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Abst rac t  

F ive  p e d a l l i n g  c o n d i t i o n s  were i n v e s t i g a t e d  f o r  t h r e e  t e s t  s u b j e c t s  
u s i n g  a s i x  l o a d  component pedal dynamometer. EMG e l e c t r o d e s  s imul  tane- 
o u s l y  moni tored t h e  a c t i v i t y  of e i g h t  l e g  muscles. Both pedal dynamo~neter 
and EMG d a t a  were d i g i t i z e d  by a  minicomputer.  A f i v e - b a r  l i n k a g e  model o f  
t h e  leg -b icyc le  system was used t o  c a l c u l a t e  t h e  j o i n t  moments of t h e  leg .  
Data a n a l y s i s  e n t a i l e d  genera t ing  p l o t s  of j o i n t  moments due t o  pedal  l o a d  
o n l y  and a c c e l e r a t i o n  on ly .  T o t a l  moments were produced by  superimposing 
t h e  two moment h i  s t o r i e s .  The separate moment h i  s t o r i e s ,  t o g e t h e r  w i t h  
t h e  pedal f o r c e s  and IEMG r e s u l t s ,  enable a  d e t a i l e d  p i c t u r e  of t h e  
bionlechanics of b i c y c l e  p e d a l l i n g .  

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

Understanding t h e  biomechanics o f  b i c y c l e  p e d a l l i n g  i s  impor tan t  f o r  
severa l  reasons. F i r s t ,  a  thorough understanding o f  t h e  mechanics i n v o l v e d  
i n  pedal 1  i ng c o u l d  lead  t o  improvements i n  e f f i c i e n c y .  Second, maximum 
b e n e f i t s  c o u l d  be d e r i v e d  us ing  s t a t i o n a r y  ergometers as a  fo rm o f  p h y s i c a l  
the rapy  i f  b i c y c l  i ng biomechanics i s  understood. F i n a l l y ,  tho rough ly  
developing the  sc ience o f  b i c y c l i n g  would l e a d  t o  techniques f o r  improv ing 
performance i n  compet i t i on .  

I n f o r m a t i o n  needed t o  understand t h e  pedal 1  i n g  process i n c l u d e s  
i d e n t i f y i n g  t h e  l e g  muscles which p a r t i c i p a t e ,  t h e  pedal  loads, and t h e  
k inemat ics of t h e  l e g  segments. S tud ies  o f  t h e  l e g  muscles have been 
made. Houtz and F ischer  [I] used a s t a t i o n a r y  e x e r c i s e  b i c y c l e  t o  s t u d y  
electromyograms o f  14 su r face  muscles thought  t o  be a c t i v e  w h i l e  r i d i n g  
t h e  dev ice.  Despires [2] used a  b i c y c l e  which was r i d d e n  on a  t r e a d m i l l  
t o  s tudy t h e  e f f e c t s  o f  seat  p o s i t i o n  and l o a d  on t h e  a c t i v i t y  o f  t h e  
surface muscles o f  t h e  leg .  I n  t h e i r  book, F a r i a  and Cavanagh [3] d i scuss  
t h e  muscles and j o i n t s  i n v o l v e d  i n  c y c l i n g .  Gregor, e t  a l .  [4 ]  used a 
h i  g h l y  modi f  i e d  e x e r c i s e  ergometer w i t h  s u b j e c t s  wear ing c l e a t e d  shoes t o  
e s t a b l i s h  a  "normal" r i d i n g  p o s i t i o n  f o r  each o f  t h e i r  sub jec ts .  Jorge 
and H u l l  [5 ]  s t u d i e d  electromyograms o f  e i g h t  l e g  muscles o f  s u b j e c t s  
r i d - i q g  a  b i c y c l e  on r o l l e r s .  Goto e t  a l .  [6 ]  s t u d i e d  t h e  r e l a t i o n s h i p  
between the  work load  and f requency and t h e  IEMG o f  l e g  muscles p a r t i c i p a t -  
i n g  i n  p e d a l l i n g  and conf i rmed t h e  r e l a t i o n s h i p  between I E M G  and oxygen 
consumption. 
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A d d i t i o n a l  i nf ormat i o n  needed t o  understand t h e  whole pedal 1  i n g  process 
a re  pedal l oad ing  d a t a  and the  k inemat ics  o f  t h e  leg .  L i t e r a t u r e  i n  t h i s  
area i s  sparse, however. Hoes e t  a l .  [ 7 ]  measured crank and pedal f o r c e s  
o f  an ergometer. Gregor [8] used a r a c i n g  b i c y c l e  w i t h  i t s  f r o n t  f o r k s  
f i x e d  and r e a r  wheels on r o l l e r s .  Tangent ia l  and normal pedal f o r c e s  were 
ob ta ined  through a s p e c i a l l y  made pedal,  J o i n t  morr~ents a t  t h e  hip, knee, 
and ank le  were then c a l c u l a t e d  u s i n g  t h e  k i n e m a t i c  and pedal data. Davis 
and H u l l  [9 ]  used a s i x  load  component pedal dynamometer t o  measure t h e  
complete pedal 1  oadi  ng . Nordeen-Snyder [ lo]  used cinematography t o  ex t r a c t  
k inemat i c  da ta  from t h e  h ip,  knee, and ank le  w h i l e  s u b j e c t s  rode on r o l l e r s .  

