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Abs t rac t  

J o i n t  moments are o f  i n t e r e s t  because t hey  bear some r e l a t i o n  t o  
muscular e f f o r t  and hence r i d e r  performance. The general o b j e c t i v e  o f  
t h i s  s tudy i s  t o  explore t he  r e l a t i o n  between j o i n t  moments and cadence. 
J o i n t  moments are computed by model1 i n g  t he  l eg -b i cyc l e  system as a f i v e -  
bar  l inkage constra ined t o  p lane motion. Using dynamometer pedal f o r c e  
data and potent iometer  crank and pedal p o s i t i o n  data, system equat ions are 
solved on a computer t o  produce moments a t  t he  ankle, knee, and h i p  j o i n t s .  
Cadence and pedal fo rces  are va r i ed  i n v e r s e l y  t o  ma in ta in  constant  power. 
Resul ts  i n d i c a t e  t h a t  average j o i n t  moments vary cons iderab ly  w i t h  changes 
i n  cadence. Both h i p  and knee j o i n t s  show an average moment which i s  
minim~lm near 105 RPM f o r  c r u i s i n g  cyc l i ng .  It appears t h a t  an optimum RPM 
can be determined from a mechanical approach f o r  any g i ven  power l e v e l  and 
b i cyc l  e-r i der geometry. 

I n t r oduc t i on  

The sub jec t  o f  opt imal  peda l l i ng  r a t e s  has long been o f  i n t e r e s t  t o  
c y c l i n g  en thus ias ts  as we1 1 as p ro fess iona ls .  'Spinning ' (pedal 1 i ng a t  a 
h igh  RPM) has been a technique used t o  improve performance by most 
accomplished c y c l i s t s .  Exac t l y  why p e d a l l i n g  a t  a h i g h  RPM leads t o  
i rnproved pe r f  omance has been a ques t ion  o f  t en  posed. Associ ated 
quest ions are, "What i s  t he  optimum cadence and what f a c t o r s  i n f l u e n c e  
t h i s  cadence?" 'The authors are aware o f  no p rev ious  biomechanical 
ana lys i  s d i r e c t e d  towards answeri ng these questions. 

One o b j e c t i v e  of t h i s  s tudy i s  t o  determine t he  r e l a t i o n s h i p  between 
cadence and c y c l i s t  performance from a mechanical v iewpoint .  A second 
ob jec t i ve  i s  t o  determine t he  opt imal  cadence which leads t o  maximum 
performance. A f i n a l  o b j e c t i v e  i s  t o  exp lo re  t he  s e n s i t i v i t y  of var iab les ,  
which t he  c y c l i s t  can c o n t r o l  v i a  h i s  peda l l i ng  technique, on t he  opt imal  
cadence. 
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Undertaking an ana lys i  s  t o  s a t i  s f y  t he  ob jec t i ves  requ i res  d e f i n i n g  a 
performance i nd i ca to r ,  The performance i n d i c a t o r  used here in  i s  the  sum 
o f  t he  average absolute h i p  and knee j o i n t  moments. The appropriateness 
o f  t h i s  i n d i c a t o r  hinges on ,two assumptions. One i s  t h a t  muscular e f f o r t  
i s  i nve rse l y  r e l a t e d  t o  performance. The o the r  i s  t h a t  j o i n t  moments are 
d i r e c t l y  r e l a t e d  t o  muscular e f f o r t .  The work o f  Jorge and H u l l  [I], which 
i nd i ca tes  t ha t  there  i s  1  i t t l e  sirnultaneous a c t i v i t y  o f  agon i s t l a r~ tagon i s t  
muscles i n  the  major groups whi l e  cyc l ing ,  supports the  second assumption. 
The f i r s t  assumption i s  c e r t a i n l y  i n t u i t i v e l y  s a t i s f a c t o r y  under some con- 
d i t i o n s .  Muscle physio logy i s  n o t  considered i n  t h i s  analys is ,  however, 
and may a f f ec t  the  va l  i d i  t y  o f  the f i r s t  assumption t o  some degree, 

