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Synopsis Insects must fly in highly variable natural environments fil le d wi th gusts, vo rtices, an d oth er transient aerodynamic
ph en om en a th at ch a l len g e flight sta b ili ty. Furth erm ore, th e aerodynamic forces that support insect flight ar e pr oduced fr om
rapid ly osci l lat in g win gs of time-varyin g or ient ation and configuration. The inst ant aneous flight forces produced by these wings
a re la r g e relativ e to the av erag e forces su ppo rtin g body w eight. The magnitude of these forces and their time-varying dire ct ion
add an oth er cha l len g e to flight sta b ili t y, bec aus e e ven p ropo rtio n ally sm all a symmetries in timing o r magni tude between the left
and right wings may be sufficient to p rod uce lar g e chan g es in b o dy or ient ation. How ev er, t hese s a me la r g e-mag nitude osci l lat ing
forces also offer a n o p portunity for unexpe cte d flight stabi lity through n onlin ear interaction s betw een b o dy or ient ation, b o dy
osci l lat ion in response to time-varying inert ia l a nd aerodyna mic f orces, a n d th e osci l lat in g win gs them selv es. Understandin g
th e em er g ent sta b ili ty p roperties o f flying insects is a crucial step towa rd understa n ding th e r equir ements fo r evol u tio n o f
fla pping fligh t an d decoding th e role of s ens ory fe e db ack in fligh t con tr ol. Her e, we pr ovide a brief re vie w of insec t flig ht stab ili ty,
wi th so me emph a si s o n stab ili ty effects b ro ught abo ut by osci l lat in g win gs, and pres ent s om e pre liminary experim en tal da ta
p rob ing so me aspects o f flight stab ili t y in free-fly in g in sects.
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ntroduction
nsects s ucces sfully navigate an aerial environment
l le d with potent ia l ly destabi lizing perturb at io ns; d ue
o their sma l l b o dy size, di sturbances ea si ly rej e cte d by
ar g er fly er s might be c ha l leng ing for inse cts. Further-
ore, as invest igat ion into the unsteady aerodynamics

hat ke ep inse cts a lof t reve a le d the mag ni tude o f the
o rces p rod uce d ( El lington et a l . 1996 ; Dic kinson et al .
999 ), it also became a pparen t tha t even sma l l asym-
etries in these forces would be sufficient to produce

ar g e chan g es in or ient at ion, potent ia l ly ma kin g in sects
ighl y maneu v era ble but addin g to t he st ab ili ty chal-
en g e. In sects are also equi pped wi t h distr ibut ed , mul-
 ifacete d s ens ory systems that h e lp keep th em u p right
n t he air, wit h a n a rray o f rap id s ens o ry respo nses that
 e l p enfo rce flight stab ili ty ( Taylo r and Krapp 2007 ;
a ha ke et a l. 2018 ). How ev er, the rapid ly osci l lat ing
 dvance A ccess pu blication Jun e 19, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
erodyna mic f orces that k e ep inse cts a loft a lso add a
ich set of conditions for n onlin ear interaction s betw een
 o dy m otion an d wing m otion th at m ay stab ilize o r fur-
 her dest a bilize in sec t flig h t under differen t co ndi tio ns
 Hedrick et al. 2009 ; Taha et al . 2020 ). Under standing
h e consequen ces of th es e os ci l lat ing f orces is k ey to un-
erstan ding h ow inse cts cope d wit h t he cha l len g es of
ight early in its evol u tio n, a s well a s fu l ly de coding the
 eurom e chanica l me ch ani sms th at un der lie extant in-
ec t flig ht stab ili ty a nd ma neuv era b ili ty.
Cl assic al analyses of insec t flig ht stab ili ty mak e a n

