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Summary

The downstroke-to-upstroke transition of many insects is characterized by rapid wing
rotation. The aerodynamic consequences of these rapid changes in angle of attack have
been investigated using a mechanical model dynamically scaled to the Reynolds number
appropriate for the flight of small insects such as Drosophila. Several kinematic
parameters of the wing flip were examined, including the speed and axis of rotation, as
well as the duration and angle of attack during the wing stroke preceding rotation.
Alteration of these kinematic parameters altered force generation during the subsequent
strokein avariety of ways.

1. When therotational axiswas closeto thetrailing edge, the model wing could capture
vorticity generated during rotation and greatly increase aerodynamic performance. This
vortex capture was most clearly manifested by the generation of lift at an angle of attack
of 0°. Lift at a0° angle of attack was also generated following rotation about the leading
edge, but only if the downstroke angle was large enough to generate avon Karman street.
The lift may be due to an alteration in the effective angle of attack caused by the inter-
vortex stream in the downstroke wake.

2. The maximum lift attained (over all angles of attack) was substantially elevated if
the wing translated backwards through a wake generated by the previous stroke.
Transient lift coefficient values of nearly 4 were obtained when the wing translated back
through a von Karman street generated at a 76.5° angle of attack. This effect might also
be explained by the influence of the inter-vortex stream, which contributes a small
component to fluid velocity in the direction of translation.

3. The growth of lift with angle of attack was significantly elevated following a 7.5
chord stroke with a 76.5° angle of attack, although it was relatively constant under all
other kinematic conditions.

4, The results aso indicate the discrepancies between transient and time-averaged
measures of performance that arise when unsteady mechanisms are responsible for force
generation. Although the influence of wing rotation was strong during thefirst few chords
of trandation, averaging the performance over as little as 6.5 chords of motion greatly
attenuated the effects of rotation.

5. Together, these modeling results suggest that the unsteady mechanisms generated by
simple wing flips could provide an important source for the production of aerodynamic
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forcesin insect flight. Furthermore, the extreme sensitivity to small variations in almost
all kinematic parameters could provide a foundation for understanding the aerodynamic
mechanisms underlying active flight control.

I ntroduction

Unlike the lift-generating surfaces of planes and helicopters, the wings of animals must
frequently change direction. The wing motion of many animals consists of aternating
upstrokes and downstrokes, each with an appropriate angle of attack. Between these two
half-strokes, the wing is rotated in apparent preparation for the next cycle. These wing
rotations are most extreme in animals that utilize a roughly horizontal stroke plane
(Ellington, 1984a), including such sophisticated aerialists such as flies, bees and
hummingbirds. During stroke reversals, the rotational velocity of the wing can be large
while the trandlational velocity islow. As a consequence, traditional ‘ quasi-steady-state’
flight theory put little emphasis on the potential aerodynamic contribution of stroke
reversal. This view was partly corrected by Ellington (1984c), who recognized that wing
rotation is itself a source of circulation that will be especially large during supinations.
However, even this more accurate quasi-steady model probably underestimates the
importance of wing rotation.

During the last decade, the assumptions of the quasi-steady-state theory have been
challenged on both theoretical and experimental grounds (see Ellington, 1984b; Spedding,
1992, for reviews). As steady-state approaches are put to rest, interest within the wing-beat
cycle has shifted from force production during the two wing strokes themselves to what
happens during the stroke reversals. The first well-demonstrated unsteady mechanism, the
‘clap and fling’, occurs during the upstroke-to-downstroke transition (Weis-Fogh, 1973;
Lighthill, 1973; Ellington, 1975; Maxworthy, 1979; Spedding and Maxworthy, 1986). In
flies, whose kinematics have been described in great detail (Nachtigall, 1966; Ennos, 1989;
Zanker, 1990), the ventral stroke reversal is extremely rapid, in contrast to a more gradual
pronation of the wing during the dorsal reversal. Zanker (1990) estimated that angular
velocities exceed 10° degreess1 during the ventral flip in Drosophila, although this value
is certainly an underestimate due to temporal averaging in his visualization technique.
Recent behavioral studies (Dickinson et al. 1993) indicate that Drosophila actively
modulates the relative timing of the ventral flip on the two wings during turning
maneuvers. Several unsteady mechanisms have been proposed for rapid supinations
(Nachtigall, 1979; Ellington, 1984a; Ennos, 1989), but their rapidity makes direct
visualization of flow patterns difficult, even with high-speed cinematography. This paper
attempts to circumvent this limitation by using dynamically scaled model wings to study
the aerodynamic importance of wing rotations. A similar approach was taken by Savage
et al. (1979) in their analysis of dragonfly hovering. In the present study, rather than
estimating lift and drag from visualized flow structure, | have attempted to measure
instantaneous aerodynamic forces directly. Freymuth (1988, 1990) has provided an
analysis of the net vortex jet produced by a series of reciprocating wing strokes. However,
the present analysis is directed towards a specific portion of a wing-beat cycle, the rapid
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supination during the ventra flip, and investigates how kinematic modifications of theflip
might provide ameans of regulating aerodynamic forcesfor steering.

In the first paper of this series, Dickinson and Gotz (1993) measured the lift and drag
forces on a model Drosophila wing started impulsively from rest. At angles of attack
greater than about 15°, lift on the wings was greatly augmented by the presence of a
leading-edge vortex that stayed attached to the wing for the first few chord lengths of
motion. In the experiments presented here, | use exactly the same paradigm, except that
the motion of the wing model consists of two translations of opposite direction separated
by a rapid rotation. Instantaneous measurements of flight forces in Drosophila indicate
that alarge force peak is generated immediately following the ventral flip, during the first
half of the upstroke (Zanker and Go6tz, 1990; K. Gotz, personal communication).
Consequently, the experiments were designed to measure the effect of thefirst translation
and stroke reversal on the generation of forces during the subsequent trandation. The
potential number of variablesin such a system is enormous, so the investigation has been
limited to four important parameters of stroke reversal that could potentially influence
force generation during the subsequent stroke: (1) the position of the rotational axis,
(2) the speed of rotation, (3) the angle of attack of the preceding stroke, and (4) the length
of the preceding stroke.

Materials and methods
Experimental apparatus

The basic techniques and analysis used in this study have been extensively described in
a previous paper (Dickinson and Gétz, 1993) and are only briefly outlined here. All
experiments employed a 1 mm thick aluminum wing section 15cm in length and with a
5cm chord. The studies were carried out in a 2001 aquarium filled with 54% sucrose
solution, with a measured kinematic viscosity of 0.25cm2s~1 (0.25stokes). The wing
model could be trandated and rotated through perpendicular axes by the action of two
computer-operated stepper motors. Forces parallel and normal to the wing surface were
measured by a two-dimensiona force transducer. Lift and drag forces, defined with
respect to the direction of motion, were reconstructed trigonometrically. The sectional lift
and drag coefficients were cal culated according to standard methods, except that they are
represented as functions of time.

