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Abs t rac t  

Mechanical efficiencies a r e  calculated fo r  a 
human doing work in a standing and stooping cycle 
while enclosed i n  a cage .  An unsteady force  is 
genera ted  which does useful work in oscil lating the 
cage on its suspension sys t em.  Such a ve r t i ca l  
pumping motion has  been proposed for a man-pow- 
e r e d  orn i thopter .  The theorem of v i r tua l  work 
provides  the efficiency express ion .  
tion r evea l s  that squa re  wave f o r c e  exitation is 
m o r e  efficient than sinusoidal o r  t r iangular .  
sign curves  show Some unexpected requi rements  
fo r  matching man and machine ,  and v e r y  poor effi- 
ciency i f  c a r e  is  not taken. 
grav i ty  and human inability to s to re  energy  in un- 
loading portions of the cycle.  A spring-dashpot 
suspension allows ef f ic ienc ies  of u p  to 88% in c a s e s  
involving sinusoidal exitation. A freely-floating 
suspension (the flight si tuation) allows only 64% 
efficiency fo r  harmonic  exitation. Some improve -  
ment  can be made  by adding toe s t r a p s  to the human 
a n d f o r  by forcing the cage in a squa re  wave. The 
novel f ea tu re ,  making th i s  work differ f rom o rd i -  
n a r y  vihration work ,  i s  the "switching" logic needed 
to distinguish loading and unloading portions of the 
cyc le .  

Analog simula- 

De- 

Losses  a r e  due to 

J 

Symbols 

B half amplitude of nondimensional leg 
extension 

C equivalent viscous damping coefficient 
of suspension 

half amplitude of leg force 

ex te rna l  force  on cage 

F 

9 
f ( t )  dirncnsionless periodic function 

k spr ing  constant of suspension 

M cagc m a s s  

m human m a s s  

P power 

S half amplitude of s t roke  

T period of oscil lation 

W work 

e x ( t )  cage position 

Y(t) human c . ~ .  position 
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z(t)  a r b i t r a r y  function 

a phase lag .  Equation 19 

bW vi r tua l  work 

bWhuman in te rna l  work by human during v i r tua l  
displacement 

E biological penalty fac tor  

5 damping r a t i o ,  2 JkM 
'1 efficiency 

0 phase l a g ,  Equation I 2  

0 c i r cu la r  f requency  

% na tu ra l  f requency  of cage  alone v Z E  

Introduction 

Humans u s e  ro t a ry  and rec iproca t ing  cyc les  of 
motion in many work and play situations including 
rowing boa ts ,  r iding bicycles and bouncing on t r am-  
polines.  Power  production and efficiency of some  
kinds of motion have been carefully studied, e s p c -  
c ia l ly  the r o t a r y  motion used  i n  pcdalling a bicycle 
o r  flying a man-powered lane and pa r t i cu la r ly  i n  
the  Br i t i sh  l i t e r a tu rc .  ( l )8- )  In 1972, Grant  Smith 
proposed  a rigid wing ornithopter propelled by a 
pilot moving in a standing and stooping cyc le  with- 
i n  thc fuselage.  (3 )  It  was believed that th i s  i s  a 
highly efficient method of t ransmi t t ing  energy  to 
the fuse lage  and then to the a i r s t r e a m .  The ques -  
tion of how efficiently f n e r g y  can in fact  be t r a n s -  
mi t ted  f rom pilot to fuse lage  in such a caged s i tua-  
tion is  by no means  t r iv i a l ,  however,  and m a y  bc 
thc  c r i t i ca l  p a r t  of the power cycle. 

The purpose  of this paper  is to sludy the effi- 
cency and power gencyation of a "caged" human 
being moving i n  a ve r t i ca l .  closcd cycle of mot ion .  
The d i r ec t  application is to man-powered fl ight,  
but a genera l  approach  will be taken in t e r m s  of 
the  suspension of the cage so  tliat other m a n l c a g e  
situations can be  cove red .  

The human i s  enclosed in a rigid cage and 
isolated from thc outside world (F igure  1 ) .  The 
cage position x ( t )  and the human 's  c . g .  y( t )  a r e  
m e a s u r e d  f rom a n  inc r t i a l  f r a m e .  T h e  cx t e rna l  
fo rce  on the cage would be found f r o m  thc a i r -  
c r a f t ' s  stabil i ty der iva t ives  or  f r o m  a given s u s .  
pension sys t em.  



