
Wing Rotation and the 
sect flight, \+e built a dynamically scaled 
model of the fnut fly. Drosoplz~la nzelatzo- 
gaster. equipped with sensors at the base of 

Aerodynamic Basis of one wing capable of directly measuring the 
time course of aerodynamic forces (Fig. 1A). 

Insect Flight 
The forces generated by a patteiu of wing 
motion based on Drosol~/~ila kinematics (13) 
are shown ill Fin. 1. C throunh G. Both the 

&- 3 &- 

Michael H. Dickinson,"" Fritz-Olaf Lehmann,' Sanjay P. Sane' magnitude and the orientation of the mean 
force coefficient (?,= 1.39, inclined at 10.3" 

The enhanced aerodynamic performance of insects results from an interaction with respect to vei-tical) closely match values 
of three distinct yet interactive mechanisms: delayed stall, rotational circula- measured oil tethered flies (14, 15) .  The in- 
tion, and wake capture. Delayed stall functions during the translational portions stantaneous forces are roughly noinmal to the 
of the stroke, when the wings sweep through the air with a large angle of attack. surface of the \\ling at all times. indicating 
In contrast, rotational circulation and wake capture generate aerodynamic that at this Reynolds number, pressure forces 
forces during stroke reversals, when the wings rapidly rotate and change dominate the shear viscous forces acting par- 
direction. In addition to contributing to the l i f t  required to keep an insect aloft, allel to the wing (Fig. 1C). The records show 
these two rotational mechanisms provide a potent means by which the animal a transient peak ill aerodynamic force at the 
can modulate the direction and magnitude of flight forces during steering stai-t and end of each upstroke and down- 
maneuvers. A comprehensive theory incorporating both translational and ro- stioke (Fig 1, D and E) The timing of these 
tational mechanisms may explain the diverse patterns of wing motion displayed force transients relative to stroke reversal 
by different species of insects. suggests that they result from some undeter- 

mined rotational effect and not from a trans- 
lnsects were the first animals to evolve active rapidly rotate and reverse direction. The un- lational mechallisin such as delayed stall. 
flight and remain unsurpassed in many as- steady inechanisms that have been proposed Translational forces. In order to test 
pects of aerodynainic performance and ma- to explain the elevated performance of insect more rigorously whether rotational mecha- 
neuverability. Among insects. we find ani- wings typically emphasize either the transla- nisms were responsible for the two force 
inals capable of taking off backwards, flying tional or rotational phases of .~ving motion (3, peaks straddling stroke reversal, we estimat- 
sideways, and landing upside down (1). 5-8). The first unsteady effect to be identi- ed the forces that are generated solely by 
While such complex aerial feats involve fied was a rotational mechanism ternled the translation (Fig. 2). We calculated mean 
many physiological and anatomical special- "clap and fling." a close apposition of the two translational force coefficients (C,  and C,,) 
izations that are poorly understood, perhaps wings preceding pronation that hastens the from data obtained by moving the wing 
the greatest puzzle is how flapping wings can development of circulatioil during the down- through a 1 SOo arc at constant velocity and 
generate enough force to keep an insect in the stroke (9). Although the clap and fling may fixed angle of attack (14). To obtain a repre- 
air. Conventional aerodynainic theory is be important, especially in small species, it is sentative mean value. we averaged the mea- 
based on rigid wings moving at constant ve- not used by all insects (10) and thus cannot sured force coefficients over the interval in- 
locity. Whei~ insect wings are placed in a represent a general solution to the enigma of dicated by the dotted lines ill Fig. 2A. The 
wind tuilnel and tested over the range of air force production. Recent sttidies using real values of the resulting translational lift and 
velocities that they encounter \vhei~ flapped and dynainically scaled models of hawk drag coefficients are consistent with similar 
by the animal, the measured forces are sub- moths suggest that a translational mecha- measurements made on a two-dimensional 
stantially smaller than those required for ac- nisin. termed "delayed stall." might explain (2D) model wing at an identical Reynolds 
tive flight (2). Thus. something about the how insect wings generate such large forces number (7). The force coefficients of the 3D 
complexity of the flapping motioil increases (11). At high angles of attack, a flow structure wing are slightly smaller than the inaximuln 
the lift produced by a wing above and beyond folms on the leading edge of a wing that can transient values generated by a 2D wing, but 
that which it could generate at constant ve- transiently generate circulatoiy forces in excess larger thai~ the 2D steady-state values (Fig. 
locity or that can be predicted by standard of those supported under steady-state condi- 2D). These results confiiln the iinportant con- 
aerodynanlic theoiy. tions (7). On flapping ~vings. this leading edge tribution of delayed stall in lift productioil 