Experimental procedure

The general scheme for these experimentsisindicated in Fig. 1. The motion of the wing
profile was divided into three temporally distinct phases. the first trandation (hereafter
termed the downstroke), wing rotation, and the second trandation in the opposite direction
from the first (termed the upstroke). The trandational velocity of the profile was 12cms—1
in all experiments, corresponding to a Reynolds number (Re) of 236. Therotational velocity
was chosen by dynamic scaling of a reduced frequency parameter, «, which is equal to
wl/U, where w isthe angular velocity during the ventral flip, | isthe chord length and U is
the velocity during the trandational phase. Zanker (1990) measured an average trandation
velocity of 125cms~1 for Drosphila wings of chord length 0.085cm. The large angular
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Fig. 1. Experimental paradigm. The movement of the model wing is divided into three
temporally discrete phases: downstroke, rotation and upstroke. The trandational velocity U
was the same for both downstroke and upstroke, while the angles of attack ag and ay could be
controlled independently. Between the two strokes, the wing was rotated from the downstroke
position to the upstroke position at a constant angular velocity o through the 0.2, 0.5 or 0.8
chord point. In al experiments, the aerodynamic forces were analyzed during the upstroke.

velocities during the ventral flip make » more difficult to estimate given the temporal
resolution of current imaging techniques. Zanker (1990) gave a lower-limit estimate of
10°degreess ™1, but the wing can undergo a 90° rotation within a 200 us temporal window
seen in stroboscopic anaysis (F.-O. Lehmann, personal communication). Given these
values, | estimated the angular velocity during the flip to be in the range 3x10° to
5x 10°degreess—1, which yieldsarange for « of about 3.5-6. In most experiments, | used a
Kk valueof 4.5, which required arotational velocity of 625degreess—1. Obviously, thisvalue
can only be considered to be a rough estimate, and one set of experiments explicitly
examines the effect of rotational velocity on unsteady force production. The acceleration of
the wing model to final trandational and rotational velocities required 80 and 14ms,
respectively, with an identical time course during decelerations. The motion controller was
configured such that rotation began immediately following the termination of the
downstroke and the upstroke started immediately upon termination of rotation. The only
source of delay between the three stroke phases was the single line processing time of an
IBM 386 computer running BASIC, which was small compared with the accel eration times
given above. This tempora segregation of trandation and rotation was extremely
convenient because it allowed separation of the various inertia force transients that result
whenever the wing is accelerated. By beginning trandation after rotation had been
completed, it was possible to measure unambiguoudly the effect of rotation on the
production of aerodynamic forces, uncontaminated by the large inertial transients. In
addition, measured lift and drag were due only to trangdlation, since the angular velocity of
the wing was a\ways zero during the upstroke. Of course, trand ation and rotation are not so
neatly separated during the stroke reversal of areal fly. However, it was not my intent to
mimic precisely normal flight kinematics, but rather to explore more broadly the potential
contributions of stroke reversal to force production during the subsequent trandation.
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The direction of wing rotation between the downstroke and upstroke was always such
that the leading edge moved in the direction of upstroke trandlation (Fig. 1). This
corresponds to supination that occurs on actual fly wings. The angular motion during the
rotation phase was thus equal to 180° — (ad+aw), Where ag and ay, are the angles of attack
during the downstroke and upstroke, respectively. The force measurements from four
runs with identical parameters were averaged for each trial. Each experimental set
consisted of 23 trias, in which the angle of attack during either the downstroke or the
upstroke was varied in 4.5° steps from —9° to 90°. In addition, each complete set of 23
angles of attack was repeated for three different configurations. leading edge, half chord
and trailing edge rotation. These configurations were accomplished by attaching the sting
descending from the force transducer to positions 1.0, 2.5 and 4.0 cm, respectively, from
theleading edge of the profile, corresponding to the 0.2, 0.5 and 0.8 chord points.

Comparison of transient and steady-state aer odynamic performance

In the first paper of this series (Dickinson and Gotz, 1993), the transient and steady-
state performances of the model wing were compared by examining the instantaneous
values of the lift coefficient C. and the drag coefficient Co measured at 2 and 7 chord
lengths of trandation. In the present study, however, variations in the time course of
vortex generation and shedding are more extreme, and instantaneous values could give a
misleading representation of the performance differences between experimental
conditions. For these reasons, | have employed adightly different method for comparing
the early and ‘ steady-state’ aerodynamic performance throughout this paper. The force
coefficients are integrated over two different translational distances: from 1 to 3 and from
1to 7.5 chord lengths of travel. For comparison, the values have been normalized to the
number of chords traveled and are equivalent to the mean values of Cp and Cp over the
integration interval. For convenience, | refer to the valuesintegrated from 1 to 3 chords of
travel as transient values and those integrated from 1 to 7.5 chord lengths as average
values. In both cases, the 1 chord point was chosen for the start of integration so that the
values would not be contaminated by inertial forces at the start of translation.

Flow visualization

During most experiments, the pattern of fluid flow was visualized with aluminum
particles and recorded from below on video tape (Dickinson and Gotz, 1993). The flow of
fluid during wing rotation was very fast relative to the temporal resolution of the video
system. For this reason, a few additional visualizations were made at haf the Reynolds
number of the force measurements (Re=115), but using the same reduced frequency
value. Although some minor differences were apparent between the flows visualized
under these two regimes, the basic pattern of flow was similar.

Results
Axis of rotation

Asindicated in Fig. 2, the axis of wing rotation has a strong effect on the time course of
lift and drag generation. In these experiments and those described in the next section
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Fig. 2. Upstroke trajectories following 0° downstrokes with three different rotational axes.
Each group of superimposed traces represents the force trajectories measured at seven
different angles of attack ranging from —9to0 45° in 9° steps. In all cases ag was 0°. The C.
and Cp trajectories are aligned in the left-hand and right-hand columns, respectively. The top
two traces show the force measurements during pure trandation, that is, a simple impulsive
trandation from rest. The lower three pairs of traces indicate the results from experiments
usinga0° downstroke, with 0.2, 0.5 and 0.8 chord rotational axes. The transitions between the
three phases of motion (downstroke, rotation and upstroke) are indicated above the abscissa
(d, r, u). Following rotation about the 0.8 chord point, positive lift and negative drag are
generated at a0° angle of attack.

(concerning rotational speed), the angle of attack during the downstroke is zero, so that
the force production during the upstroke is not complicated by flows generated by the
previous stroke. For comparison, the top tracesin Fig. 2 show C. and Cp trajectories for
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an impulsive start to the same tranglational velocity, but in the absence of a downstroke
and rotation (hereafter called pure translation). Thelarge excursions near the beginning of
the lower three sets of traces result from the inertial and aerodynamic forces that occur
during rotation. The linear acceleration of the model then causes a second smaller
positive transient in both lift and drag that is also present in pure transl ation.

The performance of the model wing after a flip deviates most from that of the pure
translational case when the axis of rotation is near the trailing edge of the wing (0.8 chord
rotational axis). These kinematic conditions produce alarge broad force transient that acts
on the wing for the first three chord lengths of travel. It is important to note that this
positive transient is present even when the upstroke angle of attack ay iszero or less. This
observation illustrates a potentially important role for wing rotation in insects. The
rotation of the wing preceding translation can act to generate avortex that is subsequently
captured by the upper surface of the wing at the start of translation. This vortex produces
lift over the first several chord lengths of travel, even at angles of attack below the
threshold for leading edge separation in pure transglation.