Prev ious work i n  t h e  s tudy  o f  i n t e r n a l  loads o f  t h e  l e g  have been 
1 i m i t e d  t o  t h e  s tudy o f  human g a i t .  Winter  and Robertson [ll]  conducted 
experinients on normal 1  eve1 g a i t  t o  determine t h e  s y n e r g i s t i c  p a t t e r n s  
present  i n  t h e  f o r c e s  causing j o i n t  moments. Zarrugh [12] computed ground 
r e a c t i o n  f o r c e s  u s i n g  k i n e m a t i c  d a t a  o f  t h e  l e g  ob ta ined  f rom severa l  
walk ing speeds. Andrews [13] i n v e s t i g a t e d  t h e  r e 1  a t i o n s h i p  between j o i n t  
to rques  and i n  v i v o  muscular a c t i v i t y  and concluded t h a t  t h e  r e l a t i o n s h i p  
cannot be determined by d i r e c t  exper imenta l  measurements. Chao and Rini 
[14] presented a method based on inverse  dynamics and o p t i m i z a t i o n  t o  
deterrnine t h e  a p p l i e d  moments a t  t h e  j o i n t s  i n  human lower  e x t r e m i t i e s  
d u r i n g  g a i t .  Gh is ta  e t  a l .  [15] presented an a n a l y s i s  o f  human g a i t  and 
t h e  r e s u l t a n t  s k e l e t a l  s t resses  o f  t h e  lower  l imb. A f i n i t e  elerner~t 
a n a l y s i s  was undertaken t o  determine t h e  instantaneous s t r e s s  i n  t h e  lower  
1 imb. Se i reg  and A r v i k a r  [16] developed a mathematical model o f  t h e  lower 
ex t remi ty .  A s implex a l g o r i t h m  was used t o  s o l v e  f o r  m ~ ~ s c l e  f o r c e s  and 
j o i n t  r e a c t i o n s  a t  s t a t i c  postures.  

Fig. 1 Definition of  Foot-Pedal Reactive Load Components. 
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While these previous research e f f o r t s  have provided va luab le  i n s i g h t  
i n t o  the pedal 1  i n g  process, an i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i n t eg ra ted  
w i t h  both k inemat ic  data and pedal load ing  measurements has no t  been 
attempted. Fur ther ,  a  comprehensive ana lys is  o f  i n t e r n a l  l e g  loads has 
no t  been undertaken. Therefore, the  o b j e c t i v e  o f  t h i s  paper i s  t o  present  
an i n teg ra ted  p i c t u r e  of b i c y c l i n g  biomechanics i n c l u d i n g  muscl e  a c t i v i t y ,  
pedal loads, and k inemat ics a t  d i f f e r e n t  p e d a l l i n g  cond i t ions .  

Methods 

The subjects i n  t he  experiment were t h ree  experienced male c y c l i s t s .  
Subject A's experience has come main ly  f rom tour ing .  Subject B i s  a  
r ec rea t i ona l  r i d e r  and i s  t he  l e a s t  experienced o f  t h e  t h ree  subjects.  
Subject C i s  a  f o n e r  r ac i ng  c y c l i s t  who s t i l l  p a r t i c i p a t e s  i n  organized 
c y c l i n g  events by t he  l o c a l  b i c y c l e  c lub.  Pe r t i nen t  anthropomorphic da ta  
f o r  the  t e s t  sub jec ts  i s  g iven i n  Table 1. 

TABLE 1. ANTWOPOMOHPHIC DATA 

SUBJECT I EXPERIENCE 

0.82 m recreational rider 
0 . 9 0  m f nrmer racer 

SUBJECT I T H 1 0 h  ( SHANK I P L l D L l  TO ANILK 
L E C i T H  I LENGTll I D l  STANCE 

I 

The b i c y c l e  t h a t  was used i n  the  experiment i s  a  Windsor Super Carrera 
which was r idden on r o l l e r s  t o  s imulate ac tua l  r i d i n g .  R o l l e r s  s imu la te  
ac tua l  r i d i n g  cond i t i ons  because no l a t e r a l  support i s  provided f o r  t he  
b icyc le .  Also, bo th  wheels revo lve  and t he  r i d e r  must balance h imse l f  as 
i n  ac tua l  r i d i r l g ,  thus g i v i n g  t he  f e e l i n g  o f  road cond i t ions .  Because 
t i r e  pressure a f f e c t s  r o l l i n g  f r i c t i o n ,  and t he re fo re  the  work needed t o  
t u r n  the  pedals, the  t i r e s  were kept  a t  a  constant  pressure dur ing  t he  
experiment, 

Despires [2]  repor ted  changes i n  muscle a c t i v i t y  when t he  seat  angle 
was changed. Accordingly, t he  seat  t h a t  was used i n  t he  experiment was a  
Cool Gear pa ten t  no, 3807793 which was l eve led  t o  be ho r i zon ta l .  The seat  
he igh t  was adjusted t o  100 percent  o f  t h e  t rochanter  l eng th  o f  each 
subject .  This he igh t  i s  de f ined  as the d is tance  from the  t o p  o f  t he  seat  
t o  the surface o f  t he  pedal spindle,  measured along t he  seat tube w i t h  t he  
crank arm i n  the  down p o s i t i o n  bu t  para1 l e l  t o  the  seat tube. 

