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Summary

We used a dynamically scaled mechanical model of the
fruit fly Drosophila melanogasteto study how changes in
wing kinematics influence the production of unsteady
aerodynamic forces in insect flight. We examined 191
separate sets of kinematic patterns that differed with
respect to stroke amplitude, angle of attack, flip timing,
flip duration and the shape and magnitude of stroke
deviation. Instantaneous aerodynamic forces were
measured using a two-dimensional force sensor mounted
at the base of the wing. The influence of unsteady
rotational effects was assessed by comparing the time
course of measured forces with that of corresponding
translational quasi-steady estimates. For each pattern,
we also calculated mean stroke-averaged values of the
force coefficients and an estimate of profile power. The
results of this analysis may be divided into four main
points.

(i) For a short, symmetrical wing flip, mean lift was
optimized by a stroke amplitude of 180° and an angle of
attack of 50°. At all stroke amplitudes, mean drag
increased monotonically with increasing angle of attack.
Translational quasi-steady predictions better matched the
measured values at high stroke amplitude than at low
stroke amplitude. This discrepancy was due to the
increasing importance of rotational mechanisms in
kinematic patterns with low stroke amplitude.

(i) For a 180° stroke amplitude and a 45° angle of
attack, lift was maximized by short-duration flips
occurring just slightly in advance of stroke reversal.
Symmetrical  rotations  produced similarly  high

performance. Wing rotation that occurred after stroke
reversal, however, produced very low mean lift.

(iif) The production of aerodynamic forces was sensitive
to changes in the magnitude of the wing’s deviation from
the mean stroke plane (stroke deviation) as well as to
the actual shape of the wing tip trajectory. However, in
all examples, stroke deviation lowered aerodynamic
performance relative to the no deviation case. This
attenuation was due, in part, to a trade-off between lift
and a radially directed component of total aerodynamic
force. Thus, while we found no evidence that stroke
deviation can augment lift, it nevertheless may be used to
modulate forces on the two wings. Thus, insects might
use such changes in wing kinematics during steering
maneuvers to generate appropriate force moments.

(iv) While quasi-steady estimates failed to capture the
time course of measured lift for nearly all kinematic
patterns, they did predict with reasonable accuracy
stroke-averaged values for the mean lift coefficient.
However, quasi-steady estimates grossly underestimated
the magnitude of the mean drag coefficient under all
conditions. This discrepancy was due to the contribution
of rotational effects that steady-state estimates do not
capture. This result suggests that many prior estimates of
mechanical power based on wing kinematics may have
been grossly underestimated.

Key words: flapping flight, quasi-steady force, unsteady
aerodynamics, fruit fly,Drosophila melanogasteradded mass,
delayed stall, rotational circulation, wake capture.

Introduction

To perform aerial maneuvers, insects must not only generat®w modifications in stroke kinematics alter the forces and
sufficient lift to remain aloft, they must also manipulate flightmoments generated by flapping wings.
forces with great precision. Although insects are known to use In a few cases, researchers have attempted to capture the
their legs and abdomen as control surfaces during flight (ArbaBge-flight kinematics of maneuvering insects (Ennos, 1989;
1986; Zanker, 1988; May and Hoy, 1990; Lorez, 1995), thefRuppell, 1989). While such analyses are essential because they
steer and maneuver largely by altering wing motion (Gotzeveal what insects actually do with their wings when steering,
et al.,, 1979; Ennos, 1989; Robertson and Johnson, 199Bee-flight studies are limited because it is not yet feasible to
Wortmann and Zarnack, 1993). Thus, a central hurdle irelate the changes in wing kinematics directly to changes in
understanding how insects steer and maneuver is determiniimgtantaneous aerodynamic forces. An alternative approach is
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to measure instantaneous forces on tethered insects (Cloupeatiend the analysis by considering the instantaneous and time-
et al., 1979; Wilkin, 1990; Zanker, 1990b; Zanker and Gotzaveraged force moments generated about the yaw, pitch and
1990; Dickinson and Go6tz, 1996). However, forces and strokeoll axes. The comprehensive parameter maps generated in
kinematics measured on tethered insects may not accuratehese studies should be of help to biologists who wish to know
represent those generated in free flight. Further, since tethertte aerodynamic consequences of observed changes in wing
flight force transducers measure whole-body forces, it is ndinematics as well as to engineers who wish to optimize the
possible to resolve the instantaneous aerodynamic forceerformance of small biomimetic flying robots. In addition,
generated by individual wings. A third approach is to calculat¢hese data provide experimental validations for numerical
the aerodynamic forces generated by arbitrary stroksimulations of the fluid motion around flapping wings.
kinematics using computational fluid dynamics (Liu et al.,
1998; Wang, 2000). However, because of the critical role of
unsteady mechanisms and three-dimensional flow structure in Materials and methods
insect flight aerodynamics (Ellington et al., 1996; Dickinson et Most of the instruments and procedures used in these
al., 1999), theoretical or numerical approaches have, as yetperiments have been described elsewhere (Dickinson et al.,
offered only limited insight into the aerodynamics of steering1999). We fashioned the wings from 2.3mm thick acrylic
Given the current limitations in studies of both real animalsheets using an isometrically enlarged planform of a
and numerical simulations, we have chosen to study thBrosophila melanogastexing. The proximal end of the wing
problem of maneuverability using a dynamically scaled modelvas attached to a two-dimensional force transducer that
of a flapping insect. Aerodynamic models have provedneasured the forces normal and parallel to the wing surface.
valuable in the study of insect flight, particularly in theEach force channel measured the shear encountered by two
identification and analysis of unsteady aerodynamics (Bennetiarallel phosphor-bronze shims equipped with four 350
1977; Maxworthy, 1979; Spedding and Maxworthy, 1986;strain gauges wired in full-bridge configuration. This design
Dickinson and Gotz, 1993; Ellington et al., 1996; Dickinson etendered the sensor nearly insensitive to the position of the
al., 1999). In large part through the use of mechanical model&rce load on the wing as well as to moments around its central
researchers have identified an array of mechanisms thakis. Forces generated by calibration weights placed at the tip,
collectively account for the elevated aerodynamic performandease, trailing edge and leading edge differed by less than 5 %.
of flapping wings. These include the clap and fling (Speddind@he final calibration was based on a point load at the wing’s
and Maxworthy, 1986), dynamic stall (Dickinson and Gotzcenter of area. The proximal end of the force transducer was
1993; Ellington et al., 1996), rotational lift (Bennett, 1970;attached to a gearbox capable of three degrees of rotational
Dickinson et al., 1999) and wake capture (Dickinson, 1994motion (Fig. 1A). The distal tip of the wing was located 25cm
Dickinson et al., 1999). Now that the various mechanismfrom the center of the gearbox. The gearbox was drvan
responsible for the elevated aerodynamic performance difiree coaxial shafts by three stepper motors. The stepper
insect wings have been identified, it is possible to tackle thmotors were attached to the shafts by pulleys and timing belts
guestion of how animals manipulate such mechanisms to stegith a 1:10 gear reduction, such that each 4.5° step of the
and maneuver. motor produced a 0.45 ° rotation of the wing. The wings, force
In this study, we use a dynamically scaled mechanical modskensor and gearbox were immersed in a tank of mineral oil with
of Drosophila melanogasteto investigate how changes in a viscosity of 120cSt at room temperature (approximately
wing kinematics affect the production of aerodynamic forces25°C). The viscosity of the oil was chosen to achieve a
In particular, we explore the influence of five behaviorallyReynolds number in the range of18lthough the exact value
relevant kinematic parameters: stroke amplitude, angle ofaries according to the kinematics for each trial. Since the
attack, the timing and duration of wing rotation and strokdorces on the wing are directly proportional to the density of
plane deviation. We chose this particular set of parametethe surrounding medium, the oil also serves to increase forces
because fruit flies actively vary them during flight maneuversn the wings and to decrease the signal-to-noise ratio of the
(Gotz et al., 1979; Zanker, 1990a; Dickinson et al., 1993force measurements. Mineral oil provides an additional
Lehmann and Dickinson, 1998). However, the goal of thisdvantage of electrically and thermally isolating the sensor and
project is not to replicate the precise kinematics of free flyinghus reducing noise fluctuations.
insectsper se but rather to map aerodynamic forces within a
broad parameter space that encompasses the variation seen Dynamic scaling
among insects. To obtain accurate dynamic scaling of an insect, it is
From the instantaneous force records, we calculate timewecessary to keep the values of both the Reynolds number
averaged aerodynamic force coefficients, lift-to-drag ratios an(Re=4dnRv-14R ~1, where®d is stroke amplitude is wingbeat
other measures of aerodynamic performance. The resultaintquencyRis wing lengthy is kinematic viscosity, aspect ratio
data set is useful in identifying the kinematic parameters thaRis 4R2S1 andSis the surface area of a wing pair; Ellington,
most influence the magnitude and direction of aerodynamit984c) and the reduced frequency parameter (body
forces generated by flapping wings. In a companion papeelocity/wing velocity) constant (Spedding, 1993). For hovering
(S. P. Sane and M. H. Dickinson, in preparation), we willanimals as well as the model fly, the reduced frequency
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is defined as the angular position of the wing in the mean stroke
plane, measured from dorsal reversal (start of downstroke) to ventral reversal (start of upstroke). Instantaneous stooké(fjeisadefined
as the angle that the base-to-tip line on the wing makes with the mean stroke plane. A plane that is normal to thelieseftt&épring
(shown in blue) cuts through the wing at the wing chord, shown here as a line with a filled circle denoting the leading edgentBineous
angle of attackq(t), is the angle that the wing chord makes with the tangent of the wing'’s trajectory. (B) Sample wing kinematics plotted over
two complete cycles. Grey and white backgrounds mark downstroke and upstroke, respectively. Stroke posijidall(yreesm smoothed
triangular waveform. Stroke deviation (red) varies as either a half or full sinusoid in each half-stroke. Half-sine veslidsi@nyoval’ tip
trajectory (shown in C), whereas full-sine variation yields a ‘figure-of eight’ tip trajectory. Angle of attack (blue) veaig¢smpszoidal
function. The shape of the function is determined by setting the starting point of the #ipd flip durationAt. (C) Schematic diagram of the
six parameters that were varied in the experiments: total stroke ampiitush@ximum stroke deviatio®, mid-stroke angle of attach, flip
start, 1o, flip duration,At, and the shape of the wing tip trajectory. This cartoon represents a two-dimensional projection of a three-dimensional
kinematic pattern, as if viewed within the blue plane in A. The broken blue line shows the mean stroke plane. This represtreatiroke
is repeated throughout the paper.
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parameter is zero by definition, since their body velocity is To create the kinematic patterns used in this study, we varied
zero. The free-flight cruising velocity d. melanogasteis  any or all of six parameters: (i) the stroke amplitude, (ii) the
approximately 20 cnt$ (David, 1978), while the mean velocity mid-stroke angle of attack during upstroke and downstroke,
of the wing tip is 280cnT$ (Lehmann and Dickinson, 1997). (iii) the timing of wing rotation at dorsal and ventral reversal,
Thus, even while flying forwards, the reduced frequencyiv) the duration of the stroke reversal, (v) the shape of the wing
parameter is less than 0.1, indicating that the effect of fredip trajectory (‘oval’ or ‘figure-of-eight’) and (vi) the angular
stream velocity on force generation should be of secondadgeviation from the mean stroke plane during the upstroke
importance to the velocity generated by flapping. For thesend downstroke (Fig. 1C). In most of the experiments, the
reasons, our experiments in still fluid, which match the hoverindeviation amplitude was set to zero, such that the wing tip
case, should also serve as a fair approximation for moderatemained within the stroke plane throughout the cycle. Under
forward speeds. Thus, the reduced frequency parameter is nibese conditions, the kinematics of the wing stroke were
significantly different for cruisingd. melanogasterand our symmetrical such that the upstroke and downstroke were
static, hovering model fly. To obtain the correct range omirror images of one another. Only in trials using ‘oval’ stroke
Reynolds numbers, we used an isometrically enlarged windeviations were the kinematics of the two strokes not identical.
planform of an actudD. melanogastewing to ensure that the The frequency of the wing stroke (0.17 Hz) remained constant
shape parameters (Ellington, 1984a) were identical to those all experiments, as did the upstroke-to-downstroke duration
of D. melanogasterUsing available data oD. melanogaster ratio, which was fixed at 1. We constructed the kinematic
morphology and kinematics (Lehmann and Dickinson, 1997)patterns using a custom-designed MATLAB program
we estimated that a wing length of 0.25m, a surface area of tiilelathworks) to convert the angular trajectories into a series of
wing pair of 0.0334rh (or 0.0167m for a single wing), a stepper motor commands.

