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O m ith o p te rs , o r  f la p p in g -w in g  a irc ra ft, o ffe r an  a lte rn a tive  to  he lico p te rs  in  

a ch ie v in g  m a n o e u v ra b ility  a t s m a ll scales, a lth o u g h  s ta b iliz in g  such ae ria l 

veh ic les  rem a ins  a ke y  cha llenge. H ere, w e  p resen t a h o v e rin g  m ach ine  th a t 

achieves s e lf-r ig h tin g  f l ig h t  u s in g  f la p p in g  w in g s  a lone, w ith o u t  re ly in g  o n  

a d d it io n a l a e ro d yn a m ic  surfaces a n d  w ith o u t  feedback co n tro l. W e  design , 

co n s tru c t a n d  te s t-fly  a p ro to ty p e  th a t opens a n d  closes fo u r  w in g s , resem b l­

in g  the  m o tio n s  o f  s w im m in g  je lly f is h  m ore  so th a n  a n y  insect o r  b ird . 

M easurem ents  o f  l i f t  sh o w  th e  be n e fits  o f  w in g  fle x in g  a n d  the  im p o rta n ce  

o f  se lec ting  a w in g  size a p p ro p r ia te  to  the  m o to r. F u rth e rm o re , w e  use h ig h ­

speed v id e o  a n d  m o tio n  tra c k in g  to  sh o w  th a t the  b o d y  o r ie n ta tio n  is  stable 

d u r in g  ascending , fo rw a rd  an d  h o v e rin g  f l ig h t  m odes. O u r  e xp e rim e n ta l 
m easurem ents are used  to  in fo rm  an a e ro d yn a m ic  m o d e l o f  s ta b ility  th a t 

reveals the  im p o rta n c e  o f  centre-o f-m ass lo ca tio n  an d  th e  c o u p lin g  o f  b o d y  

tra n s la tio n  a n d  ro ta tio n . These resu lts  sh o w  th e  p ro m ise  o f  f la p p in g - f l ig h t  
strategies b e yo n d  those th a t d ire c t ly  m im ic  the  w in g  m o tio n s  o f  f ly in g  an im a ls .
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In  o u r  quest to  b u ild  m in ia tu re  an d  m ano e u vrab le  f ly in g  m achines, i t  is  n a tu ra l 

to  lo o k  to  insects as a source o f  in s p ira tio n  [ l j .  D r iv e n  b y  th is  g oa l to  reverse- 

eng ineer N a tu re 's  flye rs , the  last tw o  decades have seen ra p id  progress in  u n d e r­

s ta n d ing  the  ae rodynam ics  o f  f la p p in g  w in g s  [2 -4 ]  as w e ll as the b e h a v io u ra l 

aspects o f  insect f l ig h t  [5 -8 ] .  In  som e w ays, w e  have reached a stage s im ila r  to  

th a t encounte red  b y  the  W r ig h t  b ro th e rs  in  th e ir  e ffo rts  to  achieve aerop lane 

f lig h t. The W r ig h ts  focused o n  c o n tro l an d  s ta b ility , e v e n tu a lly  im p le m e n tin g  

the  stra tegy o f  w in g  w a rp in g  th a t w a s  in s p ire d  b y  obse rva tions o f  soa ring  

b ird s  [9]. S ta b iliza tio n  o f  f la p p in g -w in g  a irc ra ft presents u n iq u e  challenges, 

in c lu d in g  unsteady aerodynam ics, sm a ll le n g th  scales an d  fast t im e  scales. 

A d d re ss in g  these issues is l ik e ly  to  requ ire  e xp lo ra tio n  o f  m a n y  approaches, 

ra n g in g  fro m  m im ic k in g  insects to  in v e n tin g  n e w  f l ig h t  schemes.

P re v io u s  a n d  o n g o in g  e ffo rts  to  co n s tru c t h o v e rin g  o rn ith o p te rs , o r  f la p p in g -  

w in g  a irc ra ft, have  taken  th e  b io m im e tic  app roach  th a t a im s  to  im ita te  th e  w in g  

m o tio n s  o f  insects. M o s t designs are based o n  the  so-ca lled  n o rm a l h o v e rin g  

[1 0 -1 8 ], th e  m od e  e m p lo y e d  b y  flies , bees, m o th s  a n d  h u m m in g b ird s  [1 -4 ] .  

W in g s  are fla p p e d  back  a n d  fo r th  in  a h o r iz o n ta l s troke  p la n e  a n d  ra p id ly  f l ip p e d  

o ve r a t each s troke  reversal. The  ae rodyn a m ics  o f  these m o tio n s  has been c la r if ie d  

b y  scaled expe rim en ts  a n d  f lo w  s im u la tio n s , in c lu d in g  s tud ies  th a t have  revea led  

an  in tr in s ic  in s ta b ility  in  b o d y  o r ie n ta tio n  [1 9 -2 1 ]. H ence, to  keep u p r ig h t ,  these 

insects req u ire  s e n s o ry -m o to r  system s th a t p ro v id e  active  m o d u la t io n  o f  f l ig h t  

forces [5,8]. N o rm a l h o v e rin g  robo ts  also e x h ib it th is  in s ta b il ity  an d  te n d  to  f l ip  

o ve r i f  le f t  u n c o n tro lle d  [12,13,16,17]. S ta b iliz in g  these des igns has d e m a n d e d  

e ith e r feedback c o n tro l systems [10,15,18] o r  th e  a d d it io n  o f  ta ils  o r  sa il- like  

surfaces th a t act as a e ro d yn a m ic  d a m p e rs  [13,14,16,17]. The  second m od e  o f 

h o v e rin g  is represented  b y  th e  u p -a n d -d o w n  fla p p in g  o f  the  d ra g o n fly , in  

w h ic h  the  b ro a d s id e  o f  each w in g  is p resen ted  d u r in g  the  d o w n s tro k e  fo llo w e d  

b y  a s lic in g  m o tio n  u p w a rd s  [22]. Less is  u n d e rs to o d  a b o u t the  s ta b ility  o f  th is