A s i x  load component pedal dynamometer descr ibed by H u l l  and Davis [9] 
was used t o  c o l l e c t  the  pedal f o r c e  data. The pedal dynamometer measured 
reac t i on  fo rces  and moments about th ree  axes. F igure  1 shows t he  coordin- 
a tes  used w i t h  the  pedal dynamometer. Pedal and crank arm o r i e n t a t i o n  was 



determined by us ing  10 K ohm cont inuous potent iometers.  Pedal l oad  da ta  
was d i g i t i z e d  and s t o r e d  i n  an LSI-11/23 computer. Sof tware w r i t t e n  by 
Davis  and H u l l  [17] was used t o  process t h e  pedal data. Cadence was deter-  
mined by u s i n g  a PACER 2000 H, which i s  a  b i c y c l e  computer capable o f  
m o n i t o r i n g  cadence, e lapsed '  t ime, instantaneous speed, average speed, 
d i s t a n c e  t rave led ,  and h e a r t  r a t e .  

A c t i v i t y  o f  t h e  e i g h t  muscles l i s t e d  i n  F ig.  2 was moni tored us ing  
s u r f a c e  e lec t rodes .  To q u a n t i f y  re1 a t  i v e  muscle a c t i v i t y  l e v e l s ,  t h e  
e l e c t r o d e  s i g n a l s  were i n t e g r a t e d  over consecut ive 75 ms i n t e r v a l s .  
F u r t h e r  d e t a i l s  o f  t h e  methods and m a t e r i a l s  r e l a t i v e  t o  t h e  EMG 
measurements may be found i n  Ref. [5]. 

Gluteus Maximus 

Rectus Femoris 

Vastus Medial  l s  

Vastus L a t e r a l i s  

T i b l a l i s  A n t e r l o r  

Gastrocnen~ius 

Biceps Femori s 

Semimembranosus 

trot Shown: Sc~~ l i~~~e l r~branosus ,  Vastus M e d ~ a l  i s  

F i q .  2a G ~ n e r a l  Anatomy of the  L q  

Crank  Angle (Deg) 

F iq .  2b. Iduscle Tirning Diagram 

Data f o r  t h e  f i v e  p e d a l l i n g  c o n d i t i o n s  l i s t e d  i n  Table 2 were recorded 
t o  exp l  o re  the  f o l  l ow ing  hypotheses: 

1. J o i n t  moments a re  r e l a t e d  t o  t h e  pedal loading.  

2. J o i n t  moments r e q u i r e d  t o  a c c e l e r a t e  t h e  l e g  segments a re  
s t r o n g l y  dependent on cadence and s i g n i f i c a n t  a t  h igher  cadences. 

3.  J o i n t  moments a re  i n d i c a t o r s  o f  muscle a c t i v i t y  l e v e l s .  
TABLE 2' 

3 1 63 j 52 x ii ! c I e a t r  j 100 percent  1 
I 

I 

EblG K;XPERlMENT 

I 1 1 97 / 5 1  x 2 1  i c l e a t s  I 10" percent  ' 
I 

CASC 

I c l e a t s  1 l o o p e r c e n t  I 
1 

1 I 80 5 2  x 19 I c l e a t s  1 LUU ~ e r c e n t  . 

RPM 

5 80 1 5 2 x 2 3  

, 

1 Gear r a t i o  (numDer of t e e t h :  chainwheel K C O ~ ~  

GEAR] I I SEAT I IE IGH:~ 

* Percent  o f  t r o c h a n t ~ r  lenath  

c l e a t s  100 percent  



K i  nemati cs z7 

The hunian musculo-skeletal system can be modeled as a system o f  
l inkages [13] where the muscles and tendons around t he  j o i n t s  are used t o  
produce the moments necessary f o r  j o i n t  motion, Hence, t h e  leg-b icyc le  
system was modeled as a f i ve -bar  1 inkage (see Fig. 3a) and k i nema t i ca l l y  
analyzed t o  determine both t he  angular and absolute acce le ra t ions  o f  t he  
centers of Inass o f  the f o u r  moving l i n k s  ( t h i gh ,  shank, f oo t ,  and crank). 
Solv ing t he  system o f  equations un ique ly  r equ i res  s i x  i n p u t  cond i t ions :  
two angles, two angular v e l o c i t i e s ,  and two angular  acce le ra t ions .  These 
cond i t ions  were determined from the  measured pedal and crank angles. 
Inspec t ion  o f  the crank angle da ta  vs t ime  showed t h a t  the  crank angular 
v e l o c i t y  could be assumed constant. Inspec t ion  of pedal augle da ta  showed 
t h a t  the angle p r o f i l e  was represented w e l l  by a s inusoid.  Accordingly, 
angular v e l o c i t y  and angular acce le ra t ion  were obta ined by f i r s t  f i t t i n g  a 
s inuso id  t o  the  pedal angle p r o f i l e  and then d i f f e r e n t i a t i n g .  