ar ly, un der lying as s um ption tha t th e tim e-varying
ight forces pr oduced thr o ugho ut the course of a wing-
eat cycle can be replaced in a flight dynamics m ode l
y their whole-cy cle av erag e (e.g., Sun et al. 2007 ).
his in tuitive sim plifica t ion a l lows dire ct a pplica tio n o f
ight dynamics m ode ls from fixed and rotatory-win g ed
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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a ircra ft (e .g., St en g el 2005 ). A n a lyses beg inning with
these as s umptio ns co mmo nly end with a matrix of par-
t ia l derivat ives th at summ a rize the effects of a distur-
bance from a trimmed co ndi tio n described by a set of
st ate var i ables, t ypic a l ly encomp assin g current v elocity
and or ient ation in two dimensions (3DOF), for exam-
ple, E quat io n ( 1 ), o r three motio n directio ns and three
or ient ations (6DOF). In Equatio n ( 1 ), lo ngi tudinal sta-
b ili ty is described by responses to f orwa rd v elocity, v er-
t ica l veloci ty, p i t c h or ient atio n, and p i t c h rat e a l l lin-
e ar ized about t he tr imm ed con dition r epr esenting the
actual s teady-s tate val ues fo r each o f the deg re es of fre e-
dom in the an alysi s.
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Here , the t erms in the m atrix, th at i s, X u , Z w , etc., are
stab ili ty deri vati ves such that X u r epr esents the p art ia l
deri vati ve o f fo rward fo rce X wi th respect to fo rward
spe e d u and so forth. Z is vert ica l force, w is vert ica l
spe e d, q is p i tch rate, θ is p i tch o r ient ation, g is grav it y, m
i s m a ss, and I yy i s p i t c h m om ent of in ert ia. Overb ars in-
dicat e cyc le-average d quant it ies an d dots in dica te ra tes.

Note that this analysis reveals a lack of “pit c h stiff-
ness,” or any direct coupling between p i t c h rat e and
p i t c h or ient ation as s h o wn b y t he zero, t he t hir d r ow,
fourth column of the matrix in E quat ion ( 1 ). This
me ans t hat t here is no factor that directly acts to re-
t urn a pert urbe d inse ct to its orig ina l pit c h or ient ation.
Thus, wh en th e stab ili ty c haract eristics of insects are ex-
amined by po p ul ating Equ ation ( 1 ) with values from
experim ents (e.g., Taylor an d Th om a s 2003 ) or simu-
l ation (e.g ., Sun et al. 2007 ) a nd perf orming a n eigen-
va lue ana lysis, th e comm on result includes an un sta ble
osci l lat ory mode . A s described b y Rist roph et a l. (2013)
an d s h ow n in Fig . 1 , t his mode ar ises from t he inter-
act ion betwe en pit c h or ient atio n, ho rizo ntal accelera-
tio n b ro ught abo ut by a chan g e in p i t c h alt er ing t he di-
re ct io n o f the aerodyna mic f o rce vecto r, an d th e su b-
sequent ho rizo ntal veloci t y driv ing an increase in aero-
dynamic drag tha t ca uses a p i t c h-u p rotatio n that over-
s h oots th e orig ina l co ndi tio n d ue to inerti a ( Fig . 1 C
and D). Simi lar ana lyses con siderin g a lternat ive 3DOF
s ets focus ed o n yaw o r roll o r ient at ion a lso s h ow simi-
la r cha racter istics, wit h no rest oring t orque brin gin g the
anima l b ac k t o a spe cific yaw or rol l an gle. How ev er, re-
spons es in thes e modes are s ome wha t dam ped by the
exten ded wings, an d (at least in h over) th e imm ediate
co nsequences o f a chan g e in roll or yaw or ient ation are
less t han t hat in p i t c h, so lo ngi tudinal stab ili ty h a s re-
ceived the greatest share of exper iment al and the oret ica l
a tten tion.
As the a bov e descri ptio n and dep ictio n ( Fig. 1 ) o f