The failure of conventional steady-state vortex is stabilized by the presence of axial during the translational portion of the wing 
theory has prompted the search for unsteady flow; thereby augmenting lift throughout the stroke. The observation that the 3D force 
mechanisms that might explain the high forc- downstroke (5, 11). Several additional unsteady coefficients are lower than the 2D peak tran- 
es produced by flapping wings (3, 4). The mechanisms have been proposed (6). mostly sient values, but higher than the 2D steady- 
\\lingstroke of ail insect is typically divided based on \ving rotation, but recent studies have state values, is entirely consistent with the 
into four kinematic portions: two translation- found little or no evidence for their use by flow patterns generated during force produc- 
a1 phases (upstroke and downstroke), when insects (11). Despite this lack of evidence, it is tion. Whereas wing motion in 2D gives rise to 
the wings sweep through the air with a high unlikely that insects rely solely on translational an alternating pattern of unstable vortices 
angle of attack, and two rotational phases mechanisms to fly. Whereas delayed stall might termed a "von Karinan street" (7). the leading 
(pronation and supination), \vhen the wings account for enough lift to keep an insect aloft, it edge vortex generated by the 3D model fly 

cannot easily explain how inany insects call wing was stable throughout motion (16). The 
generate aerodynainic forces that exceed hv-ice stability of the flow struchlre is manifest as 
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as axial flow stabilizes force production at a 
level greater than that possible under steady- 
state conditions in 2D, the loss of energy 
from the vortex core probably limits force 
generation below the maximum 2D level. 

The stability of the force coefficients fol- 
lowing an impulsive start justifies the attempt 
to reconstruct a "quasi-steady" estimate of 

motor 
assembly 

translational forces based on stroke kinemat- 
ics. The results of such predictions for Dro- 
sophila kinematics are shown in Fig. 1, D and 
E. The calculations do not account for delays 
in the development of force via the Wagner 
effect (1 7) and probably represent a slight 
overestimate of the translational component. 
Although the translational values closely 

wing 

match the magnitude of the measured force 
near the middle of each half-stroke, they do 
not accurately predict the forces during stroke 
reversal. One potential artifact in the mea- 
surements of aerodynamic forces during 
stroke reversal is the contamination by iner- 
tial forces due to the linear and angular ac- 
celeration of the wing. However, a series of 

upstroke 4 

attack Tke vectors and wing dm& ae dram as if viewed fnwn a Une of l a t h  force coefficients are plotted in blue (see text and Fig. 2). Data 
s@tthatnm~alongthelengthafthewhg.(C)OyeJamofwing a r e p l o t t e d c r s r w t w a ~ ~ c y ~ w i t h d o ~ e i n d i c s t t d b y  y 
motion indicating magnitude and orientation of form vectors g m -  hd@oud. (F) T i m  course of rotational lift, defined a the dig- 
ated throughout the stroke by a kinematic pattern based on Drosoph- encc between m e d  and estimated translational values of Lift. (G) 
ila (stroke amplitude = 160"; frequency = 145 mHz mgle of attack at Translational (green) and rotational (purple) veIocities of the wing. 
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colltrol experiments illdicatcd that the forces 
generated during stroke reversal could not be 
explained by cithcr trallslatiollal or rotational 
inertia ( I ( ? ) .  To pro\ idc a rough time comse 
of rotational efftcts ivc subtracted the trans- 
latioilal prediction of lift from the measurcd 
~ . a luc  ("rotational lift.'' Fig. IF).  The subtrac- 
tion rcleals two clear force pzaks bracketing 
each stroltc re\-ersal. For the Di~osopl~iltr lti- 
nznlatics sho\\n ill Fig. 1. rotatiollal effects 
colltributc roughly 3 5 ° ~  of the total lift pro- 
duction throughout the stroltc--a high value 
considering thc brief duration o\.er \ihich 
they act. 