The Model 

The b i cyc l e - r i de r  system was modeled as a f i ve -bar  l i n kage  i n  p lane 
motion w i t h  the f i f t h  ba r  f i x e d  i n  space (see Fig.  l a ) .  To complete ly  
cons t ra i n  t he  model, t he  angular pos i t ion ,  ve loc i t y ,  and acce le ra t ion  o f  
both the crank and the pedal r e l a t i v e  t o  the  pedal sp ind le  are necessary 
inputs.  With these inputs,  and t he  bas ic  r e l a t i o n s  f o r  the k inemat ics o f  
l inkages,  the  e n t i r e  system i s  k i n e m a t i c a l l y  defined. The l i n e a r  and 
angular acce le ra t ions  of each l i n k  become f u r ~ c t i o r ~ s  of t he  geometry and 
system i nputs. 

To examine the  k i n e t i c s  o f  t he  model, t he  equations o f  motion f o r  each 
o f  the  f o r ce  l i n k s  i l l u s t r a t e d  i n  F ig.  l b  can be w r i t t e n  by apply ing the  
f o l l ow ing  r e l a t i o n s :  

I F x  = mass * Ax 

I F  = mass * Ay 
Y 

where Ax and Ay are components o f  t he  linea: acce le ra t ion  of t h e  mass 
centers, Fx and Fy are f o r c e  components, w i s  t he  angular v e l o c i t y  
vector, Icg i s  the  moment of i n e r t i a  about t he  mass center, and $ 
represents moments about the mass center .  W i  t h  the  measured pedal forces 
and t he  angular and 1  inear  accelerat ions,  t he  equations o f  motion can be 
solved f o r  the j o i n t  torques work ing from the  f oo t  t o  t he  shank and 
f i n a l l y  t o  the  th igh .  Thus, t he  j o i n t  moments are func t ions  o f  both the  
i n p u t  pedal forces and the  k inemat ic  cons t ra in ts .  

I npu t  Data 

Kinematic i npu t s  were der ived  f rom both crank and pedal angles which 
were measured us ing  cont inuous r o t a t i o n  potent iometers (see Ref. [2]). 
Crank v e l o c i t y  was purposely he ld  constant  us ing a  paceometer and thus 
crank angular accel e r a t i o n  was zero. The de termina t ion  of pedal angular 
v e l o c i t y  and acce le ra t i on  was more d i f f i c u l t .  D i f f e r e n t i a t i n g  t he  pedal 
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F ig .  l a  Five-bar  l i n k a g e  model o f  the  r i d e r - b i c y c l e  system 

Fig .  1  b Free-body diagram o f  the  leg 



angle da ta  proved t oo  inaccura te  due t o  the  e r r o r  a m p l i f i c a t i o n  inheren t  i n  
d i f f e r e n t i a t i n g  . Both polynomial and Four ie r  l e a s t  squares curve f i t t i n g  
o f  the  pedal p o s i t i o n  da ta  were attempted t o  no a v a i l .  Unfor tunate ly ,  the 
d e r i v a t i v e s  o f  polynomials are n o t  pe r i od i c  and p e r i o d i c  v e l o c i t y  and 
acce le ra t ion  were imperat ive.  Der iva t i ves  o f  Four ie r  s e r i e s  w i t h  more than 
one harmonic are n o t  n e a r l y  smooth enough t o  be accurate representat ions 
o f  the  ac tua l  pedal angul a r  v e l o c i t i e s  and accelerat ions.  F i n a l l y ,  what 
proved successful was a l e a s t  squares s ine  f unc t i on  f i t  t o  t he  pedal angle 
da ta  where the s i ne  f u n c t i o n  has the  form: 

Pedal angle = A1 s i n  (e) + A2 cos ( e )  + A3 (4 

where e i s  the  crank angle and A1, A2, and A3 are constants t o  be 
determined. F igure  2 shows t y p i c a l  pedal angle data and t he  corresponding 
f i t t e d  curve. 

The f o r c e  i npu t  da ta  was obta ined f rom a s ix- load component dynamometer 
as descr ibed i n  Ref. [2]. For t h i s  study, on l y  r~ormal  and t angen t i a l  pedal 
f o r ces  were required.  Typ ica l  f o r c e  i npu t  data can be seen i n  F ig ,  3. 