What is the precise source of the vortex responsible for the forces transients? Why is
the capture so strongly dependent on the axis of rotation? A cartoon illustrating the
pattern of vortex development reconstructed from video segments during a wing flip is
shown in Fig. 3. In this simple case, no circulation is developed during the downstroke
since the angle of attack is zero, although the pattern is similar with downstroke angles up
to 13.5°, the point at which vortex shedding commences. Two vortices form at the onset
of rotation. The first is a bound vortex moving with the wing in the direction of rotation.
The second is a free vortex that is shed from the wing edge undergoing the most shear
during rotation. As required by Kelvin's law, this vortex possesses a strength equal and
oppositeto that of the bound vortex on the wing and is analogous with a starting vortex in
translational motion. Because of this symmetry, | will refer to this structure asthe mirror
vortex. A similar pattern was visualized by Savage et al. (1979) at a Reynolds number of
about 8000. As soon as the wing compl etes rotation, the bound vorticity is shed from the
wing asapair of vortices, each with the same orientation asthe original bound vortex, and
together these are analogous with the stopping vortex of translational motion. One vortex
peels upwards from the trailing edge, while the other develops downwards from the
leading edge. Thus, at the start of rotation, there are three vortices in the vicinity of the
model wing. Although this basic pattern was seen in all the kinematic variations that
follow, the exact location of the vortices and the extent of vortex capture depend strongly
on the axis of wing rotation. If the axis of wing rotation is at the 0.8 chord point (Fig. 3A),
the mirror vortex develops above the surface of the wing and moves forwards in the
direction of the subsequent translation. Under the right conditions (see the section below
on rotational velocity), the mirror vortex becomes attached to the upper surface, where it
canincreaselift during the subsequent translation. If the axis of rotation isat the 0.2 chord
point (Fig. 3C), themirror vortex forms bel ow the wing and moves backwards, whereitis
incapable of augmenting lift. The pattern of flow resulting from arotation about the 0.5
chord point is more complicated (Fig. 3B), but may be approximated as two half-wings:
the front half-wing rotating about its trailing edge and the back one rotating about its
leading edge. Two mirror vortices, of equal strength and orientation, form opposite the
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Fig. 3. Cartoon illustrating the development of vorticity during a stroke reversal following a
0° downstroke. The drawings are based on the analysis of video recordings made during the
experiments. The flow pattern generated by 0.8, 0.5 and 0.2 chord rotation points are shownin
A, B and C, respectively. In al cases, wing rotation results in the generation of bound vorticity
in the direction of rotation and free vorticity of equal and opposite strength termed the mirror
vortex. At the termination of rotation, the bound vorticity is shed as two separate vortices off
theleading and trailing edges of the wing. At positive upstroke angles, the trailing edge vortex
is incorporated with the starting vortex of translation and becomes paired with the mirror
vortex. (A) Following rotation about the 0.8 chord point, the mirror vortex resides above the
wing, where it may contribute to the generation of positivelift. (B) With rotation about the 0.5
chord point, two mirror vortices are formed, one above and one below thewing. (C) Following
rotation about the 0.2 chord point, the mirror vortex resides under the wing at the start of
trandation.

edges of thewing. At the completion of rotation, the two bound vortices are shed, leaving
a system of four vortices at the onset of tranglation. One mirror vortex resides above the
wing and could potentially contribute to lift augmentation, although its strength must be
roughly half of that produced by rotation about the 0.8 chord point.

The pattern of flows described above correlates well with the force trgjectories. With
therotational axis at the 0.2 chord point, in which the mirror vortex forms under the wing,
the lift is transiently negative at upstroke angles of 4.5° and below and appears to be
sluggish compared with the pure translation case. The performance in the case of rotation
about the 0.5 chord point is alittle better, but does not show the strong vortex lift seen
with rotation about the 0.8 chord point.

The changes in the development of the aerodynamic force due to the position of the
rotational axis are shown in conventional polar diagramsin Fig. 4. The augmentation of
transient performance with a 0.8 chord axis of rotation is quite remarkable: the drag is
actually negative at —4.5 and 0° angles of attack (Figs 2, 4A,D). The presence of
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Fig. 4. Rotation about the trailing edge transiently augments lift at low angles of attack. The
following conventions are used in plotting the panels of thisfigure: transient values of C. and
Cp, averaged from 1 to 3 chords of travel, are shown as open symbols, values averaged from 1
to 7.5 chords are shown asfilled symbols. Force coefficients measured after rotation about the
0.2, 0.5 and 0.8 chord points are shown as squares, triangles and circles respectively. The
dashed line indicates the performance in pure translation at the same Reynolds number.
Unless otherwise mentioned, these conventions are followed throughout the paper.
(A) Conventional polar plot of transient lift and drag coefficients, C. and Cp, paramaterized
by angle of attack. The data were calculated from the force trgectories plotted in Fig. 2.
(B) Average performance of the model wing from 1 and 7.5 chords of travel. The performance
isnever greater than that seen in the case of puretrandation. (C) Transient values of C_ plotted
against upstroke angle of attack ay for the three rotational axes. Rotation about the 0.8 chord
point generates substantially higher Ci values at angles of attack below 22.5°. Above 45°, the
performances of the three conditions converge. (D) Same as in C, except that transient Cp
values are shown. Drag forces on the model wing following rotation about the 0.8 chord point
are extremely small at low angles of attack and are actually negative at —4.5 and 0°. These
data represent the average performance between 1 and 3 chords of travel, and instantaneous
values of drag are even more negative (see Fig. 2).
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negative drag could indicate that the total force vector, the resultant of both lift and drag,
is oriented roughly normal to the surface of the profile, as expected by the fulfilment of
the Kutta condition on both the leading and trailing edges of the wing. At negative angles
of attack, the total force vector must tilt slightly forward, resulting in a negative drag that
is temporarily larger than the contribution due to skin friction. Following rotation about
the 0.8 chord axis, the mirror vortex is thrown forwards in the direction of the upstroke.
The change in fluid momentum in this direction would be manifest as a negative drag
force during trandation. In contrast, rotation about the 0.2 chord axis should increase
drag, since the vortex isthrown backwards against the direction of upstroke trandation.

Vortex capture is not without its costs (Fig. 4A,C). Following rotation about the 0.8
chord point, transient lift falls quite rapidly at angles of attack above 22.5°, while it
continues to grow with increasing angle of attack for the two more anterior rotational
axes. In pure trangdlation, a leading edge vortex begins to develops at angles of attack
greater than 13.5°. With the addition of wing rotation preceding trandlation, the vorticity
generated by trandation appears to sum linearly with that already present due to vortex
capture, indicated by an upward shift in the curves of Fig. 4C. However, as is evident
from the loss of lift at higher angles of attack, the leading edge vortex cannot grow
without bounds and becomes unstable as more vorticity is added during translation. The
maximum lifts attained after rotation about the 0.8 and 0.2 chord axes are quite similar
(Fig. 4C), suggesting that there is alimit to the size of aleading edge vortex for a given
upstroke angle and Reynolds number. This result is expected from the limitations on the
accumulation of vorticity in dynamic stall (McCrosky, 1982; Wu et al. 1991). However,
despite the appearance of simple addition, the actua interaction between vorticity
generated during rotation and translation must be much more complex, as indicated by
comparing the lift trgjectories in Fig. 2. At high upstroke angles, the captured vortex is
rapidly shed, and the subsequent von Karman pattern appears to be ‘re-set’ dightly,
relative to the pure trandation case. This indicates that both the magnitude and the
dynamics of shedding during translation are affected by the additional vorticity.