kinematic viscosity of 120cSt and a wingbeat frequency of

0.168Hz would allow us to achieve Reynolds numbers in the Force measurements
same range as thosel®f melanogaster Signals from the two-dimensional sensor were acquired
using a National Instruments data-acquisition board (model
Stroke kinematics BNC 2090) in a PC running custom-designed software written

In the absence of wing deformation, the kinematics of thén MATLAB. Data were filtered on-line with an active four-
wings may be uniquely described by specifying the time courgeole Bessel filter with a cut-off frequency of 10 Hz and off-line
of three angles: stroke positiop{), angle of attackq(t), and  with a zero-phase-delay low-pass digital Butterworth filter
stroke deviationf(t) (Fig. 1B). In all experiments, the angular with a cut-off frequency of 3Hz, which was 17.6 times the
position of the wing within the stroke plane was described by wing stroke frequency. Apart from increasing the high-
triangular waveform, which maintains a constant translationdtequency components resulting from motor jitter, increasing
velocity throughout each half-stroke. The waveform waghe cut-off frequency of the filter did not alter the time course
smoothed to minimize inertial accelerations during strokeof the force traces.
reversal and to match more closely published stroke kinematics Each experiment consisted of one burst of four consecutive
from a variety of insects (Ellington, 1984b; Zanker, 1990a)wing strokes following pre-programmed kinematics. The wing
For smoothing, we filtered the triangular waveform using degins the first downstroke in still fluid, whereas during the
zero-phase-delay low-pass two-pole Butterworth filter with aubsequent strokes it moves through a wake created by the
cut-off frequency equal to 10 times the stroke frequency ofreceding strokes. As a result, the time course of forces
0.17Hz. The peak-to-peak amplitude of the stroke anglgenerated during the first stroke is markedly different from
waveform could be varied in each experiment. The angle dhose of subsequent strokes. For this reason, the data from the
attack was described by a trapezoidal wave function, whicfirst stroke were excluded from this analysis, while those from
maintained a constant angle of attack during each half-strokbe three subsequent strokes were averaged. Thus, each
and constant rotational velocity during stroke reversal. Theresented trace represents an average of three force records.
shape of this waveform in each experiment was determined #fter subtracting gravitational forces, the forces measured
setting the mid-stroke angles of attack during the upstroke arftbom the normal and parallel channels were transformed into
downstroke and by specifying the starting and stopping point#t, drag, thrust and radial components.
for wing rotation. The resulting function was then smoothed
using a low-pass filter with identical characteristics to that used Added mass
for the stroke position waveform. We used two functions to The measured force at the wing base consists of
describe stroke deviation: an ‘oval’ pattern in which the winggravitational, inertial and aerodynamic components. The
tip deviated from the stroke plane according to a half-sinegravitational contribution of the sensor and wing mass to the
wave per stroke period and a ‘figure-of-eight’ pattern in whichotal force signal was easily calculated and subtracted from the
the stroke deviation varied as a full sine-wave. These patternseasured force traces. The inertial components represent the
were chosen because they roughly approximate patterasceleration forces on the mass of the sensor and wing as well
described for a variety of insects (Ellington, 1984b; Zankeras the added mass of the fluid around the wing. To examine
1990a). the contribution of the inertial effects of the wing mass and
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sensor, we replaced the wing surface with an aerodynamicall 15
neutral inertial model of the wing. The aerodynamically neutral el e,
model was essentially a brass knob with the same mass ai 1} subtracted

center of mass inside the oil as the Plexiglas wing. Becaus
of its low surface area, the brass knob generated negligibl=
aerodynamic forces compared with the Plexiglas wing. For an'y’
arbitrary kinematic pattern, the resulting force traces for the § Ad%%’nﬂ“
brass knob could be entirely accounted for by gravity. Thus:_;
the inertial forces generated by flapping this brass model, an £
therefore the Plexiglas wing, were negligible and have beelS -0.5f
ignored. Compared with gravity and wing inertia, the non-
circulatory forces due to added mass are more difficult tc -1F
measure because the fluid acceleration induced by a movir Added massinettia

wing changes dynamically as the wing rotates, decelerates « _; gl included
accelerates (Daniel, 1984). ] ) ,