W 
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Figure  1 .  Man in Caged Situation 

The  novel thing making this prohlcm di f fe ren t  
f rom a s tandard  vibralion problem i s  that the hu- 
man does work in a i r r e v e r s i b l e  way. He cannot 
a h s o r h  work on the portions of the cycle where the 
cage  and gravi ty  do work on him (the so called 
"unloading" por t ion) .  The cage and gravity can 
accelerale the human and c r c a t e  kinetic ene rgy ,  
but any  portion of a leg s t roke  where cagr f o r c e s  
and gravity tend to fur ther  th i s  s t rokc  m u s t  r e l ease  
energy  in hea t .  Onc mus t  be  carefu l  in analyzing 
the  cycle.  then ,  to not consider th i s  component of 
work as  use fu l  mechanical energy .  

The ro lc  of grav i ty  i s  important i n  this study. 
Gravity can  cause  a loss  of efficiency because i t  
creales  a dead weight which m u s t  be cycled through 
all motion. Gravi ty  nevcr  does any net work  over  
a c losed  cyc le ,  but provides a b ias  f o r c e  which does  
affect  the division of the cycle into loading and un- 
loading po r t ions ,  
r ea l i zed  that gravity r ep resen t s  a lo s s  t e r m  in hu- 
man motion. such  a s  running a r a c e ,  and can  a c -  
count for the portion of energy los t  \when a ve r t i ca l  
cyc l ic  motion is  per formed on a ha rd  s u r f a c c . ( l )  
Grav i ty ' s  ro le  in the man tcage  combination i s  m o r e  
subt le ,  hu t  s t i l l  mus t  be regarded  a s  the chief cul-  
p r i t  i n  the energy  loss  

Physiologists and  engineers  havc 

Equations of Motion 

Assume  that the m a s s  of the human i s  concen- 
t r a t e d  a t  his c.s., and that the loading passes  
en t i re ly  through his l egs .  
valid if hand supports are avai lab le ,  but i s  conccp- 
tually e a s i e r  without t l r rm . )  
h e r e  is  periodic because hes t  m e a s u r c s  of energy  
production and efficiency of operation a r e  dcrivcd 
f r o m  ii closed cycle of motion. 

(The ana lys i s  i s  a l so  

The motion studied 

Forces due to cage suspens ion ,  whcthrr mc-  
chanical or a n  aerodynamic equivalent for unsteady 
mot ion ,  will be 7 ( x ,  i ,  2 )  = cX t ku. Any apparent  
mass  e f f e c t s  due to fluid fo rccs  on the rage would 
be  included in the cage iner t ia l  t e r m  M2. Thc 
force F(t) i n  tho human leg is dcfincd positive in 
compress ion  and has a gravitational b ias  F ( t )  = 
Ff ( t )  -I mg, where f ( t )  is  periodic with half  ampl i -  
tude of unity and F i s  the m e a s u r e  of force ampl i -  
h a e .  Thr coordinates x and v a r e  defined s o  that 

F igu re  2 .  Equilibrium of Ffurnan 

Y - y = 0 when the  human is half crouche.d. 
equations of motion a r c  s imply  

The  

(1) 

(2 ) 

my = - Ff(t )  

MG t c< -t kx = Fflt) 1 ( M t m ) g  

The steady s t a t e ,  osc i l la tory  solutions to these  
equations a r e  eas i ly  found. 

Efficiency 

The sys t em efficiency will be a t  f i r s t  defined 
in pure ly  mechanical t e r m s .  Efficiency is  the ra t io  
of useful mechanica l  work done by the human on the 
cage to the to ta l  mechanica l  ujork donc by the hu- 
m a n .  Work is  defined in r e f e r e n c e  to the ine r t i a l  
f ramc.  

The usefu l  work  donc by the man on the cage 
per  cycle is  

One might be tempted to include as usefu l  work that 
which the m a n  does aga ins t  g rav i ty ,  on the grounds 
that i t  will be re turned  to the cage a t  somc lv t c r  
t i m e  in the cycle.  This i s  fallacious because  all 
work done by the man on the cage m u s t  be accom-  
plished through h i s  legs (his only point of contac t )  
and  is  hence a l r eady  included in Equation 3 .  

