e s t i g a t e d  by cons ide r i ng  the  r a t i o  / a1.ds : 

/ a '  . d t  (denoted R) f o r  the  phases o f  the c y c l e  :- 

1 )  1-2 the  ' up phase' o f  t h e  whole body ( ~ 1 2 )  

2) 3-4 t he  'down phase' of  t he  whole body ( ~ 3 4 )  

I t  was subsequent ly  r e a l i s e d  t h a t  these r a t i o s  would y i e l d  the  average 

ve l o c i  t y  o f  movement d u r i n g  the  phases cons i dered. Cons i der  any phase o f  

d u r a t i o n  ( t  - t  ) i n  which the  i n i t i a l  and f i n a l  v e l o c i t i e s  a r e  equal ,  and 
2  1  

d u r i n g  which t he  body r i s e s  (s2-s un i t s .  Then, 

S - - j (a-g) .ds 
1 



S 
t 2  

b u t  b o t h  1 a.ds and I a . d t  a r e  equal  t o  ze ro  when t he  v e l o c i t i e s  a t  
1 

t and t2 a r e  equal  (page 66) 

L - / g.ds 
There fo re ,  R = 1 

( t h e  average v e l o c i  t y  o f  movement 
i n  t he  p e r i o d  cons idered)  

The c l o s e  correspondence o f  the  observed va lues o f  R  a able I X ,  page 5 3 ) ,  

and VAV  a able V I  I ,  page 51) f o r  b o t h  h o r i z o n t a l  and v e r t i c a l  movement 

d u r i n g  t he  phases cons idered,  conf  i rms t he  t h e o r e t i c a l  conc lus ions .  The 

i n t e g r a l  r a t i o  R, t h e r e f o r e  i s  n o t  r e l a t e d  t o  H i  1 1  I s  c h a r a c t e r i s t i c  equa- 

t i o n  cons tan t ,  b .  
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Tension- t ime i n t e g r a l s  i n  r e l a t i o n  t o  p h y s i o l o g i c a l  e f f o r t  : work-phase 
i n t e g r a l s  

I t  was demonstrated e a r l i e r  t h a t  p h y s i o l o g i c a l  e f f o r t  cou ld  n o t  be 

s imp l y  r e l a t e d  t o  f i x e d  t ens ion - t ime  i n t e g r a l s  o f  muscular a c t i o n .  The 

i d e a  was cons idered  t h a t  d i f f i c u l t i e s  i n  t h i s  approach migh t  be circum- 

ven ted  by examining t he  apport ionment t o  p o s i t i v e ,  nega t i ve  and s t a t i c  

muscular  a ~ z i o n  o f  a l l  muscular e f f o r t  i n  a  complete a c t i o n  cyc le .  Th i s  

r e q u i r e s  separa te  c o n s i d e r a t i o n  o f  t h e  t ens ion - t ime  i n t e g r a l s  o f  d i f f e r e n t  

muscular work phases ( concen t r i c ,  e c c e n t r i c  and i s o m e t r i c ) .  

Hypothesis i ng t h a t  the metabol i c  energy consumption o f  muscle, 0 ,  

i s  r e l a t e d  t o  t he  t ens ion - t ime  i n t e g r a l  d u r i n g  t ime  t sec, then :  

where I denotes t h a t  the  d u r a t i o n  between upper and lower  i n t e g r a l  

l i m i t s  equals  t seconds. 

There fo re  

I n  ex tens ion  o f  Equat ion 8, equa t i ng  the  me tabo l i c  energy c o s t  w i t h  

the  f r e e  energy made avai  l a b l e ,  then the o v e r a l l  e f f i c i e n c y  o f  muscular 

work i s  d e f i n e d  as, 

E f f i c i e n c y  = Mechanical Work Done 
Metabol i c Energy Cost 



Therefore E f f i c i e n c y  = m /al .ds 

@t 

Then Equation 15 may be expressed as: 

b = m j a t . d s  x  1 . (17) 

m / a l . d t  E f f i c i e n c y  

To take account o f  the apportionment o f  concent r ic ,  s t a t i c  and isomet r ic  

a c t i o n  phases, suppose t h a t  dur ing  one s tep  cyc le ,  occupying t ime t per iods 
c ' 

o f  concen t r i c ,  s t a t i c  and e c c e n t r i c  a c t i o n  o f  respec t i ve  du ra t i on  t 
p/c ' 

s/c, 
and t occur .  Then i n  ex tens ion  o f  Equation 14, 

n/c 

' t 

@ = b .  p i c  / T.dt 
PIC P 

The t o t a l  metabo l ic  cost  per cyc le ,  @ t o t / c  i s  then 



However, f o r  any phase i n  which i n i t i a l  and f i n a l  v e l o c i t i e s  a r e  

equal then ' j T .d t  i s  i d e n t i c a l  w i t h  m.g. t .  Then equat ions 18, 19 and 

2 0  become 

= b . m.g.t 
@n/c n n/c 

and Equat ion  21 becomes 

For  a s t e p p i n g  r a t e  o f  n cyc les  pe r  min 

where t and t a r e  r e s p e c t i v e l y  t he  du ra t i ons  spent 
P '  s n 

per  m inu te  i n  c o n c e n t r i c ,  s t a t i c ,  and e c c e n t r i c  a c t i o n ,  

F u r t h e r  c o n s i d e r a t i o n  o f  Equat ion 14 l e d  t o  i t s  r e j e c t i o n  as a 

fundamental r e l a t i o n s h i p  i n  the  c o r r e l a t i o n  o f  p h y s i o l o g i c a l  and 

mechanical  parameters o f  muscular performance. 