J o i n t  moments were computed from the  free-body diagram i 11 us t ra ted  i n  
F ig.  3b. Outside o f  t he  j o i n t  moments and j o i n t  r e a c t i o n  forces, t h e  o n l y  
o ther  ex te rna l  loads are t he  foot-pedal normal Fz and t angen t i a l  Fx 
f o r c e  components, The fo rce  components were determined f rom the  pedal 
dynamometer data. Note t h a t  t he  moment about t he  pedal sp ind le  M i s  
n o t  inc luded because t h i s  load  component i s  n e g l i g i b l e  (see H u l l  and {avis 
Crl> 

Model parameter values were obta ined f rom several  sources. Segment 
lengths were measured and are i nd i ca ted  i n  Table 2. Segment masses, CG 
1 ocations, and moments o f  i n e r t i a  were determined according t o  procedures 
recommended by D r i  1  1 i s [18]. 

F f g .  3a Flve-bar l inkage model 

Flg. 3b Free-body dlagram 
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Resu l ts  

A. Reference Case 

The ank le  j o i n t  i s  t h e  e a s i e s t  t o  understand because o f  t h e  low i n e r t i a  
o f  t h e  f o o t .  The two muscles ,which c ross  t h i s  j o i n t  a re  t h e  gastrocnemius 
and t h e  t i b i a l i s  a n t e r i o r .  Examination o f  t h e  r e g i o n  o f  muscle a c t i v i t y  
(see F ig .  2 (b ) )  shows tha t *  t h e  gastrocnemius i s  a c t i v e  between TDC and 
280'. Between TDC and 130 t h e  ank le  moment due t o  pedal l o a d  increases 
(see F ig .  4 (a ) ) .  T h i s  corresponds t o  t h e  inc rease  i n  t h e  normal pedal 
f o r c e  (see F i g .  4 ( b ) ) .  Note a l s o  t h a t  t h e  ank le  moment never goes below 
zero, which i s  c o n s i s t e n t  w i t h  t h e  normal pedal f o r c e .  The ank le  moment 
due t o  a c c e l e r a t i o n  (see F ig .  5 ( a ) )  i s  smal l  compared w i t h  t h e  moment due 
t o  t h e  pedal f o r c e  and hence can be considered n e g l i g i b l e .  Because o f  t h e  
s i m i l a r i t y  between t h e  ank le  moment and t h e  normal pedal force, which 
corresponds w i t h  t h e  r e g i o n  o f  gas t roc  a c t i v i t y ,  t h e  gastrocnemius i s  
a c t i v e  o n l y  t o  e q u i l i b r a t e  t h e  ank le  i o i n t  moment. The maximurn aco t i v i t y  
reg ion,  however, commences a t  about  20 and con t inues  t o  about 250 . I t  
i s  s u r p r i s i n g  t h a t  t h e  maximum a c t i v i t y  o f  t h e  gastrocnemius extends 
beyond 200'. Th is  i s  because t h e  ank le  moment due t o  pedal l o a d  i s  
decreased s i g n i f i c a n t l y  as i s  t h e  normal pedal fo rce .  The gas t roc  a c t i v i t y  
beyond 200' i s  b e s t  exp la ined  b y  n o t i n g  t h a t  t h e  ank le  i s  s i g n i f i c a r ~ t l y  
extended d u r i n g  t h e  backstroke. T h i s  ex tens ion  would account f o r  t h e  
susta ined IEMG l e v e l s  beyond 200'. 

Crank Angle (Oeg) 

Fig.  4a J o i n t  Mornerlts Due t o  Pedal  Forces ( r e f e r e n c e )  
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F lg .  4b Peddl  Forces ( re ference)  
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The t i b i a l i s  a n t e r i o r  becomes ac t i ve  a t  an i n f l e x i o n  p o i n t  i n  t he  ankle 
f l e x i o n  pa t t e rn  a t  about 300'. The ankle moment, which corresponds t o  
t i b i a l i s  a n t e r i o r  a c t i v i t y ,  i s  c lose  t o  zero and muscle a c t i v i t y  bears 
l i t t l e  r e l a t i o n s h i p  t o  the  pedal forces.  Hence, t he  mllscle f l e x e s  t he  
ankle, thereby c o n t r o l l i n g  the  k inemat ics of t h e  system. 

I n  cons ider ing  the h i p  j o i n t ,  t he  i n e r t i a  o f  t he  t h i g h  i s  l a r g e  and 
there  i s  an i n t u i t i v e  dependence o f  t he  k inemat ic  h i p  moment on angular 
acce le ra t ion .  F igures 5 ( a )  and 5(b)  show t h a t  indeed t he  k inemat ic  h i p  
moment t racks  t he  t h i g h  angular acce le ra t ion .  Maximum and minimum values 
occur a t  the  same crank angle. Also, examination o f  F igures 4(a)  and 5(a)  
shows t h a t  t he  i n e r t i a l  c o n t r i b u t i o n  t o  t h e  t o t a l  moment i s  s i g n i f i c a n t .  