The to ta l  mechanica l  work done by the m a n  can 
bes t  he  seen by applying thc principle of  v i r tua l  
work and DlAlember t ' s  p r inc ip lc .  Considcr the 
human,  acting upon by gravity and the  c a g c ,  dur ing  
a virtual d i sp lacement .  

bW = 6W t mg hy - mj; by - F(t)  Gx = 0 (4) human 

The in te rna l  work 6Whuman must  br  supplicd 
to maintain the energy  balance at  anj. ins tan t .  
docs not include a n y  wasted energy  ( c . g . ,  blood 
c i rcu la t ion ,  flapping a r m s )  that does not contrihutc 
to ver t ica l  cquilibrium Adding fo rce  cqui l ibr ium,  
F(t) = m g  - m y ,  one obtains 

It 
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In r e t r o s p e c t ,  th i s  ene rgy  argument  gives @he 
corrcct r e s u l t s ,  s ince  the work inc remcn t  (as seen 
by the human) is  logically the fo rce  in his legs 
t i m e s  the extension of his Icgs .  
i s  done aga ins t  gravity a s  w ~ l l  a s  agains t  the r agc  

T h e r e  is a problem of in te rpre ta t ion  if the in -  
c r e m e n t  of work in Equation 5 is negative 
loading and unloading portions of the cycle depend 
on the signs of the f ac to r s :  

Note that th i s  work 

The 

t + loading 
+ unloading - + unloading - loading 

The  l a t t e r  two cases  correspond to tension i n  the 
l egs  and a r e  obtainable only if s t r a p s  hold the feet 
to the f loor .  
no penalty to the sys t em during the unloading cyc le ,  
s ince  the human does no mechanica l  work in r e -  
jecting the hea t .  
ting cycle with a r o t a r y  pedalling cycle (which 
usually has  no unloading s t roke ) ,  one might want to 
include a biological penalty f ac to r  f a r  making  the 
human pass  through an unloading portion of a cyc le .  
This could be done by defining the total  human work 
on a cycle as 

In pure ly  mechanica l  t e r m s ,  t he re  is  

When compar ing  this r ec ip roca -  

T 
Whuman = i ( m g  - m?) (i - ? I f  dt (6 

0 

where  the cur ly  b racke t s  a r e  defined for a n  a r b i -  
t r a r y  function: 

A choice of biological factor c = 0 .  3 3 ,  
then allow a f a i r e r  compar ison  betu,een t h e  cu r ren t  
cyc le  and a r o t a r y  cyclc.  
human exper iments  should be run an the ver t ica l  
rec iproca t ing  cycle to find the t rue  physiological 
penalty for unloading. This  would r educe ,  for in-  
s t ance ,  the useful long t ime horsepowcr output of 
a human,  which i s  approximately 0 . 4 5  f o r  a r o t a r y  

say ,  would 

In the long run ,  howcver ,  

cyc lc .  ( 1 )  

The efficiency i s  now obtained by thc ra l io  of 
useful to total  work 

This expres s ion  is evaluated analytically for s ine  
wave forc ing  and by ana log  simulation for s ine ,  
squa re  and l r iangle  forcing. 

Analysis of Spring-Dashpot Sys tem 

Consider the sys t em of F igu re  1 where  both 
spr ing  and dashpot ex te rna l  forces a c t .  A harmonic  
forcing function f ( t )  = s in  w t  is chosen. The osc i l la -  
t o ry .  steady s t a t e  solutions of Equations 1 and 2 a r e  
des i r ed .  T rans i en t s  and static deflections a r e  
neglected.  The  solution is s imply  

x ( t )  = X s in  (wt - 9 )  (91 

and 

y( t )  = Y s in  w t  (101 

where  

(13) 

(141 

Note that the cage motion x ( t )  l ags  the force f ( t )  by 
angle $ and the human c .  g. y ( t )  i s  in phase  with the 
force (by virtue of the opposing sign conventions 
choscn for F ( t )  and y ( t )  1. 

The velocity difference x - y a p p e a r s  in the 
A non- express ion  f o r  work  done by the human. 

dimensional velocity d i f fe rence  i s  defined 

. .  
(161 E B c o s  ( u t  - a1 

x w  

which impl ies  

( 1 7 )  X-Y = B s in  ( u t  - a) 
X 

and e i s  seen  as the phase angle by which the l eg  
expansion x - y lags  the force.  This  angle plays 
a very impor tan t  role in the e f f ic iency  r c su l t s .  
From Equations 8 - 1 2 ,  one finds 

B = &in>$ i (cos $ - Y/X)' (181 

Using the dynamic results above. one ca l ru l a t c s  
the useful work pc r  cycle 

3 



The total  human work per cycle  r equ i r e s  some  
a lgeb ra i c  work .  
1 . 0 .  however .  the cycle cons is t s  of only one loading 
and  onc unloading portion and  the  intcgration is 
t rac tah lc .  The c a s e  l?/mg 2 1 . 0  will not he 
a t tempted  analytically.  