I f  we consider ,  i n  the s imp les t  case, a  muscular work task  r e q u i r i n g  

a p p l i c a t i o n  o f  constant  fo rce ,  T, f o r  a  f i x e d  t ime - f o r  example ergometer 

c y c l i n g  - then the  tens ion- t ime i n t e g r a l  f o r  a  work du ra t i on  t would be 
P 

T.t . On the  bas is  o f  the  model proposed, t h i s  would be associated w i t h  
P  

a  metabol ic  energy consumption $t . However, i f  the  c y c l i n g  r a t e  i s  
P 

doubled aga ins t  t he  same fo rce ,  T, t he  tens ion- t ime i n t e g r a l  f o r  a  f i x e d  

t ime, t would s t i l  l be T.t bu t  t he  ex te rna l  mechanical work done i s  
P , P , 

doubled, s ince  i t  i s  a  d i r e c t  l i n e a r ' f u n c t i o n  o f  p e d a l l i n g  ra te .  Since 

t h e  metabol i c  cos t ,  $ t  , i s  dependent on the  mechan i c a l  work done, i t  
P 

a l s o  would increase. The f i x e d - t i m e  tens ion- t ime i n t e g r a l  and the meta- 

b o l i c  energy consumption cannot t h e r e f o r e  be re la ted ,  and the  model i s  

proved fa1  se. Ac t  ion-phase i n t e g r a l  s  (over one pedal 1 i n g  cyc l  e) a r e  

inverse1 y  (hyperbol i c a l  1 y) re1 a ted  t o  pedal 1 i n g  r a t e  (c . f a  page 70) and 

r e l a t e d  t o  metabol ic  cos t  i n  a  non-causat ive way. 

I n  bench stepping, a l though instantaneous f o r c e  and v e l o c i t y  a re  no t  

independent as i n  the  s imple case o f  cons tan t - ve loc i t y  ergometer cyc l i ng ,  

a  p a r a l l e l  argument holds.  I n  a  p o s i t i v e  work phase occupying t ime 

t 
p/c ' i n  which i n i t i a l  and f i n a l  v e l o c i t i e s  a r e  equal t he  model p r e d i c t s  

t h a t  Equation 22 would h o l d  - t h a t  i s ,  t he  rnctabol ic  cos t  o f  the  phase 

would be dependent o n l y  on i t s  du ra t i on .  Fu r the r  i t  would f o l l o w  t h a t  

a  metabol i c  energy cos t  would be associated w i t h  t h a t  phase regard- 

l e s s  of t h e  ex te rna l  work done i n  i t .  One consequence o f  t h i s  would 

be t h a t  the  minute metabol ic  cos t  o f  s tepp ing  onto  benches o f  

d i f f e r e n t  he igh ts  ( a t  the  same s tep  r a t e )  would be the  same, and t h i s  



has  been shown n o t  t o  be t he  case. (Passmore and Durn in ,  1950). 

The empi r i c a l  da ta  o f  t h i s  s tudy  co r robo ra te  t he  t h e o r e t i c a l  

r eason ing :  a l t hough  t he  average minu te  oxygen cos ts  o f  s t epp ing  a t  

30, 24 and 18 c y c l e s  p e r  m inu te  were r e s p e c t i v e l y  44.0, 34 .5  and 24.6 

ml /min Kg  a able V ) ,  t h e  average du ra t i ons  spent  per  m inu te  i n  con- 

c e n t r i c  a c t i o n  ( t  ) h a r d l y  v a r i e d ,  be ing  27.0 seconds 25.4 seconds, 
P  

and  23.7 seconds r e s p e c t i v e l y .  Dura t ions  spent per  m inu te  i n  i s o m e t r i c  

a c t i o n  were r e s p e c t i v e l y  5.9, 9.3 and 12.7 seconds. S ince c o n c e n t r i c  

muscu la r  a c t i o n  has a  much g r e a t e r  me tabo l i c  energy c o s t  than s t a t i c  

a c t i o n ,  l a r g e  changes i n  t he  o v e r a l l  energy c o s t  o f  s t epp ing  a re  un- 

l i k e l y  t o  have been caused by such min imal  i n c r e a s e s . i n  t o r  by t he  
P  

1 a r g e r  increases i n  t . 
S 

F i q u r e  21 shows t he  l i n e a r  r e l a t i o n s h i p  between me tabo l i c  energy 

consumpt ion ( m l  oxygen p e r  kg  o f  body we igh t )  and s tepp ing  r a t e .  I t  

f o l l o w s  t h a t  t h e  me tabo l i c  energy c o s t  bears a  l i n e a r  r e l a t i o n s h i p  t o  

t h e  g r a v i t a t i o n a l  work done: Luk in  and Ra ls ton  (1968) found the  same 

r e l a t i o n s h i p  i n  c o n s i d e r a t i o n  o f  l e v e l  and grade wa l k i ng ,  b u t  t h i s  was 

n o t  so  f o r  s p r i n t  r unn ing  ( ~ e n n ,  1930). 

R e l a t i o n s h i p  o f  gross parameters t o  thermodynamic p a r a m e t e ~ s  a t  c e l l u l a r  
l e v e l  and d e f i n i t i o n s  o f  e f f i c i e n c y  

The immediate energy f o r  muscular c o n t r a c t i o n  i s  f u r n i s h e d  by 

h y d r o l y s i s  o f  adenosine t r i p h o s p h a t e  (ATP). ATP i s  r e s t o r e d ,  u l t i m a t e l y ,  

by o x i d a t i o n  o f  f o o d s t u f f s ,  and, i n  a  s teady s t a t e ,  t he  r a t e  o f  

u t i l i s a t i o n  o f  ATP i s  r e l a t e d  t o  oxygen consumption ( ~ h i p p  and Wasserman, 



1969). For each mole o f  oxygen consumed 6 moles o f  ATP a r e  u t i l i s e d .  

I t  has been shown t h a t  under c o n d i t i o n s  o f  temperature and i n t r a -  

c e l  l u l a r  pH approx imat ing  those o f  the body, t he  f r e e  energy change, 

A G ,  assoc ia ted  w i t h  ATP h y d r o l y s i s  i s  approx imate ly  - 1 1  ,000 ca l  pe r  

mo le  ( ~ r e b s  and Kornberg, 1957; W i  l k i e  and Woledge, 1967). 