Both the effects of wing rotation and the differences caused by adjustment of the
rotational axis are much less striking when averaged from 1 to 7.5 chords of trandation
(Fig. 4B). At low angles of attack, the three different rotational axes yield similar
performances. The polar curves diverge somewhat at angles of attack greater than 27°
and, compared with the situation early in trandation, the performance following rotation
about the 0.8 chord axis is diminished with respect to those of the other two
configurations. These results reflect the decrease in lift seen in the force trgjectories in
Fig. 2 following the transient increase. The polar curve for 0.2 chord rotation axis
displays the best average performance, although it never surpasses the performance in
pure tranglation. The fundamental differences in wing performance early and late in
motion indicate both the limitations of steady-state approximations as well as the
importance of stroke length in any consideration of insect flight. These limitations arise
quite simply from the periodic structure of the von Karman street generated upon
translation at high angles of attack. Wing rotation may transiently ater the strength and
frequency of vortex shedding but, as the trandlation distance within the subsequent stroke
increases, these differences will tend to average out. Thus, the differences in force



Aerodynamics of wing rotation 189

generation elicited by subtle changesin the rotation kinematics become less noticeable as
values are averaged over periodslonger and longer from the onset of translation.

Foeed of rotation

Fig. 5 shows lift and drag trgjectories at several angles of attack for five different
rotational velocities, expressed as reduced frequency values, k. The values were chosen
roughly to bracket the estimate made for Drosophila during the ventral flip. The peak
values in C. are small at low rotational speeds (k=2.5), increase at intermediate speeds
(k=4.5) and then decrease again at higher k values. In addition, the time to peak and the
duration of the lift transients increase with increasing flip speed. These trends probably
result from two characteristics of vortex development. First, since the strength of bound
vorticity on the wing must increase with increasing rotational velocity, so must the
strength of the mirror vortex. Second, the velocity of rotation a so influences the motion
of the mirror vortex center, which determines how close it comes to the upper surface of
the wing and how long it staysthere. This, in turn, will determine the extent to which the
mirror vortex influenceslift production. These complex effects, brought about by changes
in rotational speed, are manifest in the variation among the polar diagrams of the transient
force coefficients (Fig. 6A). There is a local maximum in the transient lift values at a
reduced frequency of 4.5, where C._ reaches a value about 0.5 higher than that attained in
pure tranglation at the same angle of attack (Fig. 6C, dashed line). Fig. 6C also illustrates
the cost of vortex capture at higher angles of attack. At 45° there is a minimum in
transient C_ at intermediate « values, which drops well below values attained in pure
tranglation (dotted line). This loss of lift probably results from the influence of added
vorticity on the dynamics of von Karman shedding. With the addition of extra vorticity,
the initial leading edge vortex may be shed too quickly to offer much aerodynamic
advantage.

Despite the clear differences in the time course of the force coefficients (Fig. 5),
changes in rotational speed have little effect on the average performance of the model
wing over the full tranglational distance (Fig. 6B). The average values of C_ at 22.5 and
45° angles of attack are not as strongly dependent on reduced frequency, and in all cases
the values are lower than those attained in the absence of rotation (Fig. 6D).

Downstroke angle of attack

In al the experiments described so far, the angle of attack during the downstroke was
0°. The changesin lift generation were therefore due to the process of rotation itself and
not to contributions from flows generated by the previous stroke. However, in rea flight,
the wake created by one wing stroke might influence the forces generated during the next.
This contribution was examined experimentally by varying the downstroke angle of
attack (ad) while holding the upstroke angle (ay) constant. Because the flows generated
by pure trand ation are time-dependent (Dickinson and Gotz, 1993), the experiments were
performed for two different downstroke durations, 2 and 7.5 chord lengths. Fig. 7 shows
a series of superimposed C. and Cp trajectories generated under these conditions. The
transient values of CL are plotted as functions of «q for both 2 and 7.5 chord downstroke
durationsin Fig. 8. In all cases ay, the angle of attack when the force measurements were
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made, was constant at 22.5°. When the downstroke angle of attack islow, the duration of
the downstroke makes little difference to the performance of the model wing. However,
the lift trgjectories following long and short downstrokes begin to diverge at ad values
greater than 13.5°, precisely the angle where vortex shedding begins to develop in the
case of pure trandation (Fig. 8A,B). This suggests that the strength and orientation of
downstroke vortices at the time of wing rotation may be important in determining the
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time course and strength of vortex production during the subsequent stroke. As with all
other experiments, the effect of downstroke angle on upstroke lift also depends upon the
axis of wing rotation. Following rotation about the 0.8 chord point (Fig. 8A), the highest
Cv. valuesfollowing a7.5 chord downstroke occur at ag values near 0°, reach aminimum
near 36° and rise again with as aq approaches 90°. Consistent with the previous results
(Figs 2, 4), there is less difference between the transient values of C. for wing rotations
about the 0.2 and 0.5 chord axes (Fig. 8B). In both cases, transient performance declines
until about 18°, and then grows with increasing angle of attack until reaching a maximum
of about 3 near 72°. For all three rotational axes, the influence of downstroke angle on the
lift generated at a 22.5° angle of attack is much less when the downstroke is only two
chordsin duration.

The effects of upstroke angle with a large downstroke angle

The results of the previous section demonstrated that downstroke angle could have an
enormous effect on force production during the following upstroke. To explore this
interaction further, oy, was once again varied from —9 to 90°, while holding aqg constant
at 76.5°. This downstroke angle was chosen because it generated large values of lift in the
previous experiments (Fig. 8). As before, upstroke performance was examined under six
conditions. three axes of wing rotations at two downstroke distances. As seen in the
individual force tragjectories of Fig. 9 and the polar diagrams of Fig. 10, these conditions
produced the greatest lift augmentation measured in the entire study. Instantaneous lift
coefficients approached values of 4, or about twice those measured in pure translation.
The greatest increase in transient lift occurs when the wing rotates about the 0.2 chord
axis, and theincrease was | east following rotation about the 0.8 chord point. This order of
performanceis exactly opposite to that measured when aqwas0° (Fig. 4).