Royal Society Publishing

http://dx.doi.Org/10.1098/rsif.2013.0992
mailto:ristroph@cims.nyu.edu
http://dx.doi.org/10.1098/rsif.2013.0992
http://rsif.royalsocietypublishing.org


motor and

Figure 1. A flying machine, (a) A concept flyer opens and closes a surface, (b) The prototype uses a motor to pull in and push out four wings, (c) The carbon fibre 
body (green) consists of two crossed vertical loops that support the motor (dark red) below and a horizontal upper loop (dashed). Each wing (blue) is a Mylar- 
covered frame that is hinged on this upper loop, (d) A motor (M) with gearbox (GB) rotates a crankshaft (CS), which connects via a link (L) to each wing. Flapping 
amplitudes can be adjusted by bending up or down (arrows) the upper arm of the crankshaft, (e) The link position along the wing spar (S) can be adjusted (arrow), 
modifying the chordwise motion of the wing. Insets: rotary joints are made from segments of Teflon tubing.
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m ode , th o u g h  b o th  d ra g o n flie s  [23] a n d  ro b o tic  des igns [24] 

appea r to  re ly  o n  active  co n tro l.

H ere , w e  a im  to  ach ieve stab le  h o v e rin g  u s in g  f la p p in g  
w in g s  a lone, w ith o u t  th e  need  fo r  feedback c o n tro l a n d  w ith ­

o u t a e ro d yn a m ic  dam pers . Such a m in im a lis t ic  de s ig n  co u ld  

p ro v e  p a r t ic u la r ly  u se fu l as rob o ts  are fu r th e r  scaled d o w n , in  

w h ic h  case im p le m e n tin g  c o n tro l system s w o u ld  be  increas­

in g ly  ch a lle n g in g  a n d  d a m p in g  surfaces w o u ld  u n d e rm in e  

b o th  m in ia tu r iz a t io n  a n d  m a n o e u v ra b ility . To th is  end , w e  

d e s ig n  a n d  co n s tru c t a m echan ica l f ly e r  th a t e m p lo ys  a n e w  

m o d e  o f  h o v e rin g , w i th  w in g  m o tio n s  th a t are n o t  used  b y  

insects o r  b ird s . Force m easu rem en t a n d  h ig h -sp e e d  v id e o  

a llo w  us to  cha racte rize  th e  o m ith o p te r 's  l i f t  ge n e ra tio n  an d  

fre e - f lig h t s ta b ility  p ro p e rtie s . F in a lly , these e xp e rim e n ta l 

m easurem ents  are used  to  in fo rm  a m a th e m a tica l m o d e l 

th a t revea ls the  a e ro d yn a m ic  basis  o f  s ta b ility .

2. Concept, construction and wing kinematics
O u r  app ro a ch  is  m o tiv a te d  b y  e xpe rim en ts  co n d uc te d  in  o u r  

A p p lie d  M a th  Lab  a t N e w  Y o rk  U n iv e rs ity  in  w h ic h  cone- 

a n d  p y ra m id -s h a p e d  bod ies  are obse rved  to  h o ve r w ith in  a 
v e rt ic a lly  o sc illa tin g  a ir f lo w  [25,26]. These passive  fly e rs  re ly  

o n  the  e x te rn a lly  im p o se d  f lo w  to  generate l i f t  as w e ll as the 

s e lf-r ig h tin g  a e ro d yn a m ic  to rq u e  needed to  keep u p r ig h t  
[27]. O u r  concept ve h ic le  is  an  ac tive  ana logue  th a t w o u ld  

achieve stable h o v e rin g  b y  f la p p in g  an  a e ro d yn a m ic  surface. 

In  fig u re  la ,  w e  illu s tra te  th is  concept as a con ica l surface th a t 
re c ip ro c a lly  opens an d  closes. W h ile  there  is  n o  k n o w n  f ly in g  

a n im a l th a t e m p lo ys  such  a scheme, th is  des ign  is rem in isce n t 

o f  the  s w im m in g  m o tio n s  o f  je lly f is h  [28,29].

To rea lize  th is  concept, w e  have  cons truc ted  an  o m ith o p te r  

th a t uses a m o to r  to  d r iv e  in w a rd -a n d -o u tw a rd  osc illa tions  

o f  fo u r  w in g s . A s  s h o w n  in  th e  im age  in  fig u re  lb  a n d  th e  sche­

m a tic  in  fig u re  le , the  m o to r  s its  lo w  o n  the  b o d y , w h ic h  

consists o f  tw o  crossed v e rt ic a l loops  o f  ca rbon  fib re . These 

lo o p s  s u p p o r t an  u p p e r  h o r iz o n ta l lo o p  th a t serves as a 

fu lc ru m  fo r  the  w in g s . Each w in g  its e lf is  a lso a lo o p  o f  f ib re  

spanned  b y  th in  M y la r  f i lm , h in g e d  near its  to p  a n d  connected

to  the  c ranksha ft v ia  a l in k  to  a spar. A s  the  m o to r  rotates, each 

w in g  is  p u lle d  in  a n d  pu sh ed  o u t. A l l  ro ta ry  jo in ts  are m ade  o f 

sh o rt segm ents o f  lo w - fr ic t io n  T e flo n  tu b in g , as s h o w n  in  

fig u re  1 d,e. A lso , th is  s im p le  d r iv e  m echan ism  does n o t close 

a ll fo u r  w in g s  s im u lta n e o u s ly  b u t  ra th e r causes one o p p o s in g  

p a ir  to  lead  the  o th e r b y  a q u a rte r p e rio d . To ach ieve th e  lo w  

b o d y  m ass o f  2.1 g, w e  have  used  lig h tw e ig h t c o n s tru c tio n  

m a te ria ls  as w e ll as a 1.1 g  m o to r  p re -assem bled  w ith  a gear­

bo x . F in a lly , w e  have  n o t y e t f it te d  th e  p ro to ty p e  w ith  a 

b a tte ry  a n d  ins tead  used  an  ex te rna l p o w e r s u p p ly  w ire d  to  

th e  m o to r, a llo w in g  us to  exp lo re  h o w  the  w in g  m o tio n s  a nd  

l i f t  v a ry  w i th  the  d r iv in g  vo lta g e  a n d  f la p p in g  frequency.