The c o n t r a c t i o n - c o u p l i n g  e f f i c i e n c y  i s  equal t o  the  r a t i o  o f  the  

e x t e r n a l  mechanical work done t o  the  corresponding f r e e  energy o f  

h y d r o l y s i s  o f  ATP. Hence, i f  b equals the  oxygen cos t  pe r  minute o f  

s t eady -s ta te  a c t i v i t y  (1 i t r e s  p e r  m inu te ) ,  and W i s  the  e x t e r n a l  work 

r a t e  i n  k i l o c a l o r i e s  p e r  minute,  then,  us i ng  t he  va lues quoted above, 

t h e  con t rac t ion-coup1 i n g  e f f i c i e n c y ,  E c c 9  i s  

Davies (1963; 1965) found t h i s  e f f i c i e n c y  t o  be i n  the  range 35% - 
50% f o r  i s o l a t e d  muscles, t he  va lue  v a r y i n g  f o r  d i f f e r e n t  muscles. 

Whipp and Wasserman (1969) found a va lue  o f  49% f o r  ergometer c y c l i n g  

when u s i n g  t he  oxygen consumed i n  excess o f  t h a t  used i n  unloaded 

b i  c y c l e  pedal 1 i ng as the  oxygen cos t  o f  the  work task .  

From t h e  mean e x t e r n a l  work r a t e  ( c a l c u l a t e d  f rom Table X )  and 

t h e  average minu te  oxygen c o s t  o f  s t epp ing   a able V )  , the  average 

c o n t r a c t i o n - c o u p l i n g  e f f i c i e n c y  o f  muscular work f o r  each s u b j e c t  a t  

each s tepp ing  r a t e  was c a l c u l a t e d  u s i n g  Equat ion 27  a able X I  I ) .  



TABLE X I I .  Showing c o n t r a c t i o n - c o u p l i n g  e f f i c i e n c y  i n  
bench s t e p p i n g  (a) us i ng  exe rc i se  and recovery oxygen 
consumption t o  c a l c u l a t e  oxygen cos! and unloaded p e d a l l i n g  
as base1 i n e  (b) us i ng  s teady -s ta te  V 0 2  t o  c a l c u l a t e  oxygen 
$05 t and unloaded peda 1 1  i ng as base 1 i ne ( c )  us i ng s  teady-s t a t e  
V O  t o  c a l c u l a t e  oxygen c o s t  and r e s t  as base l i ne .  

2 

Sub jec t  

MM 
GS 
H K 
RT 

L I k A  I I 1  I 

GS 
H K 
RT 

MM 
G S 
H K 
RT 

Step Rate 
- 1  

Cycle min 
- 1 
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Us ing  s teady oxygen consumption t o  c a l c u l a t e  minu te  oxygen c o s t  o f  

s t e p p i n g  (Method 2, page 47), and u s i n g  r e s t  as base1 ine, mean va lues o f  

E were 48.6% and 46.2% a t  s t epp ing  r a t e  18 and 24 c y c l e s  per  minute 
CC 

r e s p e c t i v e l y .  These a r e  v e r y  c l o s e  t o  Whipp and Wasserman's r e p o r t e d  

v a l u e  of 49%. I t  i s  no ted  however t h a t  t h e  c a l c u l a t e d  va lues  i n  t h e  

p resen t  s tudy  rep resen t  an average e f f i c i e n c y  o f  a l t e r n a t i n g  p o s i t i v e  and 

n e g a t i v e  work, t h e  r e s p e c t i v e  p o s i t i v e  and n e g a t i v e  work r a t e s  b o t h  be ing  

563.5 kgm pe r  m inu te  - cons ide rab l y  i n  excess o f  t h e  r a t e  used by b!hipp 

and Wasserman (340 kgm p e r  m inu te ) .  

Us i n g  un l  oaded c y c l  i n g  as base1 ine, ca l  cu l  a ted  c o n t r a c t  ion-coup1 i n g  

e f f i c i e n c i e s  were somewhat h i ghe r  ( r e s p e c t i v e l y  55.7% and 51.4% u s i n g  

s teady  oxygen consumption t o  c a l c u l a t e  minu te  oxygen c o s t  o f  s tepp ing ;  

and 55.0% and 50.9% u s i n g  e x e r c i s e  and recovery  oxygen consumption t o  

assess minu te  oxygen c o s t  o f  s tepp ing) .  

Krebs and Kornberg  (1957) and Lehninger  (1965) suggest t h e  e f f i c i e n c y  

o f  phosphory la t  i v e  coup1 ing, E t o  be about 60% and t h e r e f o r e  t h e  
PC ' 

o v e r a l l  e f f i c i e n c y  o f  muscular work, Etot .  i s  

Us ing  average c o n t r a c t i o n - c o u p l i n g  e f f i c i e n c i e s  o f  48.6% and 46.2% 

f o r  s t epp ing  r a t e s  o f  18 and 24 c y c l e s  per  minute,  average t o t a l  e f f i c i e n -  

c i e s  a r e  t h e r e f o r e  29.2% and 27.7% a t  t he  two s tepp ing  r a t e s .  Values a t  

h i g h e r  s t e p p i n g  r a t e s  were n o t  c a l c u l a t e d  s i n c e  a t  such h i g h  work r a t e s  t h e  



p h y s i o l o g i c a l  response may no longer be a s teady-s ta te  one. 



- - - ~ ~  - 

CHAPTER V I  

SUMMARY 

Chapter 1 considered that compl ication arises in the analysis of 

the energetics of muscular contraction because of the impossibility of 

assessing dynamic and static muscular action in similar mechanical terms. 

Since the metabolic effort associated with isometric muscular action 

has been shown to be correlated with the impulse appl ied external ly (that 

is the product of the external 1 y-appl ied force and its t ime of appl icat ion), 

the idea has been examined that impulse measures might be useful correlates 

of.rnetabolic effort in dynamic work tasks. 