Rotational circulation. The prcsencz of 
t u o  rotational force peaks separated in tinlc 
suggests that thcy might rcpl.escilt distinct 
aerodynamic mechanisms. 011c possible cx- 
planation for the forcc peak at thc clld of each 
half-stroke is that the xing's  olril rotation 
ser\-cs as a sourcc of circulation to genzrate 
an up~vard force (6. 1 9 ) .  This mechanism. 
rotatioilal circulation. is aliill to the hlagnus 
effcct. n.hic11 nlaltcs a spinning baseball 
c~u.\.c from its path to\r.ard the plate (30). The 
surfacz of a rotating hall p ~ ~ l l s  air within the 
bountiary layer as it spins. thus scrxing as a 
source of circulation. As thc hall mo\cs 
through the air. this circulatioll \vill increase 
the total flon 1-elocity 011 one side and de- 
crease it 011 the other. If the \ elocity is higher 
on the top as in the case of backspin. the ball 
is puiled upward by the loner pressure. 111 the 
case of topspin. the net \.elocity is higher 
belo\\. and the hall is pulled don ~ m a r d .  If a 
flapping xving generates lift via a mechanism 
similar to the hlagnus effect, then the orie11- 
tation of the resulting force should also de- 
pend critically 011 the direction of wing rota- 
tion. To adopt the proper angle of attack for 
each translational phass. the x-ing lllust pro- 
nate before the d o ~ s t r o l i e  and supinate be- 
fore the upstroke (see wing sectio~ls in Figs. 
I C and 3 E ) .  If the n ing flips a r l y .  before 
reversing direction, then the leading edge 
rotates hacknard relatiye to translatioll 

("backspin") and should produce an ~q,ivard half-strolte to the hegi~lni~lg of the next. then 
component of lift. If the n ing flips late. after the lving lvill generate first an upward force 
rcxcrsing direction. then the leading edge and the11. follon ing strolie re\-ersal. a dolvn- 
rotates for\\ard relati\ e to translatio~l ("top- w.ard force. These prcdict~ons \rere wrificd 
spin") and should create a donnn.ard forcc. If by systematically changing the phase bc- 
the process of rotation spans the end of oilc tn-eel1 wing translatioll and lving rotation in a 
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Fig. 2. Measurement o f  translational force coefficients. In each trial, w e  rapidly accelerated the 
wing f rom rest t o  a constant t ip  velocity of 0.25 m s-l. The angle of attack was increased between 
trials in 4.5' increments. (A and B) The t ime history of l i f t  (C,) and drag (C,) coefficients. Data are 
shown for seven different angles of attack, as indicated by the labels t o  the right o f  the traces in 
(A). Each trace begins w i th  a large inertial transient caused by the rapid acceleration of the wing 
at the start of translation. After the inertial forces decay, the force trajectories are stable 
throughout translation. The dotted lines indicate the interval over which the values were averaged 
t o  calculate the mean values that  were used t o  construct the relationships shown in (C) and (D). 
(C) Average translational force coefficients as a function of angle of attack. The t w o  sets of data 
are wel l  f i t  by simple harmonic relationships: C, =. 0.225 + 1.58sin(2.13a - 7.20), C, = 1.92 - 
1.55cos(Z.O4u - 9.82), where u = angle of attack. These formulas are used throughout the paper 
t o  estimate the translation component of f l ight force. (D) Polar representation of translational 
force coefficients and comparison w i th  2D measurements at a comparable Reynolds number (7). 
The influence of induced drag on the 3D wing is manifest by the small r ight shift of the curve 
relative t o  the 2D data. 

Fig. 3 (opposite). Effects of rotational t im ing  on l i f t  generated using 
simplified stroke kinematics. In (A) through (C), the red trace indicates 
measured l i f t ,  and the blue trace represents the estimated translational 
component. Rotational circulation is the difference between the mea- 
sured and predicted values. Whi te dots indicate l i f t  transients attr ibuted 
t o  wake capture; black dots indicate transients attr ibuted t o  rotat ional 
circulation. (A) Wing rotat ion precedes stroke reversal by 8 %  of the 
wingbeat cycle. (B) Wing  rotat ion occurs symmetrically w i t h  respect t o  
stroke reversal. (C) Wing rotat ion is delayed w i th  respect t o  stroke 
reversal by 8 %  of the stroke cycle. (D) Translational (green) and rota- 
t ional (purple) velocities for the experiments plotted in  (A) through (C). 
Only the t iming of wing rotat ion varied among all three cases. (E) 
Instantaneous force vectors superimposed on a diagram of wing mot ion 
for the three kinematic patterns (stroke amplitude = 160°, frequency = 
145 mHz, angle of attack at midstroke = 40" for both upstroke and 
downstroke). Small differences (?4.S0) in upstroke and downstroke 
angles due t o  inaccuracies in wing alignment at the  start of each tr ial 
result in  slightly different force trajectories during upstroke and down- 
stroke. The black vector t o  the right of each set of traces indicates the 
magnitude and orientation of the mean force coefficient. (F) Measured 