Although the flow patterns during a flip from a large downstroke angle were more
complex due to the vortex street, the basic sequences of vortex generation and shedding
were similar to those described for a 0° downstroke. Following rotation about the 0.8
chord axis, a mirror vortex forms above the wing and must contribute to the large
transient increasein lift (Fig. 11, right-hand frames). A more puzzling result, however, is
that the lift transients following rotation about the 0.2 chord axis were actualy larger,
despite the fact that the mirror vortex forms, as expected, below the wing (Fig. 11, left-
hand frames). One conspicuous feature of the visualizations following rotation about the
0.2 chord axis was a substantial ‘backwash’ of fluid that intercepted the wing at alarge
effective angle of attack before the onset of trandation. This flow originated from the
region between the leading and trailing edge vortices of the downstroke wake. Thisinter-
vortex stream is a conspicuous feature of von Karman streets (Timme, 1957; Kiya and

Fig. 5. Upstroke forcetrajectoriesfollowing 0° downstrokes with a0.8 chord rotational axis at
different rotational speeds. The rotational velocity of the wing is indicated by the reduced
frequency parameter k, which represents the ratio of rotational speed to the speed during
translation. In all cases, the rotational axis was centered at the 0.8 chord point and ag was 0°.
The time course and magnitude of force oscillations are strongly dependent upon the velocity
of rotation.
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Fig. 6. The transient augmentation of lift is strongly dependent on the velocity of wing
rotation preceding translation. (A) Superimposed polar diagrams for the transient values of Ci
and Cp for seven different k values between 2.5 and 10. (B). Same asin A, except that average
force coefficient values from 1 to 7.5 chords are plotted. The effects of flip speed on the
averaged values are much less apparent. (C) Thetransient Cp valuesat 22.5° (circles) and 45°
(diamonds) are plotted as a function of reduced frequency «. The dotted and dashed lines
represent the pure translation values of Ci at 22.5° and 45° respectively. At 22.5°, thereisa
sharp maximum in the lift transient at reduced frequencies between 4 and 6, which goes well
abovethe C attained at the same angle of attack in the absence of rotation. At 45°, however,
the same reduced frequency range produces a minimum in lift, which dips well below the
performance of thewing in puretranslation. (D) Sameasin C, but the average valuesof C_ are
shown. The complex effects of rotational velocity on lift generation averaged throughout
motion are not as strong as those seen early in trandation. In addition, the average lift values
never exceed those generated in pure trandation.

Arie, 1977) and may be responsible for the lift transients measured at low upstroke
angles.

In contrast to the performance following a 7.5 chord downstroke, lift transients are not
produced at low upstroke angles following a 2 chord downstroke (Fig. 8A). The reasons
for this appears to be in the different structure of the downstroke wake after the shorter
downstroke. Two chords of trandation is approximately the point of maximum lift
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production following an impulsive start from rest, because of the large vortex developing
off theleading edge at that time (Dickinson and Gotz, 1993). Following rotation about the
0.8 chord axis, this vortex lies just in front of the wing, where it quickly annihilates the
mirror vortex, which possesses the opposite orientation and, as a consequence, no lift is
generated at low upstroke angles (Fig. 9A). In the case of the 0.2 and 0.5 chord axes, lift
is actually negative at a0° upstroke angle (Figs 9A, 10B,C, and see also Table 1). This
correlates well with the structure of the inter-vortex stream generated by a 2 chord
downstroke. The stream is oriented slightly downwards and intercepts the wing from
above, creating an effective negative angle of attack at the onset of tranglation. As can be
seen in Fig. 10C for rotation about the 0.2 chord axis, the increase in lift following a 7.5
chord downstroke at low angles of attack is roughly equivalent to the decrease in lift
following a2 chord downstroke.

Despite the decreased performance at low values of ay, a high upstroke angles, the
augmentation in lift following a 2 chord downstroke nearly matches that following a 7.5
chord downstroke (Fig. 10A—C). For all three axes of rotation, lift is substantially greater
than that generated in pure trandation, although maximal values of transient C_ are
delayed to higher angles of attack following a2 chord downstroke relative to performance
following the 7.5 chord stroke. In addition, drag is substantially reduced at low angles of
attack following the shorter downstroke (Fig. 10B,D). The basis for this reduction is not
clear. Unlike the case of negative drag following a0° downstroke, which only occurred
following a 0.8 chord axis of rotation (Figs 2, 4), the reduction in drag after a 2 chord
76.5° downstroke is equally strong for all three rotational axes.

Discussion

Although conventional wings use a net bound circulation to generate lift, free vortices
can function to produce useful aerodynamic forces. The problem with employing
detached vortices on aircraft is that they are unsteady, unless stabilized through elaborate
flaps, as on a Kasper wing (Riley, 1974), or with actively generated axial flow (see Wu et
al. 1991, for a review). As argued previously from an analysis of pure translationa
motion (Dickinson and Gotz, 1993), insects might employ detached vortices, not
necessarily through elaborate stabilization, but simply because temporal stability is not
crucial when the stroke length is short compared with the shedding frequency. In this
modeling study, | have analyzed the role of a previous stroke and stroke reversal on the
generation of aerodynamic forces during the subsequent wing motion. All parametersthat
were tested (axis of rotation, speed of rotation, duration of downstroke and downstroke
angle of attack) significantly influenced the time course of lift and drag trajectories during
the subsequent upstroke. The challengein interpreting the significance of these datais not
in identifying effects, but rather in extracting some common principles from such a
complex array of dynamic interactions.

The full range of complexity isillustrated in Fig. 12, which re-plots transient C_ as a
function of ay for 11 different experimental conditions differing only in the kinematics of
the downstroke and stroke reversal. For simplicity, both the similarities and the
differences among these curves can be quantified by concentrating on the linear region
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Fig. 8. Transient force coefficients at a 22.5° angle of attack ay plotted as a function of
downstroke angle agd. In A and B, measurements following 2 and 7.5 chord downstrokes are
indicated by filled and open symbols respectively. Rotations about the 0.8 chord axis (circles)
aredisplayedin A, rotations about the 0.5 (triangles) and 0.2 (sguare) chord axes are shownin
B. Notice that, for all axes of rotation, downstroke duration has no effect on force production
until ag values exceed 13.5°, the point where von Karman shedding beginsin pure trand ation.
The results for the 0.5 and 0.2 chord axes are very similar, with the highest C.. values being
generated following a 7.5 chord downstroke at 76.5°. For a 0.8 chord rotation, the greatest lift
isobtained at low downstroke values.

between —9 and 27°. Within this range, the growth of lift with angle of attack may be
simplified to give the following relationship:

Cit= (dCL/day)ay + CLa=0, 1)

where Ct is the transient value of lift, CLa=0 is the lift generated at a0° angle of attack
and dC\ /day represents the growth of lift with angle of attack. The experimental values of
ClLa=0 and dCy/day, calculated by linear regression for the data shown in Fig. 12, are
given in Table 1. Any significant deviation of C.=0 from zero indicates that additional
lift is being produced by the flows generated during the downstroke and rotation.
Variation in dCL/day can come about either through a change in the generation of

Fig. 7. Downstroke angle affects force generation during the subsequent upstroke. Each group
of superimposed traces represents the force trgjectories measured at seven different
downstroke angles ranging from 0 to 81° in 13.5° steps. The upstroke angle is constant at
22.5°, k=4.5. Upstroke trajectories preceded by 7.5 and 2 chord downstrokes are shown in the
left-hand and right-hand columns respectively. The axis of rotation is indicated between the
sets of traces. The trigonometric transformations required to calculate lift and drag accurately
employ the upstroke angle of attack. Therefore, the portions of the traces preceding upstroke
trandation are not accurate. (A) Lift trgjectories. For all three rotational axes, the downstroke
angle has a strong effect on the magnitude and time course of the lift transient. However, this
dependency is not as strong if the downstroke is only 2 chords in duration (left traces), in
which casethe early lift transient is greatly attenuated. (B) Drag trajectories. In contrast to lift,
drag is quite insensitive to changesin downstroke angle.
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Table 1. Comparison of linear regressions of transient C versus ay