1 ims 
The tens ion-t ime integral , $ T.dt, defined as the definite time 

. . 1 1  - ~riie~i-ai uT dr~ enier rid1 I y-dppi ied, var iabi e force, I ,  between chosen time 

1 imits, has been examined as a possible correlate of physiological effort 

in the dynamic gross muscular work task of bench-stepping. Stepping rate 

was varied to provide work tasks of different intensity, and physiological 

effort was measured in terms of the metabolic energy cost, estimated from 

respiratory gas exchange measurements. 

Tension-time integrals were considered in three ways: 

(1) "fixed-time" tension-time integrals, - in which the same integral time 

1 imits were used for all work tasks. 

(2) "act ion-phase" tens ion-t ime integral s, in which the integral time 

limits were those of particular movement phases whose duration varied 

from one work task to another. 

8 4 
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(3 )  "work-phase" t ens ion - t ime  i n t e g r a l s ,  i n  which the  i n t e g r a l  t ime 

l i m i t s  were those o f  a  p a r t i c u l a r  t ype  o f  muscular  a c t i o n  - namely 

e i t h e r  c o n c e n t r i c ,  i s o m e t r i c  o r  e c c e n t r i c  a c t i o n .  

I t  was found t h a t  none o f  these i n t e r p r e t a t i o n s  o f  t h e  tens ion- t ime 

i n t e g r a l  suggested a  u s e f u l  mechani c a l  parameter f o r  comprehens i ve assess- 

ment o f  p h y s i o l o g i c a l  e f f o r t .  

The f i r s t  method, because o f  a  p roved  l i n e a r  r e l a t i o n s h i p  between 

t h e  d e f i n i t e  t ens ion - t ime  i n t e g r a l  and d u r a t i o n  o f  the  phase cons idered,  

y i e l d e d  i n t e g r a l s  e n t i r e l y  independent o f  t he  m e t a b o l i c  c o s t  o f  t he  work 

t ask .  A p a r t i c u l a r  case o f  dependence p r e v i o u s l y  r e p o r t e d  ( ~ t a r r ,  l 9 5 l ) ,  

s u g g e s t i n g  genera l  v a l i d i t y  o f  t h i s  dependence, was exp la i ned  and shown 

t o  be a  spu r i ous  conc lus ion  a r i s i n g  f rom s p e c i a l  f ea tu res  o f  t he  work 

tasks  used. 

Act ion-phase t ens ion - t ime  i n t e g r a l s ,  because o f  t h e  r e l a t i o n s h i p  

between t he  i n t e g r a l s  and t h e p e r i o d d u r a t i o n s , w e r e s h o w n  t o b e s i m p l e  

m u l t i p l e s  o f  t he  phase d u r a t i o n s .  These l a t t e r  were found t o  vary  i n  a  

complex manner as s t e p  r a t e  a l t e r e d ,  and because me tabo l i c  energy c o s t  

v a r i e d  1  i n e a r l y  w i t h  s t e p  r a t e ,  t he  r e l a t i o n s h i p  o f  act ion-phase t ens ion -  

t ime i n t e g r a l s  t o  m e t a b o l i c  energy c o s t  was compl icated,  and shown n o t  

t o  be u s e f u l .  

The t h i r d  method o f  c o n s i d e r a t i o n  (work-phase i n t e g r a l s )  lacked 

c o r r e l a t i v e  v a l i d i t y  because o f  t he  independence o f  the  t ens ion - t ime  

i n t e g r a l  d u r i n g  a  chosen work phase and t he  e x t e r n a l  mechanical work 



I n  summary, i t  i s  concluded t h a t  the  t ens ion - t ime  i n t e g r a l s  o f  

dynamic muscular work, however cons idered ,  cannot be r e l a t e d  t o  the  

metabol i c cos t  o f  t he  work.  

Me tabo l i c  energy c o s t  was shown t o  be l i n e a r l y  r e l a t e d  t o  s tepp ing  

r a t e ,  and so t o  t he  e x t e r n a l  mechanical work done. I t was a l s o  

e s t i m a t e d  t h a t  t he  con t rac t ion-coup1 i n g  e f f i c i e n c y  o f  t he  muscular 

work performed was approx imate ly  49% a t  low work r a t e s .  
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U I M ~ N S ~ O N  v ~ C ( ~ I ) ~ S I G I ~ ~ ~ ) ~ A I ~ L ~ L ~ ~ ~ X I I ~ L ~ ~ ~ ~  
D I M E N S I O N  X X l 5 0 0 1 r V V l 5 0 Q 1  
NPL.N+l  
N l = N * Z + l  
0 0  1 0  l = l r N P l  
V E C ( I ) = O  
0 0  11 I - l e N I  
S I C (  1 1 - 0  
CO 2 0  J-1.M 
X - X X I  J I  
V = V V l  J )  
C.1. 
OLI 1 I = l . N l  
IFINPl.GE,I)VEC(II~VEC(I)+C*V 
S I G ( I ) = S I G l I ) + C  
c=c*x 
C O N T  1  k U E  
DO 4 1 - l r N P 1  
J - N P l t l  
J = J - 1  
K = N P l + I - J  
A I I I K ) = S I G ( J )  
I F ( K . N E . N P L ) G O  T O  1 
C O N T I N U E  
DO 2 4  l n l r N P 1  
00 2 4  J = l r N P l  
I F ( I . N E . J I G 0  TO 2 5  
X l l I ~ J ) = 1  
GO T O  24 
X I I I I J ) = O  
C O N 1  I NUC 
0 0  111 I P = - l r N P l  
l M A X = l P  
E L M A X = A B S I A I I P 1 l ) l  
D O  9 2  I = I P . N P L  
D O  9 2  J = l r N P l  
I F L E L Y A X . G E . A 8 S I A I I ~ J ) ) ) G O  10 9 2  