To estimate the magnitude of added mass, we used & 0 0.5 1
approximation derived for motions of an infinitesimally thin Stroke o/cle

two-dimensional plate in an inviscid fluid (Sedov, 1965).F_ 2 Contribu ¢ added inertia. to total q
Using blade element method, we adapted it to the case of '9. 2. Lonfribution "o adced mass inertia fo fotal measure

- . . . . aerodynamic force. The traces shown were taken from a
three-dimensional wing rotating around an axis located at on

) representative  kinematic pattern (stroke amplitude=180°,
quarter chord length from the leading edge. The forC'maximum stroke deviatio®=0, angle of attacki=45°, flip start,

'contribution normal to the wing surface due to the added max =005, flip durationAt=-0.1). The blue trace represents the total
inertia is given by: normal force measured on the wing. The static gravitational
component has been subtracted. The black trace represents the added
mass inertia estimated using equation 1. Added mass inertia is zero

i &l
LI . oo
Fan=p 4 Rec*(¢@sina + acosx) ] Fe2(F)at throughout most of the stroke because the linear velocity of the wing

0 (1) is constant. The red trace represents the total measured force after
1 subtracting added mass inertia. The contribution of added mass
- A N . . S
ap— c3RU &(f)dr, inertia to the measured aerodynamic forces is small, as indicated by
16 JO the similarity of the red and blue traces.
y

wherep is the fluid densityR is the wing lengthg is the mean

chord lengthf ande(f) are the non-dimensional radial position For each amplitude from 60 to 180° in 20° increments, we
along the wing and non-dimensional chord length, respectivelyaried the angle of attack at mid-stroke from 0 to 90 ° in steps
(for nomenclature, see Ellington, 1984g),is the angular of 10°. From the results of this<Z0 set of experiments, we
position of the wing and is the angle of attack. Using equation determined the combination of stroke amplitude and angle of
1, we calculated an estimate of added mass inertia for each s#tack that generated maximum mean lift. Using these locally
of kinematics. As illustrated by the representative trace iptimizing values of stroke amplitude and angle of attack, we
Fig. 2, the absolute contribution of added mass to net forces aystematically varied the values of flip start and flip duration.
the wing was quite small in all cases. Further, by comparinyalues for flip start indicate when in the stroke cycle the wing
equation 1 and equation 3 (see below), it can be seen that thegins to rotate relative to stroke reversal and are expressed as
added mass forcesdR2c?) scale in proportion to aerodynamic a fraction of total cycle time (Fig. 1C). Thus, a value-0f5
forces €pRc) for geometrically similar wings. Thus, for indicates that the wing begins rotation 50 % of a stroke period
identical kinematics and geometry, added mass will have tharior to stroke reversal, whereas a flip start value of 0 indicates
same physical effect on a model wing as on the wing of a flyhat the wing begins rotation at the instant of stroke reversal.
provided that the Reynolds number is the same. Because bathlues of flip duration, the total time it takes the wing to
added mass and aerodynamic contributions are biologicallpomplete wing rotation, are also represented as a fraction of
relevant, we chose not to subtract the inertial estimates from thetal cycle time. Thus, a value of 0.2 indicates that a flip

presented force traces. requires 20% of the stroke cycle to complete. In these
_ experiments, we set the flip to start at various points within the
Experimental procedures stroke from-0.5 to O in steps of 0.05. For each value of flip

To examine the influence of the six kinematic variables omstart, we varied the flip duration from 0.1 to —0.5, also in steps
aerodynamic forces, we divided our analysis into three setsf 0.05. Flip timing;ts, which describes when the mid-point of
of experiments. First, we held the values of flip timinga flip occurs within the stroke, may be calculated from:
(symmetrical around stroke reversal), flip duration (16 % of Tr=To+ 0 BAT @
stroke cycle period) and stroke deviation (0 °) constant, while f=romant,
we systematically varied stroke amplitude and angle of attackvhere 1o is flip start andAt is flip duration. As before, we
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determined the values of flip timing and flip duration thatof-eight’ patterns, the mean radial coefficient often averages to
maximized mean lift within the XB sets of trials. In the third zero and is uninformative. For this reason, we base our
set of experiments, we explored how aerodynamic forceseasurement of the average radial force coefficient on the
varied with changes in deviation from the mean stroke planabsolute values. Lift-to-drag ratios were calculated by dividing
using the values of stroke amplitude, angle of attack, fliphe mean lift coefficient by the mean drag coefficient.
timing and flip duration that maximize mean lift. In a set of 22Similarly, radial-to-drag ratios were obtained by dividing the
experiments, the total stroke deviation was varied fr&®° mean absolute radial coefficients by the mean drag
(-25° during the downstroke, +25° during the upstroke) tacoefficients. To calculate the ratio of mean lift to profile power,
+50° (+25° during the downstroke25 ° during the upstroke) we estimated mean profile powétm, based on the time-

in steps of 10°. The deviation followed either a half-sine peaveraged product of instantaneous draB(t), and
stroke or a full-sine per stroke time course, yielding ‘oval’ andnstantaneous velocitying(t):

‘figure-of-eight’ trajectories, respectively (Fig. 1B). -

Poro=n J D(t)vwing(t)dt, (4)

Data analysis =0
Since thg co_nvennons for lift and drag gmstmg n C.urremvvhereT is the stroke period. This calculation of mean profile
aerodynamic literature address non-flapping and prlmarll(\%

two-dimensional kinematic pattemns, it is necessary t ower ignores the power required to rotate the wing in place.

modify them slightly for three-dimensional motions. These ean liftL was calculated as the time average of instantaneous

o : . . lift throughout the stroke.
modifications are based on the following two considerations. . .
Measures of the quasi-steady-state translational force

First, it is convenient to use a reference frame based on the . o

. ) ) coefficientsCt and Cpt were derived from 180° sweeps of

insect body rather than its wing so that the measurements relate : . ; :
wihg motion with fixed angles of attack, as described

directly to free-flight studies. Second, the standard Conventionlsewhere (Dickinson et al., 1999). The equations that best fit

should apply when the kinematics reduce to two-dimensiona . . )
) . . . . Mmeasured translational force coefficients as functions of angle
motion. With these constraints in mind, we adopted the . o )
. T . ) of attack,a, for the model wing are (Dickinson et al., 1999):
following convention: net aerodynamic force, defined as the

total force on the wing, is resolved into three components: lift, CLt=0.225+1.58sin(2.18-7.2), (5)
drag and radial force. In hovering flight, lift must offset theand
gravitational force on the animal's body mass. Hence, we Cp,t=1.92-1.55c0s(2.04—9.82). (6)

define lift as the component of the net aerodynamic force . .
. " These equations are used to generate quasi-steady
perpendicular to the mean stroke plane of the wing regardle§s : . . .