Examination o f  the  pedal load  (F ig .  4 ( b ) )  and t he  quas i - s t a t i c  h i p  
moment (F ig.  4 ( a ) )  shows t h a t  both t he  h i p  'moment and normal pedal f o r ce  
increase i n  magnitude between TDC and 100 . Inasn~uchas t he  t angen t i a l  
pedal f o r c e  i s  n e a r l y  constant, i t  appears t h a t  t he  quds i - s t a t i c  h i p  moment 
i s  c o n t r o l l e d  p r i m a r i l y  by the  normal pedal f o r c e  i n  t h i s  region. I n  t he  
reg ion  100' t o  200°, however, t h e  quas i - s t a t i c  h i p  moment cont inues t o  
increase as the  normal pedal f o r c e  decreases. Examining the  d i r e c t i o n  o f  
t he  r e s u l t a n t  pedal f o r c e  vec to r  sheds 1  i g h t  on >h is  pecu! i a r i  t y .  As t he  
crank arm t r a v e l s  through the  reg ion  between 100 and 200 , the  r e s u l t a n t  
o f  t he  normal and t angen t i a l  pedal fo rces  i s  i n  a  d i r e c t i o n  such t h a t  t he  
moment arm o f  the  r e s u l t a n t  increases. From 200' t o  TDC, t h e  quas i - s t a t i c  
h i p  moment and normal pedal f o r c e  both decrease. Hence, i n  t he  reg ions  
TDC t o  loo0, and 200' t o  TDC, the  quas i - s t a t i c  h i p  moment i s  in f luenced by 
t he  normal pedal force.  Between 100' and 200', t he  h i p  moment i s  
c o n t r o l l e d  by  a  combination of the t angen t i a l  and normal pedal forces,  

Superimposing t h e  quas i - s t a t i c  and k inemat ic  h i p  moments leads t o  an 
i n t e r e s t i n g  r e s u l t .  Note t h a t  t he  g u a s i - s t a t i c  moment i s  always p o s i t i v e  
and e x h i b i t s  a  maximum a t  about 170 , w h i l e  t he  k inemat ic  moment i s  always 
negat ive and e x h i b i t s  a  minimum a t  about 180'. When t he  two moments are 
added, t he  t o t a l  h i p  moment (F ig.  6)  i s  s u b s t a n t i a l l y  lower than e i t h e r  of 
the  two con t r i bu to r s .  Observe a l so  t h a t  t he  magnitude' of theo quasi- 
s t a t i c  moment i s  g rea ter  than t he  k inemat ic  i n o t h e  reg ion  0  t o  300 , wh i l e  
t he  reverse i s  t r u e  i n  the  reg ion  300' t o  360 . Th is  observa t ion  accounts 
f o r  the  p o l a r i t y  change a t  300' i n  t he  t o t a l  h i p  moment p r o f i l e .  

The muscles, which cross t he  h i p  j o i n t ,  i n c l ude  t he  g lu teus  maximus, 
t h e  biceps femor i  s, t he  semimembranosus, and theo rec tus  femor i  s. The 
maximum a c t i v i t y  reg ion  o f  the  g lu teus  maximus i s  20 t o  loo0, which cor re -  
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sponds t o  t h e  inc rease  i n  t o t a l  h i p  mornent. Because t h e  q u a s i - s t a t i c  h i p  
rr~ornent dominates t h e  t o t a l  moment i n  t h i s  reg ion,  i t  can be concluded t h a t  
t h e  g l u t e u s  maximus, a ided b y  i n e r t i a l  c h a r a c t e r i s t i c s ,  produces t h e  norn~a l  
pedal f o r c e .  Both hamstr ing muscles e x h i b i t  g r e a t e s t  a c t i v i t y  between looe 
and ZOO°, where t h e  t o t a l  h i p  moment i s  susta ined.  S i m i l a r  t o  t h e  g lh teus  
maximus, k inemat i cs  p l a y  a  b e n e f i c i a l  r o l e  i n  reduc ing  t h e  e f f o r t  o f  t h e  
hamstr i  ngs. Rectus femor i  s  a c t i v i t y  c o r r e l a t e s  t o  t h e  nega t i ve  r e g i o n  of 
t h e  t o t a l  h i p  moment p l o t .  Because t h e  q u a s i - s t a t i c  h i p  moment approaches 
zero i n  t h i s  reg ion,  t h e  r e c t u s  fen lor is  p l a y s  a  d i s t i n c t  r o l e  i n  t h e  
k inemat i cs  o f  p e d a l l i n g .  

U n l i k e  t h e  h i p  j o i n t ,  i t  i s  d i f f i c u l t  t o  r e l a t e  t h e  k inemat ic  knee 
moment t o  t h e  segment a c c e l e r a t i o n s .  T h i s  d i f f i c u l t y  a r i s e s  f rom r e 1  a t  i v e  
mot ion and a  l e n g t h y  d i s c u s s i o n  i s  n o t  warranted. It i s  poss ib le ,  however, 
t o  r e l a t e  t h e  q u a s i - s t a t i c  knee moment i n  Fig. 4a t o  t h e  pedal f o r c e s  i n  
F i g .  4b. The p r imary  o b s e r v a t i o n  i s  t h a t  t h e  q u a s i - s t a t i c  knee moment i s  
i n f l u e n c e d  m a i n l y  by  the  t a n g e n t i a l  pedal  f o r c e  and bears l i t t l e  r e l a t i o n  
t o  t h e  normal pedal fo rce .  