Analys is  and Results 

Equations o f  motion were solved on a computer t o  determine t he  j o i n t  
moment t ime h i s t o r i e s .  The s o l l l t i o n  o f  equations proceeded i n  the f o u r  
f o l l ow ing  stages: 

1. Kinematic and quas i - s t a t i c  j o i n t  rnornent t ime h i s t o r i e s  were 
computed a t  v a r i  ous RPMs keepi ng power constant. 

2. Average absolute j o i n t  moments were computed as a f u n c t i o n  o f  RPM 
a t  constant power. 

3. S e n s i t i v i t y  o f  j o i n t  moments t o  var iance i n  pedal angle p r o f i l e s  
was studied. 

4. Variance i n  opt imal  cadence f o r  s i g n i f i c a n t l y  d iverse  pedal 
p r o f i l e s  was studied.  

The f i r s t  area o f  ana l ys i s  examined both the  k inemat ic  and t he  quasi- 
s t a t i c  c o n t r i b u t i o n  t o  the  t o t a l  j o i n t  moment t ime h i s t o r i e s .  For c l a r i f i -  
cat ion,  k inemat ic  moments are moments t o  accelerate the  l eg  segments only, 
whereas the quas i - s t a t i c  moments r e s u l t  from pedal forces.  By s e t t i n g  the 
pedal forces equal t o  zero, the  k inemat ic  j o i n t  moments could be examined. 
S im i l a r l y ,  by s e t t i n g  acce le ra t i on  terms equal t o  zero, quas i -s ta t i c  
moments were produced. 

F igures 5a and 5b show the  t ime h i s t o r i e s  o f  ankle k inemat ic  and quasi- 
s t a t i c  moment p r o f i l e s  r e s p e c t i v e l y  a t  th ree  d i f f e r e n t  cadences a l l  a t  a 
constant power o f  98 Watts per leg. Th is  cadence range spans t he  t y p i c a l  
peda l l i ng  speeds f o r  the  u t i l i t y  c y c l i s t  (63 RPM), the  average t o u r e r  (80 
RPM), and t he  long d i s t ance  compet i tor  (100 RPM) (Ref. [3 ] ) .  Important 
i n s i g h t s  t o  no te  i n  t h i s  f i g u r e  i nc l ude  f i r s t  the  r e l a t i v e  i n s i g n i f i c a n c e  
of the  k inemat ic  moments a t  t he  ankle j o i n t  compared t o  the  quas i -s ta t i c .  



F i g .  2. Sine f i t  t o  pedal anq le  data (D3) 
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Fig .  4 Crank torque f o r  D3. re fe rence case Fig. 3  Pedal fo rces  f o r  r i d e r  A. case 3  (D3 - 63 RPM) 

Fig. 5a K inemat ic  ank le  moments (D3 - 98.3 w a t t s )  Fiq. 5 b  Q u a s i - s t a t i c  a n k l e  moments (De - 98.3 Wat ts )  



This i s  expected because the moment o f  i n e r t i a  f o r  the  f o o t  i s  small. Far 
more ankle torque i s  r equ i red  t o  provide power t o  t he  pedals than t o  
angu lar ly  accel erate the foot .  

Not ice a lso  tha t ,  by increas ing  RPM, the  absolute average kinematic 
moments i ncrease, whereas the average quas i - s t a t i  c  moments decrease. This 
r e s u l t  i s  o f  major s i gn i f i cance  t o  t h i s  ana lys is  because as RPM increases 
the necessary pedal force t o  mai r l t a i  n  constant average power decreases. 
Th i s  i s  seen i n  the  d e f i n i t i o n  o f  power as: 

w i t h  u being the angular v e l o c i t y  and d.r being the  instantaneous crank 
torque. Also, as cadence i ncreases, 1  i nk  segment accelerat ions increase 
and thus k inemat ic  j o i n t  moments increase t o  provide these accelerat ions.  