. . . : ranslational estimates for comparison with measured values.
of its actual instantaneous trajectory. Since the mean stroke
plane was horizontal in all experiments, lift is always the
vertical force component. Drag is defined as the force Results
component in the honzontal direction, opposing the wing The effects of stroke amplitude and angle of attack
movement. The radial component accounts for the remaining _ )
force component in the horizontal plane. For motions with no F19- 3A—H shows eight sample records taken from the full
stroke deviation, these definitions reduce to the standaRftOf 70 trials to illustrate how the magnitude and time course
convention: lift is orthogonal to drag, and the radial componerflf @€rodynamic forces vary with stroke amplitude and angle of
vanishes. With stroke deviation, the total normal pressure for¢dt@ck. These panels also show the lift and drag forces

consists of orthogonal vertical and radial components, eadffconstructed from a quasi-steady model based on measured
orthogonal to the drag vector in the horizontal direction. translational force coefficients. The quasi-steady predictions
From the forces on each wing, we calculated thdrovide a conservative estimate of forces that would result

corresponding mean force coefficients using an equatiofo™ @ stable leading edge vortex during translation. Any

derived from blade element theory (Ellington 1984c-deviation of a measured trace from the quasi-steady estimate

Dickinson et al., 1999): represents an unsteady effect that is not active during
translation. In all records, the net aerodynamic force is nearly

— 8F perpendicular to the wing surface throughout the stroke,
CF_pd>2n2R3(:(def)2?22(S)' ®) indicating that shear forces measured parallel to the wing

surface are much smaller than the aerodynamic pressure forces

whereF is the magnitude of a specific force component (lift,that must act normal to the thin flat wing. The force trajectories
drag, radial, total) averaged over the strole,is stroke during the downstroke and upstroke, though very similar, are
amplitude,n is wing beat frequencm is the mean non- not precisely identical because of small asymmetries in the
dimensional angular velocity of the wing aé(S) is the non-  stroke pattern introduced by the gearbox of the model. As
dimensional second moment of wing area. The radial forceuggested by the reconstructions in Fig. 2, the transient
component changes sign when the wing crosses the meandershoots in the drag traces at stroke revers@| Q.5) are
stroke plane. As a result, in the ‘oval’ as well as the ‘figureexplained in part by added mass inertia.
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The measured force trajectories display prominent peaks
the beginning and end of each translational stage that a
absent or smaller in the quasi-steady predictions. In isolatin
the mechanisms responsible for these transient effects, it
useful to consider cases in which there is no wing rotatior
because this removes the potential contribution of rotation:
circulation. For example, in Fig. 3A,B, the wing translates
back and forth at a 90 ° angle of attack without rotating. At the
start of each stroke, measured drag far exceeds the quasi-ste
predictions. The fact that there is no corresponding dip in dra
at the end of translation indicates that the prominent dra
transient is not due to acceleration of inertial mass. Thi
int_erpretatiop is consistent with estimates of added mass ?ner1 60 0 10 20 30 40 50 60 70 80 90
using equation 1 (data not shown). Instead, the elevation Angle of attack (degrees)
drag at the start of each stroke in Fig. 3A,B is probably due t
wake capture as the wing intercepts the fluid flow field induce o NN N 1 02
by the shed vorticity of the previous stroke. Net aeroginamic force ()

The influence of rotational circulation is most easily seer B
when the angle of attack during the upstroke and downstrok
is zero (Fig. 3G,H). Under these conditions, the vorticity
generated during the translational phase of the stroke
minimal and, thus, the magnitude of the wake capture effer
should be small. The influence of the wake is not entirel
absent, however, because the process of rotation generates
sheds vorticity through which the wing must translate at th
start of each stroke. Further, the vorticity created by rotation i
particularly strong when the translational angle of attack i
zero, because the wing must flip over by 180° during strok 80 ¢
reversal, making the angular velocity of the wing particularly h
large. At the end of the each stroke in Fig. 3G,H, the influenc 60 550 50 30 40 =0 60 70 80 90
of rotational circulation is manifest as a transient increase i Angle of attack (degrees)
lift and drag that exceeds the quasi-steady prediction. Afte
stroke reversal, the continuing rotation of the wing generate o BN : . s
a pressure force with opposite polarity, resulting in negativec Net force coeftient
lift. The time course of this rotational effect is complicated byFig. 4. Parameter maps of net aerodynamic force and net force
the presence of an added mass inertia and a modest amouncoefficient as functions of stroke amplitude and mid-stroke angle of
wake capture at the start of each stroke. The influence of theattack. For fixed values of wing rotation (flip duratitre=0.16; flip
multiple mechanisms is manifest by the positive peak in lifstart10=-0.08, flip timing1=0), stroke amplitude was varied from
immediately following stroke reversal due to wake capture®0 to 180° and angle of attack was varied from 0 to 90°. In each
which is followed by the negative peak due to rotationad'agram‘ the small open circles indicate the posmo.ns of actual
circulation. The pattern of an early positive peak in Iift_measurements. Values between these measured points have been

followed b lat f Ki th hout the t interpolated using a cubic spline. Values are encoded in pseudocolor
irc: ISiQES y a later negative peak Is seen throughout the racaccording to the scales shown beneath each plot. This same format is

. . . used in Fig. 5, Fig. 7 and Fig. 10. (A) Net aerodynamic force, the
The rest of the traces in Fig. 3 illustrate the compledector sum of lift and drag, increases monotonically with increasing
interactions among delayed stall, rotational circulation aniangle of attack and stroke amplitude. (B) Net aerodynamic force
wake capture that result from changes in angle of attack atcoefficient increases with angle of attack, but decreases with stroke
stroke amplitude. At angles of attack of 30 and 50 °, the winamplitude.
generates lift throughout the stroke due to delayed sta
(Fig. 3C—F). The influence of rotational lift is reduced as the
angle of attack increases, however, because the wing flips ow&re of the force transients at the start of each stroke in the same
a smaller arc with lower angular velocity. This effect can bepanels. Thus, changing stroke amplitude and angle of attack
seen by comparing the relative magnitude of the force peakss a complex but interpretable influence on the magnitude of
at the end of each stroke in Fig. 3B,D,F,H. In contrast, théhe different unsteady mechanisms. The kinematics that
influence of wake capture is greater at higher angles of attadptimize the aerodynamic performance of the wing will reflect
because the vorticity shed into the wake at the end of the strokeese complex interactions. The maximum mean lift-to-drag
is stronger. This effect can be seen by comparing the relativatio (0.8) occurred at an angle of attack of 30 ° and amplitude

80

Stroke anplitude (degrees)

—t——0——0——g=p

Stroke anplitude (degrees)
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Fig. 5. Parameter maps of stroke-averaged lift coefficient, drag coefficient and lift-to-drag ratio as functions of armt& ahatstroke
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column. The top panels (A,C,E) show maps of values measured from the mechanical model, and the bottom panels (B,D,F) show tl
corresponding values calculated for a translational quasi-steady model using empirically measured force coefficients. ér@®) Meh
quasi-steady values for mean lift coefficient. (C,D) Measured and quasi-steady values for mean drag coefficient. Thelypasdittans

grossly underestimate the drag coefficient. (E,F) Measured and quasi-steady values for mean lift-to-drag ratio.
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of 180°. The forces corresponding to this optimal conditiorrange ofCp values is much higher than has been previously
are shown in Fig. 3F. reported for Drosophila virilis wings under steady-state
To provide a more comprehensive picture of how forceconditions (Vogel, 1967) or estimated on the basis of Reynolds
production changes with kinematics, we calculated the mearmumber Cp=0.7; Ellington, 1984c). Although much less
lift, drag and net force coefficients averaged throughout thpronounced than the dependence on angle of attack, lift tends
stroke and plotted them for all pairs of stroke amplitude antb rise, whereas drag falls, with increasing stroke amplitude.
angle of attack values. Fig. 4A,B depicts the mean total The corresponding maps for the quasi-steady translational
aerodynamic force,Fn, and force coefficient,Cn, in  estimatesCi ¢ andCp;, are shown in Fig. 5B and Fig. 5D,
pseudocolor maps. These two maps differ from one anotheespectively. In general, the measured force coefficients are
because the mean force coefficient is normalized with respegteater than the predicted quasi-steady force coefficients. This
to the square of stroke amplitude, which is a variable in thesgiscrepancy is particularly large f@5. Further, at high stroke
experiments. Thus, whilEn increases with increasing stroke amplitude, the angle of attack that generates the maximum
amplitude (Fig. 4A),Cn decreases with increasing stroke Ci is shifted by approximately 10 ° relative to the quasi-steady
amplitude (Fig. 4B). Both parameters rise with increasingredictions and by as much as 20° for the lower stroke
angle of attack. The influence of stroke amplitude and angle @implitudes. The dependence of stroke amplitude on the
attack on the mean lift coefficier@_ and the mean drag measured lift and drag coefficients is not predicted by the
coefficient Cp is shown in Fig. 5A,C. For a fixed stroke quasi-steady estimates. The greater difference between
amplitude,C exhibits a broad maximum ranging from 1.8 to measured and predicted values for smaller stroke amplitudes
2.0 between angles of attack of 40 and 50°. As expeCted, underscores the increased importance of rotational effects
rises monotonically with increasing angle of attack for anyunder these conditions. Fig. 5E indicates how the mean lift-to-
given value of stroke amplitude. It is worth noting that thedrag ratio, C_/Cp, varies with angle of attack and stroke
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amplitude. The maximum value @i /Cp (0.8) occurred at For all values of flip timingCp increases monotonically
stroke amplitude of 180° and an angle of attack of 30°. Theith flip duration (Fig. 7C). Measured values range from 2.6
corresponding quasi-steady-state estimatesCpfCp are  and 4.1, representing a somewhat smaller variation than was
independent of stroke amplitude, with a maximum of 1.1 aseen with C_.. However, unlike the case with lift, the