9 3  l M A X = l  
E L M A X = A 8 S ( . A l  1 . J )  1 

92 C O N T I h U E  
I F I 1 M A X . E O . I P ) G O  T O  R 

9 0 0  94 J = l * N P l  
X = A I I P I J )  
A I I P t J ) = A ( l M A X . J )  
A I l M A X ~ J I I X  
X - X I I I P I J I  
X I ( I P ~ J ) = X I I I M A X I J )  

94 X l l l M A X s J ) = X  
R K = 0  

1 3 1  I F ( A I I P I I P ) . N E . O . O ) G O  T O  1 8  
1 7  K = K + 1  

0 0  1 7 1  J = I s N P l  
A ( l P ~ J ) = A ( I P ~ J ) + A ( K I J )  

1 7 1  X L ( I P I J I ~ X I ( I P I J ~ + X I ( K . J I  
I F l K . L T . N P 1 I G O  T O  1 3 1  
I F I A ( I P I I P ) . N E . O . O ) G O  T O  1 8  
W R I r E ( b ~ 2 1 )  

2 1  F O H M A T I l Y H  M A T R I X  I S  S I N G U L A R )  
R E T U R N  

1 8  E L M A X = l . / A ( I P I I P )  
0 0  b J = l t N P l  
A I I P . J ) = A ( I P * J ) * E L M A X  

6 X I I I P , J ) = X I l I P v J ) * E L H A X  
0 0  111 I = L v N P L  
1 F I I . E C . I P ) G O  T O  111 

1 1 0  A l P = A ( I , I P )  
00 2 1 1  J = l r N P l  
A ( I . J ) = A I I I J ) - A I P * A I I P . J )  

2 1 1  X ~ ( ~ ~ J I ~ X ~ I ~ ~ J ) - A I P * X I I I P I J )  
111 C C N T I N U E  

OC 7 8  K Z = l * N P L  
S I G ( K Z ) = O  
0 0  78 J s L v N P 1  

7 8  SIClKZ)=SIG1KZ)+XIIKZ1J~*VEClJ~ 
D O  8 3  J = l + N P l  

8 3  V E C I J ) = S I G I J )  
R E T U R N  
E N D  

O I Y E N S I O V  A ( l l ) ~ X 1 5 0 0 ) r Y l 5 0 0 )  
READ15~1:(Xll)rY(I)~1~1.6) 

I F C R M A T ( Z F 1 0 . 2 )  
C A L L  G E P L S S I Z I A . ~ . X , V )  

C  PHOSHAt'ME C O M P U T E S  T H E  P O L Y N O M I A L  O F  B E S T  C I T  ( U S I N G  L E A S T  
C  S Q U A R E S  C R I T L 9 1 O N I .  THE POWER O F  T H E  P O L Y N O M I A L  C A N  ME CHOSEN. 

C K I I E ( 6 ~ 2 l L A l l ~ r l ~ 1 ~ 3 )  
L F O ~ M A T I ' - ' ~ l O X ~ 3 F l O . 6 )  

s l o p  
E N 0  



APPENDIX 3 

Computer program for  calculation of oxygen 
uptake throughout exercise.  



C 
C  OXYGEN U P T A K E  D E T E R M I N A T I O N  
C VO2 U S E D  I S  C A L C U L A T E D  I N  L I T R E S  FOR E A C H  SEPARATE M I N U T E  
C 
C T H I S  PROGRAMME H A S  D E S I G N E D  BY HARRY A. K I N G  AND OTTO F. M A T T  
C  
C M U L T I P L E  D A T A  S E T S  ALLOWED 

I N T E G E R  T I T L E ( 2 0 )  
R E A L  M T E M P ( 1 6 ) r V U I 1 6 ) r O 2 R ( 1 6 ) r C 0 2 R ( 1 6 ) r T A B L E ( l O O ) ~ N 2 P C  
R E A D ( 5 * 2 7 ) T A B L E  

C  P A R T I A L  PRESSURES O F  H 2 0  (FROM C A R P E N T E R ' S  T A B L E S )  
10 R E A D ( S r 2 l t E N D = l 5 ) T I T L E  
2  1 FORMAT ( 2 O A 4  

W R I T E ( b . 2 2 )  
2 2  F O R M A T ( ' ~ ' ~ ~ ~ X I ' O  X  Y G  E N  U  P  T  A  K  E D  E  T  E  R  M  I N A  T  I 0  

1 N '  ) 
k R I T E ( 6 ' 2 3 ) T I T L E  

2 3  F O R M A T ( * - ' ~ Z S X I Z O A ~ )  
R E A D ( S r 2 4 ) A v C * D * G * H  

C  A  I S  BAROM.PRESSURE*B I S  S C A L E  O E F L E C T I O N ( D 1 V S )  C O K R E S P O N D I N G  T O  D  % 0 2  
C G  I S  % 02 I N  I N S P I R E D  A IR IH  I S  % C 0 2  I N  I N S P I R E D  A I R  

24 F O K M A T ( 5 F 1 0 . 3 J  
W R I T E ( 6 . 2 5 )  

2 5  F O R M A T ( ' - ' e 6 X ' M I N U T t  * V" A I R  A T P S  * MEAN TEMP * V" A I R  S T P  
L D *  % 0 2 ' , 5 X * ' *  % C 0 2  * % N 2 ' . 5 X * ' * ' * 2 X ~ ' R E R ' ~ Z X * ' * ' * 2  
LXI 'VOZ U S E 0  * * I  

2 6  F O K M A T ( I 2 r 8 X ~ 4 F l 0 . 3 )  
27 FORMAT ( Z O F 4 . 2 )  