W e d isp la y  a schematic o f the  in w a rd -o u tw a rd  fla p p in g  

m o tio n s  in  fig u re  2a, a nd  the actual w in g  m o tio n s  are extracted 

fro m  h igh-speed v id e o  o f the o m ith o p te r pow ered  at v a ry in g  v o l­

tages (see the m ov ies in  the electronic supp le m e n ta ry  m ateria l). 

A t  lo w  vo ltage  an d  thus  lo w  f la p p in g  frequency o f  5 H z  (figu re  

2c), the w in g s  rem a in  r ig id  as they rec ip roca lly  oscillate in  and  

ou t. Here, the d a rk  tra jec to ry  represents the l in k - s p a r  connection  

p o in t a t w h ic h  the  w in g  is d riven . A t  h ig h e r vo ltage  a nd  thus 

h ig h e r frequency (fig u re  2d ), the  span o f the w in g  flexes strong ly  

d u r in g  b o th  half-strokes. Furthe rm ore , w e  have deve loped  m ech­

an ism s to  ad jus t the f la p p in g  a m p litu d e  an d  cho rd w ise  m o tio n s  

o f  the w in g s . These ad justm ents are c ritica l to  in d u c in g  m an ­

o e u v rin g  m odes and  ach iev ing  the e q u ilib r iu m  needed to  

hover, tw o  issues tha t are discussed in  d e ta il in  la te r sections.

3. Motor characteristics, wing size and lift
In  d e te rm in in g  the  size a n d  l i f t in g  capac ity  o f  o u r  p ro to ty p e —  

w h ic h  has a w in g  le n g th  o f  8 cm — w e  w e re  g u id e d  b y  t r ia l and  
e rro r  as w e ll as sca ling  cons ide ra tions. E x p e rim e n ta lly , w e  

fo u n d  th a t there  has to  be a w in g  size th a t seems w e ll su ite d  

to  th e  m o to r, w i th  b o th  sm a lle r a n d  la rg e r w in g s  genera ting  
w e a k  l i f t .  In tu it iv e ly ,  sm a ll w in g s  can  be f la p p e d  a t h ig h  fre ­

qu e ncy  b u t  su ffe r f ro m  sm a ll area, w h ile  la rge  w in g s  can 

o n ly  be  fla p p e d  s lo w ly  b y  th e  p o w e r- lim ite d  m o to r. T h is  
tra d e -o ff can be cha racte rized  b y  the  to rq u e - fre q u e n c y  cu rve  

o f  the  m o to r  (S o larbotics, G M 15), w h ic h  w e  m easured  fo r
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Figure 2. Wing flapping motions, (a) Schematic showing the inward-and-outward flapping motion. For clarity, only one wing is shown at its inward, mid-stroke and 
outward orientations in the flapping cycle. (b) Span and chord axes, (c) Flapping motions at low freguency, as measured from high-speed video. The black line 
indicates the trajectory of the link-spar connection point at which the wing is driven, (d) At higher freguency, the wings bend along their span, and the flapping 
amplitude can be adjusted as described in figure 1 d. The chordwise motion can be adjusted as per figure le: the driving point is offset from the centre, yielding 
sculling motions that generate chordwise force. (Online version in colour.)
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Figure 3. Lift generation, (a) Torgue-freguency curves of the motor for several values of the applied voltage. (b) Lift (Í) and flapping freguency ( f )  measured for 
the flyer inverted on a weighing scale. At 5.5 V, the flyer generates lift egual to body weight. An aerodynamic model is fitted to the hovering data and predicts the 
dependence of freguency and lift on voltage (dashed lines), (c) The lift coefficient increases with freguency, an enhancement likely to be due to wing bending. The 
grey area reflects the +0 .05  g error in force measurement. (Online version in colour.)

severa l vo ltages, as d is p la ye d  in  fig u re  3a. F or a g ive n  

vo lta g e , th e  m o to r  d e live rs  the  h ig h e s t p o w e r w h e n  ru n n in g  

near the  m id d le  o f  its  speed range [30]. N e a r 6 V , fo r  exam ple , 
th is  co rresponds to  o u r  m o to r  s p in n in g  at frequency  / m ~  

15 H z  a n d  d e liv e r in g  a to rq u e  o f  Nm ~  25 g  cm . Som e p a r t i­

c u la r  va lu e  o f  the  w in g  size R  w i l l  lead  to  f la p p in g  a t / m, 

w i th  th e  m o to r  to rq u e  b a la n c in g  the  a e ro d yn a m ic  to rque , 

Nm =  Naero ~  p f^ R 5 [31]. H ere, p is the  d e n s ity  o f  a ir, a n d  the  
to rq u e  is d e riv e d  fro m  th e  sca ling  o f  a e ro d yn a m ic  forces at 

h ig h  R eyno lds  n u m b e r (Re =  p fR 2/ p, ~  IO4, w h e re  p, is  the  v is ­

c o s ity  o f  a ir). Thus, the  id e a l w in g  le n g th  is  p re d ic te d  to  be  o f 

th e  o rd e r  o f  R  ~  (Nm/ p /+ ) ^ 5 ~  10 cm , w h ic h  is  com parab le  
to  the  va lu e  d e te rm in e d  b y  t r ia l a n d  e rro r.

T h is  ana lysis also p red ic ts  a l i f t  L  ~  p / 2R4 ~  (p Z + N ^ )1̂ 5 o f 

several gram s, suggesting  th a t th is  m o to r  is  indeed  capable o f 

s u p p o rtin g  b o d y  w e ig h t. W e tested th is  b y  in v e rt in g  the 

o m ith o p te r  o n  a scale to  m easure the average force generated, 

an d  fig u re  3b show s the  increasing  l i f t  (L) an d  fla p p in g  fre ­
quency (ƒ) fo r  increasing  vo ltage. C r it ic a lly , a vo ltage  o f  5.5 V  

leads to  a frequency o f  19 H z  an d  a force o f 2.1 g, w h ic h  is 

s u ffic ie n t to  ba lance w e ig h t d u r in g  hove rin g . These m easure­
m ents  an d  sca ling analysis suggest th a t the  size an d  l i f t  o f a 

h o ve rin g  m ach ine  is s tro n g ly  dependen t on  its  m o to r p roperties , 

an d  these ideas are inco rp o ra ted  in to  an  ae rodynam ic  m od e l 
described be low . F u rthe rm ore , w e  n o te  th a t the  sca ling  o f  l i f t  

as L  ~  f 2 s tr ic tly  app lies to  w in g s  o f  fix e d  shape, an d  departu res 

fro m  th is  b e h a v io u r can be used to  assess the  effect o f  w in g  fle x i­

b il ity .  A s  sh o w n  in  fig u re  3c, the  ra tio  L / f 2 increases w ith

frequency fo r  o u r flye r, suggesting th a t the  w in g  b e n d in g  

sh o w n  in  fig u re  2d  leads to  a l i f t  enhancem ent [32,33].