an angle of attack of 20°. Thus, the quasi-steady modeliscrepancy between measuré&b and the quasi-steady
significantly overestimates aerodynamic efficiency and fails t@stimate, Cpt, is substantial. In addition to generally

account for its dependence on stroke amplitude. underestimating the magnitude of drag, the quasi-steady
S _ _ predictions fail to observe the local rise in drag along-th25
The effects of flip timing and flip duration flip timing iso-line. Since the range of variation for drag is less

In all subsequent experiments, we set the stroke amplitudban that for lift, the measured lift-to-drag ratio map resembles
to 180° and the mid-stroke angle of attack to 45°, which arthe lift coefficient map (Fig. 7A,C,E). Further, because the
the values that maximized lift production in the first set ofquasi-steady translational predictions underestimate lift and
experiments. Next, we systematically varied the timing andlrag by approximately the same proportion, the predicted lift-
duration of wing rotation to examine their effects on forceto-drag ratio map is quite similar to the measured map
production. Sample force traces selected from 99 pairs of flig-ig. 7E,F). The map for the net force coefficient (Fig. 7G)
start and flip duration are shown in Fig. 6A—H, with theresembles the drag map (Fig. 7C), which is expected since the
corresponding values of flip timing, given in the upper left values for the mean drag coefficient are, on average, twice
corner of each panel. A comparison of Fig. 6A,C,D illustrateshose for the lift coefficient at comparable points on the
that a long-duration flipAt=0.5 can produce quite different kinematic surface.
forces depending on when the flip occurs. If the flip occurs
symmetrically about the stroke reversatQ, Fig. 6A),CL is The effects of stroke plane deviation
quite large C_=1.54) and the time course is well approximated Using kinematic values for stroke amplitude, angle of attack,
by the quasi-steady predictions. An advanced flip—-0.25, flip duration and flip start that maximized lift production
Fig. 6C) results in very low mean lif©(=0.36), but produces (=180 °,a=45°,At=0.1 andrs=—0.05), we tested how forces
a fairly prominent wake capture peak. In contrast, a rotatiomary with deviation from the mean stroke plane in a set of 22
after stroke reversalt{=+0.25, Fig. 6D) results in mean experiments. The peak-to-peak magnitude of stroke deviation
negative lift C_=-0.28) because of the adverse effects ofwas varied from-50 to +50° in 10° steps for both the half-
rotational circulation following stroke reversal. sine (‘oval’) and full-sine (‘figure-of-eight’) patterns. It is

Fig. 6 F—H shows the effects of a fast fliat£0.1) at  worth noting that, in the oval pattern, an upward deviation at
different flip times. As flip duration decreases, the aerodynamithe start of the downstroke requires a downward deviation at
performance of the wing generally rises. Symmetrical anthe start of the upstroke awmite versaThis is not the case for
advanced flips yield nearly identical mean Iif€ £1.9, the figure-of-eight pattern, in which the two half-strokes are
symmetrical; C_=1.87, advanced), whereas a delayed flipmirror images of one another.
generates somewhat lower lif€(=1.52). These differences  Fig. 8 shows a selection of force traces resulting from
are due primarily to the amount of lift produced at the start oflifferent patterns of stroke deviation. In general, the figure-of-
each stroke. Early and symmetrical flips (Fig. 6F,G) result iright pattern had a more profound influence on the magnitude
a substantial wake capture peak at the start of translatioand time course of force production than did the oval pattern.
However, if the flip occurs very early in the stroke=£0.45,  In both cases, however, the direction of stroke deviation at the
Fig. 6E), the wing translates through most of the stroke adtart of each translational phase greatly influenced the
negative angles of attack, leading to a large value of negativeagnitude of the force transient at the start of the stroke. For
lift (CL=-1.41; Fig. 6E). When rotation is delayed, the wakeexample, in the figure-of-eight pattern shown in Fig. 8C, each
capture peak is missing, revealing two negative peaks at tlstroke begins with an upward motion, and the lift and drag
start of translation, an early small peak due to added magmnsients at the start of each stroke are quite small. In contrast,
inertia. and a later more prominent peak due to rotationahe comparable kinematic pattern that starts with a downward
circulation (Fig. 6H). motion (Fig. 8D) generates sizeable force peaks. A similar

The maps of mean force coefficients as a function of fligrend is seen in the oval patterns (Fig. 8A,B). The upstroke in
duration and flip start are shown in Fig. 7A,C,E, withFig. 8A and the downstroke in Fig. 8B, which both start with
comparable quasi-steady, translational predictions shown & downward motion, are marked by sizeable force peaks at the
Fig. 7B,D,F. Flip timing, the non-dimensional time when thestart of translation, whereas the strokes that begin with upward
mid-point of the flip occurs, is indicated by the inclined paralleimotion are not. This dependence of the early force transient on
lines on each graph. Both_ and Cp are strongly influenced the direction of deviation is explained in part by an increase in
by flip timing and duration. For example, at a flip duration ofthe aerodynamic angle of attack caused by the downward
0.1, C_ varies with flip timing from as low as1.5 to as high motion of the wing. However, the measured force peaks are
as +2. The comparable values of the quasi-steady translatiomauich greater than the quasi-steady estimates, which take into
estimateCy t, also vary, but over a smaller range (freinto  account this effect, suggesting that there is a substantial wake
1.6). effect at the start of each stroke. The influence of the wake is



Fig. 6. Sample instantaneous for
for various combinations of fl
start 10 and flip durationAt. In
all kinematic patterns, stro
amplitude was 180° and angle
attack was 45°. The format -
each panel is that described for |
3. As in Fig. 3, the radial forces -
all these kinematics are zero
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1=0). Under these conditions, -
guasi-steady model (broken lin
accurately predicts measured
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to stroke reversal 1¢=-0.25
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rotational circulation and wa
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produced elevated drag due to w
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drag, but an enormous decreas
lift. (E-H) The influence ¢
rotational timing on a shol
duration flip. (E) Forces genera
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17=-0.45). Note that the angle
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translation because the wing fl
much too soon. As a consequel
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(F) Forces generated by a sligl
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by both rotational mechanisn
(G) Forces generated by a st
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coefficient by 20% compared w
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Fig. 7. Parameter maps of force coefficients as a function of flip start and flip duration. Each map was generated framay f kinematic
patterns. For all experiments, the stroke amplitecend angle of attack were held constanth=180 °,a=45 °), while flip duration and flip

start were systematically varied. The data and interpolated values are plotted as in Fig. 4 and Fig. 5. Isolines of fliwémmggguation