Rotational
ad Stroke  axis dC./day Up
Trial (degrees) length (chords) « (rad™1) CLa=0 Correlation Crmax (cmsT)
1 0 75 0.2 45 4.390589.10.11pt -0.269%10 0.997 2.043 0.17
2 0 75 0.5 45 3.8393451011pt -0.374910 0.998 1753 -0.73
3 0 75 0.8 45 35822451011t 0.5917* 0.989 2.058 0.22
4 0 7.5 0.8 10 3.71123510.11,pt -0.0815.1Lpt 0.998 2.019 0.10
5 0 7.5 0.8 25 3.9871234891011pt _Q 10241Lpt 0.998 1975 -0.03
6 76.5 75 0.2 45 51478 0.4673.7 0.998 2.823 231
7 76.5 7.5 0.5 45 5.36368 0.44736* 0.995 2510 1.49
8 76.5 75 0.8 45 4545156791011pt 0.2837* 0.996 2.256 0.79
9 76.5 2 0.2 45 4.4761581011pt -0.366%10 0.997 2.592 171
10 76.5 2 0.5 45 4.2561.2345891lpt (031119 0.994 2.364 1.09
11 76.5 2 0.8 45 3.87012345891lpt  —Q 04045 0.994 2.339 1.02
pt 76.5 0 - - 4.10¢-2345891011 0 106511 0.999 1.986 -

Data over the linear range of the curves (-9 to 22.5° in 4.5° steps) were fitted by |east-squares to a first-order
regression for 11 different wing rotation experiments as well as comparable measurementsin pure transl ation (pt).

The results of a test for the eguality of regression slopes (dCi/day) and intercepts (CrLq=0) are shown as
superscripts following the individual values. The superscript number indicates that the slope or intercept from that
trial had a probability greater than 95% of being identical. For the intercept column, an asterisk indicates that the
valueissignificantly different from zero with 95% confidence. The slopeswere tested according to Sokal and Rohlf
(1981). Theintercepts were tested by scoring the overlap with the 95 % confidence intervals from each regression.

Thefina column, Up, indicates the additional background vel ocity required to generate the measured values of
Cl_max (See teXt)

vorticity with increasing angle of attack or through a change in the efficacy of vortex
capture. Above 27°, dC/day approaches zero and Ci. reaches a maximal value, Cimax,
before declining at very high angles of attack. The magnitude of C_max reflects the
strength and time course of the first leading edge vortex generated upon tranglation. The
specific causes of variation among dCi/day, CLa=0 and CLmax are discussed more fully in
the following sections.

Augmentation of lift at low angles of attack

The values of Ci =0 were significantly greater than zero in four of the 11 experiments
listedin Table 1: a7.5 chord 0° downstroke with 0.8 chord rotational axis, and 7.5 chord
76.5° downstrokes at all three rotational axes. Theindividual lift trajectories for all these

Fig. 9. Upstroke force trajectories following downstrokes of 2 and 7.5 chord durations with
ad=76.5°. Each group of superimposed traces represents the force trajectories measured at
seven different angles of attack ranging from —9 to 45° in 9° steps. The rotationa axis is
indicated between each set of traces. The upstrokes following 7.5 and 2 chord downstrokes are
shown in the left-hand and right-hand columns respectively. In al cases, the reduced
frequency was 4.5. Asin Fig. 7, because the trigonometric transformations used to calculate
CL and Cp employ ay, the force values preceding upstroke translation are not accurate.
(A) Lift trajectories. Following a 7.5 chord downstroke, alarge lift transient is present at low
angles of attack with al three rotational axes. (B) Drag trajectories.
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Fig. 10. A large downstroke angle of attack augments wing performance during the upstroke.
(A) Superimposed polar diagrams for the transient (open symbols) and average (filled
symbols) values of C. and Cp following a 7.5 chord downstroke at 76.5° with 0.2, 0.5 and 0.8
chord axes of rotations. Transient values of C. and Cp, averaged from 1 to 3 chords of travel,
are shown as open symbols, values averaged from 1 to 7.5 chords are shown asfilled symbols.
Force coefficients measured after rotation about the 0.2, 0.5 and 0.8 chord points are shown as
squares, triangles and circles respectively. In all cases, the transient performance of the model
wing is substantially greater than that in pure trandation (dashed line). (B) Superimposed
polar curves following a 2 chord downstroke at 76.5°.(C) The transient C,. values generated
with 0.2 chord rotation plotted as a function of angle of attack following 7.5 (squares) and 2
(diamonds) chord downstrokes. (D) Same configuration as C, but the transient values of Cp
are plotted.

conditions (Figs 2, 9A) indicate that unsteady mechanisms are generating lift at 0°
upstroke angles of attack and below. In the case where the downstroke angleis 0°, flow
visualizations suggest that the source of vorticity is the mirror vortex generated during
rotation (Fig. 3). Thisisaquite potent mechanism, capable of generating lift coefficients



Aerodynamics of wing rotation 199

of aimost 0.6 at a0° angle of attack. However, for the vortex to generate positive lift, it
must reside on the top surface of the wing, which requires a rotational axis near the
trailing edge. The magnitude and time course of lift depend upon the strength and precise
trgjectory of the mirror vortex through the early portion of the upstroke. This, in turn, is
determined primarily by the speed and duration of wing rotation.

Following a 76.5° downstroke, Cq=0 values of aimost 0.5 were generated following
rotation about the 0.2 axis (Figs 9A, 10B). This value is actualy higher than that
produced by rotation about the 0.8 chord axis under identical conditions (0.283), despite
the fact that the mirror vortex forms underneath the wing and cannot contribute to lift
generation. Clearly, some other mechanism besides mirror vortex capture must be
responsible for thislow-angle lift following a downstroke at a high angle of attack.

The most likely explanation for this additional source of transient lift istheinfluence of
the downstroke wake on the net fluid vel ocity at the start of the upstroke (Fig. 13). Within
a von Karman street, there is a region of high fluid velocity that weaves between the
aternating vortices (Timme, 1957). During the downstroke, the fluid within the inter-
vortex stream moves in the same direction as the wing. After the wing has rotated and
begunitsupstroke, it movesinto theinter-vortex stream and encounters anet velocity that
is greater than its own tranglational velocity. Furthermore, depending upon where in the
shedding cycle the wing rotates, it is possible to generate lift at a0° angle of attack, since
the angle with which the inter-vortex stream attaches to the wing changes sinusoidally
with the shedding of new vortices. After 7.5 chord lengths of motion, the inter-vortex
stream intercepts the wing at an upward angle. As the wing flips about the leading edge
and reverses direction, this flow would add to that generated by trandlation, atering the
effective angle of attack and net fluid velocity. The additional component of fluid velocity
need not be large to generate the observed values of Cp.=0. Because of the high values of
dCy/day under these conditions, a change in the effective angle of attack of just over 5°
could result in aC value of 0.5. Furthermore, because of the dependence of force on the
sguare of velocity, asmaller change in angle of attack could also account for the increase
in lift, if it were coupled with even adight increase in net fluid velocity. This hypothesis
also explains why Cra=0 is negative following a 2 chord downstroke at 76.5°
(Fig. 10B,C, Table 1). After 2 chords of trandlation, the inter-vortex stream points
downwards, thereby lowering the effective angle of attack (Fig. 13).