4. Manipulation of wing motions to achieve 
manoeuvring modes

H a v in g  ach ieved  the  re q u ire d  l i f t ,  w e  n e x t t r im m e d  the  a irc ra ft, 
th a t is, ensu red  e q u ilib r iu m  o f  s p in  a n d  t i l t  to rques  [34]. The 

im p o rta n ce  o f  t r im m in g  becam e c lear as o u r  f irs t  p ro to ty p e  

th a t generated s trong  l i f t  nonethe less ra p id ly  sp u n  and  
tu m b le d  o ve r w h e n  released. I f  th e  o m ith o p te r  te n d e d  to  t i l t  

one w a y , w e  com pensated  b y  inc reas ing  the  f la p p in g  a m p li­

tu d e  o f  the  w in g s  o n  th is  side, w i th  exam p le  w in g  m o tio n s  
sh o w n  in  fig u re  2d. T h is  a d ju s tm e n t w a s  accom p lished  b y  

b e n d in g  u p  o r  d o w n  th e  u p p e r  a rm  o f  the  c ranksha ft p r io r  to  

a test f l ig h t ,  as sh o w n  in  fig u re  Id .  S im ila r ly , i f  the  o m ith o p te r  
te n d e d  to  sp in , w e  ad ju s ted  the  ch o rd w is e  m o tio n  to  generate a 

com pen sa tin g  to rque . S p ec ifica lly , the  s c u llin g  m o tio n s  sh o w n  

in  fig u re  2d are in d u c e d  b y  s lid in g  the  l in k - s p a r  connec tion  

p o in t  a lo n g  the  ch o rd  o f  th e  w in g  ( f ig u re  le ).

W e  then  tes t-flew  the  tr im m e d  o m ith o p te r  in  an arena tha t 

a llo w e d  us to  m easure its  free -flig h t dynam ics . M a rke rs  w ere 

a d d ed  to  the b o d y , tw o  v ie w s  w ere  cap tu red  o n  h igh-speed 

v id e o , an d  a cus tom  code tracked  the m arke rs  an d  de te rm ined  

the  b o d y  centre-of-m ass p o s itio n  an d  t i l t  o rien ta tion . W e to o k  

advantage  o f  the  o m ith o p te r 's  a d ju s ta b ility  to  access m anoeu- 

vers; fo r  exam ple , a tta in in g  ascending f l ig h t  b y  a p p ly in g  a

rsif.royalsocietypublishing.org 
J. 

R. Soc. 
Interface 

11: 20130992



Haveringascent

Figure 4. Free-flight trajectories measured from high-speed video, (a) Snapshots of every four wing-beats during ascending flight. Black markers are automatically 
tracked in two views to determine the body centre-of-mass position and tilt. (6) Three-dimensional reconstruction of a spiralling ascent, with position shown 
coloured in time (blue to red) and tilt shown as a black line every other wing-beat. Grid lines are 10 cm apart, (c) Transition to forward flight with tilt towards 
the direction of motion, (rf) Hovering flight consists of erratic runs and loops.

fo rw ard  flig h t

h ig h  vo ltage  (see the  m ov ie  in  the  e lectron ic su p p lem en ta ry  

m a te ria l). In  fig u re  4a, w e  show  snapshots taken  o f the  c lim b in g  

f lig h t, an d  in  fig u re  4b w e  p lo t  the reconstructed  f l ig h t  pa th . The 

centre-of-m ass tra jec to ry  is co lou r-coded  in  tim e  fro m  b lu e  to  

red , an d  the  t i l t  o rie n ta tio n  eve ry  o th e r w in g -be a t is sh o w n  as 

a b lack  line . S m a ll osc illa tions represent m ovem ents  w ith in  a 

w ing -bea t, a nd  the he lica l o r  sp ira l-like  tra jec to ry  is lik e ly  to  

be the  resu lt o f  im p e rfe c t tr im m in g . To access the  second f l ig h t  

m ode, w e  increased the  f la p p in g  a m p litu d e  o f the  w in g s  on  

one s ide o f  the  b o d y , causing  the c ra ft to  t i l t  over a nd  f ly  in  a 

d irec ted  p a th  in  the h o riz o n ta l p lane. F igure  4c show s the 

flye r's  tra jec to ry  as i t  trans itions  to  steady fo rw a rd  flig h t. 

These m odes show  the  p o te n tia l to  im p le m e n t n a v ig a tio n  an d  

c o n tro l schemes in  fu tu re  ve rs ions o f the  o m ith o p te r. M o s t 

im p o rta n tly , these da ta  show  th a t the f ly e r  has an inhe ren t 

tendency to  keep u p r ig h t  d u r in g  m anoeuvers.

5. Stability of hovering
A s  the  f in a l d e m o n s tra tio n  o f  its  capab ilities , w e  so u g h t h o ve r­

in g  f l ig h t  b y  t r im m in g  sp in  an d  t i l t  a n d  se tting  the  vo lta g e  to  
ju s t ove r 5.5 V . O nce pow e re d , the  o m ith o p te r  rose u p w a rd s  

fo r  several w in g -be a ts  a nd  then  m a in ta in e d  a re la tiv e ly  constan t 

h e ig h t w h ile  m ea n d e rin g  in  the  h o r iz o n ta l p lane , as sh o w n  in  
fig u re  4d a n d  the  m o v ie  in  the e lectron ic  su p p le m e n ta ry  

m ate ria l. The  f l ig h t  p a th  is  m a rke d  b y  sequences in  w h ic h  the 

f ly e r  t i lts  to  one side  an d  transla tes in  th a t d ire c tio n  before  
re tu rn in g  to  a nea r u p r ig h t  posture . The succession o f  these 

ru n s  a n d  loops  leads to  an  e rra tic  p a th  rem in iscen t o f  the  

f lu t te r in g  f l ig h t  o f  a m o th .