A  f i n a l  observat ion f o r  F ig.  5b i s  >hat t h q q u a s i - s t a t i c  ankle p r o f i l e  
i nd i ca tes  maximum moment from about 80 t o  140 . Th is  coincides w i t h  the  
area o f  maximum power product ior l  as can be seen i n  the torque curve of 
F ig.  4. Also, the moment produced i n  the backstroke i s  o f  much smaller 
magnitude than tha t  produced i n  the power s t roke  b u t  i n  the same d i rec t i on .  
Th i s  accounts f o r  the  small negat ive torque produced i n  t h a t  p o r t i o n  o f  the  
cycle.  

Examine now the k inemat ic  knee moments i n  Fig. 6a. S im i l a r  t o  the  
ankle, the  k inemat ic  moment increases w i t h  RPM, whereas the quas i -s ta t i c  
rnornerrt decreases. I n  t h i s  case, however, t he  k inemat ic  knee moment i s  no t  
i n s i g n i f i c a n t .  The knee must accelerate the mass o f  bo th  the shank and 
the  f o o t  and t h i s  combined i n e r t i a  i s  s i g n i f i c a n t  enough t o  cause the 
k inemat ic  knee moment t o  be a  major c o n t r i b u t o r  t o  the t o t a l  moment. 

O f  f u r t h e r  i n t e r e s t  i s  t he  f a c t  t h a t  the  knee's quas i -s ta t i c  demand 
(see Fig.  6b) i s  g rea tes t  a t  the t op  (TDC) and bottom (BDC) o f  the crank 
cycle. At these po in t s  i n  the  pedal cycle, t angen t i a l  pedal forces are 
developed (see Fig. 3)  t h a t  o n l y  the knee j o i n t  i s  i n  a  p o s i t i o n  geometri- 
c a l l y  t o  produce. S im i l a r l y ,  near 140" and 290°, t he  pedal force vector 
extends through the  knee j o i n t ,  thus producing zero knee j o i n t  moment. 
Un l ike  the ankle, the  knee produces subs tan t ia l  p o s i t i v e  and negat ive 
quas i -s ta t i c  moments. 

An i n t e r e s t i n g  conclusion r e s u l t s  from examining t he  t o t a l  knee rr~oment 
(F ig .  8a) i n  some d e t a i  1. The k i n e y a t i c  knee moment i s  most ly  negat ive 
w i t h  the peak value occur r ing  a t  90 . The quas i -s ta t i c  knee moment, on 
the o the r  hand, s h i f t s  p o l a r i t y  p i t h  the p o s i t i v e  peak observed a t  45 and 
a  negative peak observed a t  180 . Because the  k inemat ic  and quas i -s ta t i c  
peak moments are n o t  i n  phase, combining the  two y i e l d s  a  t o t a l  knee moment 
where ne i t he r  magrritude nor shape var ies  markedly f rom the quas i -s ta t i c  
moment. Accordingly, i t  appears t h a t  pedal 1  i ng r a t e  ( i  .e. cadence) does 
no t  have a  profound a f f e c t  on the  t o t a l  knee moment. 

The quas i -s ta t i c  h i p  moment i l l u s t r a t e d  i n  Fig. 7b e x h i b i t s  s i m i l a r  
behavior t o  the ankle and knee j o i n t s  i n  t h a t  t h i s  moment decreases w i t h  



i nc reas ing  RPM. 'The o la rges t  magnitude f o r  the  quas i - s t a t i c  h i p  moment i s  
seen i n  the  150'-180 reg ion  o f  t he  crank cycle.  The l a r g e  quas i - s t a t i c  
moment i s  due t o  an extended l e g  producing a rearward r e s u l t a n t  pedal load. 

Further, F ig .  7b i l l u s t r a t e s  t h a t  t he  h i p  provides minimal p o s i t i v e  
quas i -s ta t i c  moment i n  the  backstroke, i n d i c a t i n g  t h a t  the pedal i s  no t  
being ' p u l l e d  up I .  Th is  agrees we l l  w i t h  experience where o n l y  a small  
c o n t r i b u t i o n  t o  t o t a l  to rque ( o r  power) i s  provided i n  t he  backstroke. 