2) are indicated by the diagonal lines in each panel and correspond to the red labels on the right axis. The top panstso(AG¢E)
measured force coefficients, and the bottom panels (B,D,F) show values for the quasi-steady-state estimated coeffitabets. ghxés in A

apply to all panels. (A,B) Measured and quasi-steady values for stroke-averaged mean lift coefficient. The pseudocal@osicglarfels is
shown below the parameter map in B. (C,D) Measured and quasi-steady values for stroke-averaged mean drag coefficietardéote the
discrepancy between the estimated and measured values. (E,F) Measured and quasi-steady values for stroke-averagedratgaatibft-to-
(G). Measured values for stroke-averaged mean net force coefficient. Note the strong similarity to the drag coefficient map.

stronger if the wing moves downwards, towards thdike the lift and drag forces, the time course of radial forces is
descending vorticity of the previous stroke, than if it moveslso dependent on the shape of the wing trajectory.

upwards, away from the wake. In all cases, the significance of Because of the mirror symmetry in upstroke and downstroke
radial forces increases with increasing deviation. As expectellinematics for ‘oval’ kinematics (Fig. 8A,B), the radial forces



Fig. 8. Sample instantaneous forces
various combinations of stroke deviat
and tip trajectory. All other kinemai
variables were constant (amplitt
®=180°, angle of attackn=45°, flip
duration At=0.5, flip timing t17=—0.05).
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upstroke deviation. Both lift and dr.
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downstroke. The absolute average ra
forces are also correspondingly lar
(B) Reversed condition compared with
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upward motion Dgev=—25 °, Uge=+25 °).
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(C) Forces generated with a figure-
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compared with C, both strokes start v
downward motion de=Dde=—25°).
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generated by comparable kinem:
pattern to those in A-D but with |
stroke deviation.
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Fig. 9. Effects of stroke deviation Positive Negative
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during the upstroke are equal and opposite to the radial forc#se ‘oval’ deviation pattern should be symmetrical around zero
during the downstroke. In the ‘figure-of-eight’ kinematics, deviation, since oval patterns with positive and negative
however, the upstroke and downstroke are identical and, hendgviations are mirror images of one another. Thus, the
the radial forces during the upstroke are identical to the radiglownstroke in Fig. 8A should resemble the upstroke in
forces during the downstroke. Fig. 8B, and the upstroke in Fig. 8A should resemble the
Fig. 9 summarizes the effects of stroke deviation on théownstroke in Fig. 8B. The asymmetry in these measurements
time-averaged measured forces and quasi-steady predictionssults from the mechanical play in the gear mechanism of the
While the influence of stroke deviation on the time course ofobot. However, the asymmetry in the performance of the
the aerodynamic forces is large, its impact on the mean forckgure-of-eight’ patterns around zero deviation represents, in
coefficients is surprisingly small. This indicates that thepart, a real aerodynamic effect (Fig. 9B,C,D). In this case, a
differences in the dynamics of force production noted in Fig. ®ositive deviation will result in a downward motion at the start
tend to average out over the stroke. For both the ‘oval’ andf both the upstroke and downstroke, whereas a negative
‘figure-of-eight’ deviation trajectories (Fig. 9A), the mean lift deviation indicates upward motion at the beginning of both
and drag coefficients decreased with increasing absolustrokes. Downward deviation should enhance wake capture, as
deviation (Fig. 9C,D). The changes in average performance falescribed above. Values @ and Cp fall off faster with
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increasing positive deviation close to zero deviation. Howevesensitivity to subtle changes in stroke kinematics may help to
at large deviations, the coefficients for negative deviations arexplain the extreme maneuverability of many insects. By
lower than the coefficients for positive deviations (Fig. 9C,D).systematically measuring flight forces within a comprehensive
There is little effect on th€_/Cp ratio because the influence kinematic space, we have begun to untangle the complex
of stroke deviation is nearly identical for both lift and drag. Ininteractions among these force-generating mechanisms.
contrast, because of the linear nature of sine functions at low
angles,CL/Cp ratios appear linear with the small range of Comparison between the mechanical model and real flies
stroke deviation in our experiments (Fig. 9E). The maximum mean unsteady lift coefficients in this study
As with the earlier experiments, the measured values of botire in excellent agreement with measurements on tethered
CL andCp are higher than quasi-steady translational estimate®rosophila spp., which generated elevated flight force in
due to unsteady effects (Fig. 9C,D). Lift and drag are almosesponse to optomotor stimuli. Pe@kvalues in tethered flight
equally underestimated, which explains why the predicted liftwere 1.9 (Lehmann and Dickinson, 1998), which is precisely
to-drag ratio (Fig. 9E) is only slightly higher than the measurethe same maximum value measured on the model wing.
ratio. For oval trajectories, the quasi-steady predictions for th€ethered flies generating just enough force to support body
mean force coefficients behave as scaled-down versions of theight produce & value of 1.6. The tethered flight estimates
measured traces. For example, both quasi-steady and measuled on the assumption that both up- and downstrokes
mean force coefficients are maximal at zero stroke deviatiogenerated lift, which appears to be correct given the time
and decrease for increasing absolute deviation (Fig. 9C,Dgourse of forces generated whigrosophila spp. kinematics
However, for figure-of-eight trajectories, the quasi-steadyare played through the model (Dickinson et al., 1999).
translational model is much less accurate in predicting th&ethereddrosophilaspp. flap with morphologically maximum
changes in the mean force coefficients with stroke deviatiorstroke amplitude when producing peak lift (Lehmann and
For example, the quasi-steady model predicts that mean lioickinson, 1998), which is consistent with the present results.
should exhibit a local maximum at a stroke deviation of +20 °Unfortunately, apart from stroke amplitude, we do not have
whereas the measured maximum occurs at 0° deviatioadequate knowledge of other kinematic parameters during the
Similarly, the estimated drag increases monotonically witlpeak performance of real flies to compare them with the values
increasing positive deviation, whereas the measured drag tisat maximized lift on the model.

maximal at 0° deviation. As seen in Fig. 5B, the maximum quasi-steady translational
_ _ _ estimate of the mean lift coefficier@,_t, was 1.6. Given that
Ratio of mean lift to mean profile power this value is sufficient to explain the forces required for a fruit

Within the range of Reynolds numbers relevant for fruitfly to hover (Lehmann and Dickinson, 1998), it is tempting to
flies, the total mechanical power required to flap the wings islaim that the quasi-steady estimates are sufficient to explain
dominated by profile poweRpro, the cost to overcome drag insect flight (Jensen, 1956). However, a simple comparison of
on the flapping wings (Lehmann and Dickinson, 1997)time-averaged lift coefficients is not a robust test of the quasi-
Fig. 10A—C shows hoWpro, estimated using equation 6, varies steady model. While the mean values might be similar, the time
with changes in the kinematics parameters. Fig. 10D—F showsstories of measured forces and quasi-steady translational
the corresponding ratios of mean lift to mean profile power foestimates differ greatly (Fig. 3, Fig. 6, Fig. 8). Further, the
the same kinematics. TiRgroestimates vary extensively, even precise time history of lift and drag is critical for calculating
within subregions of the parameter maps in which the valugsrce moments and, thus, essential to considerations of stability
of C_ are high enough to support flight. This result suggestand maneuverability. In addition, since many insects can fly
that it may be difficult to estimate mechanical power in free owhile supporting forces nearly twice their body weight
tethered flight solely on the basis of measures of strok@varden, 1987), any model must explain not only the forces
amplitude. In particulaPpro varies extensively with the timing required to hover, but also those required for maximal lift.
of wing rotation and the angle of attack, parameters that are The inadequacies of the translational quasi-steady model
revealed only by extensive three-dimensional reconstructioreye even more apparent when considering drag. In all
of wing kinematics. experiments, we observed that the measured drag coefficients

were greater in magnitude than those estimated from
_ _ measured translational force coefficients. Also, the range of
Discussion drag coefficients measured he@p€0-6.5) is substantially

We have used a dynamically scaled model wing to measutegher than previously reported measurements from both real
both instantaneous and stroke-averaged lift and drag forces fand modeDrosophila viriliswings Cp=0.2—1; Vogel, 1967).