The  f ly e r  recovers f ro m  excurs ions to  la rge  t ilts , as sh o w n  b y  

the  exam p le  d yn a m ics  sh o w n  in  fig u re  5a (b o tto m  h e a vy ). Here, 

the  h ig h -fre q u e n cy  flu c tu a tio n s  represent the  m o tio n  w ith in  a 

w in g -be a t, w h ile  the  s lo w e r u n d u la tio n s  co rrespond  to  the 

t i l t - r u n - re c o v e r  sequences. W e q u a n tify  these obse rva tions 

in  fig u re  5b, w h ic h  reveals th a t the  t i l t  ang le  is corre la ted  w ith  

h o riz o n ta l speed fo r  five  cases o f  h o ve rin g . In  an y  g ive n  

sequence— such as the  d a rk  cu rve  m a rke d  w ith  a rro w s— the 

f ly e r  t ilts  ove r w h ile  g a in in g  speed a nd  then  re tu rn s  to  lo w e r 

angles as i t  s low s d o w n . The second clue  to  the  s ta b iliza tio n  

m echan ism  comes fro m  an  e a rly  p ro to ty p e  des igned  w ith  its

top heavy

bottom  heavy
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tim e, t  (s)

40
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Figure 5. Stability during hovering, (a) Typical tilt dynamics measured from 
high-speed video. The flyer has a low centre of mass (bottom heavy) and 
undergoes stable oscillations. An earlier prototype with a motor attached 
high on the body (top heavy) flips over in a few wing-beats. (6) Tilt is cor­
related with horizontal speed for five hovering seguences. Excursions to high 
tilt are accompanied by high speed, causing the flyer to return to low angle. 
(Online version in colour.)

m o to r  f ix e d  at the  to p  o f  the  b o d y  fram e. T h is  to p -heavy  

ve rs ion  ra p id ly  tu m b le s  ove r w h e n  released, as revea led  b y  

the  exam p le  d yn a m ics  sh o w n  in  fig u re  5a ( top  heavy). These 

obse rva tions in d ica te  the  im p o rta n ce  o f  the  centre-of-m ass 

lo ca tio n  an d  the  c o u p lin g  o f  b o d y  degrees o f  freedom , and  

these ideas are in co rp o ra ted  in to  the  s ta b ility  m o d e l be low .

6. Aerodynamic model of flight forces
To u n d e rs ta n d  the  l i f t  a n d  s ta b ility  p ro p e rtie s  o f  o u r  flye r, 
w e  fo rm u la te d  an  a e rodynam ic  m o d e l fo r  the  forces o n  the fla p ­

p in g  w in g s . H ere  w e  o u tlin e  the  cen tra l ideas o f  the  m od e l, w ith
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Figure 6. Model of aerodynamic forces and flight stability, (a) For each point 
along a hinged flapping wing, the aerodynamic force is decomposed into lift 
and drag. The model presented in the electronic supplementary material computes 
the average forces for small-amplitude flapping, and stability is shown to depend 
on the centre-of-mass (COM) height relative to wing length, h/R, as well as 
moment of inertia, I. (b) Wing forces are modified as a result of tilt, translation 
and rotation. A tilt causes acceleration to the side, sideways motion induces a resis­
tive drag along each wing and body rotations also alter the drag, (c) Stability 
diagram of hovering. The nominal bottom-heavy prototype (blue dot) is 
predicted to be stable, and the top-heavy version (red) is unstable.

s u p p o rtin g  ca lcu la tions  p resented in  fu l l  in  the  e lectron ic  

s u p p le m e n ta ry  m a te ria l. W e  firs t n o te  th a t a w in g  u n d e rg o in g  

steady m o tio n  experiences a force th a t is  p ro p o r t io n a l to  the 

p ro d u c t o f  its  area an d  the  square o f  its  speed [31]. For a r ig id  

w in g  h in g e d  a t its  to p  an d  d r iv e n  to  f la p  back an d  fo rth , 

as sh o w n  in  fig u re  6a, the  force is expected to  fo llo w  s im ila r  scal­

in g . T h is  m otiva te s  a fo rm a liz a tio n  in  w h ic h  the  f lu id  force on  a 

g ive n  segm ent a long  the  span is  also p ro p o r tio n a l to  the  p ro ­

d u c t o f  area a n d  square o f  the  ins tan taneous speed, and  

in d e e d  such quas i-s teady a e rodynam ic  m od e ls  have been 

used  to  analyse insect f l ig h t  [7,8,20,21]. L i f t  is d e fin ed  to  be 

the  com p o n e n t o f  fo rce p o in t in g  p e rp e n d ic u la r to  the  w in g  v e l­

o c ity  V,  a n d  its  m a g n itu d e  o n  a b la d e  e lem en t o f  area dS is 

d L  =  ( l /2 ) p C L î ,2dS. S im ila r ly , d rag is  the  co m p o n e n t a n tip a ra l­

le l to  ve lo c ity , a nd  i t  has m a g n itu d e d D  =  ( l / 2 ) p C o i ’2dS. Here, 

CL a n d  CD are l i f t  a n d  d ra g  coe ffic ien ts, respective ly , a n d  in te ­

g ra tin g  these expressions a lo n g  the  w in g s  p ro v id e s  estimates 

fo r  the  f l ig h t  forces in  te rm s o f  these param eters.