An i n t e r e s t i n g  conc lus ion  r e s u l t s  f rom examining t h e  t o t a l  knee moment 
(F ig .  6) i n  some d e t a i l .  The k i n e m a t i c  knee momenta is  v i r t u a l l y  always 
p o s i t i v e  w i t h  a  peak va lue  o f  15 Nm o c c u r r i n g  a t  90 . The q u a s i - s t a t i c  
knee moment, on t h e  o t h e r  hand, s h i f t s  p o l a r i t y  w i t h  t h e  nega t i ve  peak o f  
-40 kn observed a t  45' and a  p o s i t i v e  peak o f  20 Nrr~ observed a t  1 8 0 ~ .  

TABLE 3. Percent d i f f e r e n c e  of IEHG between Case 5 and the  re ference  

reg ion o f  
max a c t i v i t y  I 

Table 4  Pcrccnt  d i f f e r e n c e  o f  IEMG between Case 6 and the re ference  

region o f  
m u  a c t i v i t y  



Because the  k inemat ic  and quas i - s t a t i c  peak moments a re  n o t  i n  phase, 
combining t h e  two y i e l d s  a  t o t a l  knee moment where n e i t h e r  magnitude nor 
shape va r i es  markedly from the  quas i - s t a t i c  moment. Accordingly, i t  
appears t h a t  pedal l i n g  r a t e  ( i  .e. cadence) has a  more profound a f f e c t  on 
the  h i p  moment. 

The muscle a c t i v i t y  p i c t u r e  a t  t he  knee i s  complicated by t h e  f a c t  
t h a t  a1 1  o f  the  muscles monitored except f o r  t he  t i b i a l i s  a n t e r i o r  and the  
g lu teus  maximus cross t he  knee j o i n t .  I n  t he  d iscuss ion  o f  t h e  hip j o i n t ,  
i t  was co ted  t h a t  r ec tus  femor is  a c t i v i t y  spans t he  reg ion  300 t o  TDC. 
The 300 p o i n t  corresponds t o  t he  zero c ross ing  o f  t he  t o t a l  knee moment 
which i n  t u r n  corresponds t o  t he  onset o f  inc reas ing  t angen t i a l  pedal 
force.  Accordingly, t he  rec tus  femor is  n o t  o n l y  a f f e c t s  t he  motion o f  t h e  
leg, b u t  a l so  develops t he  t angen t i a l  pedal load. 'The g rea tes t  a c t i v i t y  
o f  t h e  v a s t i i  muscles occurs i n  the  reg ion  350°-80°, which inc ludes  t he  
maximum magnitude o f  the  t o t a l  knee moment. Note t h a t  the  t o t a l  knee 
~iionient i s  in f luenced p r i m a r i l y  by t he  t angen t i a l  pedal load  i n  t h i s  region.  
Accordingly, the  v a s t i i  muscles generate t he  knee moment which i s  necessary 
t o  sus ta in  t he  t angen t i a l  pedal force. Because t he  hamstr ings are antagon- 
i s t i c  t o  the  quadriceps, they a c t  t o  produce t he  p o s i t i v e  t o t a l  knee moment 
i n  the  100' t o  200' region.  Note t h a t  t he  p o s i t i v e  t o t a l  knee moment 
r e s u l t s  from p o s i t i v e  con t r i bu t i ons  o f  bo th  t he  k inemat ic  and quas i - s t a t i c  
moments. Hence, t he  hamstr ing muscles c o n t r i b u t e  both t o  generat ing t h e  
pedal forces and d r i v i n g  the  l e g  l inkage.  

B. Cases 5 and 6: 

The ef fects o f  h igher versus lower gear r a t i o s  are apparent i n  t he  
pedal f o r c e  p r o f i l e s  (F igs .  7a and 7b) and crank to rque curves (F ig .  8ai .  
The crank torque curves i n d i c a t e  t h a t  t he  peak torque, which occurs a t  90 , 
i s  d i r e c t l y  r e l a t e d  t o  the  gear r a t i o .  Because t he  magnitude of t he  normal 
pedal f o r c e  exhi b i t s  t he  same trend, t he  source of t he  torque increase i s  
the  normal pedal fo rce  r a t h e r  than t he  t angen t i a l  pedal force.  The crank 
torque curves a l so  i n d i c a t e  d i f f e rences  i n  t he  minimum to rque w i t h  t h e  
negat ive to rque reg ion  f o r  Case 6  s i g n i f i c a n t l y  l e s s  than f o r  bo th  Case 5 
and the  reference.  The reduc t i on  o f  t h e  negat ive  torque reg ion  f o r  Case 6 
i s  due t o  the  combined e f f e c t s  o f  changes i n  t he  t angen t i a l  and normal 
pedal f o r c e  p r o f i l e s .  Not o n l y  i s  t he  magnitude o f  t h e  negat ive pedal 
force decreased, b u t  a l so  a  s i g n i f i c a n t  negat ive  t angen t i a l  shear i s  
developed. These r e s u l t s  i 11 u s t r a t e  t he  profound e f fec t  t h a t  changes i n  
the pedal f o r c e  p r o f i l e s  have on the  crank torque.  