a wide variety of behaviorally relevant kinematic patterns ormrhe previous experimental values were based on steady-state
a flapping wing. The results underscore the importance of threeeasurements and thus excluded the contribution of rotational
unsteady mechanisms in flapping flight: delayed stallcirculation and wake capture as well as added mass. However,
rotational circulation and wake capture. The processes aeven the range of steady-state coefficients in the previous
important not simply because they help to explain the lifstudy (0<CL<1, 0<Cp< 1;Vogel, 1967) is substantially lower
required to keep an animal aloft but also because theihan the quasi-steady estimates in this studyC(@<1.91;
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Fig. 10
0.37<Cp<3.47). At present, the reason for this discrepancygirculation and wake capture to total force production vary
is not clear. with the precise kinematics of the stroke. In general, the
o _ importance of delayed stall increases with stroke amplitude
The relative importance of unsteady mechanisms because the wing can integrate the influence of the leading

The relative contributions of delayed stall, rotationaledge vortex over a greater distance. In contrast, rotational
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Fig. 10. The effects of wing kinematics on profile po®ge and the ~added mass on force traces before and after subtraction
lift-to-power ratio L/Ppro. Procedures for plotting data are as (Fig. 2), we concluded that, at these Reynolds numbers, the
described in Fig. 4, Fig. 7 and Fig. 9. The pseudocolor scale for Anagnitude of added mass is small compared with rotational
and B is shown below B, and the scale for D and E is shown belogjrculation or wake capture. To isolate these two mechanisms,
E. (A) Profile power as a function of stroke amplitude and angle of js he|pful to focus on kinematic patterns in which either the
attack. (B) Profile power as a function of flip start and flip duratlonemire flip occurs prior to stroke reversal (Fig. 6B,E,F) or the

Flip timing is shown on the right axis. Profile power varies by a . . .
factor of 2 within the parameter space, indicating that flip kinematig\/\”ng does not flip at all (Fig. 3A,B). In the case of an advanced

are important determinants of flight cost. (C) Profile power as iip, the force peak that exceed§ the tranSIatio,nal eSt_imate .prior
function of stroke deviation for oval (blue) and figure-of-eight (red)t0 _Stmke reversal may be attributed to rOtat'Pnal circulation,
patterns. Stroke deviation has only a minor effect on profile powedVhile the force peak after stroke reversal is due to wake
(D) The ratio of mean lift to mean profile powdr/Ppo, as a  Capture. In the case of no flip, the large drag peak at the start
function of stroke amplitude and angle of attack. Like the mean lifof each stroke is due to wake capture, in which vorticity shed
coefficient (Fig. 5A), there is a single angle of attack that maximize$rom the previous stroke elevates force by inducing an increase
L/Ppro for each value of stroke amplitude. (E) The ratio of mean liftin flow velocity towards the wing (Dickinson, 1994; Dickinson

to mean profile power as a function of flip start, flip duration and flipet gJ., 1999). Because of the squared dependence of forces on
timing. (F) The ratio of mean lift to mean profile power as a functionyg|ative velocity, even small changes in flow can cause a large
of stroke deviation for oval (blue) and figure-of-eight (red) dev'at'on'elevation in force.

The influence of wake capture should be reduced when the
effects become more important with lower stroke amplitudewing translates at a 0° angle of attack during the previous
For kinematic patterns mimicking those of hoverflies with astroke. Under these circumstances, the wing sheds less
60 ° stroke amplitude, rotational effects account for more thaworticity at the end of each stroke, since it did not create a
half the total force (Dickinson et al., 1999). Because of theskeading edge vortex during translation. There is some vorticity
differences, quasi-steady translational estimates should mopeesent, however, due to rotational circulation at the end of the
closely resemble the measured values for kinematic patterstroke. Nevertheless, in these cases (Fig. 3G,H), wake capture
with large stroke amplitudes and deviate from measured valués reduced, which partially isolates the influence of rotational
for those with lower stroke amplitudes. These predictions areirculation. The results indicate that a wing rotating early
borne out by the force traces shown in Fig. 3 and the maps ehhances lift, but that if the rotation continues after stroke
CLin Fig. 5A,B. The quasi-steady translational model predictseversal the force dips below the quasi-steady-state prediction
maximum lift at an angle of attack of 45°. While this is closebecause, after changing direction, rotational circulation will act
to the maximum value for the measured forces at high stroke counter the circulation produced by translation.
amplitude, the measured lift maximum is shifted to higher By systematically varying the kinematic parameters, we
angles of attack (60 °) at low stroke amplitude. determined that lift was optimized at a 45° angle of attack,

There are two possible explanations for this shift. First180° stroke amplitude, 10% flip duration and approximately
rotational circulation might make a greater contribution to-5% flip advance. Even subtle deviations from the optimal
mean lift at low stroke amplitude. However, this is unlikely tocombination drastically decreased lift. A 5% delay in flip
be true for symmetrical flips, for which rotational circulationtiming relative to the optimal conditions (Fig. 6H) is less
enhances lift only before stroke reversal, but attenuates it afteffective in generating rotational lift and decreases the average
stroke reversal (Dickinson et al.,, 1999). Also, at strokecoefficient by as much as 25%. Small decreases in flip duration
reversal, the wing rotates less for a 60° angle of attack thazause comparable changes. These results suggest that the
it does for a 45° angle of attack. Thus, the proportionatontrol of flip timing and duration provides an easy and
contribution due to rotational lift is further minimized. Second,powerful way of modulating the forces on two wings, as is
the shift in the lift maximum may reflect an increasingrequired to alter force moments during steering. Tethered flies
importance of wake capture at low stroke amplitude. The largadvance wing rotation on the outside of a turn in response to
contribution of wake capture can be easily seen in the forcesturning visual stimulus (Dickinson et al., 1993). Since early
generated by hoverfly-like patterns (Dickinson et al., 1999) atation enhances whereas delayed rotation attenuates lift,
well as in the drag traces in Fig. 3. The increasing importanagarly wing rotation on the outside of a turn should produce a
of wake capture also explains the changes in drag coefficiengseater force on that side, thus creating an appropriate turning
at low stroke amplitude. While the translational quasi-steadynoment in the opposite direction. While flip advance is usually
model predicts that drag should be independent of amplitudmupled with an increase in stroke amplitude, flies do possess
(Fig. 5D), the measured mean drag coefficient clearlythe ability to decouple the modulation of rotation and
increases at smaller stroke amplitudes. amplitude (Dickinson et al., 1993). A more thorough analysis

of steering must consider the influence of wing kinematics on

Separating the effects of wing rotation from wake capture force moments, which will be the topic of a separate paper (S.