By limiting the forcing to F / m g  < 

_c 

(Whuman/mgX)  = 2 ( 1 t c ) B  t ( I - c ) R ( F l m g ) s i n a  ( 2 2 )  

The sinusoidal cycle efficiency for F/mg < 1 .  0 is  
hence 

Wuseful 
'1" 

Whuman 
( 2 3 )  

- (24) 
n ( F l m g )  s i n 9  

B [ 2 ( 1 + ~ ) +  ( l - ~ ) ( F / m g ) s i n o ]  

which can be viewed as 

q = function ( o / w n ,  3 , F l m g  , M l m  , E ,  f ( t ) )  (25) 

The prohlem has  been solved to this point in 
t e r m s  of d imens ionless  r a t io s  and nepds t o  be d i s -  
cussed  i n  those t c r m s .  On the  other hand, we mus t  
scale the problem to human dimensions to s e e  which 
r anges  of efficiency can  he r eached .  Many opc ra -  
ting conditions a r e  inaccess ib le  because  of human 
power o r  l eg  s t roke  l imi ta t ions .  The usefu l  power 
developed by the human is  

and the  half s t roke  S i s  defined in Equation 17 
-d 

S = X B  (27) 

Analog Simulation 

The analog computations w e r e  per formed on 
the  Applied DynamicsIFour  Analog-l-lybrid computer 
located in The University of Michigan Simulation 
R e s e a r c h  Ccnter . Genera l ly ,  conventional p rogram-  
ming techniques w e r e  employcd. 
were  writ ten and p rogrammed  in t e r m s  of d imen-  
sionless var i ab le s  by normalizing with r e s p e c t  to 
e i the r  m g  or  M g .  In addition, t imc scaling was  
uti l ized to run the problem in e i ther  100 o r  1000 
t imes  r e a l  t ime.  In pr inc ip lc ,  the differential  
equation fo r  t.lie human rcqui ros  two open-endcd 
integrations to compute the c . p .  position. In p r a c -  
t ice.  th i s  kind of programming i s  very  sens i t ive  to 
any  ampl i f ie r  d r i f t  o r  11. C.  offset  vo l tagcs .  Hcnce 
v e r y  light damping and spr ing  fo rces  were  incorpo- 
ra ted  to stabil ize t h e  position of t h e  human. 
values of the damping and spr ing  constants employed 
w e r e  approximately . 1 l h l i t l s e c  and  . 1 l b l f t ,  
respec t ive ly .  

The equations 

The 

'' 

The wavy bracke ted  function i n  the denominator 
of  thc efficiency express ion  w a s  p r q r a m m c d  us ing  
diode networks which were  hoth b i a s rd  to comprn-  
sa t e  f o r  diodc h reak -ove r  voltagc and ca l ihra tcd  to 
de t e rmine  and c o r r e c t  for diode conduction r e s i s -  
t ances .  The intcgrntions in the efficiency quantity 

4 

w e r e  computed by integrating over  a t ime  much 
longer than a cyc le ,  r a the r  than integrating over a 
single c losed  cyc le .  
gration was g r e a t e r  than two hundred t imes  the 
cha rac t e r i s t i c  period of oscil lation of the sys t em.  
Also ,  a l l  t rans ien ts  w e r e  allowed to decay  out be-  
f o r e  any  efficiency m e a s u r e m e n t s  w e r e  pe r fo rmed .  

F o r  those analog r e s u l t s  which can be d i r ec t ly  

Genera l ly ,  the period o f  in te -  

compared  with digital  calculations (f(t)  = s in  wt, 
F l m g  < l .O), a g r e e m e n t  within 2%was typically 
found. Thus the  analog r e s u l t s  can he cons idered  
a s  a check on the digital  calculations as well a s  a 
m e a n s  of extending f ( t )  to nonharmonic c a s e s .  

Numer ica l  Resu l t s  f o r  the Spring-Dashpot System 

In spite of the simplicity of the dynamica l  s y s -  
t em,  the efficiency expres s ion ,  Equation 25 ,  shows 
complex dependence on s o m e  of i t s  p a r a m e t e r s ,  
notable w / o n  and 5 ,  Apparently the "switching" 
behavior i n  the denominator of the efficiency ex- 
p re s s ion  c a u s e s  the in te res t ing  r e su l t s .  