I n  t he  ana lys is  o f  j o i n t  moments, one need o n l y  compare t he  moments 
due t o  pedal load because the  pedal 1  i n g  r a t e  i s  t he  same as the  re fe rence 
f o r  Cases 5 and 6. I n  comparing t he  h i p  moment (F ig.  8b)  f o r  Cases 5 and 
6 i n  t he  reg ion  between the  TDC and loo', t he  moment f o r  Case 5 i s  
c o n s i s t e n t l y  lower than Case 6. It was noted e a r l i e r  t h a t  t he  glu>eus 
maximus a c t i v i t y  corresponded t o  t he  inc rease i n  h i p  moment from 0  t o  
100'. Accordingly, one expects lower g lu teus  maximus a c t i v i t y  when Case 5  
i s  compared w i t h  Case 6. Th is  i s  indeed t he  case; t he re  i s  about a  72 
percent  d i f f e rence  i n  muscle a c t i v i t y  between Cases 5 and 6 when IEMG i s  
compared (see Tables 3 and 4).  Between 100" and 200°, t he  hamstr ings are 
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responsib le f o r  the h i p  moment. Case 6 and the  reference e x h i b i t  bo th  
comparable moments and IEMG resu l t s .  Case 5 i s  somewhat lower than t h e  
reference i n  both the moment p l o t  and IEMG leve l s .  S im i l a r  t o  the g lu teus  
max-imus, the  hamstring a c t i v i t y  may be pred ic ted  a t  l e a s t  qua1 i t a t i v e l y  
from the moment p l o t s .  The a c t i v i t y  o f  the  rec tus  femor is e x h i b i t s  no 
s i g n i f i c a n t  change f o r  Case 5 compared t o  t he  reference. Case 6, however, 
ind ica tes  an average 65 percent  increase i n  the  maximum a c t i v i t y  region. 
Note t h a t  the  rec tus  femori: a c t i v i t y  corresponds c l o s e l y  t o  t he  negat ive 
h i p  moment i n  the reg ion  300 t o  20 . 

The ana lys is  o f  the  ankle j o i n t  leads t o  an anomalous r e s u l t .  
Examination o f  F ig.  9a shows t h a t  the  ankle moment f o r  Case 5 and the 
reference t rack  onemanother whereas Case 6 e x h i b i t s  a s i g n i f i c a n t  increase 
between 40° and 180 . The increase i n  ankle moment i s  cons is ten t  w i t h  the  
increase i n  magnitude o f  t he  normal pedal force.  One would expect t h a t  
because the gastrocnemius e q u i l i b r a t e s  the ankle moment, g ras t roc  a c t i v i t y  
f o r  Case 6 would be greater  than the  reference and would e x h i b i t  1 i t t l e  
d i f fe rence between Case 5 and the  reference. Inspec t ion  o f  IEMG l e v e l s  
shows, however, t h a t  t h i s  i s  no t  the  case. The g?stroc IEMG l e v e l  f o r  
Case 6 decreases an average of  8 percent  between 80 and 200'. For Case 
5, IEMG decreases an average of 15 percent  f o r  the  same region. Inasmuch 
as o the r  muscles (egg. soleus), which are capable o f  support ing a p o s i t i v e  
ankle moment were no t  monitored, i t  appears t h a t  these muscles p l a y  
redundant ro les .  I n  an e a r l i e r  s tudy by Jorge and H u l l  [19], the  soleus 
was shown t o  have a support ing r o l e  t o  t he  gastrocnemius. 

The negat ive excurs ion of the  ankle moment f o r  Case 6 j u s t  be fore  TDC 
i s  r e f l e c t e d  by the t i b i a l i s  an ter io r ,  which shows an increase i n  a c t i v i t y .  
Examination o f  Case 5 shows no s i g n i f i c a n t  change here. This i s  expected 
because the  ankle moments f o r  Case 5 and the  reference are s im i l a r .  

The knee moment p l o t  (F ig.  9b) shows two s t r i k i n g  features.  The f i r s t  
i s  i n  the  reg ion  between TDC and 70 , where t he  magnitude of the  knee 
moment f o r  Case 5 i s  l ess  than bo th  Case 6 and the reference which are 
comparable. An e a r l i e r  observat ion was t h a t  t he  v a s t i i  muscles sus ta in  
the  negat ive knee moment; hence, a decrease i n  v a s t i  i a c t i v i t y  would be 
expected. Case 6 e x h i b i t s  an average o f  5.7 percent  increase f o r  t he  
v a s t i  i muscles which i s  no t  notable. For Case 5, there  i s  an average of 
27 percent  decrease i n  v a s t i i  a c t i v i t y .  