Since rotational circulation, wake capture and added ma$a Sane and M. H. Dickinson, in preparation)
usually occur together during stroke reversal, it is often In nearly all the experiments presented here, the kinematics
difficult to separate these effects. After estimating the effect odf the upstroke and downstroke were identical. Under these
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conditions, the contributions of the upstroke and downstrokand predicted force traces indicates that the wing generates
to forces are equal, and the net force vector is oriented normakge force transients at the start of strokes beginning with
to the mean stroke plane. However, symmetrical wing strokedownward motion that cannot be explained by the changes in
are probably more the exception in actual insects than the rul@erodynamic angle of attack and wing velocity, which are
Thus, further experiments must focus on asymmetric strokeéscorporated in the quasi-steady model (Fig. 8B,D). The most
that can cause the net force vector to be tilted relative to tHikely explanation for these large peaks is that wake capture is
stroke plane. Adjusting the symmetry of the two strokes ignhanced by downward motion and attenuated by upward
undoubtedly critical for the regulation of force moments inmotion at the start of the stroke. By moving downwards in the
flight control. direction of the descending wake, the wing may intercept a
stronger flow field than if it moved upwards. However, a
The influence of stroke deviation rigorous test of this hypothesis will require a detailed
The wings of insects do not always beat back and forthisualization of the velocity distribution during stroke reversal.
within a flat stroke plane, but may exhibit large and complex The interaction between stroke deviation and wake capture
deviations. Within studies of flies, the true form and functioris more extreme in the case of figure-of-eight patterns, in which
of these deviations have been subject to much debate (forttee two half-strokes are mirror images of one another and can
review, see Dickinson and Tu, 1997). While the existence dhus both begin with downward motion. The quasi-steady
oval and figure-of-eight trajectories was often attributed tomodel predicts that mean lift should be maximal with a +20°
differences in experimental procedure (tethevedsusfree  deviation, which means that the wing begins each stroke by
flight, thoracicversusabdominal tether, still aversusmoving  moving upwards. The enhanced performance of upward
air), studies of neuromuscular control indicate that flies havstrokes is due to the fact that the angle of attack is high in the
the ability actively to modulate stroke deviation by alteringmiddle of the stroke when the wing velocity is greatest. The
the activity of steering muscles (Tu and Dickinson, 1994measured forces do not, however, exhibit this enhanced
Lehmann and Go6tz, 1996). The aerodynamic utility of thesperformance with small positive deviations. On the contrary,
changes, however, is still not known. the net performance drops off more quickly with positive
We can divide the effects of stroke deviation ondeviation (upward motion at start of strokes) than with negative
aerodynamic mechanisms into three categories: thdeviation (downward motion at start of stroke). This result is
introduction of radial force components, alteration ofagain consistent with a more effective wake capture due to
aerodynamic angle of attack and the efficacy of wake capturdownward motion at the start of translation.
The presence of one or more of these effects can substantiallyin spite of the large differences in instantaneous forces, the
alter the dynamics of force generation even when the timenagnitudes of time-averaged forces in all cases are similar for
averaged net force produced by the wing remains largelhe oval and figure-of-eight trajectories (Fig.9). For oval
unaltered (filled circles, Fig. 9B). For three-dimensionaltrajectories, the measured forces behave as predicted, with
flapping, the main influence of stroke deviation on flight forcesnaximum lift and drag coefficients occurring at zero deviation
is the presence of radial force components acting orthogonahd decreasing for higher absolute deviation. In contrast, the
to lift and drag (Fig. 8A—E). This force component, althoughfigure-of-eight trajectories behave quite differently from the
ignored in much of the insect flight literature, is of considerableorresponding quasi-steady estimates, varying in both
importance during large stroke deviations. Although themagnitude and behavior. For quasi-steady estimates, the lift
magnitude of the average net force vector remains nearlpaximum occurs at a 20 ° positive deviation, whereas the drag
constant with changes in deviation, both lift and dragnaximum increases monotonically with increasing positive
coefficients decrease with increasing positive and negativdeviations (open red circles in Fig. 9C,D respectively). In
stroke deviations, while the radial component increases. In thontrast, the measured values in both cases are maximal at zero
way, deviation offers a versatile means of manipulating forcedeviation (filled blue and red circles in Fig. 9C,D) and then
through simple geometric alterations in stroke trajectory.  decrease for higher absolute deviations.
Stroke deviation also influences force production by altering
the angle of attack with respect to the wing path as well as its Drag and efficiency
instantaneous velocity. Upward motion of the wing at the start The values of mean profile drd@p,pro Obtained in the
of the stroke results in a decrease in the angle of attack, whiteirrent study are much higher than values in the literature
downward motion causes an increase in the angle of attadkased either on steady-state measurements of wing profiles
The converse is true at the end of the stroke. In addition, tH®¥ogel, 1967) or calculations based on Reynolds number
velocity of the wing is higher, because the wing must cover éllington, 1984d; Lehmann and Dickinson, 1997; Wakeling
greater distance when it follows a curved trajectory for a giveand Ellington, 1997). In particular, the equation:
stroke frequency. This effect is clear in the quasi-steady — —
prediction for the oval wingbeat patterns (Fig. 8A,B). The Copro=7NRe, @
predicted forces are higher at the start of strokes beginninghich represents the rough average of the Reynolds-number-
with downward motion and at the end of strokes that finisldlependence of a flat plate parallel and perpendicular to flow
with downward motion. However, a comparison of measure¢Ellington, 1984c), may grossly underestimate the profile drag
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on a flapping wing. In the current study, this equation predicts Concluding remarks

aCp pro value of approximately 0.7 for large stroke amplitudes, The data presented in this paper represent a comprehensive
which is less than 25% of the measied values for kinematignalysis of the effects that wing kinematics have on the
patterns capable of sustaining fliglEp(=3). One obvious generation of aerodynamic forces in flapping flight. The results
reason for this large discrepancy is that the process of wingveal a complex system in which subtle alterations in stroke
rotation generates large instantaneous values of drag which, eyg@Rematics can have quite large effects on force production. In
though lasting only a small portion of the stroke, substantiallfuture studies, it will be an important challenge to determine
increase the mean values. However, even the drag contributegw real insects use this sensitively to adjust the balance of
by delayed stall during translatior2) is higher than that forces and force moments as they steer and maneuver through

predicted by equation 7. These large values for the mean drggeir environment.

coefficient have several important implications for flight
energetics and muscle physiology. First, profile power, which
scales linearly with the mean drag coefficient, may be several
times greater than predicted in estimates using equation 7. Thu&
under many conditions, profile power, and not induced poweg
may represent the dominant component in aerodynamic powé(f)
Further, estimates of total mechanical power based solely d@b pro
induced power are likely grossly to underestimate flight cost€p
The elevated values of drag also call into question previouSpt
attempts to estimate elastic storage, which depend upon inert@k
power costs being high relative to aerodynamic costs (DickinsoB.
and Lighton, 1995). If the ratio of aerodynamic cost to inertialCy t
cost is high, the energetic benefits of elastic storage are grea@y
reduced. Second, because previous estimates of mechaniCal _
power may be several times too low, calculations of muscldgdt
efficiency, based on the ratio of mechanical power to totaD
metabolic power, may be substantially lower than actual valueBdev
Such estimates for the muscle efficiency of asynchronous fligh(t)
muscle range from 8 to 12%. When corrected for thd
underestimate of drag, we find that previous estimates of musdta,n
efficiency presented for fruit flies (Lehmann and Dickinson,Fn
1997) should be adjusted to 20-25%. If correct, these adjustéd
values help to solve a perplexing problem in insect flighh
physiology. Because €&acycling represents a sizeable fraction Ppro
of the energetic cost in cyclic contractions, stretch-activate®
muscle should accrue an energetic savings and concomitdré
increase in mechanical efficiency. This prediction was nof
supported, however, by the previous estimates of efficiency24(9
After correction with more accurate values of drag, the estimates
of mechanical efficiency in asynchronous muscle are now
consistent with the reduced cost of2Caycling. T

In addition to indicating that the mean level of drag may béJdey
higher than previously expected, the results also show that thging(t)
value of drag is quite sensitive to subtle changes in wing
kinematics (Fig. 5C, Fig. 7C, Fig. 9D). Mapping an estimate ofx(t)
profile power indicates that this sensitivity of the dragAt
coefficient to wing kinematics translates into a sensitivity of®
flight cost as well (Fig. 10A,B,C). This result again has@()
consequences for estimates of flight costs and mechanioal
efficiency from free-flight kinematics based solely on measure8(t)
of stroke frequency and amplitude (Ellington, 1984d). In®
particular, for a given stroke amplitude, profile power variep
depending upon the timing and duration of wing rotationts
(Fig. 10B). Thus, without knowledge of the precise strokero
kinematics, estimates of free-flight energetics must be viewed
with caution.

List of symbols
aspect ratio
mean chord length
non-dimensional chord length
mean profile drag coefficient
mean drag coefficient
translational drag coefficient
mean force coefficient
mean lift coefficient
translational lift coefficient
mean total aerodynamic force coefficient
mean radial coefficient
mean non-dimensional angular velocity of the wing
drag
maximum angle of downstroke deviation
instantaneous drag
force coefficient averaged over a stroke
added mass inertia normal to the wing surface
mean total aerodynamic force
lift
wingbeat frequency
mean profile power
wing length
Reynolds number
non-dimensional radial position along wing length
non-dimensional second moment of wing area
surface area of a wing pair
time
stroke period
maximum angle of upstroke deviation
instantaneous wing velocity
angle of attack
instantaneous angle of attack
flip duration
total stroke amplitude
instantaneous stroke position
kinematic viscosity
instantaneous stroke deviation
maximum stroke deviation
density of fluid
flip timing
flip start
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