C  
A S S I G N  1 3  TO JUMP 
DO 1 3  J = 1 * 1 6  

14 R E A D ( S r 2 6 ) I p M T E M P ( J ) ~ V U ( J ) r 0 2 R ( J ) r C 0 2 R ( J )  
C  R E S P E C T I V E L Y I R E A D I N G  N O . ~ T E M P E R A T U R E I V O L U M E T E R  R E A D I N G *  
C  0 2  O E F L E C T I O N I C O ~  D E F L E C T I O N  

i F i i . i v E . 3 3 i G S  TS i i  
V U (  J - l ) = V U ( J )  
GO TO 1 4  

11 GO TO J U M p ~ ( 1 2 ~ 1 3 )  
C  

1 2  V U I J - l ) = V U ( J ) - V U ( J - t )  
M T E M P ( J - l ) = ( M T E M P ( J ) * H T E M P ( J - 1 ) ) / 2 *  

13 A S S I G N  1 2  TO JUMP 
C 

DO 16 J z l . 1 5  
K = ( M T E M P ( J ) - 1 9 . 9 ) * 1 0 0 *  
I F ~ ( K / l O ) * l O ~ N E . K ) G O  TO 17 
B = T A B L E ( K / L D )  
GO TO 1 8  

17 B = ( T A B L E ( K / ~ O ) + T A B L E ( ( K / ~ O ) + ~ ) ) / ~ .  
C  I N T E R P O L A T I O N  O F  P A R T - P R E S S - O F  H Z 0  AT  N O N - T A B U L A T E D  TEMPERATURE 

1 8  v C = ( ( A - B ) * ~ ~ ~ . * V U ( J ) ) / ( ~ ~ O . * ( ~ ~ ~ + M T E M P ( J ) ) )  
0 2 P C = O Z R ( J ) * D / C  
~ 0 ~ ~ C = 0 ~ 0 0 0 3 3 6 * C 0 2 K ( J I * C 0 2 R ~ J 1 + 0 - 0 3 3 1 9 * C O 2 R ~ J ~ + O ~ 2 6 4  

C  INDEPENDENTLY-DEDUCED C 0 2  C O N V E R S I O N  E Q U A T I O N  
N ~ P C =  1 0 0 , - 0 2 P C - C 0 2 P ~  
v ~ ~ = v c / ~ ~ ~ . * ( G * N ~ P C / ~ ~ O O . - G - H ) - ~ ~ P C ~  
RQ=VC/LOO.*(CD2PC-NZP~*H/(10O.-G-H))/V02 

16 W R I T E ( ~ . ~ ~ ) J ~ V U ( J ) ~ M T E M P ( J ) * V C * O ~ P C ~ C O ~ P C . N ~ P C * R Q * V O ~  
2 8  F O R M A T ( ~ X ~ I ~ ~ ~ X ~ ' * ' , ~ ( F ~ O . ~ ~ ~ X ~ ' * ' ) ~ F ~ . ~ ~ ~ X ~ * * ' ~ F ~ O ~ ~ ~ ~ X ~ ' * * )  

GO TO 10 
5 0  F O R M A T ( ' 1 ' r ' T H I S  I S  A  DUMMY L A S T  P A G E ' )  
1 5  ~ R I l E ( 6 p 5 0 )  

S T O P  
E N D  



A P P E N D I X  4 

Data shee t  f o r  Vanguard Mot ion  Analyser .  



F I L M  A N A L Y S I S :  VANGUARD READINGS 

FRAME NO. FRAME NO. 

H I P  

1 KNEE 

ANKLE 

FOOT 

1 SPOT 

- 
FRAME NO. 

R I G H T  I L E F T  I 

RIGHT ! I F F T  ! 

FRAME NO. 

1 R I G H T  1 L E F T  I 

I R I G H T  
- 

I L E F T  

I 

KNEE 

ANKLE 

FOOT 

SPOT 0.00 

FRAME NO. 

I RIGHT 

I V  I H  

FRAME NO. 

I R I G H T  I L E F T  



Computer program f o r  c a l c u l a t i o n  and g r a p h i c a l  
d i s p l a y  o f  c e n t r e  o f  g r a v i t y  movements. 



do15 
Ibbb"O"O11Old llV3 Ubb 

130 101C1913111M bbb 
Ibb 01 09 



S U R R O U T I N E  GAUSS ( A I R ~ N ~ N R ~ N O I  O E T I  
S U O R O U T I N E  G A U S S  F F I I .  68 
6 A U S S I A N  F L I M I Y A T I O N  MCTHOO FOR T l l r  F P l U T I O " 1 F  N  I I Y  Y  W A T R I C T S ,  
H H F R F  N  I S  L O U A L  T O  OR L F S S  T t l d N  N O S  U Y  T R A Y S F C l o Y I U C  I Y T  1 Ah' 
U P P E R  T R I A N G U L A R  FORM 
NR w NUMBER O F  R I G H T  H A N D  S I D C S  TO f1C S n t  v ~ o  
A  I S  T H E  L E F T  H A N D  M A T R I X  MADF V P  O F  T H F  C O E F F I C I F Y T \  OF T I I F  
U N K N  IWNS 
R  I S  T h F  R I G H T  M N D  M A T R I X  
I N  P L A C E  OF THE LERf lS  I S  T H F  PRODUCT FACTOR. P R n D J C T  FACTO' I  I S  TLlF 
N U H R F R  WHICH REDUCES C L E M E N T  
A ( 1 . J )  T O  ZERO BY M U L T I P L Y I N G  W I T H  T I I F  q I A C f l Y A L  L L F M F N T  ! ( l r O  A V q  
f U R R T A C T 1 Y G  THE KF S U L T A N 1  
CDMPUTCD V A L U F S  O F  UNKNOWNF ARF  P L A C F D  I N  A P P R ' V I A T C  C ' O S I T I O V F  I Y  
R  M A T R I X .  FG. X I 3 1  I N  ROW 3, 
D E T  C O N T A I N S  THE V A L U E  OF THE D F T F R M I N A N T  f l F  T H F  h P ' t T R l X .  -- - 