O u r  m easurem ents o f  m o to r  to rque , f la p p in g  frequency 

a n d  l i f t  sh o w n  in  fig u re  3a,b a llo w  us to  u n iq u e ly  de te rm in e  the 

va lues  o f  these force coeffic ients. In  p a rt ic u la r , the  m o to r  m u s t 

overcom e w in g  d ra g  as w e ll as the  in e rt ia l resistance associ­

a ted  w ith  acce lera ting  the  w in g  m ass a nd  the  a d d ed  mass o f 

the  s u rro u n d in g  a ir. E q u a tin g  the  m o to r  to rq u e  w ith  the 

tim e-ave raged  ae ro -in e rtia l to rq u e  y ie ld s  a p re d ic t io n  fo r  the 

f la p p in g  frequency as a fu n c tio n  o f  vo ltage , w i th  Cd as a p a r­

am eter (see e lectron ic  s u p p le m e n ta ry  m a te ria l). W e then  

d e te rm in e  th a t CD =  2.8 as a best f i t  to  the  fre q u e n c y -v o lta g e  

cu rve  near h o ve rin g  ( ƒ =  19 H z  a t V  =  5.5 V ). R em arkab ly , th is  

m o d e l accounts fo r  the  m easurem ents o ve r the en tire  range o f 

vo ltages, as sh o w n  in  fig u re  3b (ƒ, dashed line). F u rthe rm ore , 

w i th  the  f la p p in g  frequency  a n d  th u s  w in g  speed d e te rm in e d

the  m o d e l fu rn ish e s  a p re d ic tio n  fo r  the  l i f t  generated, w ith  CL 

as a param eter. The  l i f t  ve rsus vo lta g e  is sh o w n  in  fig u re  3b (L, 

dashed line ), w h e re  CL =  1.2 is  d e te rm in e d  as a best fit .

W ith  the  sp e c ifica tio n  o f  th e  l i f t  a n d  d ra g  coe ffic ien ts , the  

m o d e l is  co m p le te  a n d  can be used  to  exp lo re  v a ria tio n s  in  

o th e r pa ram eters , fo r  exam p le  w in g  size. The  m o d e l bears 

o u t  the  reason ing  th a t b o th  s m a ll w in g s  f la p p in g  q u ic k ly  

a n d  la rge  w in g s  f la p p in g  s lo w ly  generate  w e a k  l i f t .  In  fact, 

o u r  m o d e l in d ica tes  th a t l i f t  is  m a x im iz e d  a t an  in te rm e d ia te  

w in g  size fo r  w h ic h  the  f la p p in g  freq u e n cy  is  o n e -th ird  o f  the  

ze ro -lo a d  speed o f  the  m o to r  (see e lec tron ic  s u p p le m e n ta ry  

m a te r ia l) . O p e ra tin g  n ea r 5.5 V , fo r  exam p le , o u r  m o to r 's  

to p  speed is  a b o u t 30 H z  ( f ig u re  3a), so th is  fo rm u la t io n  rec­

o m m e n d s  a ta rg e t freq u e n cy  o f  10 H z , to  be  co m p a re d  w ith  

o u r  v a lu e  o f  19 H z . The  re co m m en d e d  w in g  le n g th  is 

11 cm , so m e w h a t la rg e r th a n  o u r  va lu e  o f  R  =  8 cm . The o p t i­

m a l l i f t  is  p re d ic te d  be  1.24 tim es  the  l i f t  o f  the  p resen t 

p ro to ty p e , an increase o f  a h a lf  g ra m  th a t w o u ld  p ro ve  

u s e fu l in  fu tu re  e ffo rts  to  s u p p o r t a ba tte ry .

7. Aerodynamic model of hovering stability
O u r  m o d e l can be  used  to  assess s ta b ility  b y  co n s id e rin g  h o w  

th e  forces o n  the  o m ith o p te r  are m o d if ie d  d u r in g  fre e -f lig h t 
m o tio n s . F or exam p le , as s h o w n  in  fig u re  6b, a t i l t  induces 

a lift-b a s e d  h o r iz o n ta l fo rce, caus ing  th e  b o d y  to  accelerate 

in  th e  d ire c tio n  o f  its  lean. O nce in  m o tio n , th e  w in g  speed 
re la tive  to  a ir  is  m o d if ie d , in d u c in g  a res is tive  fo rce  an d  

a lso a to rq u e  th a t depends  o n  the  cen tre -o f-m ass loca tio n . 

L ike w ise , ro ta tio n s  o f  th e  f ly e r  m o d ify  the  a irspeed  o f  the 
w in g s , se ttin g  u p  a res is tive  to rq u e  as w e ll as a force. Thus, 

in  a d d it io n  to  pa ram e te rs  th a t sp e c ify  the  w in g  m o tio n s , 

w in g  size R, to ta l b o d y  m ass M , a n d  coe ffic ien ts  CL a n d  

CD, fre e - f lig h t s ta b ility  also depends  o n  th e  b o d y  m o m e n t 

o f  in e rt ia  I  a n d  th e  cen tre -o f-m ass h e ig h t It, m easured  

u p w a rd s  f ro m  th e  w in g  t ip s  ( f ig u re  6a).

These elements can be inco rpo ra ted  in to  the linea rized  

N e w to n -E u le r  equations, thus p ro v id in g  a set o f o rd in a ry  d iffe r­

en tia l equations fo r  b o d y  speed, t i l t  a nd  t i l t  rate (see electronic 
su p p lem en ta ry  m ateria l). The in tr in s ic  s ta b ility  o f  th is  system 

can then  be fo rm a lly  assessed th ro u g h  an e igenvalue  analysis, 

an d  in  fig u re  6c w e  sum m arize  h o w  the s ta b ility  p roperties  
depend  on  d im ension less fo rm s  o f the  m om e n t o f in e rtia  and  

centre-of-m ass h e ig h t ( I/M R 2, h/R). The d ia g ra m  reveals a 

reg ion  o f  stable h o ve rin g  sh o w n  in  grey. E xp e rim e n ta lly , w e  
d e te rm ine  I  b y  su p p o rtin g  the  (unpow ered ) o m ith o p te r  at a 

p o in t aw ay fro m  the  centre o f mass, m easu ring  the  p e rio d  o f  

osc illa tions a nd  e m p lo y in g  the c o m p o u n d  p e n d u lu m  fo rm u la . 
A lso , h is d e te rm in e d  b y  h a n g in g  the  o m ith o p te r  fro m  s trings 

a ttached to  the  b o d y  fram e. These param eters reveal th a t o u r 

f ly e r  (b lue  d o t in  fig u re  6c) is  indeed  w ith in  the stable reg ion , 
an d  the  d a m p e d  t i l t  osc illa tions sh o w n  in  fig u re  5a (bo tto m  

heavy) are consistent w i th  the  stable d yn a m ics  p re d ic te d  b y  

the  m ode l. P hysica lly , th is  s ta b ility  arises because a t i l t  causes 

h o riz o n ta l m o tio n , w h ic h  then  induces d ra g  w hose  lin e  o f  

ac tion  is above the  centre o f  mass a n d  th u s  tends to  restore the 

b o d y  to  the  u p r ig h t o rien ta tion . A d d it io n a lly ,  the  to rq u e  tha t 

resists b o d y  ro ta tions  is su ffic ie n tly  s trong  to  d a m p  oscilla tions.