A .  Reference  Case  

Resul t s  will he presented  in detail  fo r  a r e f c r -  
This c a s e  will b r ing  out 

The 
ence; or basc l ine ,  c a s e .  
the complexity of the w l w n  and 5 dependence. 
m o r e  modera t e  e f f ec t s  of F l i n g ,  M l m ,  E and f ( t )  
will be  d iscussed  l a t e r .  The r e f e r c n c e  c a s e  is  

q = function (wlw,, 3 , I ,  0, 0 .  3 3 3 3 ,  O . ,  s in  w t )  (26) 

Thc fo rce  ra t io  F l m g  i s  un i ty ,  which is  the highest  
value possible without causing negative g fo rces  on 
the pilot and requi r ing  toe s t r a p s .  The m a s s  ra t io  
M / m  = 0 .  3 3 3 3  is  chosen a s  a typical f o r  a 150 Ih 
man flying a 50 lb u l t ra l igh t  a i r c r a f t .  The biological 
penalty f ac to r  i s  s e t  a t  z e r o ,  concentrating attention 
on the mechanica l  a spec t s  of the p rob lem.  

F igu re  3 is a contour c h a r t  showing constant 
elevation l ines of e f f ic iency .  
e f f ic iency  reached for this baseline case is 88%, 
occur r ing  an  a horseshoe  shaped cu rve .  F o r  a 
given cage lman  configuration, a t  low damping, 
t he re  are two frequencies fo r  which efficiency i s  
max imum.  Thc lower in t e rcep t  of this cu rve  on 
the ord ina te  co r re sponds  to resonance  of the cage  
and m a n  lockcd togcther and moving in phase on  the 
sp r ing  suppor t  a t  w = m, 
cept i s  thc resonance  of the cage alone on the 
suppor t  ut  w =- (La te r  calculations will show 
that the higher branch of tlic ho r seshoe  i s  not physi- 
cally obtainablc for  a human i n  a ultralight a i r c r a f t . )  
The phase  angle a is 90° a t  a l l  points on this opti-  
m u m  efficiency ho r scshoe ,  and this a p p e a r s  lo  bc 
the gene ra l  c r i t e r ion  for max imum efficiency. 
Elevation contours  f a r  l e s s  than . 5 0  effiency are 
not given in th i s  f i gu re .  

The max imum 

The upper i n t e r -  

To , s tudy  the r e f e r e n c e  c a s e  f u r t h e r ,  cuts of 
thc cfficiency su r face  will  he niadc para l le l  to the 
frequency and  damping a x e s .  F i g u r e s  4 and 5 a r e  

4 
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Figure  3.  Ef f ic icncy  Contours for Sinusoidal 
Loading. ( t = O ,  F / m g = l . O ,  M / m =  
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Figure  4 .  Frequency  Sweep. 5 = 0 . 2 ,  F / m g  = 1 . 0 ,  
e = 0 ,  M / m  = 0 , 3 3 3 3  
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Sinusaidol. Dipilal and Analog 

FREOUENCY, w/wn 

d Figure  5 .  Frequency Swcep. 5 7 0 . 4 ,  F / m g =  1 . 0 ,  
E = 0 ,  M/m : 0 ,3333  

f requency  "swceps" and contain somc analog data 
(the points) as well  as  analytical  r c s u l t s .  
ana log  data conf i rms  the na ture  of the horseshoe  
cu rve  f o r  the s ine  wave exitation. One a l s o  sees 
that the squa re  wave exitation is  m o r e  efficicnt 
over  m o s t  of the operating range .  The c a s e  of 
5 = 0 .4  in F igu re  5 shows a r a the r  high, broad  
plateau of efficiency f o r  sinusoidal exitation which 
would provide des i r ab le  operating c h a r a c t c r i s t i c s .  
F igu re  6 gives var ious  cuts of the efficiency s u r -  
face para l le l  to the damping a x i s .  
q is  discontinuous a t  w / w n  = 1 . 0  and 5 = 0. This 
point is not physically access ib l e  because  infinite 
power i s  needed to opera te  t h e r e .  

The 

The value of 

I .o 1 
w l w n =  1.0 

06 0,'s Ib 1.; Ih 
DAMPING RATIO.  3 

Figure  6 .  Typical Variation of Ef f ic iency  with 
Damping. 
0 .  3333, Sine Wave  F o r c e ) .  