R E A L I R  P * O * T q T  
D I M E N S  I O N  A i N D r  1 1  r R  ( N O 1  1 1  

c 
L 
C F I N D  T H E  M A X I M U M ,  N O N  ZERP C O L U V N  VALUF - -- - --' - 

-. --- 

N 1  = N - 1  
3 0  2 J = l . N l  
X Y A X m A ( J r J 1  
NN= J 
JJ =J + 1 
DO 3 I = 3 J . N  

- 

I F  I A ( 1 . J )  .LE. X M A X I  GO TO 3 
' XMAX = A 1 1  ,Jl 

Y N  = I 
3 C O N 1  I NtJ : 

-- XMAX I F  ( A R S ( X M A X l _ . G T .  - , O.F 1.0 E - 2 0 )  GO T O  19 - .  - 
C  
C  I N T E R C H A N G E  ROWS I F  R F Q U I R E D  
19 I F  (NN.FI2.J) G O T O 5  

DO 6 K = l .  N  

A (NN.K )  = T E M P  
A L S O  F O R  R  - 
m,. . , 
vu 5 - r  K-i . i i^n 
T E M P  = R 1 J . K )  
R I J I K I  = R ( N Y . K )  R(NN,K) = TEMP - - -- - -  --- 

R E D U C E  TO UPPER T R I A N G U L A R  F O R V  
P = 1 / A l J e J )  
D O  2 L = J J v N  
0 = A I L . J I * P  

A 1 L . J )  = Q  
DO 7 M  = J J r N  

L 

C  C A L C U L A T I O N  O F  S O L U T  I O N S  ,. 



APPENDIX 6 

Computer program to calculate and display 
graphically time derivatives o f  distance- 
time data; and to calculate acceleration- 
time and acceleration-distance integrals. 



F 1 t Y l i A l l 7 l l U  INTF1;UALS 116 h l l . l l l ~ T V l  A C C N . / 7 7 X l l h H \ l h r C E t . + l ; )  w5 T l ,  
I $ x , a t t - s t , t r r w I  v s  T * / ~ ~ I X , @ I I M I T \  ~ N F  l : b t / \ e r * ~  
* U l I F l n ~ l 7 1 ~ I V l l I ~ r ~ T I 1 ~ ~ V 7 1 ~ 7 ~ 7 T l 7 ' + , v T I ' 4 ~ . 7 ~ 1 3 ~ , v ~ l ~ ~ l ~ 7 1 I l 1 l ~ Y ~ l l 7 ~  

I T S T 1 7 r Y S V 3 . 7 S 1 7 7 . V F T S Z ~ 7 S 1 7 4 4 Y S 1 - 4 ~  - 
~ I I K w A T I I H  + YLH FKI IM T I  T I )  7 7  . T I 1 2 1 1 ~ , 1 ~ 2 r \ . 7 / 9 3 H  FMOW T 7  T l l  T  

1'4 . T l / i i * X i ? r l i l . I / ? 3 F  1 3  ~ $ 1  16 . ~ ~ 1 4 , . ' ~ . 7 ~ 7 1 1 . 7 / ~ ( I ' , 3 1 ~ ~  
I ' a f i \ l n r C w . + i ; l  v6 5 n n \ ( ~ C r . ~ ! )  v~ ~ * / s ~ r . t ~ t r ~ f ~ ~  nwl; (INI\FCI*VI) 



-- W H ~ F  ~ . 7 5 K i ~ ~ W F ~ L l ' l I V b v 1 ) ~ ~ ~ ' F T I ~ ~ v ~ b , Y v h V V  I V A V  

1 1 6  F I I H ~ A T  I l t l M b d N  v b l  I I L I T Y  C a L C l l l  6 T l l l N \ ' (  1 4 X ~ 1 1 1 N l T <  A H F  I C M I S F C  I I /  
I *I# l \ 7 - S l l / t T I - T I I  . VPU17@.?) .711 .7 /1  I c 3 - 5 4 I / l T 1 * - T 3 1  . V A V 3 4 1 ,  
7 7 L V  IIC w a V l ? , V * V ~ I  . W A W ' ~ 7 F 7 0 . 1 )  

~ ~ l ~ F l ( . , l ~ 1 1 I ~ * l l r ' , ? w 1 7 ~ V H 1 4 ~ 1 ~ ' 3 4 ~ Y ~ 7 3 P 1 ~ 7 ~ ' 7 ? ~ l ~ Y U 7 ~ P ? ~ L ~ r 7 ? D ? , V ~ 4 T ~ 1 T l  
1 , r v r l l r L  , Y : r l l l T , L u l l l T  

I~II ~ ~ ~ ~ ~ T ~ ~ , I ~ ~ ~ ~ A F ~ ~ ~ ~ K ~ ~ ~ V ~ % S ~ ~ ~ ' * ~ . ~ I I M I T ~  h u b  K ~ . A L ~ /  - 
I 1 4 H 1 I F a l l *  S l  T l l  < 7 / 1 3 H  I Y A S S 8 S I l Z  
l ) , H X l h H  . wll lC , ' I l . 7~F711.1 /141(  b k l l *  S 3  1 1 1  S4/1?1-( I N L S S 8 I I ' ~ O I 1 H X . W  
2 ~ 3 4  , ~ 1 ~ . 7 , + 2 1 1 . 1 / 7 ~ ~  F U l l b ?  5 7  T I 1  S 3 l P l ~ ~ ~ . l I / l ' 4 M  I M L S \ I ~ I / ~ ) , H X  
3,HM . U ? 3 Y l , F 1 h . l r + ? 1 1 . 7 / 7 P *  + U l l t l  5 7  T I 1  \ ? 1 1 ' 8 1 < 5 . 7 I / L l H  l * ' A S ) . l T l 7 3 *  - 4 H A V l r 4 X , W V  . , " 7 3 P ? , b I U . l + F 7 ! 1 . 7 / /  ' T n T n l  W l l U N  I P l l ' j < . l ) l / l  ( N O S 5 1  