O f  the t h ree  j o i n t s ,  t h e  k inemat ic  h i p  moment i l l u s t r a t e d  i n  F ig.  7a 
i s  the most s i g n i f i c a n t .  At RPMs o f  90 and grea ter  t he  k inemat ic  moment 
i s  a t  l e a s t  as g rea t  as the  quas i - s t a t i c  moment. Th is  i s  due t o  t h e  
requirement o f  t he  h i p  j o i n t  t o  acce le ra te  the  e n t i r e  leg.  Therefore, 
i n e r t i a l  loading can i n  no way be ignored about t he  h i p  j o i n t .  S i m i l a r  t o  
the quas i -s ta t i c  h i p  moment, the  l a r g e s t  magnitude f o r  t he  k inemat ic  h i p  
moment i s  seen i n  t he  150'-180' area o f  t he  crank cycle.  At  t h i s  po in t ,  
the  k inemat ic  moments niust change an extending h i p  j o i n t  t o  a f l e x i n g  
j o i n t  where the  l i n k  i s  exper iencing maximum dece le ra t ion .  

Superirnposi ng the quas i - s t a t i c  and k inemat ic  h i  p moments lead: t o  an 
i n t e r e s t i n g  r e s u l t .  Because t he  two moments are approximately 180 ou t  o f  
phase, a d d i t i o n  y i e l d s  a t o t a l  h i p  moment (F ig .  8b) which i s  s u b s t a n t i a l l y  
lower than e i t h e r  o f  t he  two cont r ibu to rs .  The r e s u l t s  i n  F ig .  8b i l l u s -  
t r a t e  the dramatic e f f e c t  o f  cadence on the  t o t a l  h i p  moment. 

The second area o f  ana lys is  concerns the  absolute average j o i n t  moment 
versus RPM w h i l e  ma in ta in ing  constant  power. A re fe rence case was 
s imulated using ac tua l  crank angle, pedal angle, and pedal f o r c e  t ime 
h i s t o r i e s  as inpu t .  Varying pedal RPM was accompanied by i nve rse l y  s c a l i n g  
the  pedal f o r c e  p r o f i l e  t o  ma in ta in  constant  power. The r e s u l t  was a p l o t  
of absolute average j o i n t  moments versus RPM a t  a power of 98 Watts f o r  one 
l e g  (see Fig.  9) .  As can be seen, there  i s  a s p e c i f i c  cadence fo r  each 
j o i n t  t h a t  produces a minimum j o i n t  moment average. Not ice  t h a t  bo th  t he  
knee and h i p  minima are i n  t he  same range o f  RPM. 

Exp la in ing  the r e s u l t s  i nd i ca ted  i n  Fig. 9 i s  s t ra igh t fo rward .  At low 
RPM, t he  pedal power must come f rom a h igher  torque and thus  h igher  quasi- 
s t a t i c  j o i n t  moments. As cadence i s  increases, the requ i red  to rque and 
thus quas i - s t a t i c  j o i n t  moment decrease. I n  an con t ras t i ng  way, a t  low 
cadence, k inemat ic  moments are smal l  because l i n k  acce le ra t ions  a re  small .  
As RPM increases, t he  k inemat ic  j o i n t  moments necessary f o r  increased 1 i n k  
acce le ra t ions  increase. Accordingly, a t  e i t h e r  low RPM (< 80) o r  h i g h  RPM 
( >  120) the t o t a l  j o i n t  moments are high. I n  t he  middle o f  t h i s  range, i n  
t h i s  case about 105 RPM f o r  bo th  the  knee and h i p  j o i n t s ,  the j o i n t  moment 
average i s  minirrrum. At t h i s  RPM the  r i d e r  achieves the  minimum j o i n t  
moment poss ib le  f o r  t h i s  g iven power. 