values of rotat ional circulation are plotted as a function of the position 
of the rotat ional axis. The data were calculated using the to ta l  rotational 
force generated by the "advanced" kinematic pattern, close t o  the point 
of peak force generation (translational velocity at wing's center of area = 
0.15 m s-', angular velocity = 74 degrees s-l). Each point represents a 
separate experiment in  which the rotational axis of the wing was set at 
the value indicated by the abscissa. The straight line plots prediction 
based on  th in airfoil theory (6, 20): T, = 7;wc2(3/4 - go), where lTr is 
to ta l  rotat ional circulation, w is the instantaneous angular velocity o f  the 
wing, c is chord length, and 8, is the normalized position of the rotat ional 
axis. (G) Schematic representation of the proposed contribution of 
rotational circulation and wake capture. In the top  three panels, mea- 
sured values o f  rotat ional  circulat ion (black lines) for  the  three 
kinematics condit ions (advanced, symmetrical,  and delayed rotat ion)  
are superimposed w i t h  functions drawn by eye t o  represent t h e  
hypothesized contr ibut ion o f  rotat ional  circulat ion (red) and wake 
capture (blue). As described i n  t h e  text ,  bo th  the  t i m i n g  and polari ty 
o f  rotat ional  circulat ion depend on  the  phase of w i n g  rotat ion.  In 
contrast, rotat ion phase affects the  polari ty and magnitude, b u t  n o t  
the  t i m i n g  o f  wake capture. 
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set of simplified wing kinematics (21) (see 
peaks labeled with black dots in Fig. 3, A 
through C). An advance in rotation relative to 
translation (Fig. 3, A and G) results in a 
positive lift peak at the end of each half- 
stroke, whereas a delay in rotation results in 
negative lift at the beginning of each half- 
stroke (Fig. 3, C and G). As predicted, sym- 
metrical rotation causes a positive peak be- 
fore and a negative peak after stroke reversal 
(Fig. 3, B and G). Thus, by properly adjusting 
the timing of wing rotation, an insect can 
generate lift via a rotational mechanism in 
excess of that produced by delayed stall. 

The physics of rotating wings and base- 
balls differ in one important way, however: 
baseballs are round and insect wings are flat. 
This has two important consequences for the 
forces generated by rotational circulation. 
First, because uressure forces act at all times 
perpendicular to an object's surface, the ro- 
tational force on a wing will act normal to its 
chord, not perpendicular to the direction of 
motion as is the case with a spinning baseball 
(4). This influence is easily seen in the plots 
of the instantaneous force vector superim- 
posed over the wing chord (Figs. 1C and 3E). 
As the angle of attack exceeds 90°, the force 
vector dips below the stroke plane and the 
sign of lift changes from positive to negative. 
Second, viscous forces within the air will 
make the flow above and below a flat wing 
fuse smoothly at the sharp trailing edge. This 
constraint, termed the Kutta condition, fixes a 
fluid stagnation point at the trailing edge of 
the wing. The functional consequence of the 
Kutta condition is that the amount of circu- 
lation and thus force produced by a rotating 
wing will depend critically upon the position 
of the rotational axis (6, 19). We confirmed 
this prediction by measuring total rotational 
circulation in a series of experiments in 
which we systematically varied the axis of 
rotation by changing the attachment point of 
the wing on the flapping apparatus (Fig. 3F). 
As predicted, rotational circulation decays as 
the axis of rotation is moved toward the 
trailing edge, changing sign at approximately 
three-fourths of a chord length from the lead- 
ing edge of the wing. This result provides 
further evidence that force peaks generated 
during stroke reversal are due to rotational 
circulation. 