The  s ta b ility  d ia g ra m  also show s th a t h ig h  cen tre -o f-m ass 

b o d y  p la n s  are unstab le , w i th  a s ta b ility  b o u n d a ry  a t h/R  =  

1 /3 .  In d ee d , o u r  to p -h e a v y  v e rs io n  o f  th e  f ly e r  lies  w ith in  

th is  re g io n  a n d  is s h o w n  as a red  d o t in  fig u re  6c.
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F urth e rm o re , the  t i l t  d yn a m ics  fo r  th is  ve rs ion  ( fig u re  5a, to p  

heavy) are consistent w ith  the  d ivergence m ode  p re d ic te d  b y  

the  m ode l. In  th is  case, the  in s ta b ility  arises because a t i l t  

causes h o riz o n ta l m o tio n , w h ic h  then  induces d ra g  acting 

heleno the  centre o f  mass, a n d  the associated to rq u e  tends to  

fu r th e r  a m p lify  the  t i lt .  In te res ting ly , the  m o d e l p red ic ts  ano the r 

reg io n  o f in s ta b ility  fo r  s u ffic ie n tly  h ig h  m o m e n t o f in e rtia  an d  

lo w  centre o f  mass (lo w e r r ig h t co m e r o f  f ig u re  6c). T ho u g h  d if ­

f ic u lt  to  investiga te  b y  m o d ify in g  o u r cu rre n t o m ith o p te r, th is  

p re d ic tio n  m ig h t be tested b y  us ing  a la rge r b o d y  fram e  an d  

th u s  h a v in g  the  m o to r  s it even lo w e r re la tive  to  the w in g s . For 

such an a rrangem ent, the  m o d e l p re d ic ts  th a t the  f ly e r w o u ld  

e x h ib it g ro w in g  osc illa tions in  t i lt .

F in a lly , w i th  an eye to w a rd s  m in ia tu r iz a tio n , w e  use th is  

m o d e l to  exp lo re  h o w  th e  s ta b ility  characteristics de p en d  on  

the  size scale o f  the  o m ith o p te r. In te re s tin g ly , o u r  ana lysis 

show s th a t the  s ta b ility  b o u nd a rie s  sh o w n  in  fig u re  6c are in v a r­

ia n t u n d e r iso m etric  changes in  scale (see e lectron ic  

s u p p le m e n ta ry  m ate ria l). Thus, sh o u ld  a p p ro p ria te  m o to rs  

enable sm a lle r ve rs ions o u r  m o d e l suggests th a t these flye rs  

w o u ld  also be  stable.

8. Discussion
C o lle c tive ly , these resu lts  illu s tra te  a ro u te  to  f la p p in g -w in g  

f l ig h t  th a t in vo lve s  a c tu a liz in g  a concept veh ic le  an d  then  

ach ie v in g  the  necessary l i f t ,  e q u il ib r iu m  a n d  s ta b ility . The con ­

cep t presen ted  here is rem in iscen t o f  the  s w im m in g  m o tio n s  o f 

je lly f is h  a n d  in vo lve s  the  op e n ing -a n d -c lo s in g  o f  an  a e rody­

n a m ic  surface. O u r  10 cm  p ro to ty p e  is  des igned  to  h o ve r in  

a ir  b y  d ra w in g  fo u r  w in g s  in  an d  o u t u s in g  a m o to r. W e 

sh o w  th a t m easurem ents o f  the  m o to r  to rq u e , f la p p in g  fre ­

q uency  a n d  l i f t  can be  used to  in fo rm  an ae ro d yn a m ic  m od e l 

fo r  the  forces o n  the  w in g s . G ive n  the  characteristics o f  the  

m o to r, th e  m o d e l in  tu rn  p re d ic ts  th a t f in e -tu n in g  the  w in g  

size w o u ld  increase l i f t ,  w h ic h  co u ld  a id  in  s u p p o r tin g  an 

o n b o a rd  b a tte ry  in  fu tu re  ve rs ions o f  the  flye r. F u rthe rm ore , 

o u r  a e rodynam ic  m o d e l co u ld  be m o d if ie d  to  account fo r  

w in g  f le x ib ility ,  w h ic h  o u r experim en ts  ind ica te  is  ben e fic ia l 

fo r  l i f t  p ro d u c tio n . V is u a liz in g  the  uns teady  f lo w  c o u ld  also 

in fo rm  a m o d e l th a t is  e x p lic it ly  ro o te d  in  an  a e rodynam ic  

m echan ism , such as v o rte x  sh e d d ing  a nd  the  genera tion  o f  a 

d o w n w a rd - f lo w in g  je t o w in g  to  w in g - w in g  in te ractions.