A second s t r i k i n g  feature i n  t he  knee moment p l 2 t  i s  t h t  con t ras t  i n  
t he  p o s i t i v e  knee moment i n  the reg ion  between 180 and 300 , where both 
Cases 5 and 6 are above the reference. This c h a r a c t e r i s t i c  o f  t he  knee 
moment p l o t  i s  expected because o f  t he  change i n  peda l l i ng  technique 
r e f l e c t e d  i n  the minimum value o f  the t angen t i a l  load. Accomplishing the 
negative t angen t i a l  load i n  Case 6 would requ i re  an increase i n  hamstring 
a c t i v i t y  when cornpared w i t h  the reference. This i s  indeed the  case. 
There i s  an average increase o f  about 50 percent  fo r  t h e  hamstrings i n  Case 
6 when compared w i t h  the reference. An average decrease o f  16  percent  f o r  
hamstring a c t i v i t y  i s  seen f o r  Case 5, which i s  n o t  a marked change. 



Concl ud i  ng Remarks 

Although the  d iscussion i n  the  body o f  the  paper i s  devoted t o  t he  
data f o r  t e s t  sub jec t  A, s i m i l a r  data was generated f o r  subjects B and C. 
To examine the  consistency o f  t he  conclusions drawn f o r  t e s t  subject  A, 
the data f o r  sub jec ts  B and C were compared against  t h a t  o f  sub jec t  A. 
For the  reference case, i t  was observed t h a t  t he  cha rac te r i s t i c s  (i.e. 
shape and phase) o f  the pedal f o r c e  p r o f i l e s ,  hence quas i -s ta t i c  moment 
p lo ts ,  were s fmi la r .  Due t o  d i f f e r e n t  s t y l e s  o f  pedal l ing,  magnitudes o f  
both peak loads and moments va r i ed  considerably, however. Kinematic moment 
p l o t s  were no t  on l y  cons is ten t  i n  shape, bu t  a lso  i n  magnitude. 

I n  comparing the  da ta  f o r  sub jec ts  B and C t o  t h a t  o f  sub jec t  A f o r  
Cases 5 and 6, i t  was observed t h a t  the  pedal loading and hence quasi- 
s t a t i c  moments exh ib i t ed  s i m i l a r  trends. Subjects B and C showed improved 
correspondence between muscle a c t i v i t y  1 evels and j o i n t  mornents. The 
anomalous a c t i v i t y  observed f o r  sub jec t  A o f  the gastroc was n o t  seen f o r  
subjects B and C. Subjects B and C appeared t o  have pedal led more consis- 
t e n t l y ,  which may exp la in  the improved co r re la t i on .  

I n  add i t i on  t o  Cases 5 and 6, which explored t he  biomechanics o f  
peda l l i ng  under pedal load changes a t  constant  cadence, Table 2 ind ica tes  
t h a t  data were a lso  recorded f o r  Cases 3 and 4. Cases 3 and 4 were under- 
taken t o  explore the  biomechanics o f  pedal 1-i ng under changes o f  cadence 
w i t h  constant power output. Note t h a t  achieving constant power requ i res  
changing two va r i ab les  ( i  .e. cadence and pedal load), bo th  o f  which i n f l  u- 
ence j o i n t  moments. Because o f  space 1 imf ta t ions ,  a de ta i  l ed  d iscussion 
o f  Cases 3 and 4 i s  no t  inc luded here. Such a d iscussion can be found, 
however, i n  Ref. [20]. The f i nd ings  re levant  t o  Cases 3 and 4 are 
summarized as f o l  lows: 

1 )  Both normal and tangen t i a l  pedal loads are i nve rse l y  r e l a t e d  t o  
cadence. 

2) The t o t a l  h i p  moment i s  more s t rong l y  affected by cadence than the  
t o t a l  knee moment. Peak moments o f  both the h i p  and the knee are 
i nve rse l y  r e l a t e d  t o  cadence w i t h i n  the  range s tud ied  (63-97 RPM). 

3) Muscle a c t i v i t y  l e v e l s  do n o t  c o r r e l a t e  w e l l  t o  j o i n t  moments. 
The lack o f  c o r r e l a t i o n  may be due t o  the  complexi t ies o f  sirnul- 
ta r~eous ly  vary ing  two quan t i t i es ,  bo th  o f  which a f f e c t  j o i n t  
moment S. 

With the  above comner~ts i n  mind, the  hypotheses which guided t h i s  
research can be evaluated. Cases 5 and 6 es tab l i sh  a s t rong dependence o f  
j o i n t  moments on pedal loading so t h a t  t he  f i r s t  hypothesis i s  va l i d .  
Cases 3 and 4 i l l u s t r a t e  t h a t  k inemat ic  moments a t  the h i p  and knee j o i n t s  
are s i g n i f i c a n t  a t  cadence above 60 RPM and are on t he  same order as quasi- 
s t a t i c  moments a t  100 RPM. Accordingly, t he  second hypothesis appears 
va l i d .  The muscle a c t i v i t y  i n  Cases 5 and 6 va l ida tes  t he  t h i r d  hypothesis 
wh i l e  the a c t i v i t y  p i c t u r e  i n  Cases3 and 4 i s  n o t  conclusive. More 
conclusive r e s u l t s  m i l gh t  be obtained from add i t i ona l  t e s t s  which vary 
k inemat ic  moments wh i l e  ho ld ing  quas i -s ta t i c  moments constant. 
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