Wake capture. Although rotational circu- 
lation can exulain one of the stroke reversal 
forces, it cannot explain the large positive 
transient that develops immediately after the 
wing changes direction at the start of each 
half stroke (white dots, Fig. 3, A through C). 
These peaks are distinct from the rotational 
circulation peaks in that their timing is inde- 
pendent of the phase of wing rotation. One 
possible explanation for these forces is the 
mechanism of wake capture, in which the 
wing benefits from the shed vorticity of the 

previous stroke. As has been demonstrated on 
2D models of flapping insect wings, the flow 
generated by one stroke can increase the ef- 
fective fluid velocity at the start of the next 
stroke and thereby increase force production 
above that which could be explained by trans- 
lation alone (8). Because a significant portion 
of the fluid velocity that a wing encounters at 
the start of each stroke is due to the lingering 
wake, one clear prediction of the wake cap- 
ture hypothesis is that a wing should continue 
to generate force at the end of a half-stroke 
even if it came to a complete stop. We tested 
this prediction by examining the time course 
of forces after halting wing motion at the end 
of the upstroke. As shown in Fig. 4, the wing 
generates force for several hundred millisec- 
onds following the end of translation. The 

time course of this posttranslational force is 
similar to that of the force transients at the 
start of each half-stroke during continuous 
flapping. The flow visualizations made im- 
mediately before stroke reversal reveal peak- 
induced velocities that are comparable to the 
maximum translational velocity of the wing, 
and of sufficient magnitude to generate the 
observed forces after the wing changes direc- 
tion (Fig. 4B). 

Whereas the timing of the wake capture 
force is constant, its magnitude and direction 
depend on the phase relationship between 
rotation and translation (Fig. 4, A and B). If 
rotation precedes stroke reversal, the wing 
intercepts its own wake so as to generate 
positive lift. If rotation is delayed until the 
start of the downstroke, then the flow intercepts 

Fig. 4. Evidence for wake capture at the end of each half-stroke. (A) L i f t  (red) and drag (blue) are 
plotted for one continuous cycle preceding a complete stop at the end of the upstroke. When wing 
rotation is advanced, the wing develops lift and drag after translation has ceased. When wing 
rotation is symmetrical and stops in a vertical position, the posttranslation force is pure drag with 
no lift component. When rotation is delayed, the wing generates negative lift at the end of 
translation. The rising phase of the posttranslational transients is similar to that of the force 
transients at the start of each half-stroke during continuous flapping (white dots). (8) Flows 
through the midchord of the wing (white bar) immediately before a complete stop. Arrow lengths 
and direction indicate magnitude and orientation of local fluid velocity. Fluid velocity is also 
indicated by pseudocolor background. Although the gross orientation of the flow is similar in all 
three cases, the flow velocities are greater when rotation is advanced, consistent with the 
occurrence of stronger rotational circulation generated and subsequently shed during the upstroke. 
The flow images were generated by particle image velocimetry (76). 
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the wing at an angle that produces negative lift. 
With symmetrical rotation, the wing has a 90' 
angle of attack at the midpoint of stroke rever- 
sal and produces no lift (but high drag) if 
stopped at the end of the upstroke. Figure 4B 
also shows that the peak velocities in the near 
wake are much greater when rotation is ad- 
vanced relative to strokereversal. This result is 
expected because the rotational circulation gen- 
erated at the end of the previous half-stroke is 
greater under these conditions, resulting in 
stronger vorticity shed within the wake. Collec- 
tively, the combined effect of wake strength 
and the starting angle of attack explains why, 
during continuous flapping, the lift peaks 
caused by wake capture. are large and positive if 
rotation is advanced, small and positive if rota- 
tional is symmetrical, and small and negative if 
rotation is delayed (Fig. 3, A through C, and G). 

The increased magnitude of the wake cap- 
ture force following a prominent rotational 

circulation effect underscores a remarkable 
feature of the wake capture mechanism: the 
animal's ability to extract energy from its 
own wake. In general, wakes are a manifes- 
tation of the energy lost to the external me- 
dium by a moving object. By rapidly chang- 
ing direction at the end of each translational 
phase, an insect wing can recover energy 
from the air that was lost during the previous 
stroke, greatly improving the overall efficien- 
cy of force production. 