In summary, the data suggest at least two distinct mechanisms capable of transiently
generating lift at a0° angle of attack. In the absence of avortex wake generated during the
downstroke, rotation itself produces a mirror vortex that can, under some conditions,
providelift at the onset of trandation. However, this mechanism requires rotation about the
trailing edge of the wing so that the mirror vortex is in the right position for positive
augmentation of lift. Another possible source of upstroke lift at low angles of attack comes
from theinter-vortex stream of the von Karman street generated by the downstroke.

An dternative potential source for lift following a downstroke at high angles of attack
isthe capture of shed vorticesin the downstroke wake. Any animal that could recover the
vorticity of a previous stroke would enjoy obvious advantages. For wings generating
bound circulation, such a mechanism seems untenable with a single isolated wing
(Ellington, 1984c). In contrast, if wings generate von Karman streets, vortex exchangeis
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at least theoretically possible. For example, atrailing edge vortex of one stroke might add
to the leading edge vortex in the next. However, within the rather narrow envelope of
kinematics employed in these experiments, | found no evidence for the operation of such
amechanism.

The maximum values of lift coefficients

The second major difference among the curves of Fig. 10A isthelarge variation in the
maximum lift coefficient values, CLmax (listed in Table 1). The CLmax Values cluster
roughly into two groups. For all the experiments in which the downstroke anglewas 0°,
the lift maxima are close to the value measured in pure trandation. In contrast, the values
following 76.5° downstrokes are substantially higher. This observation is consistent with
the inter-vortex stream hypothesis discussed above. Since the lift generated with agiven
value of C_ is proportional to the sguare of velocity, even a small increase in fluid
velocity above trandational speed could account for a substantia elevation in lift. It is
possible to calculate the additional fluid velocity required to account for the measured
CLmax values for al the experiments shown in Fig. 11. The additional background
velocity (Up) required to elevate Cmax above that expected in pure trandation is given
by:

Up = (UPRc )Y — U, (2

where Ut is the trandational speed and Rc, is the ratio of CLmax measured following
rotation to that measured in pure translation. Calculated values of Up arelisted in Table 1.
For the experiments following a 76.5° downstroke, the values range from 0.79 to
2.31cms 1. Thus, the inter-vortex stream need only increase the net fluid velocity by
about 10-20% above tranglational speed in order to account for the elevation in Cpmax.
As discussed above, the wake following a 76.5° downstroke is not a uniform flow field
and the inter-vortex stream would encounter the wing at different angles depending upon
the downstroke duration. Nevertheless, the fluid within the stream would have a

Fig. 11. Flow pattern during an upstroke at 4.5° following a 7.5 chord downstroke at 76.5°.
For image clarity, this visualization was performed at a lower Reynolds number (115) than
that used for the force measurements throughout the paper. However, the reduced frequency
parameter (4.5) was scaled accordingly, and the gross pattern of flowswas similar to those at a
Reynolds number of 236. The left-hand and right-hand columns show experiments using 0.8
chord and 0.2 chord rotational axes respectively. The uppermost frames (D) show the flow
patterns at the end of the downstroke. At this point in trandation, a clockwise trailing-edge
vortex is being shed from the wing. The next frames (R) indicate the flows just before the end
of rotation. A mirror vortex forms above the wing with a 0.8 chord axis and below the wing
with a 0.2 chord axis. In successive frames, the mirror vortices are marked by stars. The third
frame (0) shows the flow at the start of upstroke translation. Bound vorticity generated during
rotation is shed as a pair of stopping vortices from the leading and trailing edges of the wing,
indicated by small arrowheads. As the upstroke proceeds (0.5 and 1), the trailing-edge vortex
enlarges as it becomes the starting vortex of trandation. With a 0.8 chord axis of rotation, the
large mirror vortex moves over the top surface of the wing. Following 0.2 chord rotation, no
vortex forms above the wing at the onset of trandlation, although the inter-vortex stream
intercepts the wing at ahigh angle of attack.
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Fig. 12. (A) Transient C_ plotted as a function of ay for eleven different experimental
conditions presented throughout the paper. The kinematic variables are listed in Table 1. The
initial dope (dCr/day), intercept (CLa=0) and maxima (CLmax) varied among experiments,
depending upon the precise kinematics of the downstroke and stroke reversal.

substantial component in the direction of translation following both 2 and 7.5 chord
downstrokes.

The development of lift with angle of attack

The flows created by the downstroke and flip also alter the growth of lift with angle of
attack, dCi/day (Table 1). However, there were only two cases in which the dC/day
values were significantly different from that measured in pure translation. Following a
76.5° downstroke and rotation about the 0.2 and 0.5 chord axes, the growth of lift with
angle of attack is substantially elevated (5.147 and 5.363, respectively). These values
approach the theoretical limit of 6.28 for athin plate at steady state (Prandtl, 1952). These
two instances were also casesin which lift was generated at a0° angle of attack, probably
through the influence of the inter-vortex stream. It is clearly too simplistic to assume that
this mechanism merely contributes a constant amount of lift to that generated during
translation. Rather, the presence of the downstroke wake changes the dynamics of vortex
growth and shedding over the first few chord lengths of motion, as can be seen by
comparing the force trgjectories in Fig. 2A with those in Fig. 9A. For example, through
the influence of the inter-vortex stream, vortex shedding might begin at alower upstroke
angle than would be possible in pure trandation. Unfortunately, | did not record an
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Fig. 13. Cartoon illustrating the hypothesisin which the inter-vortex stream created during the
downstroke alters force generation during the upstroke. According to this hypothesis, the
strong backward flow between leading and trailing edge vortices within the von Karman street
contributes to the net fluid velocity during the subsequent stroke. The position of the wing at
the start of the upstroke (after rotation) is indicated by the dashed line. (A) Following a short
stroke, the inter-vortex stream is angled downwards and will generate zero lift at a0° angle of
attack at the start of the upstroke. (B) If the wing flips after a longer downstroke, the inter-
vortex stream is now angled upwards and will generate positive lift at low upstroke angles. In
both cases, the inter-vortex stream also increases the net fluid velocity in the direction of
trandation during the upstroke. This latter effect may account for the elevation in maximum
lift measured under these conditions.

extensive enough collection of flow visualizations under these conditions to test this
hypothesis directly.

Comparisons with previous studies

The results of this modeling analysis warrant comparison with the similar study of
Savageet al. (1979) for dragonfly flight at a Reynolds number of 8000. According to their
analysis, there are two phasesin the reconstructed dragonfly wing-beat cycle that provide
substantial lift. The short downstroke generates a large leading edge vortex that is
responsible for CL values of 0.87 during the subseguent ‘pause’ phase. In addition,
supination isthought to generate lift (CL=2.3) dueto suction asfluid flowsrapidly around
the leading edge of the wing. However, both these calculated coefficients are low
compared with the coefficients measured directly on the Drosophila wing model. It likely
that the assumptions required in predicting lift and drag forces from flow patterns are
responsible for much of this discrepancy. Oneimportant experimental difference between
the Drosophila and dragonfly models is that a 30° angle of attack was not sufficient to
generate vortex shedding at a Reynolds number of 8000. This, in part, may explain why
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Savage et al. (1979) found no evidence for strong effects of upstroke (a,=30°) on force
generation during the downstroke.