O u r  c u rre n t o m ith o p te r  a llo w s  fo r  the  a d ju s tm e n t o f  w in g  

m o tio n s , a c a p a b ility  th a t is  c r it ic a l fo r  m a n o e u v r in g  f l ig h t  

a n d  fo r  t r im m in g  the  f ly e r  to  ach ieve h o v e rin g . M o s t im p o r ­

ta n t ly ,  h ig h -sp e e d  v id e o  o f  free f l ig h t  show s th a t u p r ig h t  

s ta b ility  is associated w ith  co u p le d  t i l t  a n d  tra n s la tio n a l 

m o tio n s  o f  the  fly e r. B y  e x p a n d in g  o u r  m o d e l to  address 

th e  changes in  w in g  forces d u r in g  such  b o d y  m o tio n s , w e  

sh o w  h o w  th e  s ta b ility  depends  o n  pa ram e ters , such  as the 

cen tre -o f-m ass lo c a tio n  a n d  m o m e n t o f  in e rtia . The  m o d e l 

a lso p re d ic ts  th a t s c a le d -d o w n  ve rs ion s  w i l l  e x h ib it s ta b ility , 

su gges ting  a p ro m is in g  ro u te  to  m in ia tu r iz a tio n .

In  th e  fu tu re , sm all-sca le  f la p p in g -w in g  a irc ra ft m ay  

be  used in  a p p lica tio n s  ra n g in g  f ro m  su rve illa nce  a n d  recon­

naissance m iss ions  to  tra ffic  an d  a ir  q u a lify  m o n ito r in g . In  

th is  con tex t a n d  in  co m p a riso n  w ith  cu rre n t f la p p in g -w in g  

p ro to ty p e s , th e  f ly e r  p resen ted  here  is b u t  a step to w a rd s  a feas­

ib le  device. S ta te -o f-the -a rt o m ith o p te rs  are ab le  to  achieve 

h o v e rin g  f l ig h t  b y  u s in g  o n b o a rd  sensor feedback [10,15], 

ex te rna l feedback [18] o r  a d d it io n a l sails [13,16,17] an d  ta ils  

[14] to  overcom e in tr in s ic  in s ta b ilitie s . O u r  des ign  is  based on  

an  a lte rn a tive  concept th a t exh ib its  in tr in s ic  s ta b ility  u s in g  f la p ­

p in g  w in g s  a lone. U n lik e  the  b a c k -a n d -fo r th  w in g  m o tio n s  

used  in  m o s t robo ts , o u r  schem e o f f la p p in g  b ro a d  w in g s  in -  

a n d -o u t seems to  p ro v id e  the  s trong  d a m p in g  o f  b o d y  m o tio n s  

needed fo r  s ta b ility . D e p e n d in g  o n  th e  a p p lic a tio n , active  

c o n tro l o ve r an  in tr in s ic a lly  unstab le  de s ig n  m a y  be  m ore  d e s ir­

ab le  th a n  passive  s ta b ility . In  a ll cases, u n d e rs ta n d in g  the  

in h e re n t f l ig h t  d y n a m ics  is  im p o r ta n t to  d e v is in g  the  c o n tro l 

schemes needed  fo r  m a n o e u v r in g  a n d  fo r  ke e p in g  u p r ig h t  

a n d  o n  course in  the  face o f  unexpected  d is tu rbances.

A s  schemes fo r  lo c o m o tin g  th ro u g h  f lu id s , i t  is  in s tru c tiv e  

to  com pare  a n d  con tras t o u r  ro b o tic  de s ig n  w ith  its  b io lo g ic a l 

coun te rp a rts , b o th  flye rs  a n d  sw im m e rs . W ith  re g a rd  to  its  

basic k inem a tics , o u r  o m ith o p te r  is m o s t s im ila r  to  a je lly f is h , 

th o u g h  o u r  des ign  uses fo u r  d is t in c t w in g s  ra th e r th a n  a 

c o n tin u o u s  b e ll o r  u m b re lla . D esp ite  th is  m o rp h o lo g ic a l d if fe r ­

ence, w e  expect th a t the  in w a rd  m o tio n  o f  the  w in g s  generates 

a s tron g  d o w n w a rd - f lo w in g  je t, as has been obse rved  in  f lo w  

v is u a liz a tio n  s tud ies o f  s w im m in g  je lly f is h  [28,35] a n d  in  co m ­

p u ta t io n a l s im u la tio n s  [36,37]. I t  is a lso in te re s tin g  to  n o te  th a t 

th is  je t p ro p u ls io n  m echan ism  has o n ly  been observed  am o n g  

aqua tic  o rgan ism s, such  as sca llops, s q u id  a n d  c u ttle fis h  in  

a d d it io n  to  je lly f is h  [38,39]. H o w e ve r, s im ila r  a e ro d yn a m ic  

m echan ism s m a y  be  a t w o rk  d u r in g  the  c la p -a n d -flin g  m ode  

o f  insect f l ig h t ,  in  w h ic h  the  w in g s  are b ro u g h t tog e th e r and  

p ee led  a p a rt [40,41]. The  genera l absence o f  je t p ro p u ls io n  

a m o n g  f ly in g  a n im a ls  rem a ins  u n e xp la in e d , a n d  o u r  re a liz ­

a tio n  o f  a h o v e rin g  m ach ine  u s in g  th is  s tra tegy seems to  

deepen th is  m yste ry .
W ith  re g a rd  to  o r ie n ta tio n a l s ta b ility , th is  w o rk  is the  f irs t  

s tu d y  to  o u r  k n o w le d g e  th a t inves tiga tes  the  s e lf-r ig h tin g  

response o f  je lly f is h - lik e  p ro p u ls io n . T h is  is  p e rh a p s  n o t s u r­
p r is in g , because th is  m o d e  has p re v io u s ly  been s tu d ie d  o n ly  

in  the  co n tex t o f  s w im m in g  in  w a te r, w h e re  th e  b u o y a n c y  

m itig a te s  th e  p ro b le m s  o f  w e ig h t s u p p o r t a n d  s ta b ility  
[38,39]. H o w e v e r, je lly f is h  c e rta in ly  co n ten d  w ith  ex te rna l 

f lo w s  w h ile  s w im m in g  a n d  are ab le  to  m a in ta in  tra je c to ry  

a n d  c o n tro l b o d y  o r ie n ta tio n  u n d e r such  c o n d it io n s  [42,43]. 
Perhaps the  s ta b ility  a n d  m a n o e u v ra b ility  o f  o u r  o m ith o p te r  

c o u ld  shed l ig h t  o n  h o w  these a n im a ls  ove rcom e d is tu rb ­

ances a n d  n a v ig a te  th e ir  f lu id  e n v iro n m e n t.
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