Rotational forces and flight control. 
Any general theory of insect flight aerody- 
namics needs to explain not only how ani- 
mals produce enough lift to stay in the air, but 
also how they can modulate flight forces 
during steering maneuvers. The results we 
describe indicate that rotational circulation 
and wake capture, though distinct phenome- 
na, nevertheless interact synergistically in a 
way that makes them useful mechanisms for 

down 

cycles 

Fig. 5. Forces generated by a kinematic pattern based on the wing motion of hoverflies. (A) 
Instantaneous force vectors superimposed on a diagram of wing motion (stroke amplitude = 69", 
frequency = 0.402 mHz, angle of attack at midstroke = 50" for both upstroke and downstroke). 
(0) Time history of measured rotational (red) and translational estimates (blue) of lift, rotational 
lift, and kinematic velocities. Translation (green) and rotational (purple) velocities are shown at 
bottom. 

controlling aerodynamic forces. An advance 
in wing rotation not only generates circulato- 
ry forces at the end of each stroke, it also 
increases the strength of the wake and en- 
sures that the wing has the proper orientation 
to use the shed vorticity for generating posi- 
tive lift at the start of the next stroke. As a 
consequence of this synergy, flight force is 
exquisitely sensitive to the phase of wing 
rotation. A phase advance of 8% (from the 
"delayed" to "symmetrical" conditions of 
Fig. 3) increases the mean lift coefficient by 
67% (Fig. 3F). In contrast, the mean lift coef- 
ficient predicted from translational mechanisms 
does not change with the timing of wing rota- 
tion. This sensitivity of the forces to rotational 
timing is consistent with the kinematic changes 
exhibited by Drosophila during steering be- 
haviors. During visually induced maneuvers, 
flies advance the timing of supination on the 
wing outside of a turn and delay supination 
on the wing inside of a turn (22). According 
to the above results, this alteration would 
help to generate the required change in yaw 
torque. By advancing the timing of rotation 
on both wings, a fly could generate the sym- 
metrical increase in force required for for- 
ward or upward acceleration. 

A general theory of insect flight. The 
ability to explain general phenomena deter- 
mines the ultimate utility of any theory in 
biology. Are these results based on the kine- 
matics of small flies applicable to other in- 
sects? Although our impression of insect di- 
versity is strongly influenced by animals 
large enough to be noticeable, the length of 
the average insect is 4 to 5 mm, only slightly 
larger than Drosophila (23). Therefore, most 
insects operate within a Reynolds number 
regime that is similar to that of our robotic 
fly. However, the most rigorous test of our 
model is in its application to insects using 
radically different patterns of wing motion. 
The peculiar kinematics of hoverflies, often 
considered the most aerodynamically sophis- 
ticated of all insects (I), provide one such 
test. The stroke amplitude of hovedies is 
quite small and the angular rotation of the 
wing is rapid. Using published data (13), we 
generated a series of kinematic patterns based 
on hoverfly wing motion. The forces gener- 
ated by a simple hoverfly pattern consisting 
of symmetrical upstroke and downstroke mo- 
tion are shown in Fig. 5. The discrepancy 
between measured forces and those predicted 
from translational force coefficients is espe- 
cially large. The wing motion generates two 
distinct force peaks at the beginning and end 
of each half-stroke that are consistent with 
especially potent examples of rotational cir- 
culation and wake capture. Although our con- 
clusions are limited by the fact that most 
hoverflies operate at a higher Reynolds num- 
ber (Re - 500) than we are cmently able to 
re-create (Re - 140), these animals would 
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In summary. direct llleasurelllents of the 14. Translational l i f t  coefficients were calculated accord. 

forces produced by flapping wings suggest 
that the aerodynamics of insect flight may be 
explained by the interaction of three distinct. 
yet interactive mechanisms: delayed stall, 
rotational circulation, and wake capture. 
Whereas delayed stall is a translational mech- 
anism, rotational circulation and wake cap- 
ture depend explicitly on the pronation and 
supillation of the wing during stroke reversal. 
These findings are significant for several rea- 
sons. First, delayed stall is not sufficient 
alone to explain the elevated aerodynamic 
performance required for active flight in Dro- 
sophila. The rotational mechanisms we de- 
scribe are necessary components of the basic 
unsteady aerodynamic toolkit in this species 
(24). Second, a more general theoly of insect 
aerodynamics that incorporates both transla- 
tional and rotational mechanislns shows prom- 
ise in explaining the force-generating mecha- 
nisms of many species. As suggested by the 
forces generated by hoverfly kinematics. differ- 
ent insects may emphasize the translational and 
rotational mechanisms to different degrees. It 
will be of interest in the future to compare the 
relative energetic and aerodynamic efficiency 
of translationally and rotationally dominated 
kinematic patterns. Finally. the regulation of 
rotational phase provides insects with one of the 
most potent means of controlling flight forces 
during steering maneuvers. Thus, an under- 
standing of rotational mechanisms provides a 
link between the unsteady aerodynamics and 
the behavior and neurobiology of flight control. 
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