lo ngi tudinal in sta b ili ty s ugges ts, i t arises fro m the fixed
a ttachmen t of the dire ct io n o f aerodyna mic f orce such
th at ch an g es to b o dy or ient at ion ne cess ar ily chan g e
fo rce o r ient ation, and t he force ve ctor posit ion with re-
spect to the center of m a ss i s consta nt. Effects th at di s-
rupt this linkage offer a road back toward flight sta-
b ili ty, as s h own in Fig. 1 E and F. For example, a com-
pu tatio nal fluid sim ula tio n o f th e hawkm oth Mandu ca
sexta in hov erin g flight with a fict ive st rok e pla ne torque
moto r that ad justs the wing stro ke p lane such that the
net aerodyna mic f o rce vecto r po ints u pwar d r egar d-
less of b o dy or ient ation bot h t h eoretically an d practi-
ca l ly r estor es p i t c h stab ili ty ( Zhang et al. 2019 ). Real M.
sexta , of cour se , lac k a stroke plane torque mo tor b ut are
known to alter the orien ta tio n o f the abdomen with re-
spect to the thorax, an action that both alt er s the center-
of-m a ss location with respect to the fo rce vecto r and si-
mu ltane ously a lt er s t he or ient atio n o f tho rax and i ts at-
tached wings in the inert ia l r efer ence frame . Suc h move-
ments can also effe ct i vel y stab ilize lo ngi tudinal motio n
in hov erin g flig ht ( Dy hr et al. 2013 ). Bot h t hese routes
bac k t o stab ili ty r equir e an active r espo nse o n the part
of the insect, and are not underlying properties of flight
w ith flapping w ings.
How ev er, con sideration of the effect of flapping wings

on insect flight stab ili ty h a s al so s h own t hat t hese fac-
t or s can stabilize different b o dy rotations without nec-
ess ar il y invo l ving an acti ve respo nse o n the part of the
a nimal. For exa mple, f or a n a nimal in hov erin g flight
w ith flapping w ings mov ing in the ho rizo ntal plane, yaw
rotations (i .e ., ro tation abo ut the vert ica l axis) spe e d
up the wings on one side of the b o dy while slowing
dow n w ings on t he ot her side t hrough e ach ha lf-st roke
( Fig. 2 ). These en hance d velocit ies create a s ubs tan-
t ia l damp ing to rque, termed flapp ing count er-t orque
(FCT), tha t ra pidly slows yaw rota t ions ( He drick et a l.
2009 ). Extending thi s an alysi s to a mo re co mplex stroke
pla ne a nd six deg re es of fre e dom of mot ion revea ls
that FCT and its linear motion counter par t flapping
counter-fo rce co ntribu t e t o a rap id decay o f imposed
rotations and movements in lateral and lo ngi tudinal
mo tion, b ut that even wit h t hese extra flapping wing
effe cts include d, un sta ble modes remain ( Cheng and
Deng 2011 ).

In addi tio n to co ntribu tin g to sta b ili ty, FCT and sim-
ila r effects s h ow h ow tim e-va rying f or ces fr o m flapp ing
w ings c a n enha nce flight ma neuv era b ili ty, a resul t de-
veloped f or a nimal m ovem ent in gen era l by Sefat i et a l.
(2013) . The FCT effects exist in lar g e p art be cause of
th e aerodynamic in efficien cy of flyin g in se cts. Be cause
their flapping w ings act at high angles of att ack, bot h
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(A) (B)

(C) (D)

(E) (F)

Fig. 1 Two possible outcomes from a hovering insect (A) experiencing a pitch-down perturbation (B) that realigns the aerodynamic force 
from the wings to produce a forward component. This forward component accelerates the moth, leading to a drag that in combination 
with gravity will pitch the insect backward as shown in panel (C). For insects with large enough rotational inertia, this pitch overshoots (D) 
and leads to growing oscillations. How ev er, if the insect r estor es its stroke plane and aerodynamic force vector to their original orientation 
by body flexion (or other means) as shown in panel (E), this short-circuits the oscillatory process and allows r ecov ery of the original 
orientation (F). 