( F / m g  = 1 . 0 ,  E = 0 ,  M/m = 

I 3  Genera l  Case  

Having developed s o m e  intuition about the 
efficiency su r face  for the r e fe rence  c a s e ,  one can  
now do p a r a m e t e r  s tud ie s .  F igu re  7 indicates tha t  

F igu re  7 .  Compar ison  of Sinusoidal,  Squa re ,  and 
Tr iangular  Forc ing  Functions.  ( E  = 0 ,  
5 = 1 .0 ,  w / w n  i_ I ,  M / m  = 0 , 3 3 3 3 ) .  
Analog Computer Resu l t s .  

5 
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,,: i v o  wave is the m o s t  efficient forcing func- 
: / ! ,  Si i ie  wave next and t r iangular  wave l eas t  
,il. 'I'his s e e m s  to be  the genc ra l  ru l e ,  with 

. , l i t i u ~  exceptions where  the s ine  and squa re  
I O Y U I . ~ ~  posit ions of supremacy.  F igu re  7 

, ~ , , ~ w ~  that l a r g e  F/mg c a ~ ~ e s  high efficiency. 
l , ,>,.hne that  a s  the unsteady fo rce  in the 
i.A':i legs tends to dominate the gravitational 

tlitl cycle becomes m o r e  efficient. Gravi ty  
I,<, viewed a s  the loss f ac to r .  If th i s  cyclic 

, J ~ B  were  done in a horizontal  plane,  one would 

(The s q u a r e  wave m a y  not r each  this l imi t . )  
.,., L.'/mg -CQ with q -. 1. 0, a t  l ea s t  for  the s ine  
,>,.. 

'The biological penalty factor E is  studied in 
(,ut-e 8 .  It h a s  a n  adve r se  affect  on s ine ,  squa re  
, 1 J  t r iangular  (not shown) c a s e s ,  with a monotonic 
.,,,:rease in efficiency a s  E is r a i sed .  

0 5  

0 .2 .4 .6 .8 1.0 1.2 1.4 
DAMPING RATIO, 5 

Figure  8 .  Effect of Penal ty  Fac to r  E on Square  and  
Sine Wave Cases .  
0 , 3 3 3 3 ,  F/mg = 1.0.  

w / w n  = 1 . 0 ,  M / m  = 
Analog Data.  

The remain ing  p a r a m e t e r  is m a s s  ra t io  M / m .  
It  will he  studied through its e f fec t  on the optimum 
efficiency contour ,  in the ncxt section. 

C. Optimum "Horseshoe" 

Digital r e s u l t s  have  shown optimum efficiency 
to occur  f o r  motion where  a = 90°. Since 

s in  $ 
COSQ - Y/X (II = tan-'  

th i s  o c c u r s  a t  
cos q = Y / X  (27 )  

and the maximum efficiency reached  is  

n =-  
L a x  2 + r / 2  

(29) 
= 0,7988 

It was e a r l i e r  found that the optimum value of n , 
and hence qmax,  was obtained on the ho r seshoe  
shaped cu rve  in F igu re  3 .  
changed, the s a m e  qmax = 0.7988 is  obtainable,  
but on a different f requency  ho r seshoe .  F igu re  9 
cons is t s  of a family of ho r seshoe  curve5  a s  would 
be found from efficiency elevation c h a r t s  fo r  
d i f fe ren t  mass r a t i o s .  
actually found by solving Equation 27 for  w / w n  a s  a 
function of M / m  and 5 .  

If the m a s s  r a t io  is  

These f requencies  w e r e  

3 
>. 0.6 
z w 
3 
w 
LL 
v 

0 0.4 

'0 0 2  0.4 0.6 0.8 1.0 1.2 I 4 
DAMPING RATIO,  3 

Figure  9 .  Opt imum Frequency ,  Leading to 88% 
Efficiency. (E = 0 ,  F l m g  = 1 . 0 ,  Sine 
Wave F o r c e )  

F ina l ly ,  qmax f rom Equation 28 i s  plottcd in 
This gives the max imum efficiency F igure  10. 

possible for  all sinusoidal forc ing  without toe s t r a p s .  
These  va lues  may o r  m a y  not he dynamically obtain- 
ab le  f a r  specific values of w l w , .  3 and M / m .  