~ t f i T + ~ \ f 4 ~ j I - - - + T i + X l Z + - j T i l J T - - - ~ - i ' T 1 t T l  l . ~ l n . i , ~ ? ~ ! . l  f /  
4 8 T t l T r i l  ~ + l l U K  l V I l q 5 . 7 ) * /  l l lu  l h A S ~ * l \ ~ l l l + S l 4  
3 ~ ) I I f i u  + ' ~ I ? + V ~ ~ + W ? ~ V ~ I ~ Z X ~ P H  . ' ~ ' T I l T r '  r F I L . 7 r F 7 0 . 7 )  

56 1111 1411 I - l t H  
I F l f i P I l  I .Gtb.o)Gtl  T I 1  1411 

H t T I I U h '  
C S C A L C  THb X V l L l l F I  

l h  tau s(.n,.+ I X  ,N,III.,X~IN,IIX~ I 
C I l U e i Y  T h C  X & X I \  

C A L L  ~ X l \ l l l . , V I Y ~ X L & H F L ~ ~ N X ~ 1 I I ~ O ~ I I . ~ X ~ l u ~ I I X )  
I . - p c m r n ~ m r T ~ l ~ - - - -  

C A L L  L I N G  l x . Y . h l , I  I 
C M l l V C  P b N  L ( C A I l Y  C I I U  N C L T  I.YAPM 

C n L L  ,vLI1TI17..11..-3l  
Y + T l I P I I  : 



APPENDIX 7 

Theory o f  tens ion- t i me i n teg r a l  as defined 
by S ta r r  (1951) f o r  cases i n  which downward 
accelerat ions i n  excess o f  g occur. 



I t  was shown  ages 66-67) t h a t  the  tens ion- t ime i n t e g r a l  , 
+ 

L / T.dt,  i s  equal t o  -m.g. ( t  - t  ) f o r  any movement phase o f  
tl 

2  1  

d u r a t i o n  ( t2 - t l )  i n  which i n i t i a l  and f i n a l  v e l o c i t i e s  are equal,  

and i n  which downward acce le ra t i on  i n  excess o f  g do n o t  occur.  

Also, i t  was s t a t e d  (page 69) t h a t  i n  those cases i n  which 

t h e  downward acce le ra t i on  becomes greater  than g rav i  t a t  i ona 1 

a c c e l e r a t i o n ,  the magnitude o f  the tension- t ime i n t e g r a l  (as 

de f i ned  by S t a r r ,  page 15) i s  no longer a  f i x e d  m u l t i p l e  o f  the 

movement t ime, b u t  ins tead becomes a  f u n c t i o n  o f  the accelera- 

t ion .  

Consider one movement cyc le  i n  which i n i t i a l  and f i n a l  

v e l o c i t i e s  o f  the  moving body are  zero, and i n  which downward 

acce le ra t i ons  g rea te r  than g r a v i t a t i o n a l  acce le ra t ton  occur.  

(F igure  A l ) .  

a '  
Adjusted 

acce le ra t i on  

(cm sec-2) 

me t 
sec 

F ig .  A1  Adjusted acce le ra t i on - t ime  curve showing downward 
a c c e l e r a t i o n  i n  excess o f  g. 



Then t h e  t ens ion - t ime  i n t e g r a l ,  

= -rn.g(t4-to) dyne sec 

The t ens ion - t ime  i n t e g r a l  as d e f i n e d  by S t a r r  (page 1 5 ) ,  TTI 
S ' 

, 
i s :  

t 
Since 1 a l . d t  < 0 ,  then 

t 2  



That i s  t h e  t ens ion - t ime  i n t e g r a l ,  as d e f i n e d  by S t a r r ,  exceeds 
t 

/ a '  . d t  t he  i n  t e g r a l  ob t a i  ned when t he  peak downward I 
a c c e l e r a t i o n  does n o t  exceed g, and becomes a  f u n c t i o n  o f  t he  

a c c e l e r a t i o n  r a t h e r  

Since the  acce 

s tanda rd  f u n c t i o n a l  

than a  f i x e d  q u a n t i t y .  

l e r a t i o n - t i m e  r e l a t i o n s h i p  does n o t  f o l l o w  a  

form, exac t  q u a n t i f i c a t i o n  o f  t h i s  f u n c t i o n  i s  

n o t  p o s s i b l e .  However, a  rough approx imat ion  may be made: 

From F i g u r e  A l ,  assuming ABC forms a  t r i a n g l e  ,and t h a t  t r i a n g  

ABC and A'BC' a r e  s i m i l a r ,  i t  i s  deduced t h a t  

The r e f  o re  

The inc rease  i n  t he  i n t e g r a l  i s  a  f u n c t i o n  o f  bo th  t h e  t ime f o r  

which t he  downward a c c e l e r a t i o n  i n  excess o f  g i s  mainta ined,  and o f  

t he  peak downward a c c e l e r a t i o n .  

I n  S t a r r ' s  s tudy  bo th  u p w a r d - l i f t i n g  and downward-lowering cyc les  



contained phases i n  which the downward acce le ra t i on  exceeded g. From 

t h e  F igure  shown by S t a r r ,  i t  i s  est imated t h a t  the du ra t i on  o f  both 

these phases was 0.4 sec. Fur ther ,  i t  i s  est imated t h a t  peak downward 

3 - 2 acce lera t ions  were r e s p e c t i v e l y  5 x  l o 3  and 3 x  10 cm sec ; the 

3 mass, m, was 10 gm. 

Hence, the amount by which the t o t a l  f i xed - t ime  tension- t ime 

i n t e g r a l  f o r  t h i s  task cou ld  be expected t o  exceed t h a t  obta ined f o r  

work tasks n o t  con ta in ing  phases o f  downward acce le ra t i on  i n  excess 

o f  g  may be est imated as: 

3 = 921 x 10 dyne sec 

3 This  approximates the increase o f  1062 x  10 dyne sec which can 

b e  c a l c u l a t e d  f rom S t a r r ' s  r e s u l t s  (al though again S t a r r ' s  values are  

t o o  b i g  by a  f a c t o r  o f  10'). 