Fig. 2 Simplified depiction of the FCT effect. During unperturbed 
hovering flight (left side), the wings have symmetric motion with 
respect to the surrounding air. Addition of an external rotation 
(right side) diff erentiall y enhances the speed of one wing during 
downstroke, and that of the opposite wing during upstroke. 
Because aerodynamic torques are proportional to the square of 
speed and are in a direction opposite to the direction of motion, 
these torques act against the rotation. 
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ert ica l and ho rizo ntal fo r ces ar e lar g e and co ntribu t e t o
h e en ergy cost o f flapp in g in hov erin g flight. How ev er,
h e h o rizo ntal fo rces av erag e to zero ov er a complete cy-
 le , so do not co ntribu t e t o su ppo rting the animal in the
ir, bu t do p rov ide the physic a l b a si s f or FCT a nd thus
n hance stabi lity. They a lso cont ribut e t o makin g flyin g
nim al s m aneuv era ble, becau se sm all dev i atio ns fro m
y mmetry (e.g ., a l ar g er flappin g amplitude by t he lef t-
ide wings) p rod uce a net force or torque that pus h es
he animal into a new or ient ation, t h at i s, a m aneuver.
ou pled wi t h t he da mping effects o f FCT o n ce th e ani-
 al i s in motion, such an a sy mmetry c an simplify con-

rol of maneuvers because a given degree of asymme-
ry p rod uces a gi ven maneu v erin g v e locity (rath er than
cceleratio n) ( Dickso n et al. 2010 ). The lar g er the un-
erlying o p posing forces, the gre ater t he FCT effect, but
lso the gre ater t he potent ia l for m aneuvers. Thu s, de-
reasing flight efficiency offers a route to simu ltane ously
ncrea sing a s pects of s tab ili ty a nd ma neuv era b ili ty.
A s the abo ve p arag ra phs describe, considera tio n o f

 he wit hin-wingbe at forces generated by flapping wings
evea le d so me addi tio nal damp ing facto rs that could
o ntribu t e t o stab ili ty, alo ng wi th a general p rinci ple fo r
ow anim al s and m ac hines could sidest ep the dictum
 hat st ab ili ty a nd ma neuv era b ili ty are o p posites, and
mp roving o ne co mes at a cost o f t he ot her. How ev er,
CT a nd simila r fact or s do not provide fu l l dy namic al
tab ili ty fo r flyin g in se cts. As C h eng an d Deng (2011)
 h ow, un sta ble modes bro ad ly simi lar to those ident i-
ed in the simple , cyc le-average force an alysi s rem ain,
n d th e presen ce of ev en a sin gle un sta ble m ode ren ders
he system as a whole un sta ble. A s described b y Taha
t al. (2020) , a f urt her ser ies o f interactio n s betw een the
 ithin-w ingbeat osci l lat ions in b o dy p osition, pit c h ori-
n ta tion, a nd f orwa rd–backwa rd acceleration lead to a
ib ratio nal stab ilizatio n effect th at add s a limited degree
 f p i t c h s tiffnes s in lo ngi tudinal motio n to the model ex-
resse d in E quat ion ( 1 ). This effect is n ear ly sufficient to
tab ilize lo ngi tudinal motio n in M. sexta where it was
r st described , bu t likely less impo rta nt f or sma l ler in-
e cts. This vibrat iona l stabi lizat ion mo de dep ends on
he f orwa rd–backwa rd osci l lat ion in b o dy p osi tio n wi th
 ing flapping , so it is not expe cte d to exist in roll and
aw since symmetric wing motion does not p rod uce os-
i l lat ions in lateral b o dy p osi tio n.
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Fig. 3 The moth recording chamber, a glass-walled 0.7 × 0.7 ×
0.7 m box with internal infrared illumination (not shown) and 
high-speed cameras capturing images through mutually orthogonal 
chamber faces. Figure adapted from Greeter and Hedrick (2016) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Desp i te the p r ogr ess made in un derstan ding dif-
ferent aspects of insect flight stab ili ty, o ne remaining
cha l len g e is a ttem pt ing to va lidate or support these re-
su lts through anima l experim ents. Th e secon d po rtio n
of this manuscript descri bes pre liminary results from
two differen t experimen ts p rob in g free-flight sta b ili ty in
response to different cha l len g es.