1.01 

This  qmax is  not a function of w l w , , .  3 o r  
For example .  the value of qmax f o r  the 

FORCE RATIO, F l m p  

M l m .  
r e f r r e n c e  c a s e  (F igure  3 )  is 

F i g u r e  10. Maximum E f f i r i r n r y  I<inematically 
Poss ib l e  

b 



D. Sca l ing~of  Sys tcm to Fluman Capahili t ics 

F o r  a human,  the half  s t rokc  S has an  upper  
l imi t  of roughly I, 5 fcet  a n d  any cycle requiring 
motion g r e a t c r  than this i s  unrca l izable .  A l s o ,  the 
human i s  l imi l rd  to powcr output of less than 1500  

w f t  l h l s e c ,  cvcn for s h o r t  per iods  of t ime .  Again,  
cyc lcs  calling for more powcr than th i s  are nnattain- 
a b l c .  

Assume  a human weight of 1 5 0  lh.  and a f r e -  
quency of  operation of 1 cps. 
s t roke  requi red  r an  he calculated f o r  the r e fe rence  
c a s e  (F igu rcs  11,  1 2 ) .  Useful power generated is 

Power gencration and 

0.2 

0 

prescn ted ,  r a the r  than total  human power gener- 
a ted .  
forhiddcn a rea  for reasons of both power and s t rokc  
r equ i r ed .  Combining r c s u l t s  of F i g u r e s  3 ,  I 1  and 
12, onc can see  that fo r  continuous power output in 
the ha l f -horsepower  r ange ,  the humanlcage  sys t em 
with spr ing-damper  suspension should opera te  in 
the vicinity of 5 = 0 . 4  and w / w n  = 0.55  - 0 . 7 0 .  This 
also allows a range of  horsepower  and s t rokc  a t  
efficiencies n e a r  88%. 
ciency only by using toe s t r a p s  (and negativr g 
loading) while trying to excite the cage  u,ith a 
square  wave leg fo rce ,  both of which would he un-  
comfortable over a period of t ime .  These  e x t r a -  
o rd ina ry  m c a s u r e s  would be used  only to improve  
efficiency and would not improve  power o r  s t roke  
c h a r a c t e r i s t i c s .  

The a r e a  nea r  w / w n  = 1 . 0  and 5 = 0 i s  a 

O n e  could be t te r  this e f f i -  

Freely Floating Ca= 

All work to th i s  point has  dealt  with a cage 
suspens ion  containing a sp r ing .  
vehicle such as the pseudo-orn i t l~opter (3)  
t he re  is no spr ing ,  although the re  
wi l l  be apparent  m a s s  and  equivalent viscous 
damping forces ,  
cage  suspens ibn ,  and reana lyze  the s y s t e m ,  one 
less dimens ionless  r a t io  is necded to desc r ihe  the 
s y s t e m .  This i s  because  one l e s s  cha rac t e r i s t i c  
t i m e  ex i s t s  in lhe problem (the per iod  -has 

For a rigid fl ight 

If we remove  the spr ing  f rom the 

- 
A .  Refe rence  Case  

- Slrohe = 0.75 lecl 
The solution in t e r m s  of d imens ionless  ratios 

~ 0 . 8 1 5 4  is given in F igu re  13. Again a m a s s  ra t io  typical 

I been lo s t ) .  

The choice of f ( t )  = s in  ( w t )  l e ads  to na,r,s,o .O 
1 -.A._l 

x( t )  = X s in  (wt - 0) 0.2 0.4 0.6 0.0 1.0 I 2 1.4 
DAMPING, 

y( t )  = Y s in  wt 

F igu re  11.  Power Contours for Sinusoidal 1,oading 
(e = 0. F / m g  = 1 .0 ,  M / m  = 0 .  3 3 3 3 )  
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2.0 3.0 4 .o 

FREQUENCY RATIO, 

Figure  13. Ef f ic iency  of a Man in a Floating Cage 
(Ze ro  Spring S t i f fnes s )  M/m = 0 .  3 3 3 3  

ef f ic iency ,  does  not hold for  the floating c a s e ,  
because  the optimum phase  lag of 0 = 90° is un- 
obtainable dynamically.  These  peak efficiencies 
m a y  v a r y  somewhat with m a s s  r a t io ,  then. Ef f i -  
ciency could he r a i s e d  slightly with toe s t r a p s ,  and 
the  penalty fac tor  t would lower i t .  