Ellington (1984c) presented a possible mechanism, ‘the flex’, by which circulation
could develop more rapidly after an isolated supination. According to his scheme, the
circulation generated by the downstroke and rotation is shed during rotation from a
stationary trailing edge, combined with the starting vortex of the subsequent upstroke. As
the circulation due to rotation increases, the counter-vorticity required by Kelvin's law
develops off the leading edge, eventually resulting in a separation bubble at the start of
the upstroke. The flex scenario is comparable to the experiments in the present study in
which ay and ag were below the threshold for vortex shedding and the rotational axiswas
at the 0.8 chord point so that the trailing edge was rel atively stationary during the flip. In
general terms, theresults verify that the counter-vorticity of rotation can be utilized by the
subsequent translational stroke, although the precise details differ. Asdescribed in Fig. 3,
therotational vorticity is shed symmetrically in two vortices from both edges of the wing,
as opposed to one trailing edge vortex. However, this situation may result from the finite
temporal separation of translation and rotation in the kinematics of the model as well as
from the fact that, unlike some real fly wings, the model profile could not bend. A more
substantive difference is the structure of the counter-vorticity required by the growth of
bound circulation during wing rotation. In all cases in which the downstroke angle was
sufficiently low to produce steady circulation, subsegquent wing rotation resulted not in a
small leading edge bubble, but in a strong mirror vortex with a center about one half-
chord from the surface of the wing. The large distance between the wing surface and the
vortex means that its useful capture depends upon subtle kinematic parameters such as
rotational axis and angular velocity. The strength of this vortex is probably greater than
that Ellington envisioned, but the kinematics used for the physical model were based
upon the ventral flip in Drosophila, which isaparticularly fast supination (Zanker, 1990;
Dickinson et al. 1993).

Although capture of the mirror vortex is an appealing mechanism, it may be of minor
importance compared with the magnitude of lift augmentation following downstrokes at
high angles of attack. Stroke angles arerather largein flies (Zanker, 1990), well abovethe
predicted threshold for vortex shedding. It is likely that real wings begin supination
surrounded, not by simple bound circulation, but by acomplex vortex wake. Asdescribed
in previous sections, such conditions can result in lift coefficients much greater than
could be generated by aflip from alow downstroke angle.

The von Karman street, Srouhal number and aerodynamic performance

From the results of previous experiments (Dickinson and Gotz, 1993) and the present
results, it seem clear that the flows generated by an inclined flat plate in the Reynolds
number range of approximately 50-250 are dominated by periodic vortex shedding. This
fits well with the known steady-state behavior of cylinders and perpendicular flat plates
(Schlichting, 1979; Lugt, 1983). The shedding behavior is described by the Strouhd
number, &, which is equal to nlU~1, where| is the characteristic length, U is the stream
velocity and n is the frequency of vortex shedding. Given the strong effect that the
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duration of one stroke has on force generation during the next stroke, it is reasonable to
suggest that an insect may maintain a constant ratio (Kshed) between the length of each
half-stroke (¢l) and the distance between shed vortices within the von Karman street
(Un—1):

Kshed = (¢1)(Un~1) 71, ©)

where ¢ is the stroke angle, | is the wing length and U is the wing velocity. However,
(nlU~1) isjust the Strouhal number, thus:

Kshed = ¢St (4)

Therefore, the assumption that flies might match their stroke kinematics to the frequency
of vortex shedding generated by wing motion predicts that stroke amplitude will be
inversely proportional to Strouhal number. Although the Strouhal number is stable
throughout much of the Re realm of biological interest, it is strongly dependent upon Re
within the range important for the flight of small insect such as Drosophila. For most
objects, vortex shedding first appears at a Reynolds number of about 50 with a Strouhal
number of about 0.14 (Roshko, 1954; Schlichtling, 1979; Lugt, 1983). Strouhal number
increases with Re, until Re reaches a value of about 400, where it eventually approaches
an asymptote at avalue of 0.21. Taking a measurement of D. melanogaster stroke angle
from Zanker (1990) (135°) and using a Strouhal number of 0.16 for a Reynolds number
of 100 yields a Kshed Of about 0.4. The exact magnitude of this number probably has
limited importance, given the difficulties with interpreting three-dimensional flows from
a two-dimensional analysis. However, since small and large flies are roughly similar in
shape, we can use this estimate of Kshed to predict changes in stroke amplitude as a
function of Reynolds number. Such a calculation predicts a variation in ¢ from 2.86 to
1.90rad (164-109°) asthe Reynolds number increases from 50 to 400. These valuesfor ¢
are reasonable, and small flies such as Drosophila tend to have larger wing-beat
amplitudes than do larger species such as Calliphora, Phormia, Eristalis and Tipula
(Nachtigall, 1966; Ellington, 1984a; Zanker, 1990; Ennos, 1989).

Limitations of the physical model

The motion of the model wing described in this paper, though complex compared with
many modeling studies, was still a gross simplification of the actual movements of afly
wing. Consequently, there is a danger in drawing too close a comparison between the
specific effects in the model and those in a flying insect. This is especially true with
respect to the timing between translation and rotation, which in a real fly will overlap
temporaly. In addition, this study only analyzed a single stroke reversal, so that the
upstroke was only affected by the flows generated by the previous downstroke and
rotation. Thisis also a substantial simplification, since in flight the flows generated from
numerous successive strokes are likely to coalesce into a complex flow structure, such as
a vortex tube (Ellington, 1984c). Finaly, these experiments were designed to
approximate the two-dimensional condition, which certainly simplifies the actual three-
dimensional case in which axial flows can stabilize vortices and change the dynamics of
shedding (Maxworthy, 1979). Nevertheless, these experiments have illuminated some
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general principles that may be quite useful in analyzing the complex kinematics of
animalsduring flight.

Theresultsin this paper have indicated how the flows generated during one stroke and
rotation can increase lift production in the subsequent stroke. However, it would probably
be inappropriate to view these interactions solely as a means of maximizing flight
performance. More impressive than the absolute augmentation in lift due to the
kinematics of the preceding strokeis the sensitivity of aerodynamic performanceto subtle
changesin those kinematics. Small changesin either the duration or angle of attack of the
downstroke, as well as in the angular velocity of stroke reversal, could produce
substantial changes in lift and drag production during the successive half-stroke. Such
sensitivity both necessitates the use of a sophisticated control feedback system (Wehrhan,
1987; Hengstenberg, 1991; Egelhaaf, 1991) and allows for remarkable aerial maneuvers
(Wagner, 1986). A recent behaviora analysis has shown that Drosophila actively
controls the timing of ventral flip rotations along with changesin stroke amplitude during
visually induced turns (Dickinson et al. 1993). Since changesin the timing of rotation can
be kinematically similar to changes in the axis of wing rotation (Ellington, 1984c), such
behavior could generate large and rapid changes in flight control forces.

| wish to thank Karl Goétz, Fritz Olaf-Lehman and Roland Strauss for intellectual and
technical support during the execution of this work. Thiswork was funded by the David
and Lucille Packard Foundation and NSF Grant | BN-9208765.
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