Preliminary experimental results
Here, we describe results from two sets of experiments,
b oth p erfo rmed o n ad ul t male M. sexta hawkmoths
sour ced fr o m the do mest icate d colony ma inta ined in
t he D ep art ment of Bio logy, Uni versi ty o f No rth Car-
olina at Chapel Hi l l. In both types of exper iments, t he
moths flew in a 0.7 × 0.7 × 0.7 m glass-wa l le d flight
cham ber eq ui pped wi t h ne a r-infra red (680 nm wave-
len gth) lightin g invisi ble to th e hawkm oths ( Fig. 3 ).
Thre e high-spe e d vide o camera s, n am e ly Phantom
v5.1, Ph antom v7.2 (Vi sion R esearch Inc., Way ne, NJ),
a nd IDT MotionP ro Y4 (In tegra te d Desig n Tools Inc.,
Pa saden a, CA) , posi tio ned to app roximate n ear ly or-
thogonal v iew ing angles were used to record moth
flights and enable thre e-dimensiona l kinemat ic re con-
st ruct io n o f anima l mot ion ( Fig. 3 ). Moths were t raine d
t o approac h a nd f e e d from an art ificia l flower posi-
t ione d in the flight chamb er. Exp eriments were con-
d ucted wi th low bu t n ot zero visi ble spe ct rum light-
ing fr om r oom fluor escen t tube ligh ts, t ypic a l ly about
180 lux a s mea sure d in the filming chamber with a lux
meter (840006, Sper Scientific Ltd). In the first set of
experim ents, m o ths ap proaching the flower were per-
turbed in flight by a spring-laun ch e d proj e ct i le that
str uck them f rom be low an d p rod uced p i t c h-u p o r
p i t c h-down perturb at ion s, dependin g on the location
wh ere th e proj e ct i le st ruck th e m oth. Resul ts fro m sim-
ilar experiments wer e pr esented in Taha et al. (2020) ;
some f urt her dat a ar e pr esented her e.
In a second set of experim ents, m oth s w ere t raine d to

fly as described a bov e. Once a control recording s h ow-
in g sta ble hov erin g flight was col le cte d, t he lef t and r ight
antenna flagell a were t rimme d ne ar t he base, le aving
only 2–4 mm length. As reported by Sane et al. (2007)
following such trea tmen t t he mot h s w ere w idely unw i l l-
ing and/or incapable of s us tained flight. How ev er, other
sphin gid moth s suc h as Macroglo s s um s t ellat arum wi ll
fly after antenna removal ( Dahake et al. 2018 ), and we
found that after a 24 h waiting p erio d the M. sexta used
in our experiments were again wi l ling to fly and fe e d
f rom the ar t ificia l flower, and re cordin gs w ere made of
simple hov erin g flight durin g subsequent days.
Fo llowing pub lished methodo logies in Hedrick

(2008) an d Th eriau lt et a l. (2014) , thre e-dimensiona l
re const ruct ion of b o dy moth and flight kinematic
an alysi s wa s co nd ucted using a wa nd-based ca mera
ca librat ion workflow a long w ith semi a utoma ted but
manua l ly supervise d t racking of natura l la ndma rks
at the abdo men ti p, abdo men–tho rax junctio n, and
th orax–h ead jun ctio n to co n tin uous ly m e asure t hree-
dimensional b o dy or ient at ion, a long w ith w ing-tip
posi tio n at stroke reversals to qu antify flappin g cy cles.
B asic aero dynamic exp e ctat io ns fo r b o dy or ient ation
fol lowing perturb at ion w ere dev eloped from a blade-
e lem en t fla ppin g win g sim ula t ion tune d t o mat c h the
per for mance of a Nav ier–Stokes numeric a l simu lat ion
of hawkmoth flight ( Zheng et al. 2013 ).