B .  F r e e l v  Floating Cage Scaled to Human 
Capabili t ies 

Again choose  a human weighing 150 lb .  and 
oscil lating a t  1 cps  (F igure  14) .  The f r ee ly  floating 

F igu re  14. Useful Power and Half S t rokc  for Man in 
Floating Cage. (Ze ro  Spring St i f fness )  
M / m  = 0. 3 3 3 3 ,  F / m g  = 1 . 0  

cage  h a s  some  p rob lems  with the impedance match  
between human and cage .  The  cage  i s  too "soft" for 
the human.  T o  opera te  a t  peak ef f ic iency  at wM/c 
= 0 . 5 ,  the human would have to u s e  a half s t roke  of 
I . 6 2  ft. which is not a t ta inable .  This means opera- 
ting a t  s m a l l e r  s t roke  with sl ightly l e s s e r  efficiency. 
Never the less ,  the cycle does use fu l  work ,  and fig- 
u r e s  such a s  1 3  and 14 can be used  to optimize per-  
fo rmance  fo r  the individual involved. 
opera t ing  frequency is w = 0 . 5  c / M  and so the nu- 
m e r i c a l  value of c ,  the equivalent v i scous  damping 
coefficient should be found e a r l y  in the design cyc le .  

The bes t  

Conclusions 

A complete ana lys i s  h a s  been done for the 
dynamics  and efficiency of a man per forming  a 
v e r t i c a l  work cycle in an enclosed cage .  
w a s  given a n  idealized suspens ion ,  which in the 
f r ee ly  floating c a s e  i s  r e l a t ed  to the flight of an a i r -  
plane.  
man was the only difficult pa r t  of the formulation, 
with due c a r e  taken to handle the unloading portions 
of the mechanica l  cyc le .  
ab l e s  descr ib ing  the cyclic p rocess  are  now well 
defined. 
s ta ted  in purely mechanica l  t e r m s ,  o r  the viewpoint 
can  be sl ightly en larged  to include a biological 
penalty fac tor  f o r  requiring the human to use  a 
cycle  with unloading segmen t s .  

The  cage  

The  definition of to ta l  work done by the hu-  

The  d imens ionless  va r i -  

The  efficiency of the process can he 

I 
I 
I The ef f ic iency  calculations show that t he re  a r e  

definite l o s s e s  i n  th i s  work cyc le .  
to gravi ty  and the inabili ty of the human to s t o r e  
energy  during unloading portions of  the cyc le .  The  
efficiency depends in an  involved way on the o p e r a -  
ting f requency  and  the damping of the cage suspen-  
sion. 
e f f ic iency .  
c r .eases  efficiency. 
a lmos t  a l l  c a s e s  m o r e  efficient 
and sine wave i s  always be t te r  than t r iangular  
exitation. 

T h e s e  a r e  due , 

Increas ing  the f o r c e  r a t io  F / m g  i n c r e a s e s  
Increas ing  the penalty fac tor  c de- 

Square wave exitation is in 
than sine wave, 

Optimum efficiency is reached  when the leg 

For a given cage suspension with low 
fo rce  f ( t )  leads the leg extension x( t )  - y( t )  
by  90°. 
damping, r a t io  5, this condition is  m e t  a t  two f r e -  
quenc ie s .  
of the human and cage locked togethcr and  osc i l la -  
ting on the spr ing .  The h ighe r ' co r re sponds  tc  the 
cage  alone resonating on thc spr ing .  Operation a t  
the  higher frequency i s  not attainable for humans 
because  of the l a rge  s t roke  and power r equ i r emen t s  
0pe.ration a t  neither of  these resonant  f r equenc ie s  
is  attainable for  the f r e e  flight c a s e .  making it l e s s  
efficient.  

The lower co r re sponds  to the resonance 

An earth-bound man /cage  s y s l c m  can opera te  
a t  up to 88% efficiency i n  a r ea l i s t i c  situation using 
sinusoidal forcing and no toe s t r a p s .  The c o m p a r -  
able- c a s e  for  the flight vehicle yields 64% ef f ic iency .  
(Neither c a s e  is h e r e  penalized for the t i r ing  effect 
of the unloading portions of the cycle.  ) The lower 
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efficiency of  the flight vehicle poses a difficult 
challengc to the prac t ica l i ty  of rigid wing ornithop- 
t e r  flight 

F?r the caged human, e f f ic ienc ies  va ry  wide- - ly with opera t ing  conditions. It i s  v e r y  impor tan t  
to match  the cha rac t e r i s t i c s  of  human and machine 
using the dynamics  considerations d iscussed  here .  
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