Fur ther  i n t e r p r e t a t i o n s  o f  t h e  r e s u l t s  i n  F ig.  9 can be seen i n  a semi- 
q u a n t i t a t i v e  way f rom F ig .  10 where the  moment due t o  power genera t ion  
(quas i - s t a t i c )  p l  o t s  as hyperbol i c  because: 

power = t o rque  * ang . v e l  . 
and thus 

torque = power I ang. ve l .  
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The moment due t o  the i n e r t i a l  terms (k inemat ic )  p l o t s  as parabo l i c  because 
acce le ra t ions  are f unc t i ons  o f  t he  square o f  t h e  angular v e l o c i t y .  Sumning 
these e f f e c t s  produces an o v e r a l l  moment curve which inc ludes  a minimum 
p o i n t  o r  trough. 

It i s  i n t e r e s t i n g  t o  consider  how inc reas ing  t he  power demand af fects 
the  opt imal  cadence. Increased power demand s h i f t s  t he  hyperbole i n  Fig. 
10 t o  the  r i g h t  and thus  s h i f t s  t he  minimum moment i n  the  same d i r e c t i o n .  
Hence, h igher  power imp l i es  a h igher  op t ima l  cadence. The k inemat ic  
c o n t r i b u t i o n  t o  moment averages i s  o n l y  a f u n c t i o n  o f  geometry because t he  
geometry ' ac t s '  upon the crank angular  v e l o c i t y  t o  produce t h e  var ious  l i n k  
accelerat ions.  Therefore, w i t hou t  r a d i c a l  geometry changes, t h e  k inemat ic  
e f f e c t s  are r a t h e r  constant .  

The t h i r d  area o f  ana lys is  i nves t i ga ted  t he  s e n s i t i v i t y  of pedal angle 
p r o f i l e  changes on k inemat ic  moments. Even though t he  s tud ies  o f  Davis and 
H u l l  [4] show l i t t l e  change i n  pedal angle p r o f i l e  w i t h  increased loading, 
i t  was thought t h a t  changing cadence cou ld  cause a r i d e r  t o  va ry  h i s l h e r  
pedal 1 i ng technique. I n  the  preceding analyses, t he  pedal angle p r o f  i l e  
has been kept  cons tan t  w i t h  changing RPM. This assumption i s  examined 
here. 

'The ac tua l  pedal angle p r o f i l e  ( re fe rence case) was modeled as a s i n e  
wave as mentioned previously.  Th is  curve  (F ig .  2) has c e r t a i n  amplitude, 
o f f s e t ,  and phase s h i f t .  To determine how var iance o f  t h e  pedal p r o f i l e  
a f f e c t s  k inemat ic  moments, bo th  t he  o f f s e t  and ampl i tude were va r i ed  p l us  
and minus 10 percent  independent ly  and k inemat ic  moment p l o t s  were produced 
(see Figs. l l a  and l l b ) .  The phase angle change was n o t  examined because 
previous research [4] shows t h a t  pedal angle phase i s  q u i t e  constant  among 
a v a r i e t y  o f  c y c l i s t s .  Because the k inemat ics  have l i t t l e  e f f e c t  upon the  
t o t a l  ankle moment i n  the  RPM raqge being considered (60 RPM - 160 RPM), 
on l y  the knee and h i p  j o i n t s  are o f  i n t e r e s t .  Examining Figs.  l l a  and 11b 
i nd i ca tes  t h a t  vary ing  both amp1 i tude and o f f s e t  changes t he  k inemat ic  
moment p r o f i l e s  o n l y  s l i g h t l y .  The consequent change i n  abso lu te  average 
moment values would n o t  be s i g n i f i c a n t  r e l a t i v e  t o  t he  average moment 
changes due t o  RPM variance. 'rhi s  i s  no t  s u r p r i s i n g  because o f  t he  smal l  
c o n t r i b u t i o n  t h a t  t he  ankle angle makes t o  t he  k inemat ics o f  t he  e n t i r e  
system. A change o f  20 percent  t o  t he  knee o r  h i p  j o i n t  ampli tudes o r  
o f f s e t s  would make a much more s i g n i f i c a n t  change i n  j o i n t  moment p r o f i l e s .  