Pitch perturbation

As des cribed pre viously ( Greeter 2017 ; Taha et al. 2020 ),
the proj e ct i le perturb at ion re cor dings pr oduce rapid
p i t c h rotat iona l velocit ies on the order of ±2000 deg/s,
wit h pe ak rot a tion ra t e reac h ed s h ort ly af ter t he pro-
j e ct i le col lisio n, bu t not always co incident wi th i t de-
pen ding on h ow th e perturb at io n interacts wi t h t h e n or-
mal flappin g-cy cle variatio n in p i t c h or ient ation and
veloci ty. Pi t c h velocity was s ubs tant ia l ly re duce d dur-
ing the first flapping cycle following the perturb at ion
event, t ypic a l ly de creasing by more than 50% from the
maximum r ecor ded magni tude. Fo r example, Fig. 4
s h ows example p i t c h perturb at ion resu lts for a moth,
whic h reac hes a maximum downward p i t c h veloci ty o f
2344 deg/s about 6 ms after the perturb at ion and dur-
in g the down stro ke p h a se o f the flapp in g cy c le . By the
st art of t h e n ext downstroke, p i tch veloci ty h a s been re-
duced to 369 deg/s, or 16% of its peak val ue. Co nsider-
ing a larger sele ct io n o f resul ts, a fu l l win gbeat cy cle fol-
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(A)

(B)

(C)

Fig. 4 Results of a pitch perturbation recording from a freely hovering M. sexta hawkmoth. Panel (A) shows pitch orientation, panel (B) 
shows pitch rate, and panel (C) shows a series of still images captured at the start of downstroke of each flapping cycle in the recording. 
The incoming projectile can be seen in panel (C[iii]) just below the tip of the moth’s abdomen. The white circle along the upper edge is a 
reflection from the infrared lights used to illuminate the scene. Finally, the still images in (C) were cr opped fr om a larger image to keep the 
moth centered and therefore obscure the small amount of forward motion it undergoes during the perturbation event. 
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owing peak perturb at ion mag nitude re duces the origi-
al p i t c h velocity t o 16 ± 3% (mean ± st d , n = 5) o f i ts
rig ina l va lue in the first flapping cycle following peak
 ost-p erturb at io n p i t c h veloci ty. In co mpariso n, simu-
ations run with a tuned blade-e lem ent m ode l of hawk-
o th flap pin g win g aerodynamics ( Zheng et al. 2013 )
cros s a s tar ting per turb at io n veloci ty ran g e from –3000
o 3000 deg/s s h ow a re duct ion to 61% of the orig ina l
 i t c h velocity after a single flapping cycle when aver-
 ged acros s a l l p ossible p erturb at ion event t im es in th e
appin g cy c le . This numeric al flapping w ing simul ation
ncludes FCT effects and b o dy drag, bu t fo rces a steady
ota tion ra te an d so does n ot in clude an y ph ysical ef-
e cts relate d to accelerat io n fro m the perturb at io n i tself
 r acceleratio n and de celerat io n wi thin a flapp in g cy c le .
n general, this co mpariso n s h ows that it wou ld ta ke the
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(A)

(B)

(C)

Fig. 5 Four seconds of hovering flight pitch orientation data from an antennectomized moth. Panel (A) shows pitch orientation, panel (B) 
shows pitch rate, and panel (C) shows a series of still images showing a flapping cycle from start of downstroke to mid-downstroke , star t 
of upstroke, and finally end of upstroke. The long timescale and large amplitude of the slow pitch oscillations shown in panel (A) make it 
difficult to see the within-cycle pitch oscillations, but these exist and are of similar amplitude to those from moths with intact antennae. 
The slow, large-amplitude pitch oscillations are not characteristic of typical moth flight, but are also not seen in all instances of 
antennectomized flight. 

 

 

 

 

 

sim ula ted moth a pproxima tely three fla ppin g cy c les t o
achieve the re duct ion in perturb at ion velocity achieved
by the actual moth in one cyc le .

Antennectomized flight

As described els e where , ant ennect omized hawkmoths
ar e r eluctant to fly and per for m b ad ly in the air if they
do a ttem pt to take fligh t, wi th a co mmo n al though
not universa l fai lure m ode in th e flight chamber of
p i t c hing upwa rd a n d acce lerat ing b ackward unt i l st ri k-
ing the flight chamber wa l l. Fligh t con t rol fai lures in
roll o r p i t c h were unus ual in our o bs ervation. Pre vious
wor k dem onst rate d th at u sing glue to re att ach t he por-
tio n o f th e flage l la clippe d off during ant ennect omy re-
s tored mos t as pec ts of flig ht per for man ce ( San e et al.
2007 ; Da ha ke et a l. 2018 ). This experiment was not
a ttem pted h ere, an d instead we a l lowe d th e m oths to
recover for 24 h after ant ennect omy, aft er whic h they
were once again wi l ling and able to fly and hover-fe e d
f rom the ar t ificia l flower. Figure 5 s h ows th e p i t c h ori-
en ta t ion through t ime of a moth following antennec-
tomy and 24-h reco very. I n this instance, a variety of
nea r fa ilures a re in eviden ce, wh ere th e m oth begins
to rap idly p i tch u pward bu t t hen ce ases and p i t c hes
downwa rd aga in. How ev er, such dynamics w ere not
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Fig. 6 Comparison of the average three-dimensional speed of five 
moths engaged in hovering flight pre- and post-antennectomy. 
Post-antennectomy moths had significantly faster speeds ( P = 

0.0198, paired t -test) signifying their more erratic in-flight 
positioning. 
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nivers al in t he r ecover ed moths and there were few
on sistent differences betw een flight posture or pit c h
ynamics pre- and post-ant ennect o my. Desp i te this, o n
h e wh ole flight of post-ant ennect omy mo ths ap peared
 ore erratic an d les s consis tent t han t ha t of in tact an-

m al s. The clea rest qua n tifica tio n o f this effect ca me
ro m co mpar ing t he av erag e three-dimen sional v eloc-
ty measured at the abdo men–tho rax junctio n d uring
ov erin g flight in the r ecor ding chamber pre- and post-
nt ennect omy ( Fig. 6 ). This quantity was significantly
ar g er post-ant ennect omy ( P = 0.0198, paired t -test).