A f i n a l  area o f  ana lys is  i nves t i ga ted  t he  s e n s i t i v i t y  o f  t he  optimum 
j o i n t  cadence t o  changes i n  t he  pedal f o r c e  p r o f i l e s .  The pedal f o r c e  
p r o f i l e s  i n  Fig. 12a were chosen because they a re  s i g n i f i c a n t l y  d i f f e r e n t  
f rom those i n  F ig .  3. The f o r c e  p r o f i l e s  i n  F ig.  12a were scaled t o  
provide the  same average power as the  force p r o f i l e s  i n  Fig. 3, namely 98 
Watts. 

Comparing Fig.  9 t o  F ig .  12b shows q u a l i t a t i v e  s i m i l a r i t i e s .  The shape 
of the  curves f o r  a1 1 th ree  j o i n t s  are t he  same i n  bo th  f i gu res .  The h i p  
has t he  most r a p i d l y  changing s lope f o l l owed  by t he  knee. Th is  behavior  
i s  caused by t he  r e l a t i v e  e f f e c t s  o f  the  k inemat ic  moments a t  these j o i n t s  
as discussed e a r l i e r .  The d i f f e r e n c e  between t he  two f i g u r e s  i s  p r i m a r i l y  
i n  the  magnitude and l o c a t i o n  o f  the  minimum average moments o f  t he  h i p  
and knee. The reference case i n  F ig.  9 has i t s  minimum h i p  moment o f  12 





F ig .  12a Pedal forces fo r  r ider  A ,  case 1 (Dl - 80 RPM) 

Fig.  12b Absolute average joint  moments vs cadence (Dl - 98 Watts) 



N 4  a t  95 RPM, whereas the  s e n s i t i v i t y  case i n  Fig. 12b has a  minimum o f  
11 N-m a t  100 RPM. The knee averages are q u i t e  d i f f e r e n t  w i t h  the  
reference case i n d i c a t i n g  17 N-m a t  105 RPM and the s e n s i t i v i t y  case 
showing 20 N-m a t  140 RPM. These r e s u l t s  occur because the  moment curves 
i n  Fig. 12b are sh i f t ed  t o  the r i g h t  r e l a t i v e  t o  the reference case. This 
s h i f t  ind ica tes  r e l a t i v e  i n e f f i c i e n c y  i n  the  pedal f o r ce  p r o f i l e s  o f  the  
s e n s i t i v i t y  case. I ne f f i c i ency  r e s u l t s  from the  absense o f  negat ive shear 
loads i n  the backstroke [4]. 

What i s  most important  concerning average moment p r o f i l e s ,  however, i s  
the  ove ra l l  optimum cadence. From inspec t ion  o f  F ig.  9, the opt imal  
cadence f o r  the reference case i s  i n  the  90 t o  105 RPM range. S imi la r ly ,  
i n  the s e n s i t i v i t y  case, the bes t  RPM would be between 100 and 115 RPM as 
ind ica ted  by Fig. 12b. Therefore, even w i t h  q u i t e  d i f f e r e n t  pedal f o r ce  
p r o f i l e s ,  opt imal  RPM i s  i n  the  same approximate range, which suggests 
t h a t  optimum RPM i s  no t  p a r t i c u l a r l y  sens i t i ve  t o  the  pedal f o r ce  p r o f i l e s .  

Concl ud i  ng Remarks 

The analys is presented here in  has focussed on conventional b i c y c l e  
peda l l i ng  where va r i ab les  are l i m i t e d  t o  cadence and pedal loading 
magnitudes. It would be o f  i n t e r e s t  t o  extend the  ana lys is  i n  two 
d i rec t i ons .  Comparison o f  Figs. 9  and 12b i nd i ca tes  tha t ,  a1 though the  
opt imal  RPM i s  no t  p a r t i c u l a r l y  sens i t i ve  t o  pedal force p r o f i l e s ,  the  
j o i n t  moments are s t rong l y  r e l a t e d  t o  pedal f o r ce  p r o f i l e s .  Accordingly, 
one d i r e c t i o n  f o r  f u r t he r  study would be t o  determine the  pedal f o r ce  
p r o f i l e  which minimizes j o i n t  moments. A  second d i r e c t i o n  o f  s tudy might 
go beyond the r e a l h  of convent ional  b i c y c l i n g  by exp lor ing  t he  motion 
cyc le  which minimizes j o i n t  moments. 
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