ummary
ere , we fir st re vie wed s ome cla ssic an alys es of ins ect
ight stab ili ty b ase d o n flapp in g-cy cle av erag ed forces
 nd torques, a nd then noted some p lausib le mech-
ni sms th at real anim al s might u se to control their
 i t c h or ient atio n in respo n se to endog enous or ex og e-
ous perturb at ion s in the cy cle-av erag e framew ork. We
 ext examin ed wor k o n flight stab ili ty effects o f the
nteractio n o f wi t hin-cycle var i ation in aerody namic
o rces, to rques, and b o dy p osi tio n. Finally, we p rovide
o me p reliminary exper iment al dat a relevant for com-
arison to pre dict ions from ana lyt ica l and numerical
 ode ls.
We find that our exper iment al p i t c h perturb at ion re-
ults are not a go o d mat c h for a numerical simu lat ion
 f flapp in g win g flight b ase d on a blade-e lem ent m ode l
 f flapp ing flight wi th aero dynamic co efficients from
y namic a l ly sca le d ( Us h erwo o d and Ellington 2002 )
nd co mpu tatio nal fluid dy namics simul ation s ( Zhen g
t al. 2013 ). Over the first complete flapping cycle fol-
owing perturb at ion, t he re al mot h s slow ed an exter-
a l ly impose d p i t c h veloci ty app r oximately thr ee-fold
a ster th an th e blade-e lem ent m ode l. This rapid re-
ponse to perturb at ion i s thu s not consistent with ba-
ic flapping w ing aerody namics, including FCT. How-
ver, it is also not consistent w ith v ibrat iona l stabi liza-
 ion effe c ts, w hich ac t ov er lon g er t imesca les. Whi le it
 s possible th at revi sio ns to flapp in g win g force coeffi-
ients could bring the experiment and sim ula tion back
nto a lig nm ent, th ese forces th emse lves ar e r ooted in
 irf oi l circu lat ion, v ortex dev e lopm ent, an d s h edding,
 nd a re not necessa rily a s fa st acting a s i s s ugges ted by
 he exper iment. We als o belie ve that a neuros ens ory ex-
la nation f or the di screpancy i s un li kely be cause sub-
tant ia l deviat io ns in flapp in g pattern w ere not seen,
nd ev en in sects w ith sy n chron ous fligh t m uscle ar-
 hit e ctures li ke th ese hawkm oths may n ot be able to
rb i t rari ly chan g e their flappin g patter n wit hin a half
appin g cy c le . On e possi ble m ech ani sm br idging t he
ap betwe en pre dict ion an d experim enta l resu l t is fluid
dded m a ss. Becau se fluid added-m a ss effects act in re-
ponse to acce leration, th e extrem e ly abrupt pit c h accel-
ratio n p ro vided b y the proj e ct i le-b ase d pit c h perturba-
ions may lead to unexpectedly lar g e added-m a ss effects
hat are n ot in cluded in the blade-element model , whic h
r imar ily con siders v elocity-b ase d fluid forces. Further-
 ore, th e oret ica l work on added m a ss in anim al loco-
 otion an d airfoils s h ows tha t in situa tions wh ere th ere

 s a symm etry in s h ape fluid added m a ss c an prov ide a
 irtu a l spring-li ke addit ion to the line ar ized flight me-
ha nics ( Ka nso et al. 2005 ; Ya n et al. 2014 ), providing
 restoring torque brin gin g the animal back toward its
rig ina l pit c h or ient at ion. We intende d to f urt her probe
his possib ili t y w it h f urt her exper im ents an d co mpu ta-
 iona l simu lat ions in the near future.
Our experiments showing that moths recover flight

ap abi lity a pproxima t ely 24 h aft er ant enna removal can
e int erpret ed in a variety of ways. This does s h ow that
h e antennal m echan os ens o ry info rmatio n is not nec-
ssa ry f or st able flight in t hese anim al s. How ev er, be-
ond th at obviou s finding , a variet y o f interp retatio ns
re possible. Flight cap abi lity cou ld be regaine d by the
ervous system adapting to ignore erroneous informa-
io n fro m th e antennal m echan os ens o rs while p rio ri-
 izing informat ion from the v isu al system, sen sin g of
ing defo rmatio n ( Dic ker son et al. 2014 ), or other in-
act s ens o ry inpu ts. Al ternati vel y, it is also consistent
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with our finding tha t vibra t iona l stabi lity cont ribut ions
to hov erin g flight render it stable, and neuros ens ory re-
spons es s erve mainly to enh ance thi s exi s ting s tabil-
ity and incre ase t he effe ct iveness and p recisio n o f flight
maneuvers.

Mo re b ro ad ly, t he t he oret ica l and exper iment al work
pr esented her e s ugges ts tha t fligh t stab ili ty may be less
of a cha l len g e f or la r g e in sects th an i s s ugges ted by
s troke-avera ged and line ar ized flight dynamics m ode ls.
How ev er, minia turiza tio n o f insect b o d y p lans f urt her
cha l len g es flight stab ili ty, and successful miniaturiza-
tio n o f a flyin g in sect b o d y p lan m ay al so r equir e en-
han cem ents to th e n euros ens o ry system and flight co n-
tr ol